Carbon Capture Methods Utilizing Organosulfur Compounds
by

Joseph H. Rheinhardt

A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

Approved November 2017 by the
Graduate Supervisory Committee:

Daniel A. Buttry, Chair

C. Austen Angell
Andrew V. G. Chizmeshya

ARIZONA STATE UNIVERSITY

May 2018



ABSTRACT

The US National Academy of Sciences and The Royal Society have recently
released a detailed report on the causes and effects of global climate change.' This report
states that the Earth’s climate is rapidly changing due to human activity. Specifically, the
burning of fossil fuels to satisfy the energy demands of rising global population has
resulted in unprecedented levels of greenhouse gasses in the atmosphere. These high
levels of greenhouse gasses are serving to warm the surface of the planet resulting in
extreme weather events. Thus, controlling the atmospheric CO; level is motivating a
great deal of scientific research in the area of carbon capture and storage (CCS).

Despite the great strides being made in the areas of alternative energy and solar-
energy conversion, consumption of fossil fuels for energy generation will likely continue
into the foreseeable future. This is primarily motivated by economic factors inasmuch as
fossil fuels are a proven resource base with robust harvesting and distribution
infrastructure.” Presently, there are more than 8,000 stationary CO, emission sources
with an annual output of 13,466 megatons of CO, per year.” In this context, development
of systems that ameliorate the output of greenhouse gasses from stationary CO, sources,
such as coal and natural gas burning power plants, is urgently needed.

In this document the utility of sulfur nucleophiles for CCS schemes is explored. The
main thrust of the research has been utilizing electrogenerated sulfur nucleophiles to
capture CO,, which can be electrochemically recovered from the resulting thiocarbonates
while concomitantly regenerating the masked capture agent. Further, a temperature
swing CO, capture scheme that employs benzylthiolate as the CO, sorbent is proposed

and methods of manipulating the release temperature and kinetics were investigated.



These reports represent the first application of organosulfur compounds toward CCS
technologies and there are a number of newly reported compounds. The appendix
deviates from the theme of the first four chapters to describe the functionalization of
poly(2,6-dimethyl-1,4-phenylene oxide) with ferrocene moieties by the copper catalyzed
azide-alkyne coupling reaction. This material is discussed within the context of anion

recognition and sensing applications.
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CHAPTER 1
Assessing the Origins and Effects of Atmospheric CO, on Mean Global Surface
Temperature.

As described by Arrhenius in 1896, stable atmospheric carbon dioxide levels are
essential for maintaining the Earth’s energy balance.” In an effort to understand the
environmental conditions that triggered the last ice age, Arrhenius conducted an exacting
numerical calculation to quantitatively assess the role that heat-absorbing gasses in the
atmosphere have on the mean global surface temperature. Based upon his calculations,
Arrhenius proposed that halving the atmospheric CO, concentration would result in a 4-5
°C decrease in the average surface temperature across Europe. In an effort to explore
whether such large charges in atmospheric CO, concentration were possible, Arrhenius
partnered with Avrid Hogbom, who had previously formulated estimates of how
geochemical processes such as volcano eruptions and CO; uptake by the oceans affected
atmospheric CO, concentration, and by extension the Earth’s climate.” Hogbom and
Arrhenius found that doubling the atmospheric CO, would likely result in a 5-6 °C
increase in mean global surface temperature.” Rather presciently, Arrhenius and Hogbom
addressed the role that human activity, specifically the burning of coal, could have on the
mean global surface temperature. They correctly concluded that anthropogenic CO;
emissions could indeed affect the climate; however, they drastically underestimated the
amount of CO; that humans were capable of producing.

Beginning in the early 1980°s the Goddard Institute for Space Studies (GISS)
began producing data that showed the mean global surface temperature is rising and that

the increase will continue into the 21 century.® The most recent GISS data shows that
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there has been a nearly 1 °C increase in global surface temperature since 1951.7
Furthermore, The US National Academy of Sciences, The Royal Society, and the
Intergovernmental Panel on Climate Change have all recently released detailed reports on
the causes and effects of global climate change.® Succinctly put, these reports confirm
the work of Arrhenius and Hogbom as to the causes of climate change—the Earth’s
climate is rapidly changing due to increased atmospheric CO, concentration. By
examining both amount of atmospheric CO; and the isotopic ratio of atmospheric carbon
at observation posts in Alaska, California, Hawaii, Christmas Island, Samoa, and the
South Pole’ Charles Keeling et al. have determined not only that the increase in
atmospheric CO; concentration is due to human activity, but also that there is a strong
correlation between the year-to-year increase in atmospheric CO; and the amount of
fossil fuels burned during the preceding year(s).'"” The human contribution to the rising
atmospheric CO, concentration is summarized by the ubiquitous Keeling curve, which
plots atmospheric CO; concentration by year in parts per million (ppm). At the inception
of Keeling’s experiment in the late 1950’s, the mean atmospheric CO; concentration was
315 ppm; it has risen to 407 ppm as of July 2017. Lastly, in 2010 a review of papers
published by 1,300 climate scientist showed that 97% of them accept the anthropogenic
origin of rising global surface temperatures as fact.'' In other words, there is an
abundance of scientific data that definitively show anthropogenic CO, in the atmosphere
is most directly a result of the burning of fossil fuels to satisfy the energy demands of
rising global population. Furthermore, there is broad consensus that this increase in
atmospheric CO, is serving to warm the surface of the planet resulting in extreme

weather events, droughts, and melting of Artic sea ice.
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In 2011 an estimated 34 billion tons of waste CO, were generated worldwide,
with the top five emitters being China (29%), the United States (16%), the European
Union (11%), India (6%), and the Russian Federation (5%)."? It is important to note that
although China accounts for nearly one third of the total global CO, emissions, US per
capita emissions are more than double that of China at nearly 17 tons CO, per US citizen
(compared to 7.2 tons CO; per Chinese citizen). Presently, there are more than 8,000
stationary CO, emission sources with an annual output of 13,466 megatons of CO, per

3 The main sources of CO, pollution are from fossil fuel combustion, flaring of

year.'
waste gas during oil production, and cement production, with coal-fired power plants
being the largest stationary point-source CO, emitters.'* Domestically, CO, emissions
for both electricity and non-electricity energy generation from fossil fuel consumption
accounted for 5.63 Gigatons of anthropogenic CO,."” If catastrophic climate change is to
be avoided, new technologies that mitigate CO, emissions from energy-generating
facilities and that capture CO, directly from air are urgently needed.

Strategies for Reducing CO, Emissions.

Technologies presently being developed to reduce CO, emissions can be divided into
three general categories: Pre-combustion decarbonization, during-combustion or oxy-
fuel combustion, and post-combustion CO, capture. Although the present account
concerns itself with a novel post-combustion capture strategy, a brief overview of both
pre-combustion decarbonization and oxy-fuel combustion highlighting the relative
advantages and disadvantages of each method is prudent. Pre-combustion

decarbonization has the advantage of being able to accommodate high CO, levels and

separation is facile as compared to the other two methods. The general paradigm for pre-

3



combustion CO, separation is shown in Equations 1-3.'® Briefly, the fuel is either
subjected to steam reforming (Eq. 1) or it is gasified (Eq. 2) to produce syngas (a mixture
of H, and CO), which is subsequently mixed with water vapor in the water—gas shift
reaction (Eq. 3) to produce H, and CO,. The CO; is then separated prior to combustion
leaving water as the sole combustion product. Large-scale implementation of pre-
combustion decarbonization is presently unrealistic because both gasification and steam
reforming are challenging and costly, with both requiring substantial initial capital

investment.'’

CH, +xH,0 — xco+(x+§)H2 (1)
cXHy+§02 - xc0+§H2 )
CO+ H,0 - CO,+H, 3)

During-combustion or oxy-fuel combustion employs pure oxygen or oxygen-
enriched air as the combustion medium. Oxy-fuel processes produce flue gas that is
much lower in total volume as compared to combustion in air. Further, these methods
yield flue gas that is composed of up to 98% CO, after water vapor is removed, which
significantly lowers the cost of CO, separation.'® Oxy-fuel combustion suffers from the
high cost of pure O, production, high levels of NOy formation, and the need for improved
oxyfuel boilers."”

In any discussion of post-combustion CO, capture technologies, there are several
important points to consider when evaluating potential CO, separation strategies.”’ First,
any process that employs a commodity chemical as a once-through capture agent is going

to suffer from a problem of scale. That is, CO; is generated in such vast quantities that



the capture agent will be quickly exhausted if it is not able to be recycled. Along this
line, for any capture process to be widely applicable it must contain a regenerative step to
recover the capture agent, employ a membrane or membrane-like material for separation,
or the capture chemical will have to be produced in quantities that exceed the current
manufacturing capacity of the entire chemical industry.’ Second, any process that
consumes CO, as a reactant to produce a non-fuel commodity chemical will quickly
overwhelm the global demand for said chemical. In other words, capture processes that
are inextricably coupled to a chemical transformation of CO; into a non-fuel commodity
chemical will necessarily require a strategy for storing the excess product. Although this
second point should not be given any consideration with respect to market implications,
the long-term storage of the CO, capture product must be taken seriously from a waste
disposal standpoint, especially if the product is unstable or requires special handling.

Post-combustion CO; capture technologies that are presently being developed can be
broadly thought of as being either physisorption or chemisorption processes.
Chemisorption is adsorption in which CO; is sequestered via the formation of chemical
bonds. Physisorption processes, on the other hand, are aimed at CO, capture where no
significant change in the electronic structure of the involved species occurs.”> One of the
simplest cases that exemplifies the physisorption of CO; is simply bubbling the gas into
water or another solvent where it reaches an equilibrium concentration depending upon
the Henry’s law constant for said medium. The gas can then be expelled from the
medium by heating. Although there is a large body of work pertaining to physisorption
processes, many of which show great promise for selective CO; capture, our work has

been on a chemisorptive process and that will remain the focus throughout this document.
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The Chemistry of CO;.

Before giving several examples of the more well-studied CO, chemisorption
technologies, it is important to appreciate the chemistry of CO,. In its ground state, CO,
is a 22-electron, linear molecule belonging to the D, point group that is a gas at standard
temperature and pressure. Although CO; is nonpolar, as shown in Figure 1, it contains
two polar C—O bonds, and thus possesses characteristics of a polar species with two sites
that behave quite differently. Asthe polarity of CO, indicates, the carbon atom is

O g O* Ot g d- 5 S———— 5
O0=C=0=<—>0=C=0<—>0=C=0=<—>0=C—0=<—>0—C=0

Figure 1: Polarity and resonance structures of linear CO,.

electrophilic while the oxygen atoms are nucleophilic, with the electrophilicity of carbon
being greater than the nucleophilicity of each O—thus, CO; prevalently behaves as an
electrophile.””  Further information about the behavior of CO, can be gleaned by
examining its molecular orbital (MO) structure (Figure 2).>* The HOMO is a degenerate
set of non-bonding orbitals having e;, symmetry, while the LUMO is a degenerate set of
n orbitals having e;, symmetry. Examination of the MO diagram provides an explanation
for why the direct reduction of CO; occurs at a very negative potential of —2.9 V vs. SCE.
Population of the LUMO with a single electron induces a concomitant Jahn-Teller
distortion where the symmetry of CO; decreases from D.j to Cpy. By extending this
argument in an effort to better understand and conceive of new CO, capture technologies
based upon chemisorption, facile binding CO, at the electrophilic carbon is possible only
when using quite potent nucleophiles, which are required to induce the same reduction in

local symmetry.
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Figure 2: Molecular orbital diagram of Dy, CO,.
Post-Combustion CO; Capture and Sequestration.

There is a great deal of effort presently focused upon so-called end-of-pipe
capture strategies, in which an existing coal or natural gas burning power plant is
retrofitted with a capture stage at the flue gas output. Another category of post-
combustion technologies that are gaining traction are direct air capture (DAC) methods.
Direct air capture for the purposes of climate change mitigation was first proposed in
1999 by Lackner and has grown to be defined as any method of direct CO, extraction
from ambient air.® One of the key benefits to DAC methods over their end-of-pipe
counterparts is that there is no requirement that DAC facilities be located in close
proximity to point source emitters, thus providing an avenue for wide-scale

implementation of capture strategies that are sensitive to high concentrations of
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contaminants such as SOy, NOy, and mercury. Additionally, DAC methods can mitigate
emissions from distributed sources, which account for 60% of all anthropogenic CO,.*®
Since there is a great deal of overlap in the chemistries of DAC methods and end-of-pipe
methods a brief discussion of the more mature DAC methods is presented here.

The vast majority of DAC technologies that are presently being developed are
sorbent-based. These methods can employ a diverse array of materials including zeolites,
metal-organic frameworks (MOFs), activated carbons, supported amines, or aqueous
hydroxides.”” Direct air capture technologies that utilize aqueous hydroxides have
received considerable attention due to their low cost and to the high binding affinity of
hydroxide with CO,. Two such manifestations are the Kraft process® and the spray
tower method developed by Keith.”” Briefly, the Kraft process, which has been used in
paper manufacturing since the late 1800’s, uses NaOH as the CO, sorbent to generate
sodium carbonate.’® The next step is causticization of Na,COs with Ca(OH), in which
NaOH is regenerated with concomitant precipitation of CaCO;. The precipitate is
transferred to a kiln for calcination where CO; is released, leaving lime. Resultant CaO
undergoes hydration in a slaker, regenerating the Ca(OH), needed for the causticization
step. Spray towers also employ aqueous hydroxide as the CO, capture material, and have
key advantages over packed towers or open pools. Specifically, the spray provides a
larger surface area to maximize the amount of air that contacts the capture liquid.
Additionally, the cost to implement a spray tower system is much less than that for large
packed towers. The Kraft process and the spray tower method suffer from significant

energy losses due to the poor efficiency of the causticization step in the case of the



former, and drop coalescence in case of the latter, both of which will need to be
ameliorated before either can be implemented at the necessary scale.

A particularly promising DAC method that utilizes hydroxide ions as the CO,
sorbent was reported by Shi et al. in 2016.”' In this iteration, hydroxide ions are nano-
confined in an ion exchange resin that has ammonium moieties covalently attached to the
polymer backbone. Shi hypothesized that CO, capture and release is facile due to the
decrease in water activity in the nanostructured pores of the resin. The proposed CO;

capture reaction is summarized in Equation 4. When the number of water molecules

O3 nH,0| = [HCO; - myH,0| + [HO™ - m,H,0| + (n—my —m, — DH,0  (4)

[coﬁ‘ : nHZO] +H* 2 [HCO, - m,H,0] (5)

2 [Hc0; -mleo] +HY = [coﬁ‘ -nHZO] + €O, + (my — n — 1DH,0 (6)

is small, the reaction equilibrium shifts to the right due to the law of mass action. The
hydroxide ions thus produced, in what Shi terms the “dry state,” are the active CO,
binders. When the humidity is increased, the reaction equilibrium shifts to the left thus
instigating CO; release by the decomposition of carbonate ions as shown in Equations 5
and 6. The authors note that inside the matrix the ratio of carbonate to water may be as
high as 1:1, which facilitates significant driving force for the change in equilibrium
owing to changes in the degree of ion hydration. To verify their hypothesis, Shi et al.
utilized molecular dynamics simulations and found that the nano-confinement of the
reactants is of paramount importance to this system’s function. Specifically, the
simulations showed that the free energy of Equation 4 is negative when the number of
water molecules is less than 7. The free energy rapidly reaches a plateau value of 15 kcal
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mol™" when the number of water molecules is increased to 60. These conditions are
impossible to achieve in saturated Na,COs solution, where the ratio of carbonate ions to
water is 20:1. That is, it is impossible to achieve the dry state without the aid of the resin
or another intervening medium.

Another class of materials that show great promise for selective CO; capture are
metal organic frameworks (MOF). Metal organic frameworks are porous, crystalline
materials with broad structural and chemical diversity.”> They show many advantageous
properties for CO; separation including high thermal and chemical stabilities, large void
volumes, and low density. Furthermore, they have been shown to absorb CO, by both
physisorption and chemisorption. A particularly compelling example of the latter is the
MOF MMEN-Mg2(dobdc), which is a magnesium-containing framework where the CO;
capture moiety is N,N -dimethylethylenediamine (MMEN).”  Long et al. have
demonstrated that MMEN-Mg2(dobdc) is capable of taking up large amounts of CO; at
very low partial pressures, that the material can be cycled by heating, and that increased
humidity does not result in decreased performance. Furthermore, using X-ray diffraction,
they were able to elucidate the mechanism of CO, capture, wherein the nitrogen of the
tethered MMEN attacks the carbon of CO, and concomitantly loses a proton to a
neighboring MMEN.>* The resulting carbamate is stabilized by substitution of the Mg—N
bond with an Mg—O bond. Long et al. went on to show how the CO, adsorption behavior
of this MOF changes both when Mg is replaced with a variety of metal ions, and when
MMEN is replaced with a number of amines, thus illustrating the high degree of control

over CO, capture properties this particular class of compounds affords.
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Similar to metal organic frameworks, ionic liquids (IL) also exhibit both
physisorption and chemisorption of CO,. Ionic liquids are liquid salts that are liquid at
low temperature (informally agreed upon as below 100 °C) and that are composed wholly
of ions. Similar to MOFs, there is an enormous amount of chemical space with respect to
ionic liquid design. Thus, an exhaustive review of the billions of possible ILs is not
feasible. The interested reader is directed to the ILThermo Ionic Liquid database,” and
to a number of reviews that discuss both first-principles and theoretical approaches to
making task-specific ionic liquid (TSIL) design more tractable.’® With respect to
physisorption, Lei et al. have written an excellent review of gas solubility in ionic liquids
in which they have devoted a great deal of discussion to gasses that are present in flue
gas, especially CO,.”” Lei notes that while there is ample evidence supporting the
hypothesis that the ionic liquid anion is the primary factor that governs CO,
physisorption, there is some evidence to suggest that alkyl chain length on the cation
plays a significant role as well. Furthermore cation and/or anion fluorination, cation
bromination, branched alkyl chains on the cation, and the inclusion of ester or carbonyl
groups on the cation have all been shown to affect the Henry’s law constants for CO, in
ILs, which typically range from 30 to 200 bar. To add another layer of complexity to
how CO, physisorption in ILs is understood, there have been several studies of IL
mixtures, either with other ILs or with organic solvents, that show CO, solubility is
sensitive both to the identity and to the mole fractions of the ILs and solvents involved.*®
Indeed, this is a very active area of research and physisorption of CO, in ILs is a

promising remediation strategy.
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Chemisorption of CO; in Task-Specific Ionic Liquids.

Chemisorption of CO; in ionic liquids is of particular pedagogical utility toward
understanding CO, capture by electrogenerated sulfur nucleophiles in ionic liquids that
will be discussed in later chapters. Thus, it is prudent to examine several cases of CO,
chemisorption in ILs facilitated by a nucleophilic site on either the IL anion or the IL
cation that functions as the CO, binding site. The first report of a task-specific IL for
CO, chemisorption was published in 2002 by Davis et al. who appended a propyl amine
functionality to an imidazolium cation.”” Carbon dioxide capture proceeds by the
pendant amine nitrogen on the cation attacking the electrophilic carbon of CO,, thus
generating a zwitterionic ammonium carbamate moiety. A neighboring amine then
deprotonates the ammonium carbamate, leaving a 1:1 mixture of ammonium—
imidazolium dications and zwitterionic imidazolium—carbamates. The reaction
stoichiometry theoretically limits this TSIL to capturing 0.5 mol CO,/IL, which was
confirmed experimentally by monitoring the molar ratio of CO, to TSIL over three hours.
In addition to evaluating the effectiveness of TSILs for CO; capture by examining the
molar ratio, gravimetric capacity—defined as the wt% of moles CO; captured per moles
of TSIL—is also an important metric to consider. In this case, the gravimetric capacity
of Davis’ TSIL was around 7%. Finally, since the CO, sorbent must be able to be
recycled in order for any carbon capture technology to be implemented at the necessary
scale, it is important to note that CO, recovery was achieved by heating this TSIL to 80—
100 °C under vacuum for several hours.

