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Carbonic anhydrase mimics for enhanced CO2

absorption in an amine-based capture solvent†
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Two new small-molecule enzyme mimics of carbonic anhydrase were prepared and characterized. These

complexes contain the salen-like ligand bis(hydroxyphenyl)phenanthroline. This ligand is similar to the

salen-type ligands previously incorporated into carbonic anhydrase mimics but contains no hydrolyzable

imine groups and therefore serves as a promising ligand scaffold for the synthesis of a more robust CO2

hydration catalyst. These homogeneous catalysts were investigated for CO2 hydration in concentrated

primary amine solutions through which a dilute CO2 (14%) fluid stream was flowed and showed excep-

tional activity for increased CO2 absorption rates.

Introduction

The emission of greenhouse gases such as carbon dioxide
(CO2) plays a central role in the increase of the Earth’s surface
temperature and ocean acidity, leading to irreversible, detri-
mental climate changes. The majority of anthropogenic
CO2 arises from industrial processes; the largest source is the
combustion of fossil fuels for electricity, which produces bil-
lions of tons of CO2 annually.1 To reduce CO2 emissions, in
January 2014, the US EPA released new recommendations that
all new coal-burning and natural gas-burning power plants in
the USA have emissions limits of 1100 lb and 1000 lb CO2 per
MWh, respectively, of electricity generated.2 These regulations
will require partial implementation of carbon capture and
storage for coal-fired power plants. In June 2014, the EPA
released additional proposed regulations to limit CO2 from
existing electric utility-generating units toward a goal of
cutting CO2 emissions from the power sector by up to 30% by

2030, using 2005 emissions as a baseline.3 Ethanolamine and
other primary and secondary amines can be used to capture
CO2 through direct reaction with CO2 or – in a slower reaction
– with bicarbonate (HCO3

−), the latter of which forms after
CO2 hydration.

4 Increasing the rate of CO2 hydration in amine
solvents could increase the mass transfer coefficients of a
carbon-capture system, thereby significantly lowering capital
costs for carbon-capture plant construction.

Carbon dioxide hydration occurs in nature in metallo-
proteins called carbonic anhydrases (CAs) with rate constants of
up to 106 M−1 s−1 at ambient conditions and at physiological
pH.5 Despite its efficient reaction in nature, the frailty of these
proteins prevents their industrial use in amine-based capture
solvents, as they denature at elevated temperatures and are
inhibited in the highly concentrated amine solutions (∼30 wt
%) employed in carbon capture, which are highly basic and
corrosive (Fig. S1†).6 While CAs are unsuitable for use in the
concentrated, aqueous amine-based solvents used for carbon
capture in power plants, they serve as candidates for the deve-
lopment of biomimetic catalysts for utilization in enhancing
industrial carbon capture and are an inspiration in the design
of enzyme mimics.

The development and study of CA mimics for CO2 hydration
has been explored by several research groups.7 The majority of
mimics studied are structural analogs of the enzyme’s active
site and have shown little to no activity toward CO2 hydration.
Direct structural mimics tend to dimerize, strongly bind
anions, and perform undesirable side reactions due to the lack
of a secondary coordination environment to control the reac-
tion process. The generally accepted mechanism of CO2

hydration by CA and its mimics involves the nucleophilic
attack by a Zn-based hydroxyl group of a dissolved CO2 mole-
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cule, which generates a molecule of bicarbonate (Scheme 1).
Significant catalytic and mechanistic work has been performed
on active-site mimics, including [ZnII(cyclen)(H2O)][ClO4]2, one
of the most efficient mimics.7a–c However, we observed this
complex to be inactive under conditions conducive to indus-
trial carbon capture, i.e. low CO2 (0.14 atm) and high primary
amine concentrations (5 M) (Fig. S2†). We also observed the
inhibition of similar CA mimics due to strong coordination of
anions that block the active site.8 This strong affinity for anion
coordination also inhibits bicarbonate dissociation (Scheme 1,
step 4), thereby inhibiting catalyst activity. This result suggests
that the utilization of ligand environments that donate elec-
tron density into the metal center will facilitate bicarbonate
dissociation and increase the rate of CO2 hydration. Reported
herein is the synthesis of small molecule enzyme mimic
catalysts comprised of zinc centers with electron-donating,
anionic phenanthroline ligands and analysis of CO2 absorp-
tion under conditions conducive to industrial post-combustion
carbon capture.

