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General Methods

Both tri-tert-butylphosphine (tBusP) and 2,2,6,6-tetramethylpiperidine
(TMP) were purchased from Sigma-Aldrich and purified by distillation.
Tris(pentafluorophenyl)borane, B(CgF5)3, was obtained from Boulder Scientific and
purified by sublimation under reduced pressure at 90 °C prior to use. Tris(1,3-
diisopropyl-4,5-dimethylimidazolin-2-ylideamino)  phosphine, (NIiPr)sP, was
synthesized as described elsewhere.! Bromobenzene was purchased from
Caledon (Canada), distilled, and stored over 3 A molecular sieves. All reagent
solutions were dissolved in bromobenzene to various concentrations ranging from
0 to 200 mM. These solutions were prepared in a nitrogen-filled glovebox (0.6-1.5
ppm O;) to avoid oxygen and moisture exposure, which would poison the Lewis
acid-base or FLP systems.

Microfluidic Experimental Setup

All solutions containing Lewis acid-base reagents dissolved in
bromobenzene were supplied to a microfluidic reactor, R150.332.2 from Micronit
Microfluidics (Netherlands), depicted in Figure S1 below. The glass microreactor
is comprised of two inlets that converge to form a Y-junction and one outlet. Prior
to experiments, the reactor was dried overnight in an oven at 100 °C to remove
traces of moisture. The microreactor, clamped and secured within a custom-made
acrylic manifold containing embedded Nanoport connections (IDEX Health
Science, USA), was purged with dry CO, gas (Grade 4.0, Linde) for 10 minutes
prior to the start of experiments at 2 psig to remove trace air content. Specific
concentrations of desired reagents were supplied to the MF reactor via two glass
syringes coupled to a syringe pump (PHD2000, Harvard Apparatus). In order to
account for reagent dilution upon mixing, concentrations would be double the on-
chip concentration; for instance, to study a 50 mM FLP solution, each syringe
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would be loaded with 100 mM of Lewis acid and 100 mM of Lewis base solutions
and loaded to the reactor at 2.5 uL/min. Consequently, the total on-chip volumetric
flow rate of reagent solution was 5 pL/min. Other details with regards to the general
experimental setup are described elsewhere.? Data were collected using 1.25x
magnification on an inverted microscope (Olympus IX71, Olympus Canada) to
image CO, and FLP segmented flow through the microreactor in our desired field
of view shown again in Figure S1 below. A Matlab-based program was used to
automatically measure CO; plug length and plug position in a specific region of
interest as described elsewhere.® For all reduced and elevated temperature
experiments, methodology similar to that described elsewhere? was followed.

Figure S1. An image of the microfluidic reactor, which is comprised of two inlets,
(1) and (2), and one outlet (3). Red dye was used to accentuate the channel. The
microchannel had the width, height, and length of 150 ym, 150 um, and 30.4 cm,
respectively with a total volume of 6 pL. A representative region of interest used
for data analysis is outlined with a black square. The change in length of CO,
bubbles outside this examined field of view was not analyzed, which led to gaps in
experimental data points between 1.5 to 2 s (Figure 2). The scale bar is 500 pm.
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4— direction of segmented flow

Figure S2. Optical micrograph of the region of interest, which depicts the shrinking
gaseous plugs (dark segments) and the liquid slugs (gaps between segments)
taken at 1.25x magnification on an inverted microscope.

Data Acquisition and Analysis

For each concentration of reagent, three sequences of 300 images were acquired in
the field of view (Figure S1) with at least 4000 gas bubbles to 8000 bubbles detected.
Using a Matlab-based program code described elsewhere,? the gas plug length, Lp and
slug length, Ls, and velocity of CO; plugs through the MF rector at different locations
were calculated. The average value of Lp at a particular location and velocity were
determined and standard deviation was calculated. This Matlab program does not
detect plugs that flow through microchannel bends, which leads to gaps in
experimental points (e.g. at 1.5 s in Figure 2). Specific aspects and equations
employed in experimental data analysis are described in detail elsewhere.?

Pressure Drop Calculation Along Microfluidic Channels

Although CO; is supplied at a constant pressure of 118.5 kPa to the microreaction,
the actual pressure found at the Y-junction, Py, will be slightly lower due to a
pressure drop along the microchannel. The initial pressure at the Y-junction was

determined to be:
P P_ .+ (dP)L
o~ " out Iv

ax (1)
where P, represents the atmospheric pressure at the outlet of the MF reactor,
(dP/dX) represents the pressure drop along the microchannels, and finally L is the
total channel length stemming from the Y-junction to the outlet of the reactor. The
pressure drop along the channel was calculated as:?3
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where AP/X represents the pressure drop along the channel, B represents the
liquid volume fraction in the channel from the Y-junction to the outlet, fgq
represents the friction factor for segmented flow, Ca is the capillary number, Re is
the Reynold’s number, and p is the liquid viscosity.