An example of a task-specific ionic liquid in which anionic nitrogen nucleophiles
serve a dual role as both the CO; sorbent and the IL anion was reported in 2014 by Seo
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and coworkers.” In this report, nitrogen-containing aprotic heterocyclic anions were
paired with tetraalkylphosphonium cations and each of the resultant ILs were evaluated
as to their CO; absorption capacity. In contrast to the work of Davis, each IL investigated
by Seo was, in theory, capable of binding one CO;, mole per mole of IL. It was inferred
that ILs comprised of anions that did not reach unity CO; capacity did not form stable
carbamates upon exposure to CO,. The absorption isotherms that the authors collected
showed that ILs with indazolide and benzimidazolide anions had strong chemical binding
toward CO,, with reaction enthalpies ranging between —54 to —48 kJ mol'. Seo further
determined that three anions, 2-methylthio-benzimidazolide, 3-trifluoromethyl-
pyrazolide, and 1,2,3-triazolide did not approach the expected stoichiometry of 1:1,
reaching only 0.7, 0.6, and 0.3 mol CO,/IL at a pressure of 1 bar CO,, respectively.
These three anions had reaction enthalpies of between —44 to —37 kJ mol ', suggesting
that there is a narrow range of reaction enthalpies where the CO; binding transitions from
strong to weak.

In their follow-up publication, Seo et al. described a series of ionic liquids that

' These so-called phase-

changed phase from solid to liquid upon exposure to CO,.*
change ionic liquids (PCIL) all had anionic nitrogen CO, capture sites in the form
benzimidazolide, pyrrolide, or pyrazolide anions, and had either tetraethyl- or
tetrabutylphosphonium cations. The authors make the case that these media will have
significant energetic advantages over other CO; capture processes in that the enthalpy of
fusion will act to decrease the thermal energy necessary to decarboxylate the IL anion
and regenerate the active CO, capture species; that is, Heat Load for Regeneration =

AHxy, — AHg,s. The absorption isotherm of the tetracthylphosphonium benzimidazolide
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PCIL exhibits a step-change indicating that only a small change in pressure or
temperature is necessary to release CO,, thus regenerating the capture medium. Since the
regeneration step is typically the most energy-intensive in the reported CO, capture
technologies, this is an attractive feature of PCILs. That said, to fully decarboxylate the
model system, tetracthylphosphonium benzimidazolide, it was necessary to heat the PCIL
to 70 °C under vacuum. Another key finding from this report is that the physical
properties, specifically the melting point, of the carboxylated IL are sensitive to the alkyl
chain length on the cation. That is, the tetrabutylphosphonium-based PCILs have lower
melting points than their tetracthylphosphonium analogs. Finally, Seo et al. confirm the
findings from their previous publication—that the reaction enthalpy for the CO, capture
reaction can be tuned by changing the identity of, or the substituents on, the IL anion.

To more fully explore the chemical space of task-specific ionic liquids for CO,
sequestration, we now turn away from ionic liquids containing nitrogen nucleophiles and
examine cases where an alkoxide serves both as the TSIL anion and as the CO, capture
nucleophile.  In their 2010 publication, Wang et al. report that phenol, o—
(trifluoromethyl)benzyl alcohol (TFBA), trifluoroethanol (TFE), and
hexafluoropentanediol (HFPD) can be paired with a superbase,” and that the resulting
acid—base reaction yields TSILs that are competent for CO, capture.” While the TSILs
that contain the conjugate bases of TFBA, TFE, and HFPD as the anion all show CO,
capture at, or slightly above their theoretical limits, the phenoxide-based permutations
show CO; capture slightly below 0.5 moles of CO, captured per mole of TSIL, or
roughly half that expected by the reaction stoichiometry. This result was confirmed in a
2011 study by the same authors in which the CO; capture medium was made by pairing
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phenoxide anions with trihexyl-(tetradecyl)phosphonium cations.** Experimental results
show that the absorption capacity for this TSIL is 0.5 mol CO,/mol TSIL, and the
theoretical absorption enthalpy is 46.7 kJ mol™'. These data suggest that phenoxide is a
lackluster CO, capture species as compared to some of the reported nitrogen anion
TSILs, having an absorption enthalpy between the strong- and weak-binding limits
established by Seo.*’

Manipulation of the CO, absorption characteristics, particularly the absorption
enthalpy, of phenoxide-based task-specific ionic liquids was shown to be quite facile. In
order to establish a set of criteria to aid in the design of TSILs for CO, capture, Wang
examined the relationship between the absorption enthalpy and the basicity of the ionic
liquid anions.** The authors found that anions whose conjugate acids have higher pK,
have both higher CO, capacity and absorption enthalpy without concomitant increases in
viscosity, which would hinder the absorption kinetics.  Although the trihexyl-
(tetrdecyl)phosphonium phenoxide ionic liquid did not fit the trend (the pK, of phenol in
DMSO suggested that the absorption capacity would be higher than reported), the
paradigm that Wang established in this initial report was employed to guide follow-up
phenoxide-based ionic liquid CO;, capture strategies. To wit, Wang et al. studied
eighteen different trihexyl(tetradecyl)phosphonium phenoxide ionic liquids where they
appended the phenoxide with various electron-donating (EDG) and electron-withdrawing
(EWG) groups.” The authors again found that the CO, absorption capacity increased
with an increase in the pKa of the phenoxide conjugate acids (see footnote).*® The
authors also employed density functional theory (DFT) calculations and found that the
more negative the Mulliken charge on the oxygen atom of the phenoxide anion, the more
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negative the absorption enthalpy i.e. the stronger the CO; binding. For example, 4-
methoxyphenoxide has a Mulliken charge of —0.7062 on the oxygen atom and an
absorption enthalpy of —51.4 kJ mol'; whereas 4-nitrophenoxide has a Mulliken charge
of —0.6187 on the oxygen atom and an absorption enthalpy of —17.1 kJ mol™'. Thus,
Wang illustrates that it is possible to transition between the strong- and weak-binding (or
no binding, as in the case of 4-nitrophenoxide) motifs by varying the substituents on the
ionic liquid anion.

In the context of the preceding discussion where the pK, of the ionic liquid anion
conjugate acid is correlated to the CO, absorption properties, it is worthwhile to more
closely examine the role of strongly basic ionic liquid anions. Specifically, it can be
readily assumed that more basic ionic liquid anions have the potential to participate in
unwanted side reactions. An example of this phenomenon was reported by Gohndrone et
al. who examined CO, capture in phosphonium 2-cyanopyrrolide ionic liquids.*” Using a
combination of spectroscopic and computational data, Gohndrone found that, in addition
to attacking the electrophilic carbon of CO,, 2-cyanopyrrolide is a strong enough base to
deprotonate the a-carbon on the butyl(triethyl)phosphonium cation at elevated
temperature. Resulting phosphonium ylides then went on to attack CO, producing a
zwitterionic carboxylate, which was characterized by both IR and NMR. The authors
argue that carboxylate stabilizes the zwitterion, and they provide Moller—Plesset
calcuations to support their claim. Importantly, Gohndrone does not observe this same
behavior when the IL cation is trihexyl(tetradecyl)phosphonium, and hypothesizes that
the bulk of the alkyl chains on the cation effectively restrict access to the a-carbon. In a
follow-up article by the same group, phenoxide anions are paired with
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trihexyl(tetradecyl)phosphonium cations and the CO, absorption mechanism is
characterized by both IR and NMR spectroscopies.”® In this case, the bulky
phosphonium cation was able to be deprotonated at the a-carbon and CO, absorption
proceeds through the phosphonium ylide as described in their previous publication. In
both cases, the possibility of deprotonation at the B-carbon in a Hoffman-type elimination
reaction is not examined. Despite this omission, the possibility of strongly basic anions
participating in this type of chemistry should not be ignored. In this case, the Hoffman
elimination reaction would yield a phosphine, which as been shown to be a CO; capture
agent in studies where tris(mesityl)phosphine acts as the Lewis base in frustrated Lewis
pairs for CO, reduction.” 1In either case, it is clear that one must consider cation—anion
interactions when designing TSILs for CO; capture.

A particularly salient example of the importance of cation—anion interactions in
TSILs for CO; capture can be seen in cases where imidazolium is the IL cation. In these
cases, several groups have found that the imidazolium cation is the precursor to N-
heterocyclic carbenes (NHC), which are carbon nucleophiles that have been shown to
attack the electrophilic carbon of CO,. The reactivity of NHCs toward CO, was first
investigated by a number of groups in the late 1990°s and early 2000’s. These early
reports were not geared toward CO; capture, per se. Rather, they sought to either fully
characterize the imidazolium carboxylates,”® or to asses the role of imidazolium
carboxylates both in catalytic olefin metathesis’ and in group transfer reactions.’
Further, several papers from the Louie group around the same time detailed the synthesis
and characterization of a wide array of imidazolium carboxylates on which they
performed thermal gravimetric analysis (TGA) in order to fully understand how the
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imidazolium substituents affect the decarboxylation temperature. Their findings show
that the steric bulk of the N-substituent(s) is of primary importance, more so than
electronic structure, with NHCs that have bulkier substituents on the nitrogen atoms
exhibiting lower decarboxylation temperatures. It was in the context of these studies that
in 2005 Maginn postulated that the absorption of CO; in 1-butyl-3-methylimidazolium
acetate may proceed via carboxylation of the imidazolium cation.

Following these initial reports, in 2011 Gurau et al. published their article
regarding the chemisorption of carbon dioxide in 1,3-dialkylimidazolium acetate ionic
liquids, where they provided substantial evidence of the imidazolium carboxylate in the
ionic liquid.” There have been numerous subsequent studies that have endeavored to
understand the mechanism of CO, absorption by imidazolium-based ionic liquids.
Brennecke and coworkers have proposed that there are two distinct pathways for CO,
chemisorption in imidazolium ILs.*® The first is the rather obvious case where the IL
anion acts as a nucleophile and attacks the electrophilic carbon of CO,. The second is the
combined process where the imidazolium is deprotonated at the bridgehead carbon by the
IL anion, and the resultant NHC attacks the CO, carbon. There is general agreement that
in acetate-based ionic liquids the carbene is generated by deprotonation of the bridgehead
carbon by the acetate ion. Indeed, in these ILs the product acetic acid has been identified
by IR, NMR, and Raman spectroscopies.”® Although there is still some question as to
how the competing interactions between anion—cation, anion—CO,, and cation—CO affect
the overall absorption capacity in these materials,’’ it is abundantly clear that in
imidazolium-based ionic liquids nucleophilic attack by NHCs account for at least some of

the CO, uptake. This was further confirmed in a series of articles from the Feroci
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laboratory that show imidazolium TSILs with anions that lack a basic site—specifically
tetrafluoroborate—may be utilized for CO, capture where the NHC is generated
electrochemically at 60 °C.°® Despite the general agreement that NHCs in imidazolium
ionic liquids are competent for CO, capture, there are lingering questions as to their
efficacy. Specifically, in a very recent article by Mei et al. it was shown that CO,
absorption in imidazolium ILs can be improved by suppressing NHC formation.” In
other words, the authors propose that interference by NHCs has a deleterious effect on
the CO, absorption capacity in imidazolium ILs, and designing systems in which CO; is
attacked solely by the ionic liquid anion is beneficial.

Carbon Dioxide Chemisorption by Monoethanolamine.

Of the chemisorptive post-combustion methods for CO, capture that have been
reported, there is only one that has been implemented on the pilot scale: chemical
absorption using monoethanolamine (MEA). Flue gas scrubbing by aqueous MEA has
been shown to capture and release CO, with a minimum of initial expense.”® '
Furthermore, utilizing amine scrubbing it is possible to capture 90% of the CO, from flue
gas.®® However, recovering high-purity CO, is costly and requires replenishing or
replacing the capture agent. Achieving this degree of CO; capture results in a 21% power
loss (170 kJ mol CO, "), which translates to a 44% increase in generating cost per
MWh.®  Though this may seem to be an insurmountable economic barrier to
implementing amine scrubbing at scale, recent polling has shown that the average U.S.
citizen will accept a 13% increase in electricity cost to support a national clean energy
standard.®’ One final cost-based impediment to MEA scrubbing is the parasitic loss of

the amine capture agent, which can amount to as much as 2 kg per ton CO,."** '
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Along that line, and of greater importance than the economic obstacles, are the
barriers to implementation at scale due to the environmental impacts of amine-based
capture methods. Research in this area is incomplete; however, one can a priori identify
a number of potential environmentally harmful outcomes to large-scale amine scrubbing.
Of primary concern is the potential for what are termed “fugitive emissions” that could be
deleterious to human health and to the environment.”> Fugitive emissions is the term
given to the release of process fluids and materials, untreated flue gas, treated gas that
contains unidentified compounds, adsorption solvents, corrosion inhibitors, degradation
products, and chemical additives whose impacts to human health and environment are not
fully understood.®” In addition to fugitive emissions, since reclaiming the capture species
requires heating, there is the potential for a large amount of recovered waste during the
reclamation step due to unwanted side reactions. Since it is appropriate to view CO;
remediation in the context waste management, capture technologies that generate waste
products that require special handling and/or storage would be counterproductive.
Finally, there is a strong likelihood that amine sorbents could lead to highly toxic
nitrosamines being formed in the atmosphere from either the emitted amine or degraded
amine products.®’

Summary and Dissertation Outline.

As this introduction illustrates, there is a need for energy efficient and
environmentally benign CO, capture strategies that can be implemented at the necessary
scale. In the context of the reviewed technologies, we may establish several criteria that
must be met for any potential postcombustion chemisorption CO, capture strategy to be

viable. First, there must be a regenerative step that recycles the capture agent. Once-
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through capture strategies are not realistic because the massive quantities of CO, that are
emitted would quickly overwhelm the manufacturing capacity for any chemical sorbent.
Second, any end-of-pipe capture technology must be immune to degradation and/or to
passivation by other compounds that are present in flue gas. These include, but are not
limited to, SOy, NOyx, mercury, oxygen, and water vapor. Third, the sorbent must be
environmentally benign due to the possibility of fugitive emissions. Escaped capture
agent or degraded capture agent products must be either easily sequestered or not
susceptible to unwanted side reactions that occur in the environment to produce
potentially toxic substances. Finally, any capture strategy that is coupled to a chemical
transformation of CO, must either produce a commodity chemical that is highly
desirable, or the process must minimize the reaction products, especially if those products
require special handling and/or storage. Ideally, captured CO; could be recycled into fuel
to create a carbon-neutral energy supply.

In Chapter 2, this document provides an in-depth review of electrochemical
strategies for CO, capture. As a brief prelude, DuBois et al. have proposed
electrochemical pumping as an energy efficient carbon dioxide capture method®* that
employs a redox-active molecule that, in one if its oxidation states, strongly binds CO,.
Upon oxidation (or reduction) the binding constant for CO; of the redox-active species
drastically decreases, thereby releasing the CO,. To estimate the energy requirements for

CO, capture from flue gas utilizing electrochemical pumping, we may employ Eq. 7

AG = RT In (ﬁ) (7)

Pi

where AG is the change in free energy, R is the ideal gas constant, T is the absolute

temperature, pr is the final partial pressure of CO, recovered from the initial partial
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pressure of CO,, p;. Isobaric recovery of pure CO; concentrated to 1 atm at 293 K from
flue gas containing 8 (natural gas burning) to 14% (coal burning) carbon dioxide requires
a theoretical minimum energy input of 6.2 kJ mol CO, "' and 4.8 kI mol CO, ",
respectively. Conversion of these free energy values to applied potential is accomplished
the aid of Eq. 8

AG = —nF(AE) (8)
where n is the number of electron moles and F is Faraday’s constant. Assuming that the
system requires one electron mole per mole of CO, captured, the theoretical minimum
applied potential for electrochemical pumping is 64 mV for natural gas burning power
plants and 50 mV for coal burning power plants. Overpotential and cell resistance losses
may be reasonably estimated as necessitating an additional 0.3 V of applied potential, and
mass-transfer effects within the cell may likewise be estimated as inducing a 20% loss in
efficiency.”” Accounting for these effects leads to an estimated energy cost for
electrochemical pumping of 43.9 kJ mol CO,' for natural gas plants and 42.2 kJ mol
CO, ! for coal plants.

In the next chapter, proof of concept for an electrochemical CO, pump that
employs electrogenerated sulfur nucleophiles is presented. We describe a model
compound, benzyldisulfide, and demonstrate both electrochemical CO, capture and
release. At glassy carbon cathodes in the ionic liquid 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)-imide ([BMP] [TFSI]), this system is best formulated as a
two-electron process with potential inversion. Briefly, the organic disulfide is
electrochemically reduced by one electron, which populates an antibonding orbital. This

results in rupture of the S—S bond and the formation of one thiolate anion and one thiyl
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radical. The radical is reduced at a potential that is far more positive than that of the
disulfide, so it quickly gains one electron to yield another thiolate. Electrogenerated
thiolates are potent nucleophiles that can attack CO, at the electrophilic carbon to
produce thiocarbonates. At the anode, thiocarbonates undergo a one-electron Kolbe
oxidation to yield an unstable neutral radical, which rapidly decomposes to CO, and
sulfur radicals. These sulfur radicals then couple to yield the original disulfide, thereby
regenerating the masked CO, capture agent. It will be shown that the electrochemical
pumping of CO, using the disulfide—thiolate—thiocarbonate system in ionic liquids is a
strong candidate for an end-of-pipe CCS technology.

As a follow-up to the initial study of benzylthiolates as CO, chemisorbents,
Chapter 4 details the possibility of utilizing waste heat from power generating facilities to
drive the CO, capture-release process. Toward that end, a number benzylthiolates with
various alkali metal cations were synthesized and a crystal structure of the 15-crown-5
sodium benzylthiolate was obtained. Benzylthiocarbonates were then produced by
exposing the benzylthiolates to CO; in a methanol-THF solution. Results from thermal
release experiments show that the temperature and kinetics for CO, release are strongly
dependent upon the identity of the cation. In some instances, the benzylthiolate salt
survived heating to 250 °C, thus demonstrating the utility of this approach as a carbon
capture strategy. It was further shown that tetrabutylphosphonium benzylthiolate is an
ionic liquid at room temperature that solidifies upon exposure to CO,. The CO; is
liberated by placing the solid under vacuum at room temperature, which generates a pure
CO, stream while concomitantly reclaiming the active CO, sorbent. This example is

similar to the phase change ionic liquids discussed previously; however because exposure
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to CO; results in solidification rather than liquefaction, this example will not have the
same energetic benefits due to the enthalpy of fusion.

In the Appendix the functionalization of poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO) with pendant ferrocene moieties via the copper catalyzed azide—alkyne coupling
(CuAAC) reaction and the electrochemical properties of the functionalized polymer is
presented. The primary findings of the study are twofold: The first part details the
synthesis the effect that copper(Il) ions resulting from the CuAAC reaction have on the
product if they are not removed during workup. Specifically, copper ions can coordinate
to the nitrogen of the triazole ring to act as crosslinks making the product polymer an
insoluble, blue mass. A model compound, 4-butyl-1-(phenylmethyl)-1H-1,2,3-triazolyl-
copper(Il)-acetate was prepared and fully characterized so that the spectroscopic data
could be compared to the functionalized polymer. In the second part of the study, the
electrochemical properties of the ferrocene-functionalized PPO was investigated by
cyclic voltammetry. Findings from these experiments show that the electrochemical
response of polymer films is sensitive to the nature of the electrolyte, specifically the size
of the electrolyte anion. These results are discussed within the context of anion sensing

and recognition applications.
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CHAPTER 2

Abstract

Understanding the chemistry of carbon dioxide is key to effecting changes in
atmospheric concentrations. One area of intense interest is CO, capture in chemically
reversible cycles relevant to carbon capture technologies. Most CO, capture methods
involve thermal cycles in which a nucleophilic agent captures CO, from impure gas
streams (e.g. flue gas), followed by a thermal process in which pure CO; is released.
Several reviews have detailed progress in these approaches. A less explored strategy uses
electrochemical cycles to capture CO; and release it in pure form. These cycles typically
rely on electrochemical generation of nucleophiles that attack CO, at the electrophilic
carbon atom, forming a CO, adduct. Then, CO; is released in pure form via a subsequent
electrochemical step. In this chapter, electrochemical cycles for CO; capture and release,
emphasizing electrogenerated nucleophiles are reviewed. Some advantages and

disadvantages inherent in this general approach are discussed.

