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ABSTRACT: Separation of carbon dioxide (CO,) from point sources or directly from the atmosphere can contribute crucially to
climate change mitigation plans in the coming decades. A fundamental practical limitation for the current strategies is the
considerable energy cost required to regenerate the sorbent and release the captured CO, for storage or utilization. A directly
photochemically driven system that demonstrates efficient passive capture and on-demand CO, release triggered by sunlight as the
sole external stimulus would provide an attractive alternative. However, little is known about the thermodynamic requirements for
such a process or mechanisms for modulating the stability of CO,-derived dissolved species by using photoinduced metastable states.
Here, we show that an organic photoswitchable molecule of precisely tuned effective acidity can repeatedly capture and release a
near-stoichiometric quantity of CO, according to dark—light cycles. The CO,-derived species rests as a solvent-separated ion pair,
and key aspects of its excited-state dynamics that regulate the photorelease efficiency are characterized by transient absorption
spectroscopy. The thermodynamic and kinetic concepts established herein will serve as guiding principles for the development of
viable solar-powered negative emission technologies.

Bl INTRODUCTION

The accumulation of CO, in the atmosphere is a primary
driver of anthropogenic climate change, and a dramatic
reduction of net emissions is urgently required to avoid
catastrophic future scenarios.'™* Accordingly, considerable
research effort has been dedicated to chemical systems for

Such a system could be directly powered by sunlight, for
example, according to the day—night cycle and distributed
without requiring renewable electricity as an intermediary,
along with the costs and limitations associated with its
production, storage, distribution, and infrastructure main-
tenance.

removing CO, from emission streams (CCS, carbon capture
and storage)™® and, more recently, from the atmosphere
(DAC, direct air capture).”® The most developed technologies
for CO, capture depend on sorbents such as alkaline aqueous
solutions’ and amines such as ethanolamine,'® which generally
use energy-demanding thermal stripping to release the
captured CO, for storage and sorbent regeneration (Figure
1A).M Comlplementary approaches using swings in electrical
potential >~ "* or applied pressure'*'° to cycle between capture
and release have also been investigated. The viability of these
mitigation strategies on scale will likely require that their
significant energy demand be ultimately supplied by renewable
electricity. As an alternative, we considered whether a
chemistry can be devised that directly couples CO, capture
and release to visible light as the only external energy input.
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Here, we show that photoswitchable organic molecules can
effectively and repeatedly capture CO, from the gas phase and
release it on demand upon visible-light exposure. Our study
focuses on the well-known spiropyran photochromic dyes,'’ ™"
which can be toggled between two forms, a closed spiropyran
isomer SP and an open merocyanine isomer MC, which differ
significantly in chemical properties such as color, acidity, and
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Figure 1. Carbon capture and phototriggered release. (A) Comparison of previously developed chemical processes for reversible CO, binding and
the new approach in our work. (B) Mechanism for coupling CO, capture with photoisomerization of spiropyrans and the required thermodynamic
balance. The orange curve shows the excited-state surface reached by MCH" upon excitation with visible light. Compounds for which MCH" is too
acidic (SP low in energy) will never have MCH"' HCOj™ as the most stable state and therefore will not capture CO, effectively. Compounds for
which the SP form is too basic (SP high in energy) will not release CO, effectively as an impractically high intensity of light will be required to
excite enough MCH" to release CO, at a rate that competes with its recapture.

metal affinity. In particular, protonated merocyanine (MCH")
has been shown to engender large, light-driven pH swingsm_22
upon irradiation by releasing its proton and cyclizing to SP,
which is followed by gradual thermal reversion to its original
state. By coupling this photoinduced equilibrium shift with
bicarbonate protonation and carbonic acid dehydration
equilibria, we envisioned a system that can sequester CO, in
the dark but changes its resting state to release that CO, upon
light exposure. Previous research has demonstrated photoacid-
triggered formation of carbonic acid for spectroscopic
characterization® and photoacid-accelerated CO, release
from acidic conditions.”® Very recently, an elegant strategy
using an indazole photoacid to promote CO, release from
amino acid sorbents was also reported.””> However, identi-
fication of a single-component solute that can recurrently
capture and release according to dark/light cycles remains a
highly desirable goal. Further, a systematic framework for
analyzing the thermodynamic requirements and experimental
investigation of the precise mechanism of the photochemical
process is needed to provide a theoretical foundation for the
development of this novel approach to reversible carbon
capture.

B RESULTS AND DISCUSSION

For the proposed process (Figure 1B), a detailed treatment of
the thermodynamic balance shows that precise acidity tuning is
critical for the realization of the efficient capture and
photorelease of CO,. In solution, a spiropyran SP interconverts
with an open merocyanine isomer MC with an equilibrium
constant K, which is typically below unity (favoring SP) in
aqueous environments’® (for some discussion of solvent
effects, see Supporting Information). Because MC features a
phenoxide moiety, it can act as a base in an aqueous solution
and reversibly deprotonate water to form MCH" OH™. The
hydroxide anion can sequester dissolved CO, as bicarbonate. If
capture is to be a spontaneous process, we require MCH"

HCO;™ to be the lowest-energy state in the absence of an
external energy input. Upon irradiation, some MCH" ions will
enter an excited state, the high potential energy of which
accelerates reversion to SP and/or MC with the release of CO,
and H,0. For effective release of CO, to occur, irradiation
must create a sufficient population of MCH*™* HCO;~ such
that the net rate of CO, release from these excited states can
compete with thermal recapture of CO,. This is difficult to
achieve if the relative free energy of SP is too high, in which
case reversion will require an impractically high intensity of
light. A balanced energetic landscape corresponding to optimal
photoswitching of uptake and release of CO, occurs around
(see the Supporting Information for discussion)

pK_'(SP) = pK_(MCH™) — log(1+Ky )
= pK (H,CO;)

The quantity on the left represents the apparent conjugate
acidity of the spiropyran,”’ pKyy(SP), which accounts for
both the Brensted acidity of the phenol and the driving force
for ring closure. This is an analogue of the classical
Henderson—Hasselbalch equation. The optimal balance of
capture and photorelease efficiency should be achieved only by
molecules for which pK,;'(SP) nears the effective pK, of
H,CO; in its relevant conditions (6.35 in water,”® although
ion-pairing interactions can alter the exact target value, see
below).

To validate this analysis, we synthesized spiropyrans SP1—
SP8 (Figure 2), varying in substitution on nitrogen (R') and
C5 (R?) of the indoline, as well as on the chromene fragment
ortho and para to the oxygen (R*). These spiropyran structures
can be easily accessed on a gram-to-kilogram scale,”” ™" usually
in a single step from commercial materials. The effective pK,y
values of these molecules in 1:1 DMSO/water were
determined by spectrophotometric titration, using the
moderate UV absorbance of SP and the strong UV-to-visible
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Figure 2. Spiropyrans: properties and response to CO, and light exposure. (top) Summary of spiropyrans evaluated in this work with effective
acidities shown on the right. (A) An acidity-matched spiropyran SP4 captures CO, rapidly to generate MCH4" and converts back to its original
spiropyran form, releasing CO, during irradiation with 450 nm light. (B) Spiropyran SP6 that is too acidic and therefore does not generate MCH6"
in the presence of CO,. (C) Spiropyran SP8 that is too basic and already exists in its merocyanine form MCHS8" in neutral solution. This material
captures CO, but does not undergo efficient photorelease. This compound is synthesized in the —SO;H form, and the presence of this acidic group

can contribute to the initial protonation state.

absorbance of MCH' generated upon isomerization and
protonation of SP. The parent spiropyran SP1 is moderately
basic (pK,y' = 5.30) in its ground state, and the installation of
electron-donating groups on the chromene unit results in the
expected increase in basicity of the phenoxide, elevating the
pK,y' of SP3 (R® = 0-OCH,, pK,y' = 5.51), SP4 (R® = p-
OCH;, pK,y' = 5.70), and SP5 (R® = p-N(CH,),, pKyy' =
5.62) relative to that of SP1. An electron-withdrawing group
on the indoline of SP6 (R* = CN), while likely imparting
minimal influence on the phenoxide basicity, greatly enhances
the effective acidity (pK,y' = 2.91) of the corresponding
protonated merocyanine form by favoring the closed,
spiropyran form (lowering K). The attachment of a
solubilizing sulfonate chain on the indoline nitrogen was
found to reduce the effective acidity, presumably due to
electrostatic effects, as exemplified by SP7 (R' = (CH,),S0;7,
R’ = 0-OCHj, and pK,4' = 6.05) and SP8 (R' = (CH,),S0;",
R® = p-OCH,, and pKy’ = 6.11).