Results and discussion
Synthesis and characterization of zinc complexes

Salen-like ligand moieties have been extensively used as
ligands for CO2-activating catalysts.9 These types of ligands
decompose in aqueous solutions due to imine hydrolysis,
making them unsuitable for aqueous amine-based post-com-
bustion carbon capture. Therefore ligands with non-hydrolyz-

able imine groups serve as promising ligand scaffolds for the
synthesis of more robust CO2 hydration catalysts. The salen-
like ligand 2,9-bis(2-hydroxyphenyl)-1,10-phenanthroline was
explored as a scaffold for CA mimics.10 The addition of 1.5
equiv. of zinc chloride dissolved in ethanol to a basic ethanol
solution containing the yellow, acid-ligand precursor 2,9-bis(2-
hydroxyphenyl)-1,10-phenanthroline resulted in the isolation
of [(Zn)2(Phen)2Cl(ZnCl)] (1) as a yellow powder in 94% yield
(Scheme 2). The stoichiometry of the reagents has no effect on
the identity of products formed; only the yield is affected. For
example, using a 1 : 1 ratio of metal : ligand in the absence of
pyridine still resulted in the trimetallic complex, but with a
lower yield of 66%.

Slow evaporation of water/acetonitrile (H2O/MeCN) solu-
tions of 1 in the presence of trifuoroacetate anions resulted in
the growth of yellow crystals suitable for analysis by X-ray
diffraction (Fig. 1a). The single crystal X-ray structure of
1–CF3CO2H shows a unique trimetallic structure. While multi-
metallic Zn–salen and salen-like complexes are not rare, they
tend to be based on ligands designed specifically to produce
multimetallic complexes through multiple metalation sites.11

However, we are aware of no examples of similar asymmetric
multi-metallic complexes. Complex 1–CF3CO2H consists of two
enantiomers containing two zinc-phenanthroline moieties
where one (Zn(1)–Phen) contains a pseudo square pyramidal
zinc bound to a phenanthroline-derived ligand in the basal
position and a trifluoroacetate anion in the apical site. The
other zinc–phenanthroline moiety (Zn(2)–Phen) also contains
a pseudo square pyramidal zinc bound to a phenanthroline-

Scheme 1 Proposed mechanism of CA showing (1) deprotonation, (2) CO2 activation, (3) bicarbonate formation, and (4) bicarbonate substitution
with water in which N atoms come from histidine residues.
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derived ligand in the basal plane, but is bridged to Zn(1)–Phen
through an oxygen atom of the phenanthroline ligand in the
apical site. Unexpectedly, a third tetrahedral zinc bridges the
two Zn–Phen moieties. One oxygen atom from Zn(1)–Phen
forms a bridging bond between the two zinc centers, whereas
two oxygen atoms from Zn(2)–Phen form bridging bonds with
the third zinc center. The trimetallic species is therefore based
on 8-coordination bonds, forming a Zn(1)–O–Zn(2)–(O)2–Zn
(3)–O–Zn(1) bicyclic hexagon. Other details of data collection
and structure refinement are provided in Table 1.

Formation of the trinuclear complex causes a profound
difference in the Zn–O distances within each zinc center unit
ranging from 1.967(3) Å to 2.044(3) Å. (Fig. 1b), which is

typical of salen dimers.12 The Zn(1)–O(1) and Zn(1)–O(2)
bonds show longer distances of 2.038(3) Å and 2.044(3) Å,
respectively, while Zn(3)–O(1) and Zn(2)–O(2) show shorter dis-
tances of 1.967(3) Å and 1.960(3) Å, respectively. This arrange-
ment suggests that there is more electron donation to Zn(2)
and Zn(3) compared to Zn(1). The two μ-oxos bridging Zn(2)
and Zn(3) are equidistant within 3σ (2.003 ± 0.005 Å). The
same trend is observed in the Zn–N distances with longer
Zn(1)–N(1) and Zn(1)–N(2) at 2.096 ± 0.001 Å, and shorter
Zn(2)–N(3) and Zn(2)–N(4) distances at 2.026(4) Å and 2.045(4) Å.

The trimer is based on a six-membered bicyclic ring con-
sisting of both axially- and equatorially-coordinated oxygen
atoms. We therefore reasoned that the solid-state structure
may be maintained in solution. While we were unable to
confirm the structure in the solution state by 1H NMR spectro-
scopy in MeCN-d3/pyridine-d5 solutions,13 analysis of the
NMR solutions by electrospray ionization mass spectrometry

Scheme 2 Synthesis of zinc-phenanthroline complexes 1 and 2 from reaction of 2,9-bis(2-hydroxyphenyl)-1,10-phenanthroline with ZnCl2 fol-
lowed by reaction with pyridine.