The relentless increase of atmospheric CO, concentrations driven by the
cumulative effects of combustion of carbon-based fuels has driven a tremendous level of
research activity in the chemistry of CO,. With the goal of effecting change in the
trajectory of atmospheric CO, concentrations, a primary area of recent focus has been the
capture of CO, either from point sources like coal- or natural gas-fired power plants
(point source emitters) or directly from the atmosphere (direct air capture). A number of
different approaches have been explored. These have been extensively reviewed, with
detailed analyses describing chemical principles, energy efficiencies, economics, and
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technical readiness levels.”® A variety of different types of chemical reactions with CO,
have been explored in this context. Most of these chemistries rely on the use of a potent
nucleophile to react with and capture CO; in the form of some type of adduct, which is
later decomposed in some way to release CO,, regenerating the capture agent. One of the
more well-studied chemistries based on this tactic employs an amine reagent such as
monoethanolamine (MEA) which acts as a nucleophile, attacking CO; at the electrophilic

carbon center thereby forming a carbamate. Equation 9 summarizes this process.

2 HO(CH;),NH; + CO, < HO(CH,),NHZ + HO(CH;),NHCO, + heat 9)

As shown, two equivalents of the amine are required to capture one equivalent of
CO; in the form of a carbamate (RNHCO, ). Equation 9 also shows that the reverse
process, in which CO; is released (e.g. for permanent storage, use as a chemical
feedstock, enhanced oil recovery, etc.), requires an increase in temperature to break the
N-C bond. The amount of thermal energy required is exacerbated by the fact that the
MEA process is typically operated under aqueous conditions, meaning that significant
energy is also required to heat the aqueous solution in which the capture chemistry is
contained. Under these conditions the energy required for recycling the MEA capture
agent can consume between 14 and 30% of the output of a typical power plant, greatly
impacting the economics of the capture process.’® As a result, though this process has
been studied for many years and demonstrated at pilot scale, it is unlikely to ever be
implemented on a broad scale. Similar to the MEA process, amines immobilized within a
variety of matrices also have been shown capable of CO, capture. For these cases, the
energy required for regeneration of the free capture agent scales with the heat capacity of

the matrix, which can be substantially lower than that for the aqueous MEA solutions
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described above.”” Coupled with the design of new capture agents that release CO, at
lower temperatures, these approaches may enable use of waste heat for the regeneration
cycle, which could substantially change the energy and economics of the process
compared to the MEA case. Nevertheless, the approaches described above all require
substantial input of thermal energy for regeneration of the capture agent, which limits
energy efficiency.

A fundamentally different approach employs electrochemical processes to drive
the capture and release reactions. The use of electrochemistry for separation of carbon
dioxide from complex gas streams has a long history, and has enjoyed a recent
resurgence in activity. In this Perspective, we describe several different approaches that
have been explored. Because electrochemical CO, capture-release systems employ a
variety of conditions, and consequently have quite different energy efficiencies and
economics, they are not equally applicable in all settings. Our focus here is not to
identify the best situation for each approach, but rather to identify some common themes
among them that can be used to inform future research efforts in the area. We focus
especially on the use of electrogenerated nucleophiles to capture CO..

The prospective use of electrochemical systems for CO; capture and release leads
to the identification of preferable characteristics for the reagents and the
(electro)chemical processes in such schemes. These characteristics stem first and
foremost from a desire to minimize the energy required for the “round trip” capture and
release processes, but also include other considerations such as controlling (i.e. “tuning”)

the strength of CO; binding, and minimizing side reactions or other parasitic processes
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that interfere with the capture and release chemistry. Given these and other constraints,

one can formulate a list of the characteristics desired in such a scheme:

A small potential difference between the electrochemical capture and release
processes, to minimize energy consumption and cost of energy

Relatively rapid electron transfer kinetics for the electrochemical steps

Tunability of the binding constant for CO, with the capture agent, to maximize
the efficiency of the process

Relative insensitivity of the nucleophilic capture agent to dioxygen and water,
since these are typically present in gas streams from which CO, would likely be
captured

Use of electrolyte media for the capture—release cycle that are low cost or are not
lost during the cycle (e.g. use of volatile organic solvents is not likely to be
attractive because of evaporative losses, thus favoring aqueous electrolytes or
non-volatile media like ionic liquids)

Design of capture and release mechanisms that avoid highly reactive
intermediates that might become involved in unwanted side reactions that

consume the capture agent

As we will see below, the electrochemical cycles described to date all suffer from one or

more deficiencies with regard to these characteristics. However, one hopes that helping

focus the broader community on these issues will bring forward better alternatives.

The original motivation of applying electrochemistry to CO, separation dates

back to the need for removal of carbon dioxide from breathing gas mixtures on manned

space flights.

% These early efforts were based on molten carbonate fuel cell (MCFC)
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systems that were reconfigured into molten carbonate CO, concentrators (MCCC).
Carbon dioxide production by MCFC’s is zero due to equal amounts of CO, being
consumed (Equation 10) and generated (Equation 11) at the cathode and anode,
respectively (net shown in Equation 12). Thus, fuel cell operation effectively serves to
remove CO, from complex gas streams and concentrate it at a different location. This
chemistry represents one of the more mature electrochemical approaches to CO,
separation, and interest in these types of systems has recently been rekindled.” A typical
MCCC uses two gas-breathing electrodes separated by a ceramic membrane impregnated
with a molten carbonate salt. Use of this class of electrolyte necessitates operation at
very high temperatures, typically near 650 °C. Carbon dioxide is captured at the cathode
where O, is reduced, driving COs>" formation from reaction between the resulting oxide
species, O, and CO,. The anode gas feed is typically hydrogen, although methane may

also be used as the fuel for the overall process.®*

The latter is an attractive option for
CO; separation from flue gas generated by natural gas-burning power plants. Hydrogen
is oxidized at the anode to produce protons that react with CO5>" yielding steam and CO,,

both of which exit the cell through the anode exhaust. The cell reactions are given by

equations 10-12:

Cathode: % 02+ COz2 + 2 e~ <= CO3%- (10)
Anode: Hz 4+ CO32- <> H20 + CO2 4 2 e- (11)
Net: HZ + 1/2 02 + COZ, cathode <= HZO + COZ,anode (12)

The overall energetics and practical utility of this approach are strongly impacted by the
high temperatures required to achieve reasonable transport rates for CO;> across the

membrane separator in the cell, which is typically an electrically insulating ceramic such

29



as lithium aluminate. Also, this approach does not produce a pure CO, stream, instead
giving a mixture of CO, and H,O.

Carbon dioxide separation can also be achieved using electrochemically
controlled pH swings as the primary driver for CO, capture and release. These systems
exploit the responsiveness of the thermodynamic equilibrium of CO, hydration to small
pH changes. An increase in pH at a cathode drives capture of CO, as either HCO3;™ or
COs*, depending on the operating pH. Transport of the trapped CO, equivalents occurs
either by physically pumping the process fluid or by electromigration of the carbonate or
bicarbonate anions. Release occurs at an anode where acidic conditions are created,
leading to regeneration of free CO,. Several different approaches have been used to take
advantage of pH swings for CO; separation. For example, bipolar membranes (BPM’s)
have been used as part of an electrodialysis scheme.”” In another manifestation,
electrodeionization has been employed, where both BPM’s and cation exchange
membranes were utilized to concentrate a ~15% CO, simulated flue gas stream to >98%

CO; in the recovery stream.”!

Water electrolysis can also be used, though this process
requires a minimum of 1.23 V to drive the pH changes.”” A unifying feature of these
approaches is the use of applied potentials to drive CO, capture via OH™ generation and
CO; release via H' generation.

An alternative method that also takes advantage of the pH sensitivity of the CO;
hydration equilibrium uses the redox chemistry of quinones to generate pH changes.
Here, the 2,6-dimethylbenzoquinone/2,6-dimethylhydroquinone redox couple has been
used as part of an active liquid membrane system to pump CO,.”” In this approach,

reduction of quinone to hydroquinone at a gas-breathing cathode leads to proton
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Electromigration drives bicarbonate across the cell to the anode. Oxidation of
hydroquinone at the anode releases protons producing a local pH decrease, which drives
production of CO; from HCOs', leading to CO; exit from the gas-breathing anode. The
use of catalysts was explored to improve the kinetics of the quinone redox process,
though complications from water electrolysis resulted due to the large applied potential
across the cell.

A number of groups have explored CO, capture using potent electrochemically
generated nucleophiles resulting from reduction of organic redox compounds. These
electrogenerated nucleophiles bind to the electrophilic carbon center in CO,, forming
some type of stable adduct species. The key to this approach is the dramatic change in

the CO, binding constant of the reduced species as compared to its oxidized redox

0 o} 0 o}
GO =G0

Scheme 1. Sequence of reactions showing the capture of CO, by electrochemically
reduced 9,10-phenanthrenequinone (PAQ) proposed in Ref. 74.
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partner. This requires that reduction produce substantial electron localization in the
reduced product, thereby enhancing its nucleophilicity. Subsequently, CO; is released by
oxidation of the CO; adduct at a different location, regenerating the organic reactant and
producing a pure CO; stream. The first demonstration of this type of electrochemically
driven adduct formation using electrogenerated nucleophiles was by Mizen and
Wrighton.”* Rather than using the redox chemistry of quinones to instigate a pH change,
they showed that reduction of 9,10-phenanthrenequinone (PAQ) in aprotic media in the
presence of dissolved CO, produced a bis(carbonate), [PAQ-2CO,]>". Scheme 1 shows
the sequence of reactions they proposed for this system, which ultimately produces the
bis(carbonate) shown at the lower right of the scheme. The trapping of CO; in this case
relies on the electrochemical reduction of the parent quinone to produce a quinone anion
radical with substantial electron density on the quinone oxygen. It is this nucleophilic
species that attacks CO; at the electrophilic carbon. The initial adduct formed is reduced
at a more positive potential than the PAQ parent, leading to further reduction and
subsequent capture of a second equivalent of CO,. This stepwise scheme ultimately
produces the bis(carbonate) adduct shown in Scheme 1. This bis(carbonate) could be
subsequently oxidized by two electrons, regenerating the parent quinone and releasing
two equivalents of CO,. Thus, electrochemical reduction of the parent quinone produces
a potent nucleophile that reversibly captures CO, with a ratio of one electron required per
equivalent of CO; captured.

Scovazzo et al. used a different quinone to show that this same type of reductive

nucleophilic trapping and oxidative release could be used to separate CO, from gas
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mixtures.” They used 2,6-di-fert-butyl-1,4-benzoquinone (DtBBQ) as the precursor to
the quinone radical anion that served as the capture agent. Unlike the case studied by
Mizen and Wrighton, this quinone required injection of two electrons to capture one
equivalent of CO,. This limits the Faradaic efficiency compared to the case for PAQ.
Other workers also have explored the use of quinones as trapping agents for CO, capture.
Apaydin and coworkers used thin insoluble films of the industrial pigment quinacridone
immobilized on an indium-doped tin oxide electrode to demonstrate electrochemical CO,
capture by the quinone radial anion, with release driven either electrochemically or
thermally.”® Hatton and coworkers used 1,4-naphthoquinone dissolved in the ionic liquid
1-ethyl-1-methylimidazolium tricyanomethanide to separate CO, from gaseous
mixtures.”” Interested readers should refer to Reference 77 for a schematic of the cell
they employed for this purpose. As for the cases described above, CO; is captured by the
radical anion of 1,4-naphthoquinone and released by oxidation of the stable adduct.
Hatton also showed that this type of chemistry can be incorporated into a membrane
format due to the very low vapor pressure of the ionic liquid. This demonstrates that this
type of chemistry can be deployed in a separation format that may be technologically
relevant.

In addition to quinone-based nucleophiles, other electrogenerated nucleophiles
also can be used for CO; capture. Ishida ef al. described an electrochemical cycle in
which reduction of N-propyl-4,4’-bipyridinium (PB"), a monoalkylated (quaternized)
bipyridinium species, in the presence of CO, led to formation of a CO, adduct.”® The
mechanism is shown in Scheme 2. It involves a disproportionation of the one-electron

reduced neutral radical, PB-, to give PB" and the two-electron reduced product PB". This
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fully reduced compound then reacts with CO, to give a previously unreported type of
nitrogen-bound CO, adduct. This adduct is somewhat similar to previously reported
carbamates, though it is derived from reduction of a mono-quaternized bipyridinium
compound. The adduct was characterized electrochemically and spectroscopically, and
its stability was verified using molecular orbital theory calculations. Ishida also showed

that electrochemical oxidation of PB-CO," by two electrons caused the release of CO,,
VY WAkl Ay Wi
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Scheme 2. Mechanism of reversible CO; capture by electrochemically reduced N-
propyl-4,4’-bipyridinium (PB") proposed in Ref. 78.
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regenerating the parent PB” species. Thus, the capture and release was shown to be
chemically reversible. As for the DtBBQ case, capture of one equivalent of CO; requires
injection of two equivalents of electrons. This is because one-electron reduction of PB”
produces a PB- neutral radical in which the newly injected electron density is highly
localized in the quaternized ring (as shown in Scheme 2). Thus, the PB- radical is not
sufficiently nucleophilic to capture CO,. However, because the subsequent reduction of
PB- to PB" is only a few hundred mV more negative than the first reduction and because
the binding of CO; to PB™ is highly favorable, the disproportionation is driven by adduct

formation.
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Our laboratory recently described a related type of chemistry in which the one-
electron reduction of 4,4’-bipyridine (Bipy) produces the Bipy anion radical, which
rapidly binds CO,.” Electrochemical oxidation of the resulting Bipy-CO, adduct
concomitantly regenerates the Bipy parent and releases CO,. The cyclic voltammetric
behavior for Bipy in absence and presence of CO; is shown in Reference 79. In the
absence of CO,, Bipy is reduced at —2.3 V in a reversible one- electron process,
producing the Bipy radical anion, which is oxidized on the subsequent positive-going
scan near —2.2 V. When CO; is present, the reduction potential of Bipy is shifted to less
negative potential due to the rapid reaction between the reduction product, Bipy~, and
CO, to form an adduct. On the subsequent, positive-going scan, a new oxidation peak is
observed which corresponds to oxidation of Bipy-CO, . The stoichiometry for the
process reveals that one equivalent of electrons is required for each equivalent of CO;
captured. The first reduction generates a highly nucleophilic radical anion that reacts
with CO, in a nearly activationless process, with a very large second order rate constant
10> M s").” The resulting bipyridinyl radical-N-carboxylate adduct is likely
oxidized at the radical center, which is expected to have facile kinetics due to a lack of a
substantial reorganization barrier (i.e. no bond breaking and little solvent
reorganization).*® This produces a zwitterionic intermediate that decarboxylates with a

-1

first order rate constant in the range of 10' to 10" s, according to high-level

computational studies.”

Thus, in this case, both the oxidative electron transfer step and
the decarboxylation are extremely fast, which is an attractive feature for any CO,

separation scheme.
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The oxidation potential of Bipy-CO, is substantially positive of the oxidation
potential of the Bipy radical anion. In part, this shift can be thought of as a reflection of
the stability of the N—C bond between Bipy and CO, in the adduct. In other words, an
energetic penalty for dissociating the adduct must be paid during oxidation. The
difference in the peak oxidation potentials between Bipy and Bipy-CO, is 0.85 V. This
value is in reasonable agreement with the calculated binding energy of 73 kJ mol ™' for the
capture of CO; by Bipy™ using quantum chemical calculations, reinforcing the notion that
breaking the N—C bond between the ring system nitrogen and CO, requires additional
energy input for the oxidation process of the adduct. The overall energy cost for the
capture and release cycle is governed by the difference in reduction and oxidation
potentials at which capture and release occur, —2.0 V and —1.3 V, respectively. Thus, the
binding energy of CO, to Bipy 1is seen to be a substantial factor in the total energy
requirement of the capture—release cycle.

Both the quinone- and bipyridine-based approaches discussed above suffer from
two undesirable characteristics of these nucleophilic capture agents, namely sensitivity to
protonation and sensitivity to dioxygen. With regard to the former, the chemical cycles
described above were all carried out under aprotic conditions. This is a strict
requirement, because the reduced products are all susceptible to protonation, which
would decrease their nucleophilicity, thwarting the desired reaction with CO,. In other
words, when protons are available, they out-compete CO, for the newly created
nucleophile, preventing formation of a stable CO, adduct. The strong basicities of the
reduced quinone and bipyridine species thus represent significant disadvantages of these

species when considering their use in CO, capture and release cycles. The second issue
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stems from sensitivity to dioxygen. Both the quinone radical anions and the reduced

9, 81 :
781 This consumes the newly created

bipyridine species react rapidly with dioxygen.
nucleophile, rendering it unavailable for reaction with CO,. Furthermore, under aprotic
conditions the initial product of these unwanted reactions reaction is superoxide, which
participates in complex chemistry with CO,.** Also of concern in any quinone-based
CO; capture system is the possibility of the Kolbe-Schmidt ortho-carboxylation reaction,
which would render CO, release impossible.”> Thus, while interesting from an academic
standpoint, neither the quinone-based nor the bipyridine-based capture-release cycles are
likely to be technologically applicable.

Another strategy for using redox reactions to generate nucleophiles capable of
capturing CO, was described by Hatton and coworkers.®® 1In a process known as
Electrochemically Mediated Amine Regeneration, Hatton employed the electrochemical
reduction of Cu(Il) ethylenediamine complexes to Cu’ metal as a means to release the
ligand, thereby generating free nucleophilic amines as the active CO, capture agents.
The free amine binds to CO,, producing a zwitterionic ammonium-carbamate adduct.
The cycle operates as follows. A solution of diamine is exposed to CO, in a purge
chamber. After the adduct is formed, the fluid is pumped to the anode chamber.
Oxidation of a copper anode produces Cu”", which binds to the diamine, displacing COs.
The cycle is completed by plating Cu®" in a cathode compartment, regenerating the free
diamine for another cycle. The chemistry of this approach relies on the very strong
binding of the diamine to the metal center, which facilitates release of CO, via cleavage
of the N-C bond. The process was studied in some detail, with authors arguing that CO;
separation could be achieved at an energy cost of less than 100 kJ mol ™' using this type of
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approach.*® This compares favorably with the 170 kJ mol™ reported from a thorough
analysis of the MEA process.*®

DuBois et al. have also proposed the use of transition metal complexes for
electrochemical CO, pumping.*’ In this paradigm, the transition metal complex has an
exposed CO, binding site (a nitrogen or oxygen atom) on one of the ligands. Reduction
or oxidation of the complex changes the electron density on the binding sites, thereby
increasing or decreasing, respectively, the binding affinity for CO,. Of the compounds
studied, which contained Fe, Co, or Ru, binding sites were separated by one, two, or five
atoms from the redox active metal center. Only the one-atom compound, a
cyclopentadienyl indenyl Co®" complex with an oxygen atom binding site on the indenyl
ligand, showed any CO; capture activity. In another use of metal complexes, DuBois and
coworkers described a copper complex that reversibly binds carbonate in the Cu(Il) redox
state and releases it in the Cu(I) state.*® This interesting chemistry relies on capture and
release of CO, in the form of carbonate under aqueous conditions. They demonstrated a
small scale separation experiment, showing that this chemistry could be used to pump
CO, from a 10% concentration in a mixed gas input stream up to approximately 75% in
the exit stream.