Computational Details

All calculations were carried out using Gaussian 09, rev. D.# This work was made
possible by the facilities of the Shared Hierarchical Academic Research Computing
Network (SHARCNET:www.sharcnet.ca) and Compute/Calcul Canada. Geometry
optimizations were performed using, as input geometries, either coordinates
deposited in the Cambridge Structural Database or coordinates generates by hand
with GaussView 5.0.% Structures were initially optimized in the gas phase at the
M11/6-31g(d,p) level of theory, and then subsequently at the M11/6-311g(d,p)
level with bromobenzene implicit solvation.®- 7 Finally, the geometry was optimized
at the M11/6-311g(d,p) level with implicit bromebenzene solvation, strict
convergence criteria (opt=VeryTight) and a large grid (UltraFineGrid). Implicit
solvation was implemented using a solvent cavity reaction field. Frequency
calculations were used to confirm that geometries optimized to local minima on
their respective potential energy surfaces and to obtain thermochemical analyses.
Reaction enthalpies were computed by taking the difference of the sums of the
thermally-corrected enthalpies of the products and reactants. Reaction entropies
and Gibb’s free energies were computed analogously. The CO, sequestration by
the BCF/tBusP FLP was also explored at the B2PLYP/6-311g(d,p) level of theory.
Single point energy calculations were performed and the resulting MP2-corrected
energies were taken as an estimate of AH,,,.2 The reaction stoichiometries used
in the thermochemical analyses are those depicted in Scheme 1. The enthalpies,
energies, and Gibbs free energies of reaction are collected in Table S1.

Table S1. Computed thermodynamic parameters.
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Level of Theory: M11/6-311g(d,p)

Reaction system AH,55 (kJ/mol) AS,55 (J/mol K) AG,55 (kJ/mol)
BCF/tBusP -175.959 -380.568 -62.4922
BCF/TMP -136.98 -369.832 -26.7119
P(NIiPr); -82.9554 -133.156 -43.2551

Level of Theory: B2PLYP/6-311g(d,p)
Reaction system AE (kJ/mol) AG,55 (kJ/mol)e

BCF/tBusP -128.769 -15.4108

2 Calculated under the approximation that AH = AE and using the AS from the M11 calculations.

Variable Temperature Microfluidic Experiments
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Figure S3. Variation in equilibrium reaction-induced chemical CO, uptake, plotted
as a function of the initial concentration of the FLP consisting of BCF and TMP at
various temperatures: 273 K, 283 K, 293 K, 303 K, and 313 K.
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Figure S4. Variation in equilibrium reaction-induced chemical CO, uptake, plotted

as a function of the initial concentration of the FLP consisting of P(NIiPr); at various
temperatures: 273 K, 283 K, 293 K, 303 K, and 313 K.

Thermodynamic Parameters

Table S2. Thermodynamic Parameters for the BCF/tBuzP Reaction with CO..

T(K) 273 283 293 303 313
AH (kJ mol?) -100.0 -100.0 -100.0 -100.0 -100.0
AS (J molt K1) -288.9 -289.4 -289.3 -287.5 -289.8
AG (kJ mol?) -21.1 -18.1 -15.2 -12.9 -9.3

Table S3. Thermodynamic Parameters for the BCF/TMP Reaction with CO,.

T(K) 273 283 293 303 313
AH (k) mol?) -73.8 -73.8 73.8 -73.8 -73.8
AS () mol1 K1) | -204.2 -205.9 -205.4 -204.1 -205.1
AG (k) mol?) -18.0 -15.5 -13.6 -11.9 9.6

Table S4. Thermodynamic Parameters for the P(NI/Pr); Reaction with CO,.

T(K) 273 283 293 303 313
AH (k) mol?) -29.1 29.1 29.1 -29.1 -29.1
AS (J molt K 315 313 -30.8 -31.0 316
AG (k) mol?) -20.5 -20.2 -20.0 -19.7 -19.2
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Reaction of (NIiPr);P and B(C¢Fs); :
B(CeF5)3 (25.0 mg, 0.05 mmol) was added to a solution of P(NIiPr)3 (30.0 mg, 0.05 mmol)

in fluorobenzene at room temperature. The NMR analysis of the reaction mixture (Figure
1-4) indicate the formation of several species. A major product is thought to result from
the attack of (NIiPr);P at the perfluorobenzene ring of B(CgFs); .
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Figure S6: 3P NMR
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