DMSO—water solutions containing these spiropyrans were
evaluated for their competence in the capture of gaseous CO,
and subsequent release under visible-light irradiation. The
range of effective acidities represented by our panel of

analogues allowed us to experimentally confirm our acidity-
matching hypothesis, which states that there is an optimal
pK.y' for switchable binding to CO,. In accordance with these
predictions, for the most acidic photochromes such as SP6
(pK,u' =2.91), exposure to pure CO, (1 atm) did not result in
any formation of the corresponding protonated merocyanine
MCH6" (A, = 482 nm, Figure 2B). Conversely, the most
basic photochromes such as SP8 (pK,; = 6.11), when
dissolved in 1:1 DMSO /water, exist significantly in their open
isomer MCHS8" form (4,,,, = 468 nm) due to their ability to
reversibly deprotonate water (Figure 2C). Although exposure
to pure CO, (1 atm) resulted in only a minor increase in the
observed quantity of MCHS8", a significant amount of CO,
capture was indicated by the change in pH of the solution from
7.8 to 5.3 (Figure S32). For compounds that exist significantly
in the MCH" form in solution, the extent of CO, capture is
difficult to infer from spectrophotometry alone as the UV—vis
absorbance spectrum primarily reflects the concentration of the
merocyanine-derived cation and is essentially independent of
the anion. As anticipated, MCH8" HCO;™ is extremely stable,
and irradiation by blue LEDs (4,,,, = 450 nm) resulted in a
relatively small change in the spectrum and a 0.7 pH unit
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Figure 3. CO, passive capture and photorelease: performance and mechanism. (A) GC quantification of the released CO, from three consecutive
cycles of exposure to CO, and blue-light (450 nm) irradiation, including a control replicate performed with the sample shielded by reflective foil.
(B) Released CO, after capture from CO,/N, mixtures. In situ pH tracking of a DMSO—water solution of S mM SP4 (C) during irradiation and in
the dark with initial adjusted pH set to 6.1 to partially convert SP4 to the MCH4* CI~ form, (D) during irradiation of the sample while overhead
pressure of CO, was maintained, and (E) during CO, capture and photochemical release. (F) NMR spectroscopic evidence for MCH4" HCO; ™ as

the resting state of the captured CO,.

increase even after 60 min, reflecting negligible CO, release.
These negative examples contrast dramatically with the
promising results obtained using compounds of moderate
acidity such as SP4 (pK,y' = 5.70) and, to a lesser extent, SP2

(pK, = 5.23). For example (Figure 2A), exposure of SP4 to
pure CO, (1 atm) resulted in rapid and isosbestic conversion
to MCH4", which, at this stage, we hypothesized to be paired
to HCO;™. We proceeded to irradiate this solution with 450

https://doi.org/10.1021/jacs.3c08471
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in contact but separated by a few enough solvent molecules that the anion still exerts a detectable influence on the reactivity of the cation.

nm blue light, upon which the disappearance of MCH4"
occurred, accompanied by a complete recovery of the original
spectrum. Similar but slower conversion in both directions was
observed with SP2 (Figure S9). This compound is also
significantly less soluble than SP4 (26 mM vs < 2 mM for
SP2), so we elected to proceed with SP4 for the ensuing
analysis.

Successful repeated capture and light-triggered release of
CO, by SP4 were confirmed by quantitative gas chromatog-
raphy (GC) calibrated against standard mixtures (Figure 3A).
After the introduction of CO, into a solution of SP4 (60 ymol
in 3 mL of solvent, 4:1 DMSO/water), which elicited the
appearance of an intense yellow color, the vial headspace was
replaced with nitrogen, and the cuvette was exposed to 450 nm
light. Aliquots of the gas in the headspace were analyzed, and
the gaseous CO, content was observed to increase over time
(half-life of ca. 60 min) to a terminal value of 46—51 umol,

representing on average 81% of theoretical capture capacity.
The now-colorless solution was then immediately re-exposed
to CO,, and the photorelease procedure was performed again
for a total of three capture-release cycles. No difference in
activity was observed, implying that the spiropyran dye shows
stability under these operating conditions, including extended
exposure to atmospheric oxygen, which is not tolerated by
most molecular redox approaches. Temperature control during
irradiation was carefully maintained using portable fans, and
control experiments in which the sample was shielded from
light by reflective foil displayed a negligible release of CO,.
Spectrophotometry further confirmed that release in the dark
is extremely slow even when opened to the atmosphere (11.5%
decrease in MCH4" HCO;~ over 9 h, Figure S13). Pure gas
input was not required for capture (Figure 3B): using 50%,
20%, and 10% (v/v) mixtures of CO, in N, delivered similar
results, although the total quantity of CO, released relative to

https://doi.org/10.1021/jacs.3c08471
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SP4 decreased to roughly 50% in the most dilute case.
Nevertheless, these experiments prove the concept of cyclic
carbon capture and release using visible light as the only
external energy input.

To further illustrate key mechanistic aspects of the capture
and release processes, in situ pH tracking experiments were
conducted (Figure 3C—E), which revealed a shift between pH-
determining species resulting from the coupling of multiple
equilibria. First, hydrochloric acid was added to partially
convert SP4 to the MCH4" CI™ form. The protonated cation is
a metastable-state photoacid that, upon irradiation, converts to
SP4 while releasing a proton to the solvent, and accordingly, a
decrease in the pH was measured. Upon removal of the light
source, the pH rapidly recovered to its starting value, as SP4
thermally reverts to MC4, which is rapidly reprotonated. If
instead of using a strong acid, equilibration with an atmosphere
of CO, was used to open SP4 to its protonated merocyanine
form, identical irradiation conditions resulted in no noticeable
change in pH provided that the solution remained in
equilibrium with an applied pressure of CO,. This difference
is due to the buffering capacity of bicarbonate as the
photoreaction of MCH4" now prompts net proton transfer
to bicarbonate rather than the solvent and therefore cannot be
perceived by pH measurement. Under a headspace of pure
CO,, dissolved CO, remains in solution and can quickly
reprotonate SP4 via carbonic acid. If the CO,-charged solution
is opened to the air such that CO, formed from protonation
and dehydration of bicarbonate can escape, photoirradiation
results in a steady increase in the solution pH. The photoacidic
activity of MCH4" results in a net basification of the solution
because the released proton is not received by the solvent but
participates with bicarbonate in an irreversible process
(H,COj3,q) = H,0() + CO,y) that depletes carbonic acid,
which has the effect of decreasing the total concentration of
dissolved acidic species. Although the CO, outgassing process
formally exchanges a higher pK, buffer (CO,/HCO;”) for a
lower pK, buffer (MCH4'/SP4), which one might expect to
lead to acidification, there is a concomitant shift in the
protonation state of the buffer as carbonic acid is converted
into less acidic species (H,O(j) + CO,y)). The observed rate of
CO, evolution in the pH-tracking experiments is slightly
higher than that recorded in the above GC measurements
(Figure 2A), which is due to the pH-tracking being performed
fully open to the atmosphere, while the GC study was
performed in a sealed vial to accurately quantify gaseous CO,.
Consistent with our model, the pH could be reverted to its
starting point with the removal of the light source and
equilibration under an atmosphere of CO,.

The assignment of dominant dissolved inorganic carbon
species such as MCH4" HCO;™, as opposed to a direct
covalent adduct such as MC4-CO,, could not be established
on the basis of spectrophotometry alone, as TD-DFT
calculations indicate that the lowest-energy excitations are
similar in energy for free MCH4" (497 nm), MCH4*..HCO;"~
(509 nm), and MC4-CO, (473 nm), and all are close to the
experimental A, (460 nm). However, the identity of the
cation as MCH4" is apparent from '"H NMR spectroscopy
(Figure 3F): the protonated merocyanine could be independ-
ently prepared by protonation of SP4 with strong acid, and
partial exposure of SP4 to gaseous CO, resulted in the
evolution of identical resonances in the 'H NMR. When this
same spiropyran was exposed to *C-labeled CO,, a broad
resonance arose in the '*C NMR spectrum at a chemical shift

of 157.2 ppm, which is likely associated with ["*C]-
bicarbonate.

Having established the relevant ground-state structures
involved in the light-driven capture cycle, we turned to further
dissecting the mechanism of the photorelease subprocess.
Three plausible pathways were considered (Figure 4A): (A) a
nonphotoacid mechanism, involving reversible formation of
the adduct MC4-CO, and subsequent photoinduced cleavage
of the O—CO,™ bond; (B) a specific photoacid mechanism, in
which MCH4" releases its proton to water upon irradiation,
and the solvent serves to transfer this proton to a separated or
distant HCO;™ to form carbonic acid; and (C) a general
photoacid mechanism, in which MCH4" and HCO;™ as a
contact ion pair directly exchange a proton in the excited state.

A solution containing MCH4* HCO;~ was prepared by
bubbling CO, into dissolved SP4, and the excited-state
dynamics of this species were investigated by ultrafast transient
absorption spectroscopy (Figure 4B). After excitation using a
400 nm laser pulse, significant excited-state absorption (ESA)
was observed at 530 nm. We assigned this feature to MC4*
obtained upon the deprotonation of MCH4"* in its excited
state. The transient bleach above 600 nm is likely due to
stimulated emission from MC4* (Figure S39). The decay of
ESA intensity at 530 nm fits well with a biexponential function
with time constants 7; = 7 ps and 7, = 52 ps (Figure 4C), with
relative amplitudes of 0.23 and 0.77, respectively. As examined
further below, we propose these first-order decays are
associated with proton-transfer (PT) and reverse-proton-
transfer (rev-PT) processes from MCH4" to water.

A significant kinetic isotope effect (KIE) was observed in the
rates of both steps by using D,O as an alternative solvent (z, =
7 ps using H,O vs 7; = 11 ps using D,0O, KIE = 1.6; 7, = 52 ps
using H,O vs 7, = 80 ps using D, 0O, KIE = 1.5, Figure 4D; and
the relative amplitudes of the two exponentials in D,O were
0.2 and 0.8, respectively). The magnitudes of these deuterium
isotope effects are potentially consistent with proton transfer
between two heteroatomic sites of widely differing acidities
(mechanisms B and C). These results would be more difficult
to rationalize in a nonphotoacid pathway such as mechanism
A, in which no primary isotope effect should manifest. The
same transient absorption experiments were also repeated with
MCH4"* CI~ and MCD4" CI7, and time constants (7; = S ps
using HCl vs 7, = 12 ps using DCI, KIE = 2.4; 7, = 46 ps using
HCl vs 7, = 73 ps using DCI, KIE = 1.6) were found to be
similar to those measured with bicarbonate (Figure S$36),
suggesting that the initial acceptor of the merocyanine-derived
proton was not the anion. This observation led us to favor
mechanism B, in which the immediate target is a solvent
(water) molecule.

Figure 4E summarizes the proposed overall scheme for light-
driven generation of carbonic acid from MCH4" HCO;™. After
photoexcitation of MCH4", rapid proton transfer (z = 7 ps)
takes place from the merocyanine to a hydrogen-bonded water
molecule with minimal heavy-atom motion, forming a
hydrogen-bonded excited-state complex [MC4%*..H;0%].
This complex can either undergo reverse proton transfer (z
= 52 ps) to restore the initial MCH4", or the proton can
diffuse away through a von Grotthuss-type mechanism™ ™ to
find a basic bicarbonate anion. Based on a quantum yield of
1.3% for the formation of MC4 derived from nanosecond
transient absorption spectroscopy, the proton escape takes
place on the order of ca. 4.8 ns. Higher proton-escape quantum
yields (50%) have been observed from other protonated
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. . 1.3536 .
merocyanines that are stronger photoacids, as estimated

based on their transient absorption spectra. These observations
give us encouragement that the development of more efficient
photoacids for bicarbonate protonation is possible and that the
rationale for the difference between our photoacids and
previous examples continues to be investigated.