We recently described a new type of chemistry for CO, separation based on the
potent nucleophilicity of thiolates.®’ We demonstrated this chemistry using
benzylthiolate as a trapping agent for CO,, generating a newly reported sulfur-bound

benzylthiocarbonate species. In this approach, the two-electron reduction of benzyl-
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2 CO,

Scheme 3. Simplified scheme showing CO2 capture by electrogenerated sulfur
nucleophiles from the parent disulfide.

disulfide (BDS) produces two equivalents of benzylthiolate. This species is a potent
nucleophile that reacts with CO, to give S-benzylthiocarbonate. Scheme 3 shows a
simplified reaction sequence for this process. The binding constant for this CO; capture
process was calculated to be -66 kJ mol".*” Terminal thiocarbonates of this type have
been reported previously only a few times,*® and there are no previous descriptions of
their electrochemical behavior. This stable CO, adduct can be electrochemically
oxidized, releasing CO, and regenerating the parent disulfide, BDS. As shown in
Scheme 3, each thiolate captures one CO,, meaning that one electron is consumed for
each CO; capture and release event. This is similar to the PAQ and Bipy cases described
above, and contrasts with the DtBBQ case which required two electrons per CO;
captured. Electrochemical of the capture-release cycle with BDS in the absence of CO,
can be found in Reference 87. Briefly, in the absence of CO,, after disulfide reduction at
—2.2 'V, thiolate oxidation occurs on the subsequent scan at —0.8 V. In the presence of
CO, a new oxidation wave is observed at —0.3 V that corresponds to thiocarbonate
oxidation. As in the case for Bipy—CO, discussed above, the difference in peak potential
between thiolate and thiocarbonate oxidation, 0.5 V, is consistent with the CO, binding
constant of 66 kJ mol™, and reflects the strength of the S—C bond.
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The disulfide—thiocarbonate capture—release process is complicated by the
detailed nature of the disulfide—thiolate redox mechanism.”” Equations 13-15 describe
the disulfide reduction, which consumes two electrons to produce two equivalents of
thiolate. Equations 16 and 17 describe thiolate reoxidation to a thiyl radical intermediate,
RS-, followed by radical-radical coupling to regenerate the disulfide. This same thiyl
radical is likely produced when the thiocarbonate is oxidized, leading to CO, release and

coupling to regenerate the disulfide. These equations show that the disulfide-thiolate

RSSR + e~ <> RSSR- (13)
RSSR- <> RS* + RS- (14)
RS* + e- <> RS- (15)
RS- <> RS* + e- (16)
2 RS* <> RSSR (17)

redox couple is not microscopically reversible, i.e. the reaction paths in the reduction and
oxidation processes are not the microscopic reverse of each other. The disulfide—
thiocarbonate capture—release cycle is further complicated by the extremely slow
heterogeneous electron transfer rate of disulfides.”” Together, these issues lead to very
large peak-to-peak separations between the potentials at which CO; is captured (2.2 V)
and released (—0.8 V). Thus, while the thiolate species is a potent nucleophile, capable of
rapid capture of CO, with a high binding energy for CO, of —66 kJ mol ', this chemical
system is not ideal for CO, capture because of the large potential difference between the

capture and release processes. Further, unwanted side-reactions of the thiyl radical
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represent an issue that should be further explored. Nevertheless, these types of thiolates
are more attractive than the quinone- and bipyridine-based nucleophiles in part because
they are much less basic, and therefore less susceptible to protonation if water is present.
We next briefly discuss the energetic requirements for CO, capture and release
using electrochemical cycles such as those described here. As discussed by Scovazzo et
al.,” the thermodynamic minimum for capture and release of CO, depends on the initial
(pi) and final (p,) pressures for the process according to:
AG = RT In(pd/ pi) (18)
|AE| =RT [In(p/p)] / n F (19)
where F is the Faraday constant, n is the number of electrons involved in the capture-
release cycle and the other constants have their usual meaning. For a typical case of
separation from flue gas (e.g. assuming 10% CO, at 1 atmosphere) and delivery to a pure
gas stream at 1 atmosphere, Equation 18 gives a minimum energy cost of 5.7 kJ mol
and an expected potential difference between the capture and release redox processes of
0.06 V. This difference in potential can be directly compared with the peak potential
differences described above for CO; capture and release, for example, 0.7 V for the Bipy
case (Scheme 2) and 1.4 V for the benzyldisulfide case (Scheme 3). Thus, the intrinsic
energy requirements for a CO, separation cycle are small compared to the cases
described above. This is because of the large CO;, binding constants for the quinone,

bipyridine and thiolate nucleophiles that have been studied. The implication is that
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Figure 3. Square scheme for a generic CO; capture agent where P is a reducible
precursor to the active CO; capture species, N. They convention that horizontal steps
involve electron transfer and vertical steps involve chemical transformations has been
adopted.

electrogenerated nucleophiles with much smaller binding constants will be needed to
more closely match experimental results with the constraints imposed by
thermodynamics. Further, real experimental systems will have other issues, notably
including resistive (IR) losses due to limited electrolyte conductivity between the anode
and cathode. These IR losses are also observed in redox flow batteries and comprise one
of the primary design criteria for such systems.”'

One can use a square scheme to consider the efficiencies of electrochemical CO;
capture and release. Figure 3 shows such a scheme for a generic capture agent where we
have adopted the convention that horizontal steps involve electron transfer and vertical
steps involve capture or release of CO,. Here P is a reducible precursor, N is the
nucleophilic capture agent, N-CO, " is the CO, adduct, and N—CO,* represents a putative
intermediate species generated by oxidation of the adduct. In this scheme, reduction of P
produces N, which rapidly captures CO; to form the adduct, N—-CO, . Oxidation of this
adduct results in CO, release and regeneration of the precursor. The oxidation of N—

CO," which produces P and free CO, can occur in a stepwise or concerted manner.
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Square schemes have been fruitfully employed in discussions of complex electrochemical
mechanisms. A key reason for studying such processes is to differentiate between
concerted and stepwise mechanisms. This is important because concerted pathways can
bypass high energy intermediates that may be present in stepwise mechanisms. However,
as pointed out by Savéant and coworkers, this may lead to sluggish kinetics due to the
larger contribution of bond breaking to the electron transfer barrier.”

The square scheme in Figure 3 can be used as a framework to consider the Bipy
case described above, where the P/N™ redox process (i.e. Bipy/Bipy ) is known to be
extremely fast.*’ Further, CO, capture by N~ is also very fast, as is the oxidative
decarboxylation. Thus, the processes leading to CO, capture and release in this case are
quite facile, and, based on the kinetics, the Bipy capture-release cycle appears quite
attractive. However, this system also has a serious drawback, which results from the very
high binding constant of CO, to Bipy . This high binding constant results in a significant
positive shift in the oxidation potential for N—-CO, (Bipy-CO, ) compared to N (Bipy ),
leading to a large potential difference between the capture and release processes. Thus,
even though the Bipy system has attractive kinetic features, the N-CO,  adduct is simply
too stable for this cycle to be practical. Further, the fast reaction between Bipy and
dioxygen is also a serious issue for this nucleophile, both due to consumption of the
Bipy nucleophile and production of the reactive superoxide species.

One can use similar thinking to consider the disulfide-thiocarbonate CO;
separation cycle discussed above. There are two issues to consider. First, the potential
difference between the capture step (RS~ generation followed by CO; capture to form the

adduct) and the release step (thiocarbonate oxidation) is roughly 2 V for this case. This
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represents an energy input of roughly 200 kJ mol™' for the roundtrip capture-release
cycle, larger than the value of 170 kJ mol ™' for the benchmark MEA process. Second,
based on the slow electron transfer kinetics for the disulfide reduction,”® the
thiocarbonate oxidation kinetics are also expected to be sluggish. Disulfide reduction by
one electron results in substantial molecular reorganization, specifically the elongation,
and eventual cleavage, of the S-S bond. In fact, in this case the inner reorganization
energy contributes >60% of the total reorganization energy.”’ If the situation is similar
for the Kolbe-like thiocarbonate oxidation (i.e. substantial S-C bond elongation, and
ultimate cleavage), one might anticipate sluggish kinetics for the thiocarbonate oxidation.
Thus, both the energy efficiency and the rate parameters for the disulfide-thiocarbonate
cycle are likely to be poor compared to other systems.

The above considerations offer suggestions regarding the search for better
nucleophilic capture agents that are suitable for electrochemical CO; separation cycles.
Such capture agents must possess reversible redox reactions, lack of sensitivity to
dioxygen and protonation and, most importantly, have a CO, binding constant that better
matches the thermodynamic minimum energy required for the separation in the target
application (see equations 18 and 19). Both the Bipy and disulfide—thiocarbonate
systems discussed above suffer from overly large binding constants between the
electrochemically generated nucleophiles and CO,. Thus, one desires an ability to tune
the interaction between N~ and CO, to better match the intrinsic energy requirements for
the separation process. It may be useful in this regard to make use of existing scales for
nucleophilicity, such as that developed by Mayr, even though these are kinetic metrics.”
It would be especially useful to add CO; to the list of electrophiles used to develop such a
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scale, so that predictions could be made as to the expected reactivity of a wide range of
nucleophiles toward CO,. Ultimately, the potential utility of electrochemical approaches
to CO; separation based on electrogenerated nucleophiles will depend on the ability to
tune the CO, binding constants for redox couples with suitable properties. At present, the

design space for new capture agents is relatively unexplored.
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CHAPTER 3

Abstract

We describe a new electrochemical cycle that enables capture and release of
carbon dioxide. The capture agent is benzylthiolate (RS"), generated electrochemically
by reduction of benzyldisulfide (RSSR). Reaction of RS™ with CO, produces a terminal,
sulfur-bound monothiocarbonate, RSCO,", which acts as the CO, carrier species, much
the same as a carbamate serves as the CO; carrier for amine-based capture strategies.
Oxidation of the thiocarbonate releases CO, and regenerates RSSR. The newly reported
S-benzylthiocarbonate (IUPAC name benzylsulfanylformate) is characterized by 'H and
C NMR, FTIR and electrochemical analysis. The capture-release cycle is studied in the
ionic liquid (IL) 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP
TFSI) and dimethylformamide (DMF). Quantum chemical calculations give a binding
energy of CO, to benzyl thiolate of —66.3 kJ mol”, consistent with the experimental
observation of formation of a stable CO, adduct. The data described here represent the

first report of electrochemical behavior of a sulfur-bound terminal thiocarbonate

Climate impacts from high atmospheric CO, concentrations due to carbon-based
fuel combustion continue to drive high levels of research activity in carbon capture and
sequestration (CCS).”* A number of approaches have been described for carbon capture,
both at point sources such as power plants (postcombustion CO, capture) and directly
from the atmosphere (direct air capture). Many of these approaches rely on chemical
interaction between an electron rich nucleophile and CO; to form some type of adduct.

One of the best known approaches in this vein involves reaction of amines with CO, to
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give carbamates.”

This chemistry can be carried out in basic aqueous solutions
containing amines, with amines immobilized onto various types of solid supports, or with
other solid or liquid media containing amine groups, such as ionic liquids.” In most such
cases the release of CO; to recycle the capture agent requires heat. Few other chemistries
have been described that enable reversible CO, capture. Thus, there is interest in
exploring new methods for CO; capture. In addition, there is a broader need to more fully
explore the chemistry of CO,, and especially to explore the chemistry of compounds that
form adducts with CO,.

Several research efforts have explored approaches to capture CO, using
electrochemically generated nucleophiles. Mizen and Wrighton demonstrated that
electrochemical reduction of quinones under aprotic conditions produces radical anions
capable of CO, capture at the quinone oxygen, producing aromatic carbonates.”* They
also showed that the resulting carbonates could be -electrochemically oxidized,
regenerating the quinone species and releasing CO,. This stimulated a number of groups

. . 5-
to explore CO, capture using quinones.””’

In a related approach, release of amine
ligands from Cu(II) amine complexes by electrochemical reduction to Cu metal can be
used to drive CO, capture via carbamate formation, connecting the traditional amine
capture agent approach with the superior energetics inherent in electrochemical
cycling.** 1In a recent report, we examined the reaction between 4,4’-bipyridine radical
anion (which can be produced either electrochemically or photochemically) and carbon
dioxide, demonstrating formation of a unique N-bound CO, adduct species.” One
electron oxidation of the adduct releases CO, and regenerates 4,4’-bipyridine. All of

these systems demonstrate chemically reversible electrochemical capture and release of
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CO,. Their common theme is that electrochemical reduction of a precursor is employed
to either directly generate or cause the release of a potent nucleophile that is capable of
attacking the electrophilic carbon atom in CO,, thereby forming an adduct. A subsequent
oxidation process leads to CO; release and regeneration of the precursor to the capture
agent. For the quinone and bipyridine cases, release is accomplished by oxidation of the
adduct itself.

We describe here a new chemistry for electrochemical CO, capture and release
that employs reduction of organic disulfide precursors to generate thiolate species that are
potent nucleophiles toward CO,. We show that benzylthiolate can bind CO; to form a
sulfur-bound thiocarbonate and that subsequent oxidation of the thiocarbonate leads to
release of CO; and regeneration of the disulfide. We are aware of only a few previous

reports of S—bound terminal thiocarbonates,*" ¢ %

and no previous reports of their
electrochemical properties. In most of this study, the electrochemical capture and release
of CO; is pursued in ionic liquid media. A substantial literature exists on capture of CO;
using ionic liquids containing amines and other nucleophilic functional groups.”” Their
low volatility and suitability as electrochemical solvents makes ionic liquids especially
useful as supporting electrolytes in the present study. In some experiments we also
employ dimethylformamide (DMF) as solvent, demonstrating the broader applicability of
this chemistry to more traditional solvents. The reasonable solubilities of benzyldisulfide
in BMP TFSI and DMF (106 mM and 2 M, respectively) allow for facile electrochemical
and synthetic experimentation.

Figure 4 shows a cyclic voltammogram (CV) of the reduction of benzyldisulfide

(BDS) in BMP TFSI at a concentration of 20 mM. Reduction gives a well-formed
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Figure 4. Cyclic voltammetry of 20 mM benzyldisulfide in BMP TFSI IL; working-
glassy carbon electrode (GCE), reference and counter- Pt, scan rate-10 mV/s.

voltammetric wave with a peak potential near —2.2 V. This overall two-electron reduction
process is as expected for reduction of organic disulfides, producing two equivalents of
the corresponding thiolate.”® Oxidation of the benzylthiolate that is produced is seen on
the return scan as an oxidation wave with a peak potential of —-0.7 V. The significant
difference between the peak currents for disulfide reduction and thiolate oxidation is
likely due to significant differences in diffusion coefficients for these two species. A
similar phenomenon has been previously reported for the dioxygen/superoxide and
ferrocene/ferrocenium redox couples in ionic liquids, and attributed to significantly lower
diffusion coefficients for charged species compared to neutrals.” The large peak
separation between disulfide reduction and thiolate oxidation results from the fact that
this redox mechanism is not microscopically reversible. We explored the mechanism of
this process in some detail previously for a related disulfide/thiolate redox couple.”
Briefly, reduction initially produces the RSSR™ radical anion. This species dissociates to

produce one equivalent each of RS~ and RS- (i.e. thiolate and thiyl radical).'"® The rapid

electrochemical reduction of RS- produces a second equivalent of RS". On the
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subsequent positive-going scan oxidation of the thiolate initially produces RS-, two of
which rapidly couple to regenerate the parent disulfide. Subsequent work has confirmed
the mechanistic aspects of this redox process, as well as providing more details about the
nature of the dissociative electron transfer of the disulfides.'”' For the present purposes, a
key feature of the disulfide reduction is that it produces thiolates, which are well known
as potent nucleophiles, and have been previously reported to react with CO, to give S—
bound thiocarbonates,** ¥ %

Figure 5 shows the results of several experiments in 20 mM BDS in BMP TFSI in
which the concentration of dissolved CO, was serially increased by increasing the CO;
partial pressure in a purging gas stream comprising a mixture of N, and CO,. As [CO;] is

increased, the benzylthiolate oxidation peak at —0.7 V is decreased. At the same time, a

new oxidation peak appears at 0.3 V. As will be shown further below, this new
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Figure 5. Cyclic voltammetry of 20 mM benzyldisulfide in BMP TFSI IL with different
concentrations of CO,; N, (purple), 3 mM CO; (blue), 4 mM CO, (red), 5 mM CO;,
(green), 100 mM CO, in absence of BDS in IL (black); working-GCE, reference and
counter - Pt, scan rate -10 mV/s.
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oxidation peak corresponds to oxidation of S-benzylthiocarbonate, RSCO; . This is the
first report of electrochemical behavior for a terminal S-bound thiocarbonate species.
Figure 5 also shows a background CV at a glassy carbon electrode in pure BMP TFSI at
100 mM CO, but containing no BDS, demonstrating that CO, is electrochemically
inactive at glassy carbon over the potential range shown in the CV. For comparison,
Figure S7 shows the chemically irreversible reduction of CO, at Au over this same range
of potentials, demonstrating a large reduction peak for CO, at —2.3 V. The lack of CO,
electroactivity at glassy carbon over this potential range is likely due to the absence of
strong adsorption at this surface. We take advantage of this lack of reactivity to explore
the interactions between thiolates and CO, without interference by direct CO; reduction.
The observation that 5 mM CO, is sufficient to completely eliminate the oxidation
response from 40 mM benzylthiolate (produced by reduction of 20 mM BDS) is
attributed to the much faster diffusion of CO, than benzylthiolate in the IL, similar to the
discussion above regarding dissimilar diffusion coefficients.” In other words, the rapid
diffusive transport of CO; to the region near the electrode allows a 5 mM CO; solution to
provide sufficient CO, to completely consume the higher concentration of
electrochemically generated thiolate through formation of the thiocarbonate.

The reversibility of the uptake of CO, by thiolate and release by thiocarbonate
oxidation was also examined. Figures S8 and S9 show that the new thiocarbonate
oxidation peak at -0.3 V can be caused to appear or disappear simply by purging a BDS
solution in BMP TFSI with a CO,-rich or N,-rich gas stream, respectively, prior to a
cyclic voltammetric scan over the disulfide reduction wave. This shows that the CO,

capture and release cycle is chemically reversible under the conditions of these
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experiments. Figure S10 shows the scan rate dependence of the capture and release cycle
at a concentration of CO, sufficiently high to consume all of the thiolate produced during
the reduction. The discussion of the Figure in the Supporting Information describes the
mechanistic details of the adduct formation, revealing that it is not a simple EC type of
mechanism due to the complexity of the RSSR reduction pathway.'"*

In order to show that the oxidation peak at —0.3 V is caused by a thiocarbonate
species, the voltammetry of authentic samples of benzylthiolate and S-
benzylthiocarbonate were directly compared. Figure 6 shows the results of cyclic
voltammetric experiments in which authentic samples of the Py salts of benzylthiolate

and S-benzylthiocarbonate were sequentially added to DMF supporting electrolyte in

equimolar amounts. Preparation and characterization of these samples are described in

-1I.0 -OI.5 O.IO 015 1.I0 115
E /V vs Ptquasi
Figure 6. Cyclic voltammetry of 30 mM Py RS~ (blue) and 30 mM Pyqq4” RSCO,~

(black) in 0.1 M TBAP in DMF; working-GCE, reference and counter - Pt, scan rate- 50
mV/s
Supporting Information. As can be seen, the two species exhibit different oxidation

potentials. The benzylthiolate oxidation peak is observed at —0.1 V. The S-

benzylthiocarbonate oxidation peak is observed at +0.4 V, shifted in the positive direction
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by 0.5 V compared to the thiolate oxidation peak. Figure SI11 shows the CV for an
equimolar solution of the Pass’ salts of benzylthiolate and S-benzylthiocarbonate in P44
TFSI. Again, one can see that the two species are oxidized at different potentials, though
the broadness of the peaks in this much higher viscosity IL makes the individual
responses less resolvable. The results in Figures 6 and S11 are consistent with the
interpretation that the new oxidation observed in Figure 5 when CO; is dissolved into the
IL solution is due to the appearance of a thiocarbonate species that is more difficult to
oxidize than the thiolate.