Fig. 1 (a) [(Zn)2(Phen)2(CO2CF3)(ZnCl)] shown with 50% probability
ellipsoids. Hydrogen atoms are omitted for clarity. (b) Schematic of
selected bond lengths (Å) drawn to correspond to part a. Selected bond
lengths (Å) and angles (°): Zn1–O5 1.984(3), Zn1–O1 2.038(3), Zn1–O2
2.044(3), Zn1–N2 2.095(3), Zn1–N1 2.097(3), Zn2–O2 1.960(3), Zn2–O3
2.001(3), Zn2–O4 2.003(3), Zn2–N3 2.026(4), Zn2–N4 2.045(4), Zn3–O1
1.967(3), Zn3–O3 1.998(3), Zn3–O4 2.008(3), Zn3–Cl 2.2119(12), Zn1–
O1–Zn3 122.35(15), Zn2–O2–Zn1 126.01(13), Zn3–O3–Zn2 93.52(12),
Zn2–O4–Zn3 93.15(13). (c) Solid-state structure of [Zn(Phen)(C5H5N)]
shown with 50% probability ellipsoids. Hydrogen atoms are omitted for
clarity. Selected bond lengths (Å) and angles (°): Zn1–O1 1.9777(15),
Zn1–N1 2.1052(18), Zn1–O2 1.9660(15), Zn1–N2 2.1396(17), Zn1–N3
2.1082(19), N1–C7 1.342(3), N1–C11 1.361(3), N2–C16 1.344(3), N2–C12
1.360(3), O1–C1 1.323(3), O2–C22 1.327(2), O1–Zn–O2 96.99(6), O1–
Zn1–N1 86.42(7), O2–Zn1–N1 155.38(7), O2–Zn1–N2 147.59(7), N1–
Zn1–N2 78.22(7), N2–Zn1–N3 109.18(7), C1–C6–C7–N1–28.1(3), N2–
C16–C17–C22 19.0(3).

Table 1 Crystallographic data and structure parameters for
[(Zn)2(Phen)2(CO2CF3)(ZnCl)] and [Zn(Phen)(C5H5N)]

Complex
[(Zn)2(Phen)2-
(CO2CF3)(ZnCl)]

[Zn(Phen)-
(C5H5N)]

Empirical formula C50H28ClF3N4O6Zn3 C29H19N3O2Zn
Formula weight 1069.32 506.84
T (K) 90.0(2) 90.0(2)
Wavelength 1.54178 A 0.71073
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
Unit cell dimensions
a (Å) 30.6840(5) 16.9326(2)
b (Å) 19.1772(3) 10.5984(1)
c (Å) 19.8222(3) 25.6239(4)
α (°) 90 90
β (°) 127.333(1) 99.4547(6)
γ (°) 90 90
V (Å3) 9274.4(3) 4535.96(10)
Z 8 8
Dcalc (g cm−1) 1.532 1.484
Absorption coefficient (mm−1) 2.901 1.116
Crystal size (mm) 0.12 × 0.08 × 0.06 0.25 × 0.20 × 0.06
θ Range for data collection 2.93 to 68.61 1.61 to 27.51
Index ranges −36 ≤ h ≤ 36 −21 ≤ h ≤ 21

−23 ≤ k ≤ 23 −13 ≤ k ≤ 13
−23 ≤ l ≤ 23 −33 ≤ l ≤ 33

Reflections collected/unique 65 553/8471 71 626/5200
Goodness-of-fit on F2 1.079 1.042
R [I > 2σ(I)] 0.0556 0.0383
wR2 (all data) 0.1643 0.0885
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(ESI-MS) showed molecular ion peaks at m/z 955 and 1108,
corresponding to the molecular weights of the
[(Zn)2(Phen)2(Zn)]

2+ naked core and with two [CD3CN] frag-
ments respectively. These results suggest that the trimeric
structure is maintained in solution and in the presence of
Lewis bases, such as pyridine, under ambient conditions.