Interestingly, when the sample was prepared such that the
anion was chloride instead of bicarbonate, we found a minor
but verifiable decrease in the quantum yield (1.1%), indicating
the likely involvement of the counteranion in regulating
competition between the reverse-proton-transfer and proton-
escape pathways. Thus, the nature of MCH4" HCO;™ under
these conditions is most aptly described as a solvent-separated
ion pair,””*® rather than as free ions. The electrostatically
associated bicarbonate is not the direct recipient of the proton
from MCH4" but does remain sufficiently proximal to
influence the preorganization of the intervening solvent
molecule(s) and, thereby, the frequency of carbonic acid
formation. If accurate, then this scheme is informative for
optimizing the rate of CO, photogeneration. For example,
structural modifications that promote dissociation of hydro-
nium from the MC4..H;0" complex might reduce the rate of
reverse proton transfer, while strengthening the attractive
interactions between MCH4" and HCO;~ should accelerate
the productive protonation of bicarbonate.

B CONCLUSIONS

In conclusion, this work demonstrates repeated, on-demand
CO, capture and release using photoswitchable acids. A
systematic assessment of structure—activity relationships
underscores the importance of effective-acidity tuning in
achieving efficient cycling. Ultrafast spectroscopy and KIEs
suggest a solvent-separated ion pair mechanism for photo-
release, a theory that can guide the development of more
efficient photoacid structures. Studies into implementing these
design principles and other modifications aimed at maximizing
solubility, synthetic scalability, longevity, and wavelength
coverage are ongoing with the long-term intention of
generalizing solar-powered carbon removal technologies.
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Materials and Methods

1. General Information for Materials and Analytical Methods

Unless noted, all chemicals were obtained from reagent-grade commercial sources (MilliporeSigma,
Combi-Blocks, Oakwood, Alfa Aesar, TCI, or Ambeed), stored at rt under nitrogen, and used without
further purification. lodomethane was stored at 4 °C in a refrigerator. Products of chemical reactions were
purified by flash chromatography using SiliCycle SiliaFlash® F60 Irregular Silica Gel (40-63 pm, 230—
400 mesh) as the stationary phase with the aid of a Biotage® Selekt Enkel Automated Flash
Chromatography System. All solutions were prepared using high-purity (HPLC-grade) organic solvents
and ultrapure water (18.2 MQ-cm). pH measurements were performed on an Oakton pH 700 Benchtop
Meter with a Mettler Toledo Micro pH Electrode LE422. Ultraviolet-visible (UV-Vis) absorption spectral
data were obtained on an Agilent Cary 60 UV-Vis Spectrophotometer. The syringes used were NORM-
JECT-F Luer Solo syringes equipped with BD PrecisionGlide Needles (18G x 1 2” TW) or Air-Tite
Premium Hypodermic Needles (22G x 3 LB). ESI-HRMS (electrospray ionization) spectrometric data

were recorded on a Bruker micrOTOF Il mass spectrometer with ESI probe.

'H and *C NMR spectrawere recorded on a Bruker AVANCE NEO 400 or Bruker AVANCE NEO 400B
instrument. '"H and '*C chemical shifts were calibrated using residual protonated solvent as an intemal
reference (CHCI;: & 7.26 ppm and & 77.16 ppm, respectively; DMSO: 6 2.50 ppm and & 39.52 ppm,
respectively). Broadband 'H decoupling was used during the collection of '*C. The following abbreviations
are used to denote multiplicities: s = singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, p =

pentet, and m = multiplet.
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2. Synthesis

2.1.Synthesis of Precursors

2,3,3-Trimethyl-3 H-indole-5-carbonitrile

Based on a literature procedure,*” to an oven-dried 100 mL round-bottom flask, equipped with a magnetic
stir bar, was added 3-methyl-2-butanone (1.23 mL, 0.99 g, 11.46 mmol,2.00 equiv)usinga 1 mL syringe
with BD PrecisionGlideneedle, followed by glacial acetic acid (18.30 mL)usinga 10 mL syringe with Air-
Tite needle. Afterstirringto ensure the mixture was fully dissolved, 4-cyanophenylhydrazinehydrochloride
(1.00 g, 5.73 mmol, 1.00 equiv) was added. The round-bottom flask was attached to the bottom of a Liebig
condenser and the joint was secured with a Keck clamp. The round-bottom flask was then submerged into
a preheated oil bath, and the mixture was stirred at reflux overnight before it was allowed to cool to 1t by
removing the oil bath. The crude material that formed was then suspended in chloroform and poured into a
250 mL separatory funnel containing chloroform (50 mL) and water (50 mL). The organic phase was
separated, and the aqueous phase was extracted twice more with equal quantities of chloroform. The organic
phases were combined and dried over Na,SO,, and then filtered. The filtrate was then concentrated with
the aid of a rotary evaporator and purified by flash column chromatography on silica gel, using
hexane/EtOAc (80:20) as the eluent to afford the title product (0.21 g, 26%). "HNMR (400 MHz, DMSO-
ds) 8 8.21 (d, J=1.7 Hz, 1H), 8.00 (dd, /=8.0, 1.7 Hz, 1H), 7.83 (d, J=8.0 Hz, 1H), 1.51 (s, 6H).

5-Cyano-1,2,3,3-tetramethyl-3 H-indolium iodide

Based on a literature procedure,*’ to an oven-dried 100 mL round-bottom flask, equipped with a magnetic
stir bar, was sequentially added 2,3,3-trimethyl-3H-indole-5-carbonitrile (270 mg, 1.47 mmol, 1.00 equiv),
iodomethane (0.18 mL, 2.93 mmol, 2.00 equiv) using a 1 mL syringe with Air-Tite needle, and acetonitrile
(5.13 mL) using a 1 mL syringe with Air-Tite needle. After stirring to ensure the mixture was fully
dissolved, the round-bottom flask was attached to the bottom of a Liebig condenser and the joint was
secured with a Keck clamp. The round-bottom flask was then submerged into a preheated oil bath, and the
mixture was stirred at reflux overnight before it was allowed to cool to rt by removing the oil bath. EtOAc
(25 mL)was then added to the crudemixture to precipitate the material. Thesolid was collected by filtration
and washed with EtOAc to afford the title compound (0.149 g, 51%). "H NMR (400 MHz, DMSO-d;) 3
7.63 —7.50 (m, 2H), 6.82 (d, J =8.2 Hz, 1H), 4.06 (d, J=9.6 Hz, 3H), 3.05 (s, 3H), 1.29 (s, 6H).

2.2.Synthesis of Spiropyrans
General Procedure 1 (GP1): Synthesis of SP1-5
Based on a literature procedure,*' to an oven-dried 100 mL round-bottom flask, equipped with a magnetic

stir bar, was sequentially added the indolium iodide (1.00 equiv), 2-hydroxyaryl aldehyde (1.00 equiv), an
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aqueous solution of 40 wt% choline hydroxide (1.50 equiv) usinga 1 mL syringe with BD PrecisionGlide
needle, andisopropanol (2.5 mL/mmol)usinga 10 mL syringe with Air-Tite needle. After stirringto ensure
mixture was fully dissolved, the round-bottom flask was then submerged into a preheated oil bath. The
mixture was stirred at 80 °C overnight, then allowed to cool to rt by removing the oil bath. The crude
mixture was poured into a 250 mL separatory funnel containing ethyl acetate (50 mL) and water (50 mL).
The organic phase was separated, and the aqueous phase was extracted twice more equal quantities of ethyl
acetate. The organic phases were combined and concentrated with the aidofa rotary evaporator. Theresidue
was purified by flash column chromatography on silica gel, using hexane/EtOAc as the eluent to afford the

spiropyran.

Choline hydroxide

Following a literature procedure,* to an oven-dried 500 mL round-bottom flask, equipped with a magnetic
stir bar, was sequentially added choline chloride (2.79 g, 20 mmol, 1.00 equiv), potassium hydroxide (1.12
g, 20 mmol, 1.00 equiv), and methanol (200 mL). The round-bottom flask was then capped with a septum
and submerged into a preheated oil bath. The mixture stirred at 60 °C for 12 h before it was allowed to cool
to rt by removing the oil bath. KCI was removed by filtration, and the filtrate was concentrated with the aid

of a rotary evaporator. The resulting material was diluted with distilled water to a concentration of 40 wt%o.

SP1: Yellow solid, yield: 72%;'H NMR (400 MHz, CDC1;) 6 7.18 (td, /=7.6, 1.4 Hz, 1H), 7.11-7.07
(m, 2H), 7.05 (dd, /=7.5, 1.6 Hz, 1H),6.87—-6.80 (m,3H), 6.72(d, /J=8.1 Hz, 1H), 6.53 (d, /J=7.8 Hz,
1H),5.68 (d,J=10.1 Hz, 1H), 2.74 (s, 3H), 1.32 (s, 3H), 1.18 (s, 3H). ¥C NMR (101 MHz, CDCl;) &
154.6,1484,137.0,129.8,129.5,127.7,126.8,121.6,120.1,119.5,119.2,118.9,115.1,106.9,104.3,51.9,
29.1, 26.0, 20.3. HRMS calculated for C;oH,,NO [M + H]* 278.1500 amu; found 278.1490 amu.