To further demonstrate uptake and release of CO, for this system, we performed
bulk electrolysis experiments in which purge gases were swept through the cell to
monitor CO, uptake and release using a non-dispersive CO, gas sensor downstream from
the cell. In Figure S12 we show the results of a reductive bulk electrolysis of
benzyldisulfide in the presence of a flowing stream of 350 ppm CO; in N,. The figure
shows that CO; in the purge gas stream is completely consumed when reductive current
is passed in the working electrode chamber, which produces benzylthiolate that
subsequently reacts with CO,. In Figure S13 we show the results of a quantitative
oxidative bulk electrolysis of a sample of S-benzylthiocarbonate. In this experiment, we
monitor the evolution of CO, during oxidation by sweeping it from the cell in a stream of
pure N and detecting it downstream. The right plot in the Figure shows that moles of e-
(from the oxidative charge) and moles of CO, released (from integration of the sensor
signal) are equal within experimental error. Except for a short lag time due to the transit
time to the detector, the CO, release is seen to be coincident with the accumulation of

oxidative charge. This plot shows clearly that CO; release in this experiment is due to
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oxidation of the thiocarbonate, and that one equivalent of CO, is released for each
equivalent of oxidative charge. Taken together, the results confirm that electrochemical
generation of benzylthiolate in the presence of CO, produces S-benzylthiocarbonate.
Oxidation of this thiocarbonate releases CO, and regenerates the disulfide, which can be
observed on the following negative-going scan via its reduction as evidenced by the
continuous scans in Figures S8 and S9. These observations show that oxidation of a
terminal S-bound thiocarbonate is similar to the well-known Kolbe oxidation of organic

> Thus, these results are

carboxylates, where oxidation results in decarboxylation.'
consistent with the electrochemical capture and release of CO;, as mediated by the
disulfide/thiocarbonate redox couple.

Quantum chemical calculations at the B3LYP/aug-cc-pVQZ level were also used
to understand the nature of the interaction between the thiolate and CO, and the stability

of the thiocarbonate. Figure 7 shows the results of such a calculation done at the

B3LYP/aug-cc-pVDZ level on S-benzylthiocarbonate. Calculations at this level of theory

) 136.7°

§178.7°

Figure 7. Quantum mechanical calculation of S-benzylthiocarbonate done at
B3LYP/aug-cc-pVQZ level. S (yellow), O (red), H (light gray), C (dark gray).
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were found to yield good agreement with experimental enthalpies of sulfur containing

1
compounds.'*

The figure shows the minimized geometry of the thiocarbonate (upper
structure). The C-S bond length is 1.999 A, and the enthalpy calc-ulated for the binding
of CO; to the thiolate is —66.3 kJ/mol. This enthalpy for binding shows formation of a
stable S-bound terminal thiocarbonate for this case. These respective quantities are
within the range expected for C-S single bonds and for other stable CO, adducts.'” The
OCO bond angle of 136.7° indicates considerable rehybridization around carbon resulting
from strong interaction with the sulfur center. Thus, the quantum chemical calculations
support the formation of a stable S-bound thiocarbonate from the reaction between
benzylthiolate and carbon dioxide.

Figure 7 also shows the minimized geometry of the thiocarbonate after removal of
one electron. The S—CO, bond length is dramatically elongated at 3.603 A, and the OCO
bond angle is increased to 178.7°. These values confirm that there is essentially no
bonding interaction of the CO, moiety with the S atom after oxidation, consistent with
the release of CO, after oxidation. Figure S14 shows the HOMO and HOMO-1 electron
density maps for the thiocarbonate. These orbitals are quasi-degenerate,'”® and show
significant bonding electron density between the S atom and the carboxylate C atom.
Thus, one electron oxidation should lead to destabilization of the S—C bond. This is
similar to C—C bond cleavage leading to decarboxylation in Kolbe oxidation products,
such as H;CCO,-, the acetyloxyl radical.'”’ In summary, these computational studies
support the experimental results showing the formation of a stable terminal thiocarbonate
from reaction of benzylthiolate and CO,. They also show that thiocarbonate oxidation

results in cleavage of the S—CO; bond, producing a benzyl thiyl radical (two of which
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will then couple to form disulfide) and free CO,. This is similar to the oxidative
dissociation of CO; previously reported for the adduct between the 4,4’-bipyridine radical
anion and CO,, where oxidation from the HOMO leads directly to N—C bond scission and
release of 4,4’-bipyridine and CO,.” More extensive calculations on a range of benzyl
and phenyl thiocarbonate derivatives, to be reported elsewhere, reveal that the energy for
binding of CO, to the RS species depends on the electron density on the sulfur atom in
RS, implying that the enthalpy of CO; binding can be tuned through judicious choice of
structural features on RS".

We have demonstrated a completely new type of chemically reversible,
electrochemical process for capture and release of CO, based on an organic
disulfide/thiocarbonate redox couple. These data also comprise the first report of the
electrochemical behavior for terminal S-bound thiocarbonates. Quantum chemical
calculations are consistent with the capture of CO, by RS’, producing a stable
thiocarbonate, and release of CQO, after oxidation of the thiocarbonate. Additional

experiments are underway to explore CO; separations based on this chemistry.
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CHAPTER 3 SUPPLEMENTARY INFORMATION

Experimental Details
General Considerations

All manipulations were carried out using standard Schlenk or glovebox
techniques under a nitrogen atmosphere. Solvents were purified and dried according to
literature procedures,'*® degassed by four successive freeze-pump-thaw cycles, and stored
in the glovebox. Deuterated solvents were purchased from Cambridge Isotope
Laboratories, Inc., degassed by four successive freeze-pump-thaw cycles and stored in
the glovebox. All other reagents and starting materials were purchased from commercial
vendors and used without further purification unless otherwise noted. Compressed gas
cylinders were furnished by Praxair, Inc.
Physical Methods

'H and °C NMR spectra were collected on Varian 400 and 500 MHz NMR
spectrometers. The °C NMR spectrum of tetrabutylphosphonium S-benzylthiocarbonate
was collected on a Briiker Ultra-Shield 600 MHz NMR spectrometer equipped with a
cryoprobe. 'H and C NMR spectra are reported in parts per million relative to
tetramethylsilane, using the residual solvent resonances as an internal standard.'®” FTIR
measurements were performed on a Briiker Alpha spectrometer equipped with a diamond
ATR. Residual water content of solvents and ionic liquids were measured with a Mettler
Toledo C20 Coulometric KF Titrator. Electrochemical measurements were performed
with a CH Instruments 618C Electrochemical Analyzer. Cyclic voltammograms were
acquired using a glassy carbon working electrode, platinum counter electrode, and

platinum quasi-reference electrode either in the glovebox or under a complex gas stream

57



consisting of dinitrogen, carbon dioxide, and/or dioxygen. All potentials are referenced to
this Pt quasi-reference electrode, which was used in preference to conventional reference
electrodes to prevent contamination of the supporting electrolyte by compounds that
typically leach from other reference half cells. For comparison, the ferrocene/ferrocenium
redox couple is observed at +0.20 V on this reference scale. Gas mixtures were generated
from compressed gas cylinders whose output was controlled with Cole-Parmer PRM1-
010547 gas flow regulators and measured using an Agilent Technologies ADM 2000
Universal Gas Flowmeter.

For bulk electrolysis experiments, a modified H-cell was used with airtight gas
ports. The electrodes comprised a 1 cm x 2 cm x 0.3 cm glassy carbon working electrode,

Pt mesh counter electrode and Ag/AgCl reference electrode. CO, measurements were

made using a K-30 CO, sensor (www.co2meter.com). Specific details are given for the
individual experiments described below.
Computational Details

Calculations using density functional theory (DFT) were carried out using the
Becke gradient-corrected exchange functional and Lee—Yang—Parr correlation functional
with three parameters (B3LYP) and the 6-31+G*, aug-cc-pVDZ, and aug-cc-pVQZ basis
sets using the ORCA and Gaussian suites of programs.''’ Calculations at this level of
theory have been found to yield energies and spectroscopic parameters comparable to

those obtained with higher levels of theory.'** '
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Syntheses

Tetrabutylphosphonium benzylthiolate

For a typical experiment, 5.1906 g of tetrabutylphosphonium hydroxide solution
(40 wt. % in H,O, 7.5 mmol) was added to a Schlenk flask equipped with a stir bar and
placed under vacuum overnight. The resulting white solid (tetrabutylphosphonium
hydroxide) was then placed under a dinitrogen atmosphere and a 12.5 mL volume of
methanol was added to the flask via syringe. After stirring for one hour, 1.1 mL of
benzylthiol (9.4 mmol) that had undergone four successive freeze-pump-thaw cycles was
added via syringe to the clear, stirring solution. The solution was allowed to stir under
nitrogen for a minimum of four hours, then placed under vacuum at 50 °C overnight. The
product was isolated as a clear, viscous liquid in quantitative yield. "H NMR (500 MHz,
CDCl) in Figure S1: 6 = 7.31-7.27 (m, 5 H), 3.73 (s, 2 H), 1.69-1.63 (m, 8 H), 1.56—
1.52 (m, 8 H), 1.44-1.39 (m, 8 H), 0.94-0.91 (t, J = 7.30 Hz, 12 H). °C {'"H} NMR (125
MHz, CDCl;) in Figure S2: ¢ = 141.29, 128.74, 128.09, 127.08, 29.06, 28.08-27.57 (d,
JPc=p = 65.0 Hz), 24.47-24.35 (d, J°—"p = 14.2 Hz), 23.90, 13.73. FTIR (cm) in
Figure S5: 3054 (w), 3019 (w), 2959 (s), 2932 (s), 2871 (s), 1596 (w), 1489 (m), 1464
(m), 1412 (w), 1301 (w).

Tetrabutylphosphonium S-benzylthiocarbonate

Carbon dioxide that had passed through a drying column was bubbled into stirring
tetrabutylphosphonium benzylthiolate at room temperature for 15 minutes. The flask was
then sealed and the material was allowed to stir under a CO; atmosphere for four hours.
A white solid was recovered in quantitative yield. "H NMR (500 MHz, CDCl;) in Figure
S3: 6=7.34-7.32 (m, 2 H), 7.19-7.15 (m, 2 H), 7.09-7.07 (m, 1 H), 3.95 (s, 2 H), 2.27-
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221, (m, 8 H), 1.45-1.44 (m, 16 H), 0.92-0.90 (t, J = 7.30 Hz, 12 H). C {'"H} NMR
(150 MHz, CDCL3) in Figure S4: & = 162.82, 142.72, 128.69, 128.04, 125.81, 24.05—
23.84 (d, J°c—"p = 31.5 Hz), 23.95-23.81 (d, J"°—'p = 21.4 Hz), 18.93-18.62 (d, J"—
*lp = 46.5 Hz), 13.53. FTIR (cm ') in Figure S6: 3066 (W), 3027 (w), 2955 (s), 2929 (s),
2869 (s), 1670 (vs), 1600 (w), 1582 (w), 1494 (m), 1454 (m), 1414 (m), 1377 (w), 1317
(w), 1289 (m), 1246 (m), 1217 (m).

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP TFSI)

In a 500 mL round bottom flask equipped with a stir bar, 100.00 g of 1-butyl-
methylpyrrolidinium chloride (0.563 mol) was added to 250 mL of deionized water and
allowed to stir until the solid had completely dissolved. To the stirring solution, 161.55 g
of lithium bis(trifluoromethane)-sulfonimide (0.563 mol) was added all at once and
allowed to stir for two hours, during which time a viscous liquid collected at the bottom
of the flask. The contents of the flask was poured into 500 mL of dichloromethane in a
separatory funnel and washed with water (3 x 100 mL), the organic phase was isolated,
and the dichloromethane was removed by rotary evaporation. Activated carbon was
added to the clear, viscous liquid and the suspension was stirred under vacuum at 70 °C
for four days. BMP TFSI was isolated by passing the warm suspension through a plug of
Celite in a fritted glass funnel to remove the activated carbon. Excess water was removed
by heating the product at 100 °C for 48 hours (< 3 ppm by Karl Fischer titration), and the

ionic liquid was stored in the glovebox.

Tetrabutylphosphonium bis(trifluoromethylsulfonyl)imide (P4444 TFSI)
In a 500 mL round bottom flask equipped with a stir bar, 150.00 g of
tetrabutylphosphonium bromide (0.465 mol) was added to 250 mL of deionized water
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and allowed to stir until the solid had completely dissolved. To the stirring solution,
133.59 g of lithium bis(trifluoromethane)-sulfonimide (0.465 mol) was added all at once
and allowed to stir for two hours, during which time a viscous liquid collected at the
bottom of the flask. The contents of the flask was poured into 500 mL of
dichloromethane in a separatory funnel and washed with water (3 x 100 mL), the organic
phase was isolated, and the dichloromethane was removed by rotary evaporation.
Activated carbon was added to the clear, viscous liquid and the suspension was stirred
under vacuum at 70 °C for four days. Pass TFSI was isolated by passing the warm
suspension through a plug of Celite in a fritted glass funnel to remove the activated
carbon. Excess water was removed by heating the product at 100 °C for 48 hours (< 3
ppm by Karl Fisher titration), and the ionic liquid was stored in the glovebox.
Characterization of Thiolate and Thiocarbonate Compounds

Figures S1 — S6 show 'H, "°C and FTIR spectra for the synthesized and purified
salts of tetrabutylphosphonium thiolate and tetrabutylphosphonium S-
benzylthiocarbonate. '"H NMR of the thiocarbonate (Figure S3) revealed the expected
downfield shift of the benzyl proton signal as compared to that of the thiolate (from 3.73
to 3.95 ppm). >C NMR of the thiocarbonate (Figure S4) shows a new signal at 162.82
ppm for the carboxylate carbon in the thiocarbonate. The FTIR spectrum of
tetrabutylphosphonium S-benzyl thiocarbonate (Figure S6) is very similar to that of
tetrabutylphosphonium benzylthiolate (Figure S5) except for the very strong peak at 1670
cm ', which is due to the OCO asymmetric stretch of the thiocarbonate. These data are all
in good agreement with the solid state NMR and IR results obtained by Stueber et al. who
examined KO,CSCH; and KO,CSCH,CH;3.* Both of the previously reported
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compounds showed very strong IR features at 1617 and 1583 cm™', and solid state °C
NMR signals between 170-171 ppm for the O,CSR carbons. Although the previous
authors’ attempts to obtain solution phase NMR data of the potassium methyl- and ethyl-
thiocarbonates were unsuccessful, the general trend they observed is an upfield shift of
the relevant ?C NMR signals as compared to the corresponding solution phase

measurements of similar compounds.
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62



13.73-|

23.904
77.15+
24.35-
741 oo 2447
[ 27,57
28.09
128.09-8
A128.74-;|
r127-8’8 29.5)61
E
141.204
oo " mstrine
160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
. 13 . .
Figure S2. “C NMR of tetrabutylphosphonium benzylthiolate.
0911
S\[T/d 091
+M) E o
P
4 A 144
B
C
0.90
0924
3.95-||3 i
1451
_§ 17 2.24
718517 2241
ALK K 223
7324 715 226_-2-22
A oo 2] -2.21 -
708 C -
7.07 i
S O
=
193 202 1.04 203 7.99 1599 1200
| S [ W R I LI I I -

75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 0.5 0

Figure S3. 'H NMR of S-benzylthiocarbonate.
63



16282

13.53 7

18.62
18.93 -
23.81 -
7737 1 77.16 23.84
7695 23.95 -
24.05
12860 &
|-1§s.o4
c
(12581
E 36.05
F 142.72 1
162.82 1
| ] IR A
180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
Figure S4. >C NMR of S-benzylthiocarbonate.
1.0
0.9 -
o 0.8-
S 0.7
p ]
£ 0.6-
€ 0.5
(%] 4
c
© 0.4 .
— T S
+ 0.3 X
X T P’(/\/\)A
0.2 A
0.1 -
4000 3000 2000 1000
v/cm1

Figure SS. FTIR of tetrabutylphosphonium benzylthiolate.

64



1.0

v 0.8

o

C

©

k=]

£ 0.6-

wv

C s G

©

s 0.4 \"/
441, o

N pM)4
0.2 T T T
4000 3000 2000 1000

v/cm'1

Figure S6. FTIR of tetrabutylphosphonium S-benzylthiocarbonate. Note the very strong
feature at 1670 cm™' due to the -CO, asymmetric stretch.®

o] [
IE_l_
(®]
<<
£ -2
~
'~
-3 4
'4 T T T

25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
E/V vs Ptquasi
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Figure S8. Cyclic voltammetry of 20 mM benzyldisulfide in BMP TFSI IL under N,
(blue) to 8% CO; (red) with constant stirring and purging; working-GCE, reference and
counter - Pt , scan rate — 100 mV/s.
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Figure S9. Cyclic voltammetry of 20 mM benzyldisulfide in BMP TFSI IL under 8%
CO; (blue) to N, (red) with constant stirring and purging; working-GCE, reference and
counter - Pt, scan rate — 100 mV/s.
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Figure S10. Cyclic voltammetry of 20 mM benzyldisulfide and 8 mM CO, in BMP
TFSI at different scan rates; 500 mV/s (black), 100 mV/s (red), 50 mV/s (blue) and 10
mV/s (green); working-GCE, reference and counter - Pt, scan rate — 100 mV/s.

Figure S10 shows the scan rate dependence of the reversible capture and release of CO,
by benzyldisulfide. Note that because of the much more rapid diffusion of CO, compared
to BDS, 8 mM CO; is sufficient to consume all of the benzylthiolate produced during the
negative scan. The scan rate dependence is not consistent with a typical EC
(electrochemical step followed by chemical step) reaction mechanism. This is because the
product of the initial reduction, RSSR", is not the species that reactions with CO,. Instead,
this species dissociates to form RS™ and RS-, which is further reduced to form a second
equivalent of RS". Then, the two equivalents of RS" that were produced are both able to
capture of two equivalents of CO,. This complex reaction mechanism does not produce
the typical EC response that might be expected for adduct formation following reduction.
We also note that we see no evidence for film formation under the conditions used in this

paper.
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Figure S11. Cyclic voltammetry of 20 mM benzyldisulfide and 40 mM P44 BnSCO,
in BMP TFSI IL; working-GCE, reference and counter - Pt, scan rate - 50 mV/s.
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Figure S12. Right: Charge versus time during reduction of BDS under a flowing stream
of 350 ppm CO,. Left: Downstream CO, concentration versus time during the same
reduction.

Figure S12 shows the results of a reductive bulk electrolysis performed in DMF solution
to demonstrate CO, uptake by the thiolate. In this experiment a DMF solution containing
10 mM benzyldisulfide (BDS) was purged with CO,/N, gas mixture with a concentration
of 300 ppm CO; in Ny. In the left plot, the upward arrow shows the time at which CO;
purging is initiated in the cell. One observes an increase in the CO, level in the
downstream sensor caused by the delivery of CO; to the cell, its removal from the cell by
the action of the purge stream and its ultimate detection by the downstream sensor. At a
time indicated by the downward arrow, a reducing potential of -2.9 V was applied. At this
potential reduction of BDS forms benzylthiolate, which reacts with the CO, being
delivered to the cell. This consumption of CO; via reaction causes a decrease in the CO,
level measured by the downstream sensor. Under these conditions (sub-stoichiometric
delivery of CO, compared to the moles of thiolate generated by reduction), essentially all
of the CO, delivered to the cell via the gas purge is being consumed, which causes the
CO; signal to fall to background levels. Thus, the decrease in CO, signal under reducing
conditions demonstrates CO, capture by the thiolate.
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Figure S13. Left: Downstream CO; concentration versus time during the same
oxidation. Right: Plot of moles ¢ (from charge) and moles CO, detected (integral of plot
at left) versus time during oxidation of 10 mM S-benzylthiocarbonate under a flowing
stream of pure N,.

Figure S13 shows the results of a quantitative assay of CO, production during an
oxidative bulk electrolysis of a synthetically prepared sample of S-benzylthiocarbonate
performed in DMF solution. In this experiment, the oxidation potential was held at +0.9
V. The left plot shows the oxidative release of CO, detected downstream from the cell.
The right plot shows moles of e- (from charge) and moles of CO; detected versus time. In
the experimental configuration, the CO, that was produced via oxidation of the
thiocarbonate was swept up into a stream of N, that was purged through the DMF
solution and then exited the cell, flowing into the CO; sensor housing. The N, flow rate
(43 mL min') was chosen such that the CO, concentration would be within the
sensitivity range of the CO, sensor. The CO, detection efficiency was calibrated by
injecting aliquots of known concentrations of CO, in DMF into the cell, sweeping the
CO; out with a N, purge stream and detecting it downstream with the CO, sensor.
Detection efficiency is 100 = 10 % (with most error due to flow rate instability). This
allows direct comparison of moles of charge passed (26.5 C = 2.7 x 10 mol ¢) and
moles of CO; released (2.9 x 10™* mol) in the plots above, revealing release of one
equivalent of CO, per equivalent of oxidative charge. This experiment unequivocally
shows release of CO, during thiocarbonate oxidation with a stoichiometry of 1 to 1.
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HOMO-1 (-2.2 eV) \ HOMO (-2.0 eV)
Figure S14. Two different views of the electron densities of the HOMO and HOMO-1
orbitals of S-benzylthiocarbonate obtained at the B3LYP/aug-cc-pVQZ level of theory.




CHAPTER 4

Abstract

Concern about the impacts of increased anthropogenic atmospheric carbon is
motivating a great deal of research into carbon capture and sequestration strategies.
Herein we report a novel thermal swing carbon capture and release scheme that employs
benzylthiolates as the CO, chemisorbent. Alkali salts of benzylthiolate immediately
precipitate from THF-CH3OH solution upon exposure to CO,. Upon heating, CO, is
liberated from the solid benzylthiocarbonate salts and the benzylthiolate can be recovered
with little evidence of degradation. Release temperatures can be reduced by nearly 30 °C
by a combination of modifying the aryl fragment of the benzylthiolate and using a crown
ether to chelate the cation of the benzylthiolate. This strategy represents the first example
of the effect that cation identity has on the CO, release properties of organosulfur
compounds and could be employed to take advantage of the waste heat produced by

power generating facilities to drive the CO; capture-release cycle.

There is broad consensus among climate scientists that anthropogenic CO,

" Tn 2011 an estimated

emissions are the primary contributor to global climate change.
34 billion tons of waste CO, were generated worldwide, with the top five emitters being
China (29%), the United States (16%), the European Union (11%), India (6%), and the

Russian Federation (5%)."

The main sources of CO, pollution are from fossil fuel
combustion, flaring of waste gas during oil production, and cement production, with coal-

fired power plants being the largest stationary point-source CO, emitters."*
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Ameliorating anthropogenic CO, emissions either by permanently sequestering
CO; or by using the captured CO, as a chemical feedstock necessarily requires the
controlled capture, storage, and/or release of CO,. Presently, the most technologically
ready and the most widely used methods for post-combustion carbon capture employ

. 20, 63
amines as the CO, sorbents.””

Despite this, there are serious drawbacks to amine
capture that will likely prevent these systems from being widely implemented. Chief
among these are both the energy required for CO, recovery and the likelihood for the
unwanted emission of toxic and environmentally hazardous species during the capture
and release process. With respect to the former, achieving 90% CO, capture by
monoethanol amine (MEA) results in a 21% power loss (170 kJ mol CO,™"), which
translates to a 44% increase in generating cost per MWh.''> Though this may seem to be
an insurmountable economic barrier to implementing amine scrubbing at scale, recent
polling has shown that the average U.S. citizen will accept a 13% increase in electricity
cost to support a national clean energy standard.'"” Another cost-based impediment to
MEA scrubbing is the parasitic loss of the amine capture agent, which can amount to as
much as 2 kg per ton CO,."** " Along this line, the environmental impacts of amine-
based capture methods must also be addressed. Research in this area is incomplete;
however, one can a priori identify a number of potential environmentally harmful
outcomes to large-scale amine scrubbing. Since reclaiming the capture species requires
heating, there is the potential for a large amount of waste generated during the
reclamation step due to unwanted side reactions. Furthermore, it is likely that unwanted
emissions will lead to highly toxic nitrosamines being formed in the atmosphere from
either the emitted amine or degraded amine products.®’
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In an effort to develop new carbon capture and sequestration strategies that do not
utilize amines as the CO, capture moiety, a number of groups have reported post-
combustion CO; capture strategies that employ either carbon or oxygen nucleophiles as
the CO, chemisorbent. Salient examples include several task specific ionic liquids
(TSIL) where chemisorption of CO; is accomplished either by N-heterocyclic carbenes
(NHC) or by alkoxides. With respect to the former, several groups have found that the
imidazolium cation is the precursor to NHCs that have been shown to attack the
electrophilic carbon of CO,. In one of the first such examples, Gurau et al. detailed the
chemisorption of carbon dioxide in 1,3-dialkylimidazolium acetate ionic liquids, where
they provided substantial evidence of the imidazolium carboxylate in the ionic liquid.'"
Around the same time the Louie group detailed the synthesis and characterization of a
wide array of imidazolium carboxylates on which they performed thermal gravimetric
analysis (TGA) in order to fully understand how the imidazolium substituents affect the
decarboxylation temperature.''® Their findings show that the steric bulk of the N-
substituent(s) is of primary importance, more so than electronic structure, with NHCs that
have bulkier substituents on the nitrogen atoms exhibiting lower decarboxylation
temperatures.

In their 2010 publication, Wang et al. report that a number of alcohols can be

. . 42a, 11
paired with a superbase, '’

and that the resulting acid—base reaction yields TSILs with
alkoxides that act both as the TSIL anion and the CO, capture nucleophile.'® The
majority of these alkoxides show CO; capture at, or slightly above their theoretical limits.
However, the phenoxide-based permutations show CO, capture slightly below 0.5 moles

of CO, captured per mole of TSIL, or roughly half that expected by the reaction
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stoichiometry. This result was confirmed in a 2011 study by the same authors in which
the CO, capture medium was made by pairing phenoxide anions with trihexyl-

(tetradecyl)phosphonium cations.'"

These data suggest that phenoxide is a lackluster
CO; capture species as compared to some of the reported nitrogen anion TSILs.
Manipulating the CO, absorption characteristics, particularly the absorption enthalpy, of
phenoxide-based TSILs was shown to be quite facile. Wang et al. studied eighteen
different trihexyl(tetradecyl)phosphonium phenoxide ionic liquids where they appended
the phenoxide with various electron-donating (EDG) and electron-withdrawing (EWG)
groups.'”” The authors found that the CO, absorption capacity increased with an increase
in the pKa of the phenoxide conjugate acids. They also employed density functional
theory (DFT) calculations and found that the more negative the Mulliken charge on the
oxygen atom of the phenoxide anion, the more negative the absorption enthalpy i.e. the
stronger the CO; binding.

In a previous publication from our laboratory the use of electrogenerated sulfur
nucleophiles as part of a disulfide—thiolate—thiocarbonate electrochemical CO, pump was
described.'””! That work showed that sufficiently nucleophilic thiolates can bind CO, at
room temperature, forming a thiocarbonate species. The novelty of sulfur nucleophiles
for post-combustion carbon capture and sequestration (CCS) prompted us to consider the
possibility of utilizing similar compounds in a temperature swing carbon capture scheme.
There is only one other report of sulfur-containing materials being employed for CO;
capture.'”” In that case, S-doped microporous carbon materials showed large CO,
absorption capacity of 4.5 mmol g at 1 atm CO,, as well as a high degree of selectivity

for CO; over N,, H, and CHs. In this report we establish proof-of-concept that CO, can
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be liberated from thiocarbonates at modest temperatures, such as might be available from
waste heat in power generating facilities. Additionally, similar to the studies of NHC and
alkoxide CO, capture, we provide further insight into the factors that govern the
physicochemical properties for CO; capture and release by organosulfur compounds.
Results and Discussion

Insight provided by density function theory (DFT) calculations into
electrochemical CO, release by S-benzylthiocarbonate in our previous publication served
as the impetus for adopting an in silico approach to estimate the decarboxylation
temperature of benzylthiocarbonate. Toward that end, gas-phase optimization and
frequency calculation of S-benzylthiocarbonate, benzyl-thiolate, and carbon dioxide were
performed at the B3LYP/aug-ccPVTZ level of theory. The Gibbs free energy of S-
benzylthiocarbonate at fifteen different temperatures ranging from 5 to 320 °C was
determined utilizing the Gaussian 09 freqchk utility. A plot of these data and the best-fit
line (R* = 0.998) are shown in Figure 8a. An identical calculation was performed on
benzylthiolate and carbon dioxide and the sum of the free energies over the same
temperature range and the best-fit line (R* = 0.999) are also shown in Figure 8a. By
finding the intersection of the regression lines, the estimated decarboxylation temperature
for benzylthiocarbonate is 154.71 °C, which is the temperature at which AGgnsco2 =
AGgps + AGcoz. This value is consistent with the only previous study of the thermal
decarboxylation of thiocarbonates having the general form RO2CSR’, where CO; release
occurred between 123—186 °C depending upon the identities of R and R’.'* Figure 8b is
a plot of the predicted CO, release temperature vs. the relevant Hammett substituent
constants for benzylthiocarbonate, 4-chlorobenzylthiocarbonate, 3,5-difluorobenzylthio-
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Figure 8. a. Gibbs free energy (Hartree) vs. temperature (°C) for S-benzylthiocarbonate
(M) and the sum of the free energies of benzylthiolate and carbon dioxide (O). b.
Predicted decarboxylation temperatures (°C) for S-benzylthiocarbonate (H), 4-chloro-S-

benzylthiocarbonate (p-Cl), 3,5-difluoro-S-benzylthiocarbonate (m-F), and 4-
trifluoromethyl-S-benzylthiocarbonate (p-CF3) vs. Hammett substituent constant.

124
carbonate, and 4-trifluoromethylbenzylthiocarbonate.'** This plot indicates that it is
possible to manipulate the decarboxylation temperature of benzylthiocarbonate by
appending various electron-donating or electron-withdrawing groups to the aryl moiety,
thus allowing for control of the temperature range for the capture and release cycle.
Encouraged by the computational results, residual gas analysis (RGA) was used to

monitor the species released from sodium benzylthiocarbonate as a function of

temperature. The results are shown in Figure 9. Between 30-200 °C, the five most
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intense signals in order of decreasing intensity are m/z = 44 > 91 > 16 > 28 > 18. The
signals at 44, 28, and 16 are all readily identifiable as CO,, CO, and O, respectively, all
of which are expected based upon the mass spectrum of CO,.'*> The high probability that
some of the thiocarbonate was swept into the carrier gas during the experiment supports
the assignment of m/z = 91 as the tropylium ion, which is known to appear in the mass
spectra of benzyl derivatives.'*® The signal at m/z = 18 is due to adventitious water that
likely collected on the sample tube as it was being loaded into the instrument. What is
clear from the RGA analysis is that the main decomposition product of sodium
benzylthiocarbonate is CO,, and that there is no further decomposition of the product

thiolate into gaseous products at temperatures up to 200 °C.
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Figure 9. Counts vs. temperature (°C) for the five most intense signals from residual gas
analysis of sodium benzylthiocarbonate; m/z = 44 (black), 91 (green), 16 (red), 28
(yellow), 18 (blue).

Further investigation of the temperature dependence of CO, release from
thiocarbonates was accomplished utilizing the apparatus constructed in-house that is
described in the Supporting Information. Figure 10 (black curve) shows the plot of CO,
released as a function of sample temperature for the sodium benzylthiocarbonate salt.

This curve shows that CO, release begins near 60 °C, maximizes near 125 °C and
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continues on to the end of the experiment near 250 °C. Confirmation that sodium
benzylthiolate is the product of the thermal decomposition of sodium benzylthiocarbonate
was proved by analyzing the cooled sample by 'H NMR and comparing it to the 'H NMR
of an authentic sample of sodium benzylthiolate (Figure 11).

Figure 10 (red curve) shows the plot for the corresponding potassium salt. This
curve is substantially sharper and shows a higher temperature for the initial release of

CO,. For comparative purposes, we define an onset temperature for the release by
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Figure 10. CO; concentration (ppm) vs. temperature (°C) for sodium S-benzylthio-
carbonate (black), potassium S-benzylthiocarbonate (red), 15-crown-5 sodium S-
benzylthiocarbonate (blue), 15-crown-5 sodium 4-chloro-S-benzylthiocarbonate (green).

Table 1.
Onset Temperature Peak Temperature
({9 {9

sodium S-benzylthiocarbonate 88+ 3 121 +£2
potassium S-benzylthiocarbonate 108 +4 141 +4
15-crown-5 sodium S-benzylthiocarbonate 78 £2 92 +1
15-crown-5 sodium 4-chloro-S-

benzylthiocarbonate 61+5 91+3

extrapolating to the temperature axis from the midpoint (half-height) of the increasing,
low T side of the release curve. This onset T allows comparison of the release behavior of

different samples. There are a number of striking differences between the curves for the
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potassium and sodium salts shown in Figure 10. First, both the onset temperature and the
peak temperature for CO,; release are higher for the potassium salt, as summarized in
Table 1. This behavior may be related to the relative stability of the alkali metal
thiocarbonates (reactants) or the alkali metal thiolates (products). Further study of the
effects of ionic interactions in such experiments is certainly warranted. Second, the CO,
release from sodium benzylthiocarbonate is sluggish in comparison to CO; release
frompotassium benzylthiocarbonate, which is evidenced by the sharpness of the
potassium benzylthiocarbonate curve. One possible explanation is that CO; release from
salt powders of the type used here is influenced by the packing density in the sodium
thiolate product. This has previously been observed for CO, release from dolomite
(MgCaCOs3), where sluggish release was speculated to be due to formation of a high
density MgO “skin” on the dolomite particles during the initial stages of CO, release.'”’
In the present case, differences in packing density, either for the thiocarbonate or the
thiolate salts, could be influencing the shape of the release curve. Thus, both ionic
interactions and packing density in the solid could be influencing the release process in

ways that are not yet understood.
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As will now be shown, increasing the free volume in the solid by associating the
cation with a crown ether provides a means to facilitate the CO, release process. The
blue curve in Figure 10 shows that the presence of the crown ether affects both the onset
and release temperatures, as well as the release kinetics. Specifically, both the onset and
peak CO;, release temperatures for 15-crown-5 sodium benzylthiocarbonate are
significantly lower than those of sodium benzylthiocarbonate (Table 1). Furthermore, the
large crown ether makes CO, release from this material more facile as demonstrated by
the sharpness of the release curve as compared to both sodium and potassium
benzylthiocarbonate. The better behavior of the crown salt allowed for exploration of the
effects summarized in Figure 8, namely the thermal stability of substituted
benzylthiocarbonate derivatives. The green plot in Figure 10 shows the release curve for
a sample of 15-crown-5 sodium 4-chloro-S-benzylthiocarbonate. Carbon dioxide release

from this species is again facile, and there is a 17 °C decrease in the onset temperature for

the 4-chloro derivative compared to the parent benzyl compound (Table 1 and green
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curve Figure 10). In contrast, DFT predicts a 40 °C decrease (Fig. 8b). The lack of
agreement suggests that the DFT calculations do not account for all of the
physicochemical processes that contribute to the energetics of the CO, release process,
but DFT does provide meaningful insight into how the CO; release temperature can be
manipulated.

In one final example of how the cation identity affects the decarboxylation of
benzylthiocarbonate, we describe the interesting case of the task specific ionic liquid
(TSIL) tetrabutylphosphonium benzylthiolate (P4 BnS7). Tetrabutylphosphonium
benzylthiolate is a viscous, slightly yellow ionic liquid that when bubbled with CO, for 4
hours, yields tetrabutylphosphonium benzylthiocarbonate (P4444” BnSCO,)) as a waxy,
white solid in quantitative yield (Figure 12). Both Py BnS™ and P4 BnSCO, have
been fully characterized in our previous report.'”' The white solid P44qs" BnSCO, was
stable for weeks at 2 °C; however, when Py BnSCO, was placed under vacuum at
room temperature, the solid returned to a viscous, slightly yellow liquid over a period of
12—16 hours. NMR verified that the liquid contained only thiolate and not thiocarbonate.
Similarly, when left at atmospheric pressure and room temperature, the solid would fully
return to the liquid phase after a period of 10 days, again showing loss of CO,. In both
cases, when the liquid was again exposed to CO, the white solid thiocarbonate
reappeared. Thus, it is clear that the Pyq4  BnS™ liquid binds CO, to form a solid

thiocarbonate salt, and that this binding is reversible and causes a phase change.
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Figure 12. a. Tetrabutylphosphonium benzylthiolate (note the white stir bar in the flask).
b. Tetrabutylphosphonium S-benzylthiocarbonate

The release of CO, from Pgys BnSCO, under such mild conditions was
unexpected in the context of the previous reports of the chemisorption of CO; by ionic
liquids whose anion is a nitrogen base as detailed by Seo and coworkers.***"'*® Seo et
al. described a series of ionic liquids that changed phase from solid to liquid upon

exposure to CO,."!

These so-called phase-change ionic liquids (PCIL) all had anionic
nitrogen CO, capture sites in the form benzimidazolide, pyrrolide, or pyrazolide anions,
and had either tetraethyl- or tetrabutylphosphonium cations. Carbon dioxide capture and
release experiments with their model ionic liquid, tetraethylphosphonium
benzimidazolide, were done at 70 °C. Quantitative release of CO, was achieved at this
elevated temperature under a reduced pressure of <0.01 bar over a period of 1 hour. The
authors note that at there was some evidence of CO, release at room temperature over
time, depending upon how carefully the samples were sealed. Seo ef al. additionally
found that when the cation of the benzimidazolide ionic liquid is changed to

tetrabutylphosphonium CO, capture is still possible, but the melting point of the PCIL is

nearly 100 °C higher.
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Conclusions.

A thermal swing capture and release process has been described that involves
cycling between thiolate and thiocarbonate species. Specifically, salts of both S-
benzylthiolate and 4-chloro-S-benzylthiolate are shown to be capable of this thermal
swing process. A simple method for monitoring CO, release was described that gives a
good estimate of CO, release temperature. Comparison of the release temperatures for
benzylthiocarbonate and 4-chloro-S-benzylthiocarbonate shows reasonable agreement
with predictions from DFT analysis of the relative stabilities predicted for these two
thiocarbonate species. This represents the first report of a thermal swing capture and

release cycle using thiolate nucleophiles.
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CHAPTER 4 SUPPORTING INFORMATION

Experimental Details
General Considerations

All manipulations were carried out using standard Schlenk or glovebox
techniques under a nitrogen atmosphere. Solvents were purified and dried according to
literature procedures, degassed by four successive freeze-pump-thaw cycles, and stored in
the glovebox.'”™  Deuterated solvents were purchased from Cambridge Isotope
Laboratories, Inc., degassed by four successive freeze-pump-thaw cycles and stored in
the glovebox. All other reagents and starting materials were purchased from commercial
vendors and used without further purification unless otherwise noted. Compressed gas
cylinders were furnished by Praxair, Inc.
Physical Methods

'H NMR spectra were collected on a Varian 500 MHz NMR spectrometer. C
NMR spectra were collected on a Briiker Ultra-Shield 600 MHz NMR spectrometer
equipped with a cryoprobe. 'H and >C NMR spectra are reported in parts per million
relative to tetramethylsilane, using the residual solvent resonances as an internal
standard.'” FTIR measurements were performed on a Briiker Alpha spectrometer
equipped with a diamond ATR. Gas output from compressed gas cylinders was
controlled with Cole-Parmer PRM1-010547 gas flow regulator and measured using an
Agilent Technologies ADM 2000 Universal Gas Flowmeter. Residual Gas Analyses
(RGA) that measure the partial pressures of the individual gases in a mixture were
performed using an in-house constructed stand-alone vacuum system that is differentially

pumped to accept atmospheric pressure sample gas input. A small quantity of sample gas
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is ionized, and the ions are accelerated into a mass separation filter, resulting in a mass
spectrum showing partial pressure vs. gas species mass. Carbon dioxide release
experiments were conducted utilizing the in-house constructed apparatus described
below.
Carbon Dioxide Release Apparatus

An in-house apparatus was constructed as follows: Temperature control and
charting was achieved utilizing an OMEGA CNS8PT temperature controller outfitted with
a type K thermocouple and the associated software. The temperature was initially held at
30 °C for 15 minutes, followed by a temperature increase to 250 °C at a rate of 3 °C min~
!, This device was routed to an OMEGA 75 Amp solid-state relay that was used to
switch the AC line voltage to an OptiChem Power Controller to which a Glas-Col heating
tape was connected. The heating tape was wrapped around a 25 mL distilling bulb that
served as the sample chamber. Ground glass adapters fitted on one side with gas-tight
tubing were connected to the distilling bulb and sealed with Apiezon H grease. Medical
grade N, was flowed through the sample chamber to a COZIR K-30 Ambient CO, sensor
and finally through an Agilent ADM 2000 Universal Gas Flow Meter. Carbon dioxide
concentration data was processed utilizing the method of least squares described by

B0 The N, flow rate was set to 450 mL min ' at the output of the

Savitzky and Golay.
CO; sensor by utilizing a Cole-Parmer PRM1-010547 gas flow regulator. Injecting CO,
directly into the sample chamber using a syringe showed virtually no delay between

injection and detection. Evaluation of this apparatus with sodium bicarbonate showed

peak CO; release at 145.8 +/- 2.5 °C.
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Computational Details

Calculations using density functional theory (DFT) were carried out using the
Becke gradient-corrected exchange functional and Lee—Yang—Parr correlation functional
with three parameters (B3LYP) and the aug-cc-pVTZ basis sets using the Gaussian suite
of programs.''® Calculations at this level of theory have been found to yield energies and
spectroscopic parameters comparable to those obtained with higher levels of theory.'** !