SP2: Light pink solid, yield: 75%; 'H NMR (400 MHz, DMSO-d;) 6 6.99 — 6.93 (m, 2H), 6.84 (s, 1H),
6.82(d,/J=7.9 Hz, 1H), 6.76 (dd,/=8.6,2.7Hz, 1H), 6.63 (td,/J=7.4,1.1 Hz, 1H), 6.43 (d,J=5.0 Hz,
1H),6.41 (d,/=4.4Hz, 1H),5.60(d, /J=10.1 Hz, 1H), 3.19(s, 3H), 2.06 (s, 3H), 1.07 (s, 3H), 0.95 (s,
3H).BCNMR (101 MHz, CDCl;) 8 152.5, 148.4,137.0, 130.3, 129.5,129.2, 127.7, 127.1,121.6, 119.5,
119.1,118.6,114.8,106.9,104.1, 51.8,29.9, 29.1, 26.00, 20.3. HRMS calculated for C,,H»,NO [M + HJ
292.1657 amu; found 292.1655 amu.

SP3: Light pink solid, yield: 66%; '"H NMR (400 MHz, CDCl;) 6 7.15 (td, J=7.6, 1.4 Hz, 1 H), 7.06 (dd,

J=17.2,1.4 Hz, 1H),6.86 —6.80 (m, 2H),6.76 (d,J=5.1 Hz, 2H), 6.69 (dd, J=5.1,4.1 Hz, 1H), 6.50 (d,
J=17.8 Hz, 1H),5.67(d, J=10.1 Hz, 1H), 3.67 (s, 3H), 2.75 (s, 3H), 1.31 (s, 3H), 1.17 (s, 3H). *C NMR
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(101 MHz, CDCl;) 6 148.3,147.2,144.1,136.9,129.3,127.6,121.6,112.0,119.8,119.7,119.4,119.0,
114.3,106.8,104.4,56.7,51.8,29.0,25.9,20.5. HRMS calculated for C,,H,,NO, [M+H]" 308.1606 amu;
found 308.1609 amu.

SP4: Light orange solid, yield: 70%; '"H NMR (400 MHz, CDCl;3) 6 7.17 (td, J = 7.6, 1.3 Hz, 1H), 7.07
(dd,J=7.3,0.8 Hz, 1H), 6.86—6.79 (m, 2H), 6.69—6.63 (m, 2H), 6.61 (d, J=2.6 Hz, 1H), 6.52(d, J =
7.8 Hz, 1H),5.70 (d,J=10.3 Hz, 1H), 3.76 (s,3H),2.73 (s, 3H), 1.31 (s, 3H), 1.16 (s, 3H). 3C NMR (101
MHz, CDCl;) 6 153.2, 148.7, 148.4,137.0,1294,127.7,121.6,120.4,119.2,119.1, 115.6, 115.4,111.6,
106.9, 104.0,55.9,51.8,29.1, 26.0,20.4. HRMS calculated for C5H,,NO, [M +H]" 308.1606 amu; found
308.1602 amu.

SP5: Pink solid, yield: 63%; "H NMR (400 MHz, CDCl;) 8 7.16 (td, J= 7.6, 1.3 Hz, 1H), 7.06 (dd, J=
7.3,1.4Hz,1H), 6.82(td,J=7.4,1.1 Hz, 1H), 6.81 (d, J=10.5 Hz, 1H), 6.66— 6.58 (m, 2H), 6.55—6.48
(m, 2H), 5.68 (d, J=10.1 Hz, 1H), 2.85 (s, 6H), 2.72 (s, 3H), 1.31 (s, 3H), 1.16 (s, 3H). *C NMR (101
MHz, CDCl;) 6 148.5, 147.2, 145.2,137.1, 1299, 127.6,121.6,120.1, 119.04,119.02, 115.8, 1154, 112.2,
106.8, 103.8, 51.6,42.1, 29.1, 26.0,20.4. HRMS calculated for C,;H,sN,O [M+H]"321.1922 amu; found
321.1922 amu.

1',3’-Dihydro-6-methoxy-1',3',3'-trimethylspiro[2 H-1-benzopyran-2,2'-[2 H]indole]-5’-carbonitrile
(SP6)

To an oven-dried 100 mL round-bottom flask, equipped with a magnetic stir bar, was added 5-cyano-
1,2,3,3-tetramethyl-3H-indolium iodide (200 mg, 0.664 mmol, 1.00 equiv) followed by n-propanol (3.32
mL) using a 1 mL syringe with Air-Tite needle. After stirring to ensure the mixture was fully dissolved, 2-
hydroxy-5-methoxybenzaldehyde (0.09 mL, 0.73 mmol, 1.10 equiv) and piperidine (0.08 mL, 0.80 mmol,
1.20 equiv) were bothadded into the flask usinga 1 mL syringe with BD PrecisionGlideneedle. The round-
bottom flask was attached to the bottom of a Liebig condenser and joint was secured with a Keck clamp.
The round-bottom flask was then submerged into a preheated oil bath, and the mixture was stirred at
reflux for 19 h before it was allowed to cool to rt by removing the oil bath. The crude mixture was
concentrated with the aid of a rotary evaporator and purified by flash column chromatography onsilica gel,
using hexane/EtOAc (90:10) as the eluent to afford the title compound as an orange solid (72 mg, 33%).
'"HNMR (400 MHz, CDCl;) 6 7.48 (dd, J=8.1, 1.8 Hz, 1H),7.26 (d, /= 1.6 Hz, 1H),6.86 (d, /=9.9 Hz,
1H), 6.69 (d, /=2.9 Hz, 1H), 6.65—-6.62 (m,2H), 6.49 (d, /J=8.1 Hz, 1H), 5.67 (d, /=10.1 Hz, 1H), 3.76
(s,3H), 2.78 (s, 3H), 1.30 (s, 3H), 1.16 (s, 3H). *CNMR (101 MHz, CDCl;) 8 153.6,151.6, 148.0, 137.9,
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133.7,130.2,125.3,119.0,118.8,115.7,115.7,111.8,106.6,103.7,101.0,66.0,55.9,51.4,28.8, 25.8,
20.1. HRMS calculated for C,;H,1N,O, [M + H]* 333.1558 amu; found 333.1541 amu.

General Procedure 2 (GP2): Synthesis of SP7 and SP8

Based on a literature procedure,*? to an oven-dried 100 mL round-bottom flask, equipped with a magnetic
stir bar, was sequentially added 2,3,3-trimethyl-3H-indole (1.00 equiv), 1,3-propanesultone (1.71 equiv),
and acetonitrile (3.45 mL/mmol). After stirring to ensure the mixture was fully dissolved, the round-bottom
flask was attachedto the bottom ofa Liebig condenser and joint was secured with a Keck clamp. The round-
bottom flask was then submerged into a preheated oil bath, and the solution was stirred at reflux for 16 h
beforeitwas allowed to cool to rtby removingthe oil bath. Ethyl acetate was added dropwise while stirring
continued, resultingin precipitation. Thesolid was collected by filtration and washed with ethyl acetate and
recrystallized from hot acetonitrile to afford 1-sulfopropyl-2,3,3-trimethyl-3H-indolium. In an oven-dried
100 mL round-bottom flask, the corresponding salicylaldehyde (2.00 equiv) was added to a solution of 1-
sulfopropyl-2,3,3-trimethyl-3 H-indolium (1.00 equiv) dissolved in EtOH (ca. 20 mL/g). The solution was
degassed by bubbling N,, then heated at 90 °C for 24 h by submersion into a preheated oil bath. Upon
cooling to rt by removal of the oil bath, the resulting precipitate was filtered, washed with EtOH, and
recrystallized from hot MeOH. The resulting crystals were collected and washed with MeOH and dried in

vacuum to afford the desired spiropyran.

SP7: Orange solid, yield: 64%;'H NMR (400 MHz, DMSO-d;) 6 10.31 (s, 1H), 8.65 (d, /= 16.4 Hz, 1H),
8.02(dd,/J=6.9,2.2 Hz, 1H),7.90 (dd, /=8.3, 1.4 Hz, 1H), 7.88 — 7.86 (m, 1H), 7.86 —7.80 (m, 1H), 7.67
—7.56 (m,2H), 7.22(dd, J=8.1,1.4 Hz, 1H), 6.95(t,J= 8.1 Hz, 1H), 4.81 (t, /= 7.9 Hz, 2H), 3.88 (s,
3H),2.65 (t,J=6.4 Hz, 2H),2.25-2.10 (m, 2H), 1.77 (s, 6H). 3C NMR (101 MHz, DMSO-d;) 6 181.7,
148.5,148.3,148.1,143.5,140.9,129.16[2C],123.0,121.6,120.2,119.7,116.6,115.1,111.64,56.2,51.9,
47.3,45.5,26.5,24.6. HRMS calculated for C,,H,sNOsS [M +H]"416.1487 amu; found 416.1500 amu.

SP8: Red solid, yield: 67%; "H NMR (400 MHz, DMSO-d,) 6 10.60 (s, 1H), 8.60 (d, J=16.4 Hz, 1 H),
7.99 (dd,J=7.1,2.2Hz, 1H),7.95(d,J=16.4 Hz, 1H), 7.87 —7.84 (m, 1H), 7.83 (d, J=3.0 Hz, 1H), 7.65
—7.58 (m,2H), 7.10(dd,/=8.9,3.0 Hz, 1H), 6.96 (d, /=9.0 Hz, 1H), 4.85 (t, /= 7.9 Hz, 2H), 3.87 (s,
3H),2.64 (t,J=6.2 Hz, 2H), 2.25—-2.15(m, 2H), 1.77 (s, 6H). ¥C NMR (101 MHz, DMSO-d,) 6 181.6,
153.8,152.9,148.3, 143.5, 140.9,129.1,129.0, 124.8,123.0, 121.3, 117.8,114.9,111.3, 110.4, 56.3,51.8,
47.0,453,26.5,24.6. HRMS calculated for C,,H,sNOsS [M +H]"416.1487 amu; found416.1503 amu.
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3. UV-Vis Spectroscopy Studies
3.1.Determination of Apparent Conjugate Acidity (pKan’)

120 pM stock solutions of SP were prepared in the organic solvent of interest. These stock solutions were
diluted with MilliQ water, and the pH was adjusted accordingly with dilute HCl or KOH to a range of target
pH values and a precise final concentration of 60 pM. The final pH values of these samples were measured
after letting the samples equilibrate in the dark for 10 mins. UV-Vis spectra were acquired, and the pKy’
was determined according to the spectrophotometric method described in the literature,** in which the
equilibrium absorbance values (A.,) of at the maximum absorption wavelength of MCH* were plotted

against pH and fitted to a sigmoidal curve. These curves were fitted using GraphPad Prism according to:
Ay — Aon
1 + 10((PH=- PKgp)*C)

Aeq = AOH + (EqS].)

in which:

Aopy : absorbance at high pH
Ay : absorbance at low pH
pK,y': inflection mid-point

C : Hill slope
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Figure S1. UV-Vis titration of 60 uM SP1 in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH1* (A =424 nm) as a function of pH and its
corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope Cis -0.91.
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Figure S2. UV-Vis titration of 60 uM SP2 in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH2* (A =438 nm) as a function of pH and its
corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope C is -1.25.
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Figure S3. UV-Vis titration of 60 uM SP3 in 1:1 DMSO/water. a) Normalized absorbance spectra at

different pH values in the dark. b) Absorbance of MCH3" (A =401 nm) as a function of pH and its
corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope C is -1.14.
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Figure S4. UV-Vis titration of 60 uM SP4 in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH4* (A =460 nm) as a function of pH and its

corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope C is -1.04.
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Figure SS5. UV-Vis titration of 60 uM SPS in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH5* (A =388 nm) as a function of pH and its
corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope Cis -1.12.
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Figure S6. UV-Vis titrations of 60 uM SP6 in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH6"* (A =482 nm) as a function of pH and its

corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope Cis -1.21.
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Figure S7. UV-Vis titration of 60 uM SP7 in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH7* (A =396 nm) as a function of pH and its
corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope C is -1.26.
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Figure S8. UV-Vis titration of 60 uM SP8 in 1:1 DMSO/water. a) Normalized absorbance spectra at
different pH values in the dark. b) Absorbance of MCH8* (A =468 nm) as a function of pH and its
corresponding sigmoidal fit to Eq. S1 shown as a solid curve. The Hill slope C is -1.27.
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3.2.UV-Vis Absorption Study of CO: Response

120 pM stock solutions of SP were prepared in the organic solvent of interest. These stock solutions were
diluted with MilliQ water to a final concentration of 60 pM and loaded into a 1 cm path-length cuvette. The
UV-Vis absorption spectrum of this initial state was acquired. Then, CO, or a CO,-containing gas mixture
was bubbled through the solution for a controlled duration of time in the dark. The UV-Vis absorption
spectrum was recorded at time points. With the CO, source removed, the sample was then irradiated with
a 450 nm blue LED, and the UV-Vis absorption spectrum was recorded after different durations. During
irradiation, the sample was cooled by air with a portable fan to ensure minimal heat contribution to release.
In some cases, the original spectrum was not exactly reproduced after the cycle of experiments above, but
some slight photobleaching was observed. We have not been able to observe significant amounts of

byproducts by TLC nor was any precipitate visible in the vial.
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Figure S9. CO, response followed by 450 nmblue LED irradiation of 60 uM SP2 in 1:1 DMSO/water.
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Figure S10. CO, response followed by 450 nm blue LED irradiation of 60 uM SP3 in 1:1 DMSO/water.
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Figure S11. CO, response followed by 450 nm blue LED irradiation of 60 uM SPS in 1:1 DMSO/water.
Longer irradiation led to irreversible decomposition.
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Figure S12. CO, response followed by 450 nm blue LED irradiation of 60 uM SP7 in 1:1 DMSO/water.
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Figure S13. CO, retention in solution in the dark over 9 h (60 uM SP4 in 1:1 DMSO/water). Thermal
release in the dark is very slow.
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3.3.Solvent Effects

Medium effects exert a substantial influence over the initial equilibrium of spiropyran and the identity of
the ground state. Other factorssuchas kinetics, solubility, and responseto CO, were sensitiveto the identity
and proportion of the organic solvent. We chose DMSO-water as the solvent system for most of our study
because of the fast, reversible interconversion between the SP and MCH™*. Further, by adjusting the solvent
composition, we could increase the solubility of SP4 up to 27 mM without much effect on the apparent
conjugate acidity northe kinetics ofrelease (seethe transientabsorptionstudies). Veryrecently, others have
also found that DMSO-water mixtures can enable robust stability of light-induced proton release and

isomerization.**

a b
0.8 — 1.0
Initial Initial
CO; (2 mins) 1 CO, (2 mins)
- == CO; (4 mins) 0.8 CO, (4 mins)
o -0 | Blue LED (15 mfns) o \ — CO, (6 mins)
(&) Blue LED (30 mins) O )
c . e 0.6 Blue LED (15 mins)
© === Blue LED (45 mins) © Sige LED (56 mirs)
0 O 4_ .Q
’6 . 5 === Blue LED (45 mins)
8 ] _8 0.4 == Blue LED (60 mins)
< < 1
0.2+ \ ¥ ,
\\/\\ 0.2—\/
0.0 —

T % T 3 T . T £ | 00 T ¥ T ! T 4 T 5 1
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure S14. CO, response followed by 450 nm blue LED irradiation of 100 pM SP4 in a) 1:1 DMF:H,O
and b) 1:1 MeOH:H,0.

S16



1.0 —

8

= 089 DMSO:H,O

@® M2

_e .

8 — 1

< T - 1:2

5 ® | 21

@

N 0.4

@®

E ,\

2 0.2- \\
| \N

0.0 T T T T -lq\‘ —

2 3 4 5 74 8 9

pH

Figure S15. Sigmoidal fits of SP4 equilibrium absorbance as function of pH at different DMSO/water

volumetric ratios.

3.4.Solubility Measurements

UV-Visabsorbance spectraare taken to determine the solubility of SP in different DMSO/water volumetric

ratios. Calibration curves were created using samples of standardized concentration, by fitting the maximum

absorbance as a linear functionof concentration. These measurements were made withina 1 cm path-length

cuvette. Next, in the solvent system of interest, an oversaturated solution of SP was prepared and sonicated

for 1 h to ensure full dissolution. This sample was filtered with a 0.2 um syringe filter (VWR), diluted, and

used for UV-Vis absorbance analysis to determine the concentration.
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Figure S16. a) UV-Vis absorbance spectra and b) associated calibration curve at 291 nm for SP4 in 4:1
DMSO/water.
2.0 = 25.5 mM solubility limit
sample diluted 60x for measurment
Q 1.6
o e
=
m o
L 12+
[ - \
o
8 ]
0.8+
< 1
0.4+
0'0 T T T l T T T T I T T T T l T T Ll ' I ¥ T r i

300 350 400 450 500

Wavelength (nm)

Figure S17. UV-Vis absorbance spectra taken to determine the solubility of SP4 in 4:1 DMSO/water.
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Figure S18. a) UV-Vis absotbance spectra and b) resulting calibration curve at 291 nm for SP4 in 3:1
DMSO/water.
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Figure S19. UV-Vis absorbance spectra taken to determine the solubility of SP4 in 3:1 DMSO/water.
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Figure S20. a) UV-Vis absorbance spectra and b) resulting calibration curve at 291 nm for SP4 in 2:1
DMSO/water.
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Figure S21. UV-Vis absorbance spectra taken to determine the solubility of SP4 in 2:1 DMSO/water.
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Figure S22. Summary of solubility of SP4 at different volumetric DMSO/water ratios.
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Figure S23. a) UV-Vis absorbance spectra and b) resulting calibration curve at 285 nm for SP2 in 4:1
DMSO/water.
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Figure S24. UV-Vis absorbance spectra taken to determine the solubility of SP2 in 4:1 DMSO/water.

S22



4. CO; Capture and Release

4.1.Experimental Setup

Assembly of LED Chamber: LED strips (16.4 fttotal, 18 bulbsper ft,3.5 W per ft, 450nm) were installed
alongthe inside of a 1.2 L crystallizing dish and powered by a 60 W power supply. The exterior of the
crystallizing dish was covered with aluminum foil. During irradiation, a Honeywell Turboforce Fan Ht-900

(11 inches) was pointed at the LED chamber to ensure operation at rt.

Figure S25. LED chamber setup used for CO, photorelease.
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Figure S26. Emission spectrum of blue LED light source for irradiation experiments
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Figure S27. In situ temperature tracking of a DMSO/water solution of 10 mM SP4 during blue LED
irradiation.
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CO: capture and release:

Pure CO: (Fig. 3A): In a 20 mL scintillation vial equipped with a small stir bar, SP4 (18.4 mg) was
dissolved in DMSO (1.0 mL) by sonication, followed by addition of H,O (0.6 mL) and additional DMSO
(1.4 mL, final concentration 20 mM). The sample was sonicated for 1 h in the dark, during which the vial
was covered with foil and sealed tightly with a rubber septum. The sample was subjected to 100% CO,
(bubbled through the solution) via a 10 cm length of FEP tubing with 1/16”* ID through the septum with a
needle for venting overa period of 3 h. The overhead space was flushed quickly with nitrogen through a
syringe to remove excess CO,, and the capped sample was left in the dark for 1 hbefore 450 nm blue LED
irradiation and GC analysis of the overhead space (see below).

Diluted CO: (Fig. 3B): In a 20 mL scintillation vial equipped with a small stir bar, SP4 (9.2 mg) was
dissolved in DMSO (1.2 mL) by sonication, followed by addition of H,O (0.8 mL) and additional DMSO
(1.0 mL, final concentration 10 mM). The sample was sonicated for 1 h in the dark, during which the vial
was covered with foil and sealed tightly with a rubber septum. The sample was subjected to different
CO,/N; partial pressure inlets (bubbled through the solution) via a 10 cm length of FEP tubing with 1/16”
ID through the septum with a needle for venting over a period of 3 h. The inlet stream was controlled by
Sierra Smart Trak 50 Mass Flow Controllers. The overhead space was flushed quickly with nitrogen
through a syringe to remove excess CO,, and the capped sample was left in the dark for 1 h before 450 nm

blue LED irradiation and GC analysis of the overhead space (see below).
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Figure S28. Spiropyran (SP4) solution in DMSO/water mixture before and during CO, exposure.