Syntheses

Sodium benzylthiolate

For a typical experiment, 245.0 mg (10.6 mmol) of sodium in mineral oil was
weighed into a beaker containing 25 mL of hexane. The sodium metal was washed with
25 mL of hexane three additional times to remove the mineral oil, and then transferred to
a round bottom flask equipped with a stirbar under a nitrogen atmosphere. The flask was
placed under vacuum and then transferred to the glovebox. Tetrahydrofuran (15 mL) was
added to the flask followed by the dropwise addition of 2.5 mL (21.3 mmol) of benzyl
mercaptan, at which time a white solid immediately appeared. After reaching constant
turbidity with concomitant dissolution of the sodium metal (4—6 hrs), the solution was
allowed to stir for one hour then sodium benzylthiolate was isolated in quantitative yield
on a sintered glass disk by vacuum filtration. 'H NMR (500 MHz, [D8] THF) in Figure
S1: 6 =7.39-7.32 (m, 2 H), 7.09-7.06 (m, 2 H), 6.94-6.91 (m, 1 H), 3.69 (s, 2 H). °C
{'"H} NMR (125 MHz, [D8] THF) in Figure S2: ¢ = 151.22, 128.75, 128.01, 124.60,
30.73. FTIR (cm ') in Figure S3: 3607 (s), 3079 (br), 3055 (s), 3024 (s), 2909 (m), 2839
(m), 1598 (s), 1491 (s), 1445 (w), 1310 (m), 1235 (s), 1067 (s).

Sodium S-benzylthiocarbonate
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In a round bottom flask equipped with a stirbar, 73.10 mg (0.50 mmol) of sodium
benzylthiolate was suspended in 50 mL of THF and CH3;0OH was added dropwise until
the solid completely dissolved. Carbon dioxide that had passed through a drying column
was bubbled into the solution and a white solid immediately appeared. After reaching
constant turbidity roughly half the solvent was removed by vacuum. Sodium
benzylthiocarbonate was isolated by vacuum filtration on a sintered glass disk in
quantitative yield. "H NMR (500 MHz, CD;0D) in Figure S4: 6 = 7.32-7.27 (m, 4 H),
7.21-7.18 (m, 1 H), 3.72 (s, 2 H). °C {'"H} NMR (150 MHz, CD;OD) in Figure S5: J =
161.43, 142.98, 129.51, 129.07, 127.80, 29.17. FTIR (cm') in Figure S6: 3062 (w),
3034 (w), 2954 (w), 2900 (w), 1670 (m), 1569 (vs), 1495 (s) , 1450 (s), 1435 (s), 1413
(s), 1322 (vs), 1292 (vs), 1234 (s), 1190 (m), 1100 (w), 1070 (m).

15-crown-5 sodium S-benzylthiocarbonate

Sodium S-benzylthiocarbaonate (50.0 mg, 0.26 mmol) was suspended in THF,
and 52 pL (0.26 mmol) of 15-crown-5 was added by syringe all at once. The white solid
dissolved over a period of five minutes and the solution was allowed to stir for an
additional 15 minutes. The flask was placed under vacuum to remove all the solvent, and
15-crown-5 sodium benzylthiocarbonate was isolated as a white solid in quantitative
yield. '"H NMR (500 MHz, CD;OD) in Figure S7: 6 = 7.33-7.31 (m, 2 H), 7.26-7.23 (m,
2 H), 7.16-7.14 (m, 1 H), 3.70 (s, 2 H), 3.68 (s, 20 H). “C {'"H} NMR (150 MHz,
CDs;0D) in Figure S8: 0 = 161.44, 130.53, 129.28, 129.14, 127.09, 69.79, 29.69. FTIR
(cm™) in Figure S9: 3062 (w), 3028 (w), 2909 (m), 2894 (m), 2874 (m), 1633 (s), 1601
(m), 1472 (s), 1452 (s), 1353 (s), 1288 (m), 1267 (s), 1249 (s), 1230 (s), 1096 (vs).

15-crown-5 sodium 4-chloro-S-benzylthiocarbonate
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Sodium metal (46.2 mg, 2.0 mmol) in mineral oil was weighed into a beaker
containing 10 mL of hexane, then washed with 25 mL of hexane three additional times to
remove the mineral oil. The metal was transferred to a round bottom flask equipped with
a stirbar that was under a nitrogen atmosphere, which was subsequently placed under
vacuum and then transferred to the glovebox. Tetrahydrofuran (50 mL) was added to the
flask followed by the dropwise addition of 0.33 mL (2.5 mmol) of 4-
chlorobenzenemethanethiol, at which time a white solid immediately appeared. After
reaching constant turbidity with concomitant dissolution of the sodium metal (4—6 hrs)
the solution was allowed to stir for one hour, at which time 0.40 mL (2.05 mmol) of 15-
crown-5 was added all at once. After the solid had completely dissolved, the solution
was allowed to stir for an additional two hours, then placed under vacuum overnight.
The following day 15-crown-5 sodium 4-cholorobenzylthiocarbonate was recovered as a
white powder in quantitative yield. '"H NMR (500 MHz, CD;0D) in Figure S10: 6 =
7.33-7.28 (m, 4 H), 3.71 (s, 2 H), 2.68 (s, 20 H). °C {'"H} NMR (150 MHz, CD;OD) in
Figure S11: 6 = 160.04, 143.02, 131.27, 129.36, 127.87, 68.43, 278.61. FTIR (cm ') in
Figure S12: 2909 (m, br), 2872 (m, br), 2078 (w), 2055 (w), 1671 (m), 1621 (vs), 1487
(m), 1454 (m), 1355 (s, br), 1324 (s), 1249 (m), 1098 (vs), 1089 (vs).

Potassium S-benzylthiocarbonate

1, in the

Following a procedure similar to the one detailed by Stueber et a
glovebox potassium metal (333.5 mg, 8.5 mmol) in mineral oil was added to 25 mL of
hexane in a beaker. The potassium was washed three additional times to remove the
mineral oil, then cut into small slivers. In a separate three neck round bottom flask

equipped with a reflux condenser and a stirbar at 0 oC, 3.0 mL (25.6 mmol) of benzyl
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mercaptan was added. The slivers of potassium metal were slowly added to the cooled
mercaptan one at a time over a period of several hours. After complete dissolution of the
potassium metal with the concomitant appearance of a suspended white solid, the
suspension was stirred at 0 oC for one hour then slowly warmed to room temperature.
The white solid, potassium benzylthiolate, was isolated on a sintered glass disk by
vacuum filtration, then transferred to round bottom flask containing 50 mL of THF.
Methanol was added dropwise until the solid had completely dissolved, then CO2 that
had been passed through a drying column was bubbled into the solution, at which time a
white solid appeared. After reaching constant turbidity, the CO2 was removed and
potassium benzylthiocarbonate was isolated on a sintered glass disk by vacuum filtration.
This compound is insoluble in all organic solvents that we tested, so NMR was not
possible. FTIR (cm ') in Figure S13: 3153 (m, br), 2984 (m, br), 1672 (s), 1643 (m),
1436 (vs), 1358 (vs, br), 1261 (s), 1060 (m), 1034 (m), 1012 (m).
Characterization of Thiolate and Thiocarbonate Compounds

Figures S15 — S27 show 'H, "*C and FTIR spectra for the synthesized and purified
salts of the relevant S-benzylthiocarbonates. The 'C NMR of the thiocarbonates show
signals between 160.04-161.44 ppm for the carboxylate carbon in the thiocarbonate,
which compares favorably to our previously reported result of 162.82 ppm for the same

carbon in tetrabutylphosphonium S-benzylthiocarbonate.'*!

The FTIR spectra of sodium
S-benzylthiocarbonate, 15-crown-5 sodium S-benzylthiocarbonate, 15-crown-5 4-chloro-
S-benzylthiocarbonate, and potassium S-benzylthiocarbonate exhibit very strong peaks at
1569, 1633, 1621, and 1672 c¢m ', respectively, which is due to the OCO asymmetric

stretch of the thiocarbonate. These data are all in good agreement both with the solid state
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NMR and IR results obtained by Stueber et al.,"*' and with our previous report. Due to
the insolubility of potassium S-benzylthiocarbonate in all organic solvents that we tested

(the insolubility of similar potassium thiocarbonates was also reported by Stueber et al.),

only FTIR data is presented.
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APPENDIX A
FUNCTIONALIZTION OF POLY(2,6-DIMETHYL-1,4-PHENYLENE OXIDE) WITH
FERROCENE BY THE COPPER CATALYZED AZIDE-ALKYNE COUPLING

REACTION
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Metallopolymers are presently an active area in polymer research due to the
interest in coupling the unique redox and catalytic properties of inorganic systems with
the robustness and versatility of organic polymers. In particular, polymer materials with
redox properties find uses in applications such as batteries,’ chemical sensors,’
photovoltaics,” electrochromic devices,” and responsive membranes.’ A common
strategy for achieving redox active polymers is to couple ferrocene moieties to the
polymer structure. Ferrocene-containing polymers continue to attract a significant
amount of interest due to the well-behaved, reversible redox properties. There are
numerous reports and reviews detailing a great number of polymers to which ferrocene
has been appended as well as a variety of strategies for achieving covalent attachment of
ferrocene to polymers.°

In their pioneering work, Inzelt and Szabo described the effect that different
electrolyte anions have on the redox potentials of poly(vinylferrocene) polymer film
electrodes in aqueous media.” The authors observed that the anodic peak potential
shifted positive by 76 mV and 71 mV in going from ClO4 < NOs < SO, respectively.
Efforts to further understand this phenomenon were undertaken by Creager et al.®,
Uosaki et al’, and Kondo et al.'’ all of who investigated ferrocene-terminated
alkanethiol self-assembled monolayers(SAM) on gold electrodes. By employing 6-
ferrocenylhexanethiol monolayers, Uosaki et al. observed the same trend in oxidation
potentials as Inzelt and Szabo. Without interference from the polymer matrix Uosaki et
al. were able to establish a Nernstian relation between the formation constant of the Fc"
X" ion pairs, with larger formation constants leading to more negative redox potentials.
Similarly, Creager et al. probed the behavior of 6-ferrocenylhexanethiol as one
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component of mixed monolayers with n-alkanethiols (1-C,H,+1SH, n =4, 6, 8, 10, and
12) and observed that when the value of # is increased, there is a concomitant shift of the
ferrocene/ferrocenium redox potential to more positive values. The authors suggest that
the longer alkyl chains serve to create a more alkane-like environment where
ferrocenium is destabilized relative to ferrocene. Kondo et al. observed that the redox
potentials for SAMs of 6-ferrocenylhexanethiol were sensitive both to the anion present
in solution as well as the solvent in which the electrochemistry was performed.
Specifically, when measured in aqueous electrolyte the redox potential shifted positive
in the order PFs < ClO4 < HSO4, whereas in methylene chloride electrolyte the order
was reversed. In a recent report, Neef et al. showed that copolymers from
vinylferrocene and 3-phenyl[5]ferrocenophane with N-ethyl and N-phenylmaleimide
exhibited different redox potentials when the supporting electrolyte was changed in
aqueous solution. Specifically, there was a positive shift in the redox potentials in going
from ClO4 <NOs™ = phosphate buffered saline (PBS).

In this paper, we report the synthesis and electrochemical behavior of poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) functionalized with pendant ferrocene moieties.
Poly(2,6-dimethyl-1,4-phenylene oxide) is a robust polymer that shows great potential
for functional applications in high-temperature, chemically-reactive environments. PPO
has excellent thermal and mechanical properties, possessing high dimensional stability
and a glass transition temperature (T,) of 220° C.”® Furthermore, the ferrocene moieties
were easily coupled to the PPO backbone using the copper(l) catalyzed azide—alkyne
cycloaddition (CuAAC) reaction. Despite the ease of synthesis, without proper workup
copper coordination to the product triazole rings can result in a blue, insoluble material
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where copper(Il) ions act as crosslinkers in the functionalized materials. These
materials show good electrochemical response in water—N-methylpyrrollidine (NMP)
electrolyte demonstrating both electrochromic properties and sensitivity of the redox
potentials to the nature of the electrolyte anion. The latter property of this material is
investigated within the context of anion recognition and sensing applications."’
Experimental

General Considerations. All manipulations were carried out using standard Schlenk
line techniques under a nitrogen atmosphere. Solvents were purchased from commercial
vendors and purified according to literature methods.'””> Deuterated solvents were
purchased from Cambridge Isotope Laboratories, Inc., degassed by four successive
freeze-pump-thaw cycles and stored in the glovebox. Supporting electrolytes for
electrochemical experiments were purified according to literature methods'? and dried in
a vacuum oven at 100 °C. All other reagents and starting materials were purchased from
commercial vendors and used without further purification unless otherwise noted.
Physical Methods. 'H and °C NMR spectra were collected on Varian 400 and 500
MHz NMR spectrometers. 'H and >C NMR spectra are reported in parts per million
relative to tetramethylsilane, using the residual solvent resonances as an internal
standard.” FTIR measurements were performed utilizing a Briiker Alpha spectrometer
equipped with a diamond ATR. Photographs taken at 10x magnification were obtained
utilizing a Nikon LABOPHOT microscope equipped with a Nikon E950 digital camera.
Atomic force microscopy experiments were conducted with a Briiker MultiMode 8
equipped with a Briiker ScanAsyst tip in tapping mode at a scan rate of 0.883 Hz.
Single crystals suitable for X-ray diffraction were suspended in Apiezon N grease and
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then mounted on the goniometer head of a Bruker APEX diffractometer equipped with
Mo Ka radiation. A hemisphere routine was used for data collection and determination
of the lattice constants. The space group was identified, and the data were processed
using the Bruker SAINT+ program and corrected for absorption using SADABS. The
structures were solved using direct methods (SHELXS), completed by subsequent
Fourier synthesis, and refined by full-matrix, least-squares procedures on |F|*
(SHELXL). Electrochemical measurements were performed with a CH Instruments
618C Electrochemical Analyzer or a Gamry Reference 3000 Potentiostat/Galvanostat.
Cyclic voltammograms were acquired using a polymer-coated glassy carbon working
electrode, platinum counter electrode, and Ag/AgCl reference electrode that was —0.417
V against the ferrocene/ferrocenium redox couple. Polymer films were deposited on the
glassy carbon electrode from a 2 wt% solution in CH,Cl, by pipetting 5 pL of the
solution onto the electrode surface and allowing the solvent to evaporate under a stream
of N, over 30 minutes. Prior to each electrochemical experiment, the electrolyte was
purged with medical grade N, for 30 minutes.

Computational Methods. Density functional theory (DFT) calculations were carried
out using Becke’s three-parameter hybrid functional'* with the Lee—Yang—Parr
correlation functional® (B3LYP) and the 6-311++G** basis set using the Gaussian suite
of programs.'® This level of theory was selected because it has produced theoretical
vibrational spectra that are in good agreement with experiment for a variety of triazoles
and benzotriazoles.'’

Bromomethylated Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO-Br). This
compound was synthesized according to literature procedures.'® In a typical experiment,

117



a 1000 mL round bottom flask equipped with a reflux condenser and a stir bar was
charged with 420 mL of chlorobenzene. Subsequently, the apparatus was placed under a
nitrogen atmosphere, 10.0 g of poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) was
added all at once, and the solution was stirred at room temperature until the PPO had
completely dissolved (typically 1 hour). To the stirring solution, 9.9 g of N-
bromosuccinimide, which had been previously recrystallized from H,O and dried under
vacuum overnight, and 410.5 mg of azobisisobutyronitrile were added all at once. After
allowing the solution to stir for ten minutes at room temperature, the apparatus was
placed in an oil bath and the reaction mixture was refluxed for four hours. The solution
was then cooled to room temperature and roughly half the solvent was removed by
rotary evaporation. Upon pouring the resulting viscous, brown fluid into 1000 mL of
stirring MeOH, a fibrous brown solid appeared, which was recovered in on filter paper
utilizing a Biichner funnel. Purification of the bromomethylated polymer was achieved
by Soxhlet extraction with MeOH overnight, then the polymer was transferred to a
round bottom flask and placed under vacuum at 70 °C overnight. The product was
recovered in 95% yield and the degree of bromination was determined to be 50% by
NMR. 'H NMR (500 MHz, CDCLs): 6 = 6.73—6.48 (m, 4 H), 4.35 (s, 2 H), 2.10 (s, 9
H). FTIR (cm): 3034 (w), 2955 (s), 2922 (s), 2660 (w), 1721 (m), 1605 (s), 1477 (vs),
1460 (vs), 1360 (m), 1306 (s), 1221 (s), 1207 (s).

Azidified Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO-N3). Following a similar
procedure to that found in the literature,” 160 mL of a 3:1 THF:MeOH solution was
added to a 500 mL round bottom flask equipped with a stir bar and a reflux condenser.
The apparatus was placed under a nitrogen atmosphere, and 5.0 g of PPO-Br was added
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all at once. Once all of the PPO-Br had dissolved (typically 30 minutes), 2.5 g of
sodium azide was added in three equal portions, allowing 15 minutes between each
addition. After the final addition, the flask was sealed and the apparatus was placed in
an oil bath. The reaction mixture was refluxed for 16 hours, then cooled to room
temperature. Roughly half of the solvent was removed via rotary evaporation, and the
contents of the flask was poured into a 3:1 MeOH:H,O solution at which time a tan-
colored precipitate appeared. This material (PPO—N3) was recovered on a filter paper
using a Biichner funnel, washed three times with cold methanol, and then repeatedly
washed with water until the silver—halide test indicated that no bromide was present. 'H
NMR (500 MHz, CDCl3): ¢ = 6.68-6.48 (m, 4 H), 4.21 (s, 2 H), 2.09 (s, 9 H). FTIR
(em™): 2954 (s), 2923 (s), 2960 (m), 2737 (w), 2101 (vs, N3), 1717 (w), 1604 (s), 1478
(vs), 1458 (vs), 1380 (w), 1344 (s), 1305 (s), 1209 (vs).

5-Ferrocenyl-1,2,3-Triazole Poly(2,6-dimethyl-1,4-phenylene oxide) (1). In a 100
mL Schlenk flask equipped with a stir bar, 0.200 g of PPO-N; was added to 5 mL of
chlorobenzene and the solution was placed under a nitrogen atmosphere.
Ethynylferrocene (0.147 g, 0.7 mmol) was added to the flask all at once and the solution
was allowed to stir for 30 minutes. In a separate 50 mL Schlenk flask equipped with a
stir bar, 2 mL of chlorobenzene was added and the solvent was degassed and placed
under a nitrogen atmosphere. To the stirring chlorobenzene, 0.232 g of CuBr (1.6
mmol) and 3.2 mL of N,N,N',N”",N"-pentamethyldiethylenetriamine (PMDETA, 15.3
mmol) were added and the solution was allowed to stir at room temperature for one
hour. Subsequently, 2.3 mL of the CuBr—PMDETA solution was removed from the
Schlenk flask by syringe and added dropwise to the ethynylferrocene—PPO—-N3; solution
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over a period of 15 minutes. The reaction mixture was stirred at room temperature for
four hours, at which time it was poured into 100 mL of chloroform in a separatory
funnel. Deionized water was added to the funnel and the organic phase was washed
repeatedly until the blue color, indicating the presence of copper ions, was no longer
observed in the aqueous phase (typically 5 washes). The organic phase was dried over
MgSOs, and the solvent was removed by means of rotary evaporation leaving 1 as an
orange-brown solid in 91% yield. 'H NMR (500 MHz, CDCl;): J = 7.27 (bs, 1 H),
6.62-6.47 (m, 4 H), 5.36 (bs, 2 H), 4.74—4.11 (bm, 9 H), 2.09-2.05 (m, 9 H). FTIR (cm™
: 3092 (b), 2959 (s), 2921 (s), 2853 (s), 1711 (vw), 1599 (s), 1466 (vs), 1379 (w),
1345 (w), 1302 (m), 1261 (m).

5-Butyl-1,2,3-Triazole Poly(2,6-dimethyl-1,4-phenylene oxide) (2). This material was
synthesized in a procedure identical to that described above for the synthesis of 1, except
for the use of 1-hexyne (0.1 mL, 0.7 mmol) that was added via syringe all at once. The
product was isolated as a light brown solid in 87% yield. 'H NMR (500 MHz, CDCl;):
0=7.21(bs, 1 H), 6.62-6.45 (m, 4 H), 5.33-5.29 (m, 2 H), 2.64 (bs, 2 H), 2.10-2.04 (m,
9 H), 1.58 (bs, 2 H), 1.33 (bs, 2 H), 0.90 (bs, 3H). FTIR (cm'): 2961 (m), 2925 (m),
2857 (w), 1720 (w), 1602 (m), 1466 (s), 1379 (w), 1351 (w), 1302 (m), 1259 (s).
4-Butyl-1-(phenylmethyl)-1H-1,2,3-triazole (3). In a 250 mL Schlenk flask equipped
with a stir bar under N, 50 mL of chlorobenzene was added, along with 3.00 g (22.5
mmol) of benzyl azide and 2.6 mL of (22.5 mmol) of 1-hexyne. In a separate Schlenk
flask equipped with a stir bar, 30 mL of chlorobenzene, 3.23 g (22.5 mmol) of CuBr,
and 5.6 mL (27.0 mmol) of PMDETA were added and allowed to stir for 30 minutes.
Cannula transfer was employed to add the CuBr solution to the benzyl azide—1-hexyne
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solution over a period of 30 minutes. After stirring at room temperature for 3 hours, the
contents of the flask was emptied into 100 mL of chloroform in a separatory funnel.
The organic phase was washed with water (4 x 50 mL), dried over MgSOs, and then the
solvent was removed by rotary evaporation. The product was recovered as a white solid
in 94 % yield. '"H NMR (500 MHz, CD;0OD): § = 7.69 (s, 1 H), 7.36-7.29 (m, 5 H),
540 (s, 2 H), 2.69-2.66 (t, J = 7.5 Hz, 2 H), 1.66-1.60 (m, 2 H), 1.40-1.32 (m, 2 H),
0.94-0.92 (t, J = 7.0 Hz, 3 H). “C {'"H} NMR (125 MHz, CD;OD): § = 149.66,
136.96, 129.97, 129.49, 128.98, 123.11, 54.80, 32.69, 25.97, 23.22, 14.08. FTIR (cm):
3113 (m), 3063 (s), 2959 (s), 2923 (s), 2875 (m), 2855 (s), 1706 (w), 1556 (s), 1495 (s),
1448 (vs), 1366 (w), 1352 (w), 1332 (m), 1310 (m), 1294 (s), 1228 (s), 1215 (s), 1206
(s).

4-Butyl-1-(phenylmethyl)-1H-1,2,3-triazolyl-Copper(Il)-Acetate (4). Copper(II)
acetate monohydrate (58.0 mg, 0.29 mmol) was suspended in 25 mL of CH,Cl; in a
Schlenk flask equipped with a stir bar and a reflux condenser. The apparatus was placed
under a nitrogen atmosphere, and 250.0 mg (1.16 mmol) of 6 was added all at once.
After stirring the resulting solution at room temperature for 5 minutes, the apparatus was
placed in an oil bath and the solution was refluxed for two hours. Upon cooling the
reaction to room temperature, the solvent was removed by rotary evaporation, and the
resulting blue solid was washed with cold Et,O and 7 was isolated in 65 % yield.
Crystals suitable for x-ray diffraction were grown by diffusing Et,O into a CH,Cl,
solution of 7. "H NMR (500 MHz, CD;0D): § = 12.22 (br, 6 H), 8.18 (s, 1 H), 7.34—

7.27 (m, 5 H), 5.56 (s, 2 H), 2.67 (br, 2 H), 1.66 (br, 2 H), 1.37 (br, 2 H), 0.93-0.91 (t, J
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= 6.5 Hz, 3 H). FTIR (cm™'): 2964 (w), 2931 (w), 2858 (vw), 1615 (vs), 1552 (m),
1496 (w), 1423 (vs), 1341 (m), 1264 (m), 1220 (m), 1136 (m).
Results and Discussion
3.1. Polymer synthesis

5-Ferrocenyl-1,2,3-Triazole Poly(2,6-dimethyl-1,4-phenylene oxide) (1) was
prepared via the synthetic route shown in Scheme Al. The first step is radical
bromination of the methyl groups on the PPO backbone by NBS to yield
bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) (PPO-Br). Subsequently,
PPO-Br was combined with sodium azide in a 3:1 THF:CH3;0H solution and refluxed

for 16 hours. After cooling to room temperature, roughly half the solvent was removed
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Scheme A1l. Synthesis of 1 by the copper catalyzed azide—alkyne 1,3-dipolar
cycloaddition reaction.

by rotary evaporation and the solution was poured into a beaker containing a 3:1

CH;0H:H,O solution, at which time a tan solid, azidified poly(2,6-dimethyl-1,4-

phenylene oxide) (PPO—N3), appeared. This material was recovered on a filter paper
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using a Biichner funnel, washed three times with cold methanol, and then repeatedly
washed with water until the silver—halide test indicated that no bromide was present.
PPO-N; was dried, then added to a round bottom flask containing chlorobenzene under
a nitrogen atmosphere. Upon complete dissolution of the polymer, ethynylferrocene
was added to the solution all at once, followed by the dropwise addition of a
chlorobenzene solution of a stoichiometric amount of CuBr—PMDETA. After stirring
the solution for 4 hours at room temperature the copper catalyzed azide—alkyne coupling
(CuAACQ) reaction was judged complete by NMR, and in our initial experiments the
contents of the round bottom flask was poured into a beaker of stirring methanol. A
soft, blue material immediately precipitated that was found to be insoluble in THF,
DMSO, toluene, chloroform, methylene chloride, NMP, methanol, MEK and water.
3.2. Influence of copper ions

There were two plausible possibilities as to the identity of the soft, insoluble,
blue material: Either the ferrocene moieties were oxidized to ferrocenium, or copper(Il)
ions that formed during the CuAAC reaction were coordinated to the product triazole
rings and were acting as crosslinks. Deeming the latter to be more likely based upon

earlier work of Doran et al.,20

5-butyl-1,2,3-triazole poly(2,6-dimethyl-1,4-phenylene
oxide) (2) was synthesized according to the same initial procedure for 1, and again, a
soft, blue, insoluble material was recovered. After modifying the workup protocol as
described in the Experimental section, copper-free 2 was isolated. Copper(I) bromide
was then added to an NMP solution of 2 and was allowed to stir overnight under air
during which time a blue—green gel formed. The gel was transferred to a glass slide,

spread with a spatula, then dried on a hot plate at 70 °C to yield the familiar soft, blue
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insoluble material. Similarly, an NMP solution of 2 with no added copper salt was
pipetted onto a glass slide, dried on a hot plate, and then both were examined by FTIR,
optical microscopy, and AFM. Shown in Figure Al is the FTIR of 2 in the absence
(black curve) and presence (red curve) of CuBr. Note that the feature at 1720 cm™' for 2

is no longer observed and that there is a decrease in the intensity of the peak at1259 cm™'
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Figure Al. FTIR spectrum of polymer 2 in the absence (black curve) and presence (red
curve) of CuBr from 800—1800 cm .

when copper ions are present. Further, as seen by the optical microscope images in
Figure A2, there are striking differences in morphology of 2 when Cu ions are present.
While there is evidence of trapped CuBr in Figure A2 panel (b), the images indicate that
these are, in fact, two different materials. Further evidence of this can be observed in
the AFM images in Figure A3. These experiments support the conclusions drawn from
the optical microscope images, namely that copper salts are trapped in the polymer

matrix, but the difference in polymer morphology indicates that these are two different

materials.
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Triazoles are known to bind both Cu(I) and Cu(II) ions,”' and a common feature

of the proposed mono- and bi-metallic catalytic cycles for the CuAAC reaction is the

Figure A2. Optical microscope images of 2 in the (a) absence and (b) presence of
CuBr.

Figure A3. Atomic force microscope images of 2 in the (a) absence and (b) presence of
CuBr. Top images are 10 um x 10 um, bottom images are 3 pm x 3 um.

existence of a Cu—Cyiazole bond that is cleaved by protonation in the final step to
regenerate the copper catalyst and free the triazole.”> Though the presence of Cu(l)
species cannot be ruled out, the blue color of the recovered material indicates the
presence of Cu(Il). With this in mind, 4-butyl-1-(phenylmethyl)-1H-1,2,3-triazole (3)
was synthesized as a surrogate for a monomer unit of 1. Subsequently, 4-butyl-1-
(phenylmethyl)-1H-1,2,3-triazolyl-copper(Il)-acetate (4) was synthesized and the crystal
structure is shown Figure A4. Although the paddle-wheel structure shown in Figure A4
is unlikely in the functionalized PPO due to the absence of acetate ions, the structure

shows that the triazole nitrogen of 3 is coordinated to a Cu(Il) ion. Additional evidence
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of Cu(Il) coordination is seen in the 'H NMR of 3 in the absence and presence of

copper(I) bromide (Figure A5). Inthe presence of Cu(Il) ions the 'H NMR peaks of 3

Figure A4. Solid-state structure of 4 with hydrogen atoms removed for clarity.
are broadened, and there is a substantial downfield shift in the triazole hydrogen signal.
Similar to the FTIR spectra of 2 in the absence and presence of Cu ions, comparison of
the FTIR spectra of 3 and 4 (Figure A6) shows that the feature at 1706 cm ™' of 3 (black
curve) is absent when the triazole is bound to copper in 4 (red curve).

To assign the modes responsible for the features at 1706/1720 and 1259 cm ™',
density functional theory calculations at the B3LYP/6-311++G** level of theory were

performed. Using the work of Aziz etal. as a guide,'’ the computed spectra were
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Figure a5. '"H NMR of 3 in the ébséncé (top, black curve) and presence (bottom, red
curve) of copper(Il) bromide.

multiplied by a scaling factor of 0.975 for a more accurate comparison to their
experimental counterparts. Acetate ions were replaced with chloride ions because their
presence in the calculations would be an impediment to observing the effect of copper
on the triazole fragment in the polymer. Based upon the current work as well as the
previously reported spectrum of 1H-1,2,3-triazole,” the mode 1259 cm ' is likely a ring-
based N-N stretching mode, which would undoubtedly be impacted by the presence of a
copper ion bound to a ring nitrogen. Our calculations also indicate that there is a
significant contribution from C-H wagging on the alkyl and benzyl fragments. The
mode at 1706/1720 cm ™' is more difficult to assign, and although similar peaks are
observed in the experimental spectra of a variety of triazoles,** there is no discussion as
to the source of this spectral feature. Since there are no peaks between 1653 and 3012

cm ' in the computed spectra, it is possible that the peak at 1720 cm ™' is either a

combination band or an overtone. Despite not being able to rigorously make this
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Figure A6. FTIR spectra of 3 (black curve) and 4 (red curve)

assignment, we are confident that this peak is due to a triazole mode or combination of
modes, and that it is sensitive to the presence of a Cu—N bond.

3.3. Electrolyte Effects

Cyclic voltammograms (CVs) of glassy carbon electrodes coated with films of 1
in 4:1 NMP:H20-0.1 M NaNOs electrolyte are shown in Figure A7. As the scan rate
(v) was increased from 5 to 100 mV s a concomitant increase in peak current was

observed that scaled with the square root of the scan rate (v'’?). Figure A8a is a plot of
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Figure A7. Cyclic voltammograms recorded with a glassy carbon disk electrode with

films of 1 at 5 mV s ' (black), 10 mV s (red), 25 mV s (blue), 50 mV s ' (orange), 75
mV s ' (green), and 100 mV s (violet) in oxygen-free 4:1 NMP:H,0-0.1 M NaNO:s.

ipas vS. v and of iy, vs. v'"%, with the values and the best fit line for the latter shown in
blue. The R* value for this line was 0.97, while the R” value for ip, vs. v was 0.89 (not
shown), indicating that the oxidation of 1 is a diffusion controlled process in accordance
with the Randles—Sevcik equation.”>  Similar results were obtained for 4:1 NMP:H,0

containing 0.1 M N(C4Hy)4ClO4, 0.1 M NH4PFs, and 0.1 M LiN(SO,CF3), (Figures

A8b—d), respectively. Figure A9 shows CVs of films of 1 on glassy carbon electrodes at
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Figure A8. Dependence of iy, on the scan rate (O) and the square root of the scan rate
(M) in cyclic voltammetry experiments of glassy carbon disk electrodes with films of 1
from 5mV s to 100 mV s in oxygen-free 4:1 NMP:H,O with (a) 0.1 M NaNO; (b)
0.1 M N(C4Hg)4Cl1O4 (c) 0.1 M NH4PF¢ and (d) 0.1 M LiN(SO,CF3); as the electrolyte
(Pt counter electrode; Ag/AgCl reference electrode).

25mV s in these same electrolytes, and the relevant data are summarized in Table A1,

In each of these electrolytes there are distinct oxidation and reduction peaks with mean
potentials (E,) between 0.541-0.579 V vs. Ag/AgCl, which falls in the range of reported
redox potentials for ferrocene-containing polymers.”® Furthermore, the peaks are quite
broad, indicating that the ferrocene moieties are in a variety of microenvironments, each
of which gives rise to slightly different oxidation and reduction potentials.**%?’

Of particular applicability to anion sensing applications is the observation that

the peak anodic potential (E,.) of 1 is sensitive to the identity of the electrolyte. Figure
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Figure 9. Cyclic voltammograms recorded with a glassy carbon disk electrode with
films of 1 at 25 mV s~ in oxygen-free 4:1 NMP:H,0 0.1 M NaNOj; (black), 0.1 M
N(C4Hy)4ClO4 (red), 0.1 M NH4PF¢ (blue), and 0.1 M LiN(SO,CF3); (green).

Table Al.

Electrolyte Ep’ iy Epe’ i AE,’ Ef
NaNO; 0.676 £0.001 59+3 0.406=+0.001 -54+4 0270 0.541
N(C4Ho)4ClO4 0.742£0.002 76+9 0.405+0.010 -53+9 0.337 0.573
NH4PF¢ 0.755+0.014 679 0.392+0.010 -45+6 0363 0.574

LiN(SO,CF3), 0.776 £0.006 75+2 0.382+0.009 48+1 0.394 0.579

* Anodic peak potential in V vs. Ag/AgCl
Anodic peak current in pA

Cathodic peak potential in V vs. Ag/AgCl
Cathodic peak current in pA
Peak-to-peak separation in V

" Mean peak-to-peak potential vs. Ag/AgCl

o o

(=%

(5

A9 shows that the E,, shifts to more positive values when the electrolyte is changed
from NaNO; < N(C4Hy)4ClOs = NH4PFs < LiN(SO,CF3),. Because this ordering
follows neither the Hofmeister series,”® which orders anions by their hydrophobicity, nor
the previously reported trends where the ferrocenium anion™ formation constant is

7-10, 29

thought to be responsible for the shift in Ep,, we hypothesize that the size of the
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electrolyte anion is the factor that is most responsible for the observed shift in E..
Table A2 summarizes both the E,, values and the reported anionic radii and volumes for
the supporting electrolytes used in this study,” and Figure A10 is a plot of E,, vs. the

anion radii and volumes. It has been previously shown that PPO films cast from organic

Table A2.

Electrolyte Epa r(pm)® V(10" pm’)* AGuydecate’ AGhydexp
NaNO; 0.676 = 0.001 179+ 19 64+ 11 -300 -300
N(C4Ho)4ClO4  0.742 £0.002 225+19 82+13 -252 -205
NH,4PF 0.755+0.014 242 £ 19 109 £ 8 -237 -
LiN(SO,CF3),  0.776 + 0.006 325 146 -184 —

* Anionic radii and volumes from Ref. 23
b AGhyd calc Was found using the method detailed by Marcus in Ref. 31
¢ AGhydexp from Ref. 31
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Figure A10. E,, (V vs. Ag/AgCl) vs. anionic radii (O, pm) and volumes (H, 107 pm?).
Data in Table A2.

solvents form porous three-dimensional networks with molecular-sized cavities between

the rigid polyether chains.’’ Along this line, the data presented in Table A2 and Figure
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A10 suggest that the size and the structure of the free volume elements within the
polymer must swell and/or rearrange to accommodate the larger anions. Solvent
swelling of polymer films has been shown to influence their electrochemical behavior,”
which underscores the necessity for a 4:1 NMP:H,O solvent mixture. The polymer must
be swollen with NMP for the ionic transport processes to be facile; however, in
electrolyte where NMP is the only solvent, the polymer films rapidly desorb from the
electrode.

Cyclic voltammograms of 1 when the solvent is 2:1, 1:1, and 0:1 NMP:H20—
0.1 M NaNO3 are shown in Figure A11. The positive shift of E,, and the decrease in ip,
indicate that PPO-Fc is very hydrophobic, and that in addition to swelling there may a
significant contribution to the increase in E,, from the free energy of dehydration. That
is, in order for the anions to enter the hydrophobic polymer it is first necessary to shed

their hydration shell either in whole or in part, or the free energy of hydration must be
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-40
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Figure A11. Cyclic voltammograms recorded with a glassy carbon disk electrode with

films of 1 at 25 mV s~ in oxygen-free 0.1 M NaNOs 4:1 NMP:H,0 (black), 2:1

NMP:H,0 (red), 1:1 NMP:H,O (blue), 0:1 NMP:H,O (orange). Pt counter electrode,

Ag/AgCl reference electrode.
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overcome by electromigration to effectively pull the anion into the polymer network.
This would be especially true in the case of NOs3~, which has the largest free energy of
hydration (AGhyGl).3 3 However, since the AGyyq of ClO4", PFg, and N(SO,CF3), are all
less than that of the AGpyq for NOs™ (Table A2), it is clear that this contribution to the
increase in Ep; is secondary to the size of the anion in the electrolyte of choice.
3.4. Electrochromism

Shown in Figure A12 are images of ITO electrodes coated with 1 pre- and post-
electrolysis at 1.0 V vs. Ag/AgCl in 4:1 NMP:H20-0.1 M NaNO;. Note the blue—green
veins in the oxidized polymer showing that there are distinct regions of functionalized
and non-functionalized polymer that appear to self-segregate when cast from methylene
chloride solution. Previous studies of PPO have shown that the polymer structure can be
controlled by casting the polymer from different organic solvents as well as by

31b, 31c

controlling the relative humidity in the casting environment. We are presently

seeking to adjust the casting procedure to obtain a more homogeneous polymer.

Figure A12. Indium tin oxide electrodes coated with 1 pre- (a) and post-electrolysis (b)
at +1.0 V vs. Ag/AgCl in 4:1 NMP:H,0-0.1 M NaNOs. Pt counter electrode.
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APPENDIX A SUPPLEMENTARY INFORMATION
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Figure A14. 'H NMR of PPO-Br
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