Figure S29. Photograph of the SP4 solution during irradiation with blue LED after exposure to CO,.
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Figure S30. Comparison of CO, release measurement in DMSO/water solution of 10 mM SP4 using light
(blue), at 30 °C (red), and CO, release measurement in DMSO/water solution of 10 mM [Ru(bpy);]**
using light.

Control experiments: We measured the irradiance of the blue LED set-up at the center of the chamber and
founditto be 104.5 W/m?. The exposed surface area of the reactor vial is 0.0015 m?, so the net irradiation
is on the order of 160 mW. Our light source is diffuse and not focused in any way. We tracked the
temperature of the sample using both digital infrared thermometer and glass contact thermometers before
and during irradiation of the solution under fan blowing (Honeywell Turboforce Fan HT-900). The steady-
state temperature reached after roughly 2 h is 28 °C, and this value is never exceeded as shown in SI Figure
5-3. We performed a CO, capture/release measurement at 30 °C in the dark to estimate an upper bound on
the heateffect. We saw thatonly 15% was released. Interestingly, when we replaced SP4 with the suggested
[Ru(bpy);]Cl,, with absorbance at 450 nm matched, only 5% release was observed. These results confirm

that the major contribution to the release is a photochemical process rather than thermal.

4.2.Gas Chromatography Analysis

Headspace gas chromatography (GC) experiments were performed using an Agilent 7890A GC equipped
with a ShinCarbon ST packed column (Restek) and a thermal conductivity detector (TCD) with helium
carrier gas. To measure the amount of gas formed during blue LED irradiation experiments, we used a
gastight syringe (Hamilton Company) to inject 50 pL through GC of the sample headspace. The

concentrationof CO, was determined by integrating the area under the associated peak in the chromatogram
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and standardizing against a calibration curve. The calibration curve for CO, was established by injecting
known quantities of calibration gas (Fig. S31). The integrated intensity of the calibration peaks was then
used to determine the concentration of the CO, in the headspace of each measurement by assuming a linear

relationship between the injected concentration of gas and the detector response.
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Figure S31. Calibration curve for GC. Plot of integrated intensity vs.amount of injected CO,. The plot
was fit to a linear function with a y-intercept set to zero, and the slope was used to determine the
concentration of injected gas for test samples after 450 nm blue LED irradiation.

4.3.1In Situ pH Tracking
In situ pH tracking for SP4: In a 20 mL scintillation vial, SP4 (7.7 mg) was dissolved in DMSO (3.75

mL)and H,O (1.25 mL) to producea final concentrationof5 mM. The solutionwas degassed by sonication
for 1 h.

Tracking without buffer (Fig. 3C): The pH of a freshly prepared sample was adjusted to 6.1 with small
added quantities of dilute aqueous HCI to partially convert SP4 to the MCH4* Cl- form. With a meter
tracking pH, the sample under stirring was irradiated with the 450 nm blue LED for 20 mins before it was

allowed to re-equilibrate in the dark.
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Tracking with bicarbonate buffer (Fig. 3D): With a meter tracking pH throughout, a freshly prepared
sample under stirring was allowed to sit in the dark for 3 min before being subjected to a CO, atmosphere
applied by balloon. After 17 min, the LED chamber was turned on to irradiate the sample with 450 nm blue

LED light while overhead pressure of CO, was maintained.

Tracking with capture and release (Fig. 3E): With a meter tracking pH throughout, a freshly prepared
sample under stirring was allowed to sit in the dark for 3 min before being subjected to a CO, atmosphere
applied by balloon. After 20 min, the CO, source was removed, and the LED chamber was turned on to
irradiate the sample with 450 nm blue LED light for 70 min.

In situ pH tracking for SP8 (Fig. S32): In a 20 mL scintillation vial, SP8 (10.4 mg) was dissolved in
DMSO (3.75 mL) and H,O (1.25 mL) to produce final concentration of 5 mM. The solution was degassed
by sonication for 1 h. With a meter tracking pH continuously, the sample under stirring was allowed to sit
in the dark for 5 min before being subjected a CO, atmosphere applied by balloon. After 13 min passed,

the CO, source was removed, and the LED chamber was turned on to irradiate the sample with 450 nm blue
LED light.

Q 450 nm
6- Co,

4 I I I I
0 10 20 30 40 50

Time (min)

Figure S32. In situ pH tracking of a DMSO/water solution of 5 mM SP8 under different conditions. The
minimal change in pH upon irradiation suggests that an insignificant quantity of CO, was released.
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Figure S33. Control experiment comparing capture (1 atm CO,) and release of CO, (to N, headspace) in
pure DMSO-water solution.
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Figure S34. [llumination of the pH probe with a 450 nm LED did not affect its reading. The black points
indicate the pH reading in the dark of a blank DMSO/water mixture and red points indicate the pH
reading under LED irradiation. We concluded from this experiment that potential photoactivity of the
device is not a confounding factor in our measurements.
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4.4.Stability of SP4

SP4 after 3 CO, capture/photo-release cycles

AU oI I
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Figure S35. '"H NMR spectrum of the DMSO-water solution of SP4 before and after 3 CO,
capture/photorelease cycles.

S32



5. Ultrafast Transient Absorption Studies

5.1.Methods

Spectroscopy: The datawere acquiredusinga single-shot probe-referenced broadband transient absorption
(TA) setup, the design of which was reported previously.* Briefly, a Ti:Sapphire regenerative amplifier
(CoherentLibra-HE) provides3 W fundamental pulses(800 nm, 50 fs)ata frequency of 1 kHz. The 400 nm
pump pulses were generated by seeding an OPerA SOLO (Coherent) with 2 W of the fundamental output
of the amplifier. Another fraction (~1 mW) of the fundamental was aligned onto a 1.7 m computer-
controlled, motorized translation stage (Aerotech ATS62150, U100 controller) equipped with a hollow
retro-reflector, which furnished the pump—probe delay times used in the TA experiments. After the
translation stage, the beam was focused with a 100 mm focal length lens onto a 2 mm calcium fluoride
(CaF,) crystal to generate a chirped white light continuum. To avoid thermal damage, the crystal was
continuously translated back-and-forth perpendicular to the input beam. The resulting white light pulses
were reflectively collimated and aligned onto a 15 mm translation stage (PhysikInstrumente, M—111.DG,
Mercury DC controller). A notch filter removed the residual 800 nm fundamental from the white light
continuum and was subsequently sent onto a broadband reflective neutral density filter to generate probe
(reflected) and reference (transmitted) pulses of approximately equal intensity. Subsequently, pump and
pulses were focused into the sample using a lens (f = 500 mm) and concave mirror (f = 500 mm),
respectively. Each sample was diluted such that its optical absorption at its absorption maxima within the
probe window was below 1 OD in a 2 mm path length quartz cuvette. The samples were continuously
stirred during the measurement using a thin stir bar, and no degradation of the samples was observed by
UV-Vis spectroscopy measured before and after the experiment. After passing through the sample, the
transmitted probe beam was recollimated prior to being sent into a fused silica prism (OptoSigma, DPSQ-
20-10H) spectrograph (f=250 mm) equipped with two 16-bit, 512 pixel charge-coupled devices
(Hamamatsu S7030-0906). The reference beam was sent to a separate, identical spectrograph and detector
pair for balanced detection. Data acquisition was enabled by a custom-built interface board from
Entwicklungsbiiro Stresing. Differential normalized transmittance signals were collected on a shot-to-shot
basis with the pump chopped at 500 Hz. One transient absorption trace consisted of 200 probe shots
resulting in 100 differential spectra which were averaged at each timepoint. Data presented in this study
was obtained by recording 15 transient absorption traces and averaging the results. Time constants were
calculated by fitting the kinetic data in both Surface Xplorer(Ultrafast Systems) and [gorPro (Wavemetrics)
with the appropriate single or double exponential fit functions that minimize the fit residuals for each best

fit.
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Actinometry: The laser spectroscopic setup was described in detail previously, and we made only minor
changes to functionally equivalent hardware.*® A Quanta-Ray Nd:Y AG laser (SpectraPhysics) which emits
355 nm laser pulses with a repetition rate of 10 Hz and a pulse width of ~8 ns, which were directed into a
optical parametric oscillator (MOPO-PO, SpectraPhysics) to generate 470 nm with excitation pulses that
were 1 mJ/pulse. Continuous white light, generated by a xenon-arc lamp (PTI, Model A1010), was used
as the probe for the transient absorption (TA) measurements. To measure the time dependent transient
absorption signal, the excitation laser beam and the probe beam were focused onto the sample contained in
a 1 cm path length cuvette. The transmitted probe beam was recollimated by a pair of lenses (f =20 cm),
passed through a monochromator (iHR 320, Horiba)to select the probe wavelength to monitor, and then
detected with a photomultiplier tube (PMT R928, Hamamatsu). The signal of the PMT was recorded on a
1 GHz oscilloscope (Wavesurfer 4104 HD, Teledyne-Lecroy). Custom software was used for controlling

the apparatus and data processing.

The actinometry experiments themselves were adapted from previous transient absorption actinometry
studies.*” Ru(bpy);Cl, was dissolved in MilliQ water such that its absorbance was below 1 OD for all
wavelengths within the probe spectral region. Test samples were made to match the absorbance of the
Ru(bpy);** solution at 470 nm in an identical 1 cm quartz cuvette (Spectrocell). Because of the rapid and
efficient relaxation of Ru(bpy);** fromits initially excited 'MLCT state to a slowly decaying (t; =380 ns)
SMLCT state in atmosphere-equilibrated solution, the initially measured TA signal can be approximated to
be equal to the concentration of photogenerated species in the probed sample volume by dividing the signal
40 ns after the instrument response function by the Ag of the *MLCT state of Ru(bpy);** at455 nm (ca.
11,300 M! cm™). We immediately switch the sample for the MCH* sample of interest and measure its TA
signal at 455 nm. The TA values from40 ns to 1.7 us were averaged and divided by 22,080 M-! cm™! to
provide the concentration of depleted MCH resulting from photoexcitation in the probed volume, and this
quantity is further divided by the concentration of photogenerated species from the Ru(bpy);** reference
experiment to furnish the actinometric quantum yield on this timescale. The ca. 22,080 M cm™! value was
derived from the extinction coefficient of MCH and assumes minimal absorption from MC- and SP forms
of the species. From this quantum yield, we could calculate the rate of proton escape using kescape = 1 /Tescape
= D/1eypr.

Sample Preparation: For the measurements shown in Fig. 4B and Fig. 4C, a solution of SP4 (0.5 mM) in

1:1 DMSO/water was employed. CO, was bubbled into the solution to produce MCH4* HCOj;™. For
experiments on MCH4* CI, dilute aqueous HCI (0.5 M) was used instead of CO, to generate the protonated
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merocyanine state. For the deuterium isotope effects, analogous samples were prepared using D,0O and
DMSO-d; as solvents.

5.2.Additional Data

1.0 ESA Kinetics, 530 nm =
: = [MC-D CI]
08 B =eun Fit (t;,=12ps, ., =73 ps) L
g - [MC-H Cl]
§ 064 3-.:. ==== Fit (ty = 5 ps, 1, = 46 ps) "
e] 2
=

‘,%s\ KIE =1.6
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Pump-probe delay (ps)

Figure S36. Decay profiles of the excited state absorption for MCH4* CI- and MCD4" CI- showing

absolute time constants similar to those of the bicarbonate analogues. The relative amplitudes for the two

exponentials used to fit the data were 0.19 and 0.81 (for HCI); 0.12 and 0.88 (for DCI). The indicated KIE

calculated was based on the slower step (step 2). The KIE for the first step from the ratio of the t, values
is approximately 2.2.
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Figure S37. Decay profiles of the excited state absorption for MCH4* CI- in different solvent mixtures.
The proportion of water does not significantly affect the decay profile in DMSO, but the identity of the
organic solvent has a considerable influence.
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Figure S38. Actinometry experiments used to determine the quantum yield for proton escape leading to
CO, release.
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Figure S39. Fluorescence spectrum for MCH4*|| HCOj3 in DMSO/H,O upon photoexcitation at 460 nm.
The peak at 545 nm is attributed to a solvent Raman band.
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6. Computational Chemistry

6.1.General Methods

All calculations were performed with Gaussian 16, Revision A.03.4® The geometry optimization of all
ground-state structures was carried out using the B3LYP functional***° with a basis set of 6-311G(d) on all
atoms. Frequency calculations were performed to confirm the nature of the stationary points andto evaluate
its zero-point vibration energy (ZPVE) and thermal corrections at 298 K. The lowest energy isomers for
each structure considered were located by systematic search. In these studies, the SMD?! solvation model
(water) was used in geometry optimizations to reflect the experimental conditions. Time-dependent DFT
(TD-DFT)wasused to predictthe UV-Vis spectra of species, usingB3LYP/6-31 1G(d) with SMD solvation
model. Previous benchmark studied have shown this level of theory to be reasonably accurate for related

spiropyran—merocyanine systems.>?

Computed structures are illustrated using CYLView (https://www.cylview.org/).

6.2.Structures and UV-Vis Spectra of Relevant Species

Figure S41. DFT energy-minimized structure of MC4 in its all-trans configuration.
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Figure S42. DFT energy-minimized structure of MC4-CQ: in its all-frans configuration.

Figure S43. DFT energy-minimized structure of MCH4"...HCOj;™ in its all-frans configuration.

N\
N

Figure S44. DFT energy-minimized structure of SP4.
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Table S1. TD-DFT predicted lowest-energy optical transitions of relevant species.

Species Amax (NM)
MCH4* 489
MC4 562
MC4-CO; 465
MCH4*.. HCO;~ 509
SP4 331

6.3.Geometries and Energies of Minimized Structures

MCH4*
Charge: 1
Multiplicity: 1

Electronic Energy (B3LYP/6-311G(d)/PCM(water)): -980.635639074

Geometry:

3.50377500
3.59471400
4.83982200
5.98040800
5.86930100
4.54658000
4.93120400
6.96296800
6.76492500
2.20154600
1.97588300
2.10073000
2.71117500
0.98208800
1.98201500
0.99247300
2.72346100
2.10245900
-0.07248300
-0.45644800
-0.94837000
-0.53265800
-2.39095600
-3.18458300
-3.05828300
-4.57552200
-4.44010800
-2.49165100
-5.20721000
-5.16026900
-6.28864200
-2.68620900
-1.72984200
-4.96733600
-6.39162700
-6.85197400
-6.58094700
-6.81486000
1.34333300
2.12884700
1.65548500

O ZOIIITOO0OIO0OIITOIOOOOOIOIOIIIOIIIOOIIIITIOONOOND

-0.97691700
0.41128000
1.02076900
0.21306100

-1.17800000

-2.88041700
2.10002200
0.67132500

-1.78799000
1.00574400
1.90608900
1.34210800
2.71300200
2.35465400
1.79248300
2.24820200
2.59166900
1.14686500

-0.39084200
-1.39962500
0.65223900
1.64600500
0.56368100
1.73982900

-0.67941600
1.63740000

-0.77110000

-1.60032200
0.40415600
2.54849800
0.36742500
3.01295200
3.02967900

-2.03658200

-2.17631200

-1.69453700

-3.24718400

-1.76525200

-0.25989000

-1.33407700

-2.72069100

4.62102100 -1.80204000 0.07877500

0.03163800
-0.03691700
-0.06252900
-0.01710800

0.05313200

0.13377500
-0.11620900
-0.03576500

0.08814400
-0.06912900

1.16859500
2.09514400

1.15637300

1.16667000
-1.38209900
-1.42145400
-1.44186800
-2.25432600

0.01631500

0.09926400
-0.03461700
-0.12592000
0.00444500
0.07767800
-0.04174000
0.07894200
-0.03411200
-0.09783800
0.02173200
0.13105000
0.02522400
0.14301700
0.26685300
-0.08880800
-0.06521200
-0.93195100
-0.10413400

0.85513800
-0.00936500

0.04268100
0.11721300
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H 1.10254200 -2.87524600 1.04324900

H 1.01572400 -2.94061900 -0.73594900
H 2.50842800 -3.38982200 0.09825100
MC4

Charge: 0

Multiplicity: 1
Electronic Energy (B3LYP/6-311G(d)/PCM(water)): -980.173450824

Geometry:

4.64082300 -1.76982200 -0.00002700
3.50263100 -0.97047800 -0.00003700
3.57293600 0.42287800 -0.00012800
4.80634400 1.05483000 -0.00022300
5.96661200 0.27121300 -0.00022400
5.87918300 -1.12191300 -0.00012400
4.58835000 -2.85141600 0.00003900
4.87552000 2.13758000 -0.00026000
6.93972300 0.74991600 -0.00030100
6.78532100 -1.71801600 -0.00012800
2.16853700 0.99903400 -0.00003400
1.93717600 1.84264300 1.27356600
2.07350600 1.24112100 2.17503500
2.65877000 2.66243200 1.29828100
0.93608500 2.27445700 1.29567000
1.93699800 1.84282000 -1.27345800
0.93589000 2.27459500 -1.29538000
2.65856100 2.66263500 -1.29812700
2.07325100 1.24144000 -2.17503300
-0.06830500 -0.42470400 0.00000300
-0.45034700 -1.43893900 -0.00010300
-0.97803100 0.62570100 0.00009500
-0.59972700 1.64002400 0.00008200
-2.38423500 0.54827700 0.00009700
-3.12372600 1.81588200 0.00016200
-3.09748600 -0.68659700 0.00004200
-4.56207700 1.69816100 -0.00013900
-4.46740900 -0.72914200 0.00001100
-2.55761200 -1.62746900 0.00003600
-5.20639400 0.48932400 -0.00016500
-5.13292000 2.62140200 -0.00032700
-6.28975100 0.46967400 -0.00038800
-2.55944500 2.95153600 0.00035300
-5.05989600 -1.97845300 0.00011600
-6.48660000 -2.05577400 -0.00033500
-6.91380800 -1.59283700 -0.89451500
-6.72233600 -3.11870000 -0.00039400
-6.91438800 -1.59285700 0.89358000
1.32103200 -0.28171800 0.00002000
2.14377900 -1.35584200 -0.00002800
1.68806000 -2.74271600 0.00041900
1.08999400 -2.94541600 0.88990800
1.08987900 -2.94597300 -0.88887600
2.54791000 -3.40482600 0.00052100

I I TITOZOITITITOO0OO0OIITIOIOOOOOITIOIOIIIOIIIOONOITIIITIOOOONOD

MC4-CO;,
Charge: 0
Multiplicity: 1
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Electronic Energy (B3LYP/6-311G(d)/PCM(water)): -1168.81180480

Geometry:

-5.11598200 -1.75188000 0.08243200
-3.91330200 -1.05965000 0.01305900
-3.84025600 0.33075500 0.03327700
-5.00326300 1.08083100 0.11769400
-6.22806600 0.40921600 0.18411600
-6.28055900 -0.98702300 0.16801000
-5.16576400 -2.83315200 0.07611600
-4.96764900 2.16461900 0.13382700
-7.14837400 0.97870700 0.25130200
-7.23938400 -1.48986700 0.22493700
-2.38927000 0.75922000 -0.04397100
-2.14021000 1.57272100 -1.33721600
-2.38112600 0.98718000 -2.22671500
-2.78111700 2.45654100 -1.32395900
-1.10509600 1.90775000 -1.40845900
-1.99684100 1.57613800 1.20833100
-0.97097500 1.93920200 1.14478900
-2.65663200 2.44245400 1.28558800
-2.10198500 0.98255500 2.11871400
-0.29460300 -0.89336200 -0.13107300
-0.02263100 -1.94147200 -0.12863000
0.68555700 0.04932900 -0.17252400
0.41435600 1.09449500 -0.19928300
2.11352600 -0.19054200 -0.19584500
2.97392800 0.90925100 -0.43343300
2.68400100 -1.45598300 0.02664000
4.35132200 0.72488400 -0.42991300
4.06302700 -1.63112200 0.03079600
2.06040600 -2.32110400 0.21863800
4.90328600 -0.53173500 -0.19969100
4.99797000 1.57328600 -0.62014200
5.97956600 -0.64305300 -0.20354800
2.42431800 2.13305200 -0.74341200
4.50713000 -2.90528300 0.26867100
5.91981100 -3.13418200 0.31114500
6.39163900 -2.54749100 1.10371000
6.03738100 -4.19449600 0.52562600
6.38743600 -2.90315400 -0.64959600
-1.68662100 -0.60003200 -0.08873800
-2.59233300 -1.57497600 -0.07521800
-2.29375400 -3.00982900 -0.13619800
-1.61782600 -3.21216900 -0.96443500
-1.84176600 -3.33806300 0.79985100
-3.21646000 -3.55595700 -0.30024000
2.47899900 3.21129700 0.24338400
3.11052100 2.98956000 1.26077600
1.85177800 4.18369600 -0.14019300
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MCH4* HCO;~

Charge: 0

Multiplicity: 1

Electronic Energy (B3LYP/6-311G(d)/PCM(water)): -1245.28627030
Geometry:

C 5.89854700 0.79084400 0.19966200
C 4.57138900 0.39256200 0.09399000
C 4.19510400 -0.94384000 -0.01894200
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5.16337000 -1.93603400 -0.03059300
6.50675600 -1.56138600 0.07361700
6.86563500 -0.21608000 0.18724400
6.18856200 1.82978700 0.28958400
4.88843800 -2.98151100 -0.11789700
7.27838500 -2.32333000 0.06674500
7.91197700 0.05648000 0.26804300
2.68572600 -1.03552400 -0.11129400
2.26932200 -1.66913600 -1.45884500
2.64366600 -1.08432000 -2.30158700
2.69284500 -2.67336500 -1.52338200
1.18630200 -1.75288900 -1.54918500
2.12480800 -1.83835500 1.08563800
1.03928700 -1.92830600 1.04095500
2.54852100 -2.84442100 1.06612500
2.39515200 -1.37096500 2.03481000
1.00891300 1.03742700 -0.04703000
0.97892600 2.11461700 0.05887600
-0.16581600 0.35221400 -0.18146700
-0.14089600 -0.72095900 -0.30670900
-1.49120300 0.91504700 -0.17962700
-2.59862800 0.04061900 -0.37499900
-1.74063300 2.28921500 0.01741900
-3.89515900 0.57017600 -0.36338400
-3.02798800 2.79849600 0.02424200
-0.92085700 2.98004800 0.17373100
-4.11360200 1.92658200 -0.16662200
-4.73689400 -0.09510600 -0.51454000
-5.13129000 2.29507900 -0.16440700
-2.36393300 -1.27221200 -0.57282100
-3.21891500 -1.80477700 -0.65241600
-3.14900800 4.15337700 0.22495200
-4.46154700 4.72129900 0.21835800
-5.07751500 4.30820200 1.02187100
-4.32031700 5.78773200 0.38356600
-4.95708300 4.56511400 -0.74381300
2.29666800 0.44320700 -0.03109100
3.39721200 1.19069900 0.07962900
3.40998700 2.65314000 0.18485200
2.91867200 3.09237600 -0.68240700
2.89702900 2.96532000 1.09435000
4.43627300 3.00168500 0.22028500
-4.86270800 -3.24866900 0.26921500
-4.32882000 -3.15760900 1.38528300
-6.00850800 -4.03344700 0.15189200
-6.19569100 -4.39797600 1.02744700
-4.51456900 -2.72063700 -0.82549400
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SP4

Charge: 0

Multiplicity: 1

Electronic Energy (B3LYP/6-311G(d)/PCM(water)): -980.171800784

Geometry:

-3.82258300 -1.08658700 -1.29156300
-2.84828500 -0.28500500 -0.69957800
-2.80833100 -0.10136400 0.69073300
-3.74901900 -0.70957700 1.50391600
-4.74099400 -1.51562200 0.92272600
-4.77096200 -1.69523000 -0.45880800
-3.85116700 -1.24381700 -2.36381500
-3.72073900 -0.57130300 2.58056900

TTOoo0000n0
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-5.48085300
-5.53562200
-1.66788300
-2.23406600
-2.79282000
-2.91453300
-1.43750500
-0.85810700
0.01315300
-1.47592200
-0.51432400
-0.04109500
-0.63115000
1.29485600
1.80763100
2.09574100
1.41876000
3.48850300
2.13335400
4.20981900
4.02391300
3.52795200
1.59960600
4.05950100
0.05424600
5.57774400
6.35736300
6.22612200
7.39352500
6.10591200
-1.82453100
-1.38745200
-0.58180800
-1.03192000
-2.21169200
-0.81982000

-2.00103800
-2.32465600
0.84419200
2.26427100
2.62388400
2.25217500
2.98077300
0.43841700
1.08757100
0.54290400
-0.59445700
1.99831100
2.87033400
2.05703500
2.98522600
0.88515100
-0.33019900
0.91040100
-1.49131400
-0.25337500
1.84239000
-1.45952600
-2.42506000
-2.37740400
-0.42223400
-0.11241300
-1.27893500
-2.03481900
-0.94569900
-1.70842500
0.44289900
0.08347000
0.74954800
-0.95163200
0.20992300
0.76056100

1.55035000
-0.90320200
1.02827700
1.24438000
0.37785100
2.09913000
1.46144200
2.26311400
2.38892300
3.15871800
2.21051100
-0.65016600
-0.90369200
-0.62987600
-0.86341900
-0.31469600
-0.12171100
-0.22620600
0.14336700
0.04931000
-0.37609400
0.23167000
0.28296400
0.44626900
-0.22021100
0.11817100
0.38890400
-0.39065400
0.39788800
1.36283300
-1.31994400
-2.66223200
-2.97042700
-2.72639600
-3.36583800
-0.31122600

S45



7. Additional Discussion of Thermodynamic Model

Consider the equilibrium for the deprotonation of MCH™*:
-H*
MCH* — = MC =< = SP
Ka KO_1

Here, Ko is the equilibrium constant for opening of SP. The equilibrium concentrations of these species are

related by:
[H*][MC] _
[MCH*] Ka
[MC]
I

We can define an apparent acidity by taking into account that the deprotonated form can either be in the

MC or SP form:

[H *][deprotonated spec1es] [H*]([MC]+ [SP])
[MCH*] [MCH*]

When [MC] + [SP] = [MCH"], this simply reduces to:
[H*] = Ka’

=K,(1+K, H=kK,'

Thus, pKa’ can be measured by spectrophotometric titration and is equivalent to the pH at which half of
the organic species is in the MCH* form and the other half is distributed between MC and SP.

In the carbon capture system of interest, there are four relevant equilibria:

CO2 (9)
+H20 +COQ (aq

SP =< = MC = = MCH*OH~ = = MCH* HCO;~
AG; AG, AGs

In order for the most populous state to efficiently invert upon optical excitation of MCHY, the original
thermodynamic balance must barely favor MCH"HCO;~ over SP/MC (whichever is lower in energy) only
very slightly. If this is satisfied, then a practical level of energy input can drive the system back to SP/MC.

Case I: SP is more stable than MC

In most cases we consider, Ko <1 and SP is the major form of the CO,-free species. The energy balance

condition can then be rewritten as:
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AG; +AG, +AG3 = 0
If this sum is too negative, the system will never revert to SP, even with high-intensity illumination, and
therefore photorelease is not possible. If instead the sum is too positive, capture of CO, will not occur in

the first place. We can further analyze the three contributing energy terms:
AG; = —RTIn K,
AG, = —RT In(Kq (water) = Ka(mcr+))
AGz = —RTIn(Kq(n2c03) —Ka(water))
Substituting these expressions into the energy balance condition, we obtain:

InKy —InKq (mcus) + InKg(h2c03) = 0

PKa(mcu+) +108 Ko = Ky (H2c03)

PKa' ~ PKa(b2c03)
In the last step, we have taken advantage of the fact that Ko << 1 and thus 1 + Ko_l ~ Ko_l.

Case II: MC is more stable than SP

In this situation, we need only consider the AG, and AG5 contributions and need their sum to be just barely

negative.
AG, +AG3 =0
This condition can be again dissected in terms of the equilibrium constants:
AG; = —RT In(Kq (water) = Kamcn+))
AG3 = —RTIn(Kq(n2c03) —Ka(water))
PKamcn+) = PKa(nzco3)

Now, since Ky >> 1, we have that 1 + Ko_l ~ 1, and therefore the effective pK, of the merocyanine is
precise the normal pK, with no contribution from the ring closing, which is unfavorable. Thus, again, we

have:

PKa(mcu+) = PKa(mcH+) (1+Ko™) = pK, = PKa(H2c03)
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As exemplified by the two cases analyzed above, regardless of the position of the SP/MC equilibrium, the
effective conjugate acidity is the key quantity that should be matched to the pK, of carbonic acid. Note that
if the nature of MCH*HCOj is not a separated ion pair, but there is an attractive interaction between the
ions, there is an additional negative contribution to AG3, and the ideal pK,” is slightly less to counteract this
contribution. This can be one potential explanation for the experimentally matched pK,” being around 5.8
to 6.0. The existence of some ion pairing with bicarbonate is consistent with the solvent-separated intimate

ion pair model derived from transient absorption experiments.
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8. NMR Spectra of Compounds
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Figure S45.'"H NMR spectrum of SP1.
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