To further elucidate the solution-state structure of 1, the
monomeric analog was synthesized for comparison. The
monomer [Zn(Phen)(C5H5N)] (2) was prepared by heating
MeCN solutions of 1 in the presence of a large excess of pyri-
dine at 80 °C for 15 h (Scheme 2). Slow cooling of a concen-
trated solution of 2 yielded dark yellow-brown crystals suitable
for analysis by X-ray diffraction. A single crystal structure of 2
is shown is Fig. 1c. The structure contains a distorted square
pyramidal zinc bound to a phenanthroline-derived ligand in
the basal plane and a pyridine in the apical site. Additionally,
one MeCN and one pyridine solvent molecule are contained in
each asymmetric unit, but are not bound to zinc. The metal–
ligand Zn–O and Zn–N bond distances are equidistant within
3σ, 1.97 ± 0.01 and 2.125 ± 0.015, respectively, which is typical
of ZnII complexes and suggests that the presence of pyridine
prevents dimer formation.14

The 1H NMR spectrum of 1 and 2 in pyridine-d5 showed
indistinguishable signals for both the phenanthroline and aryl
protons. However, the solution-state structures of the two com-
plexes were differentiated by alternative methods. Analysis of
an MeCN/pyridine solution of 2 by ESI-MS and MALDI-TOF
showed molecular ion peaks at m/z 427, corresponding to the
molecular weight of [Zn(Phen)]+. Also, 2 is soluble in MeCN
while 1 requires the addition of pyridine to dissolve. These
results suggest that the solution-state structure of the two com-
plexes are different and that the trimer structure of 1 may be
maintained in solution at ambient temperatures over a short
time period.

Reactions with simulated flue gas

Upon identification of the potential CO2 hydration catalysts,
we embarked on testing their catalytic activities under con-
ditions conducive to post-combustion carbon capture. Toward
this goal, we utilized a rapid screening method designed as a
lab-scale mimic of industrial amine-based scrubber towers to
test homogeneous catalysts for CO2 hydration under con-
ditions conducive to industrial settings, termed delta-pH
(Fig. S3†).15 Unfortunately, neither catalyst dissolved in con-
centrated aqueous amine-based solvents. However, addition of
MeCN as a solubilizing agent allowed for formation of homo-
genous solutions of 2. While the addition of MeCN solubi-
lizes 2 in the aqueous amine-based carbon capture solvent, it
was necessary to use large amounts of pyridine to dissolve 1,
making the trimeric complex an unsuitable catalyst choice for
post-combustion capture in its current state. Thus our CO2

capture studies focus only on 2. Passing a stream of simulated
flue gas through a solution of 2 at ∼0.03 mM in the carbon
capture solvent (24% monoethanolamine (MEA), 20% MeCN,
56% H2O) at ambient temperatures resulted in a more rapid
drop in pH value than without 2. This result demonstrates a

more rapid rate of hydration of CO2 when 2 is utilized and a
greater absorption rate of CO2 in the capture solution.

Analysis of the reaction mixture by UV-vis spectroscopy
after exposure to CO2 reveals that >95% of the catalyst
remained intact. At a pH >10.5, the rate of CO2 hydration is
dominated by [OH]− anions. For this reason, we normalized
the starting point of the delta-pH data to a value of 10.5 with
an end point around pH 9.2 (Fig. 2a). This corresponds to the
working range of the solvent and represents the conditions
that would be observed in the absorber tower.16 The most sig-
nificant effect, observed between the pH range of 9.8 to 9.2,
corresponds to the carbon-rich solution, represented at the
bottom of the scrubber tower where the lowest rates of CO2

hydration are measured.17 A 15% increase in CO2 absorption
rate was observed compared to the baseline capture solvent
without catalyst. Rate constants for 2 toward CO2 hydration are
unable to be extracted using this delta-pH method. However,
in order for the catalyst to contribute to the overall CO2 absorp-
tion rate in primary amines such as MEA, second order rate

Fig. 2 (a) Delta-pH of CO2 absorption of the capture solvent (24%
MEA, 20% MeCN, 56% H2O), “blank” (blue line) and in the presence of
0.032 mmol 2 (green line) and (b) removal rates of CO2 absorption utiliz-
ing a breakthrough solvent evaluation apparatus of the capture solvent
(24% MEA, 20% MeCN, 56% H2O), “blank” (blue line) and in the presence
of 0.032 mmol 2 (green line).
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constants >105 M−1 s−1 are required (eqn (S1) and (S2)†).18

This requirement is roughly two orders of magnitude larger
than the current state-of-the-art [Zn(cyclen)(H2O)]

2+ system.
The results of the delta-pH experiment described above are

encouraging and warrant a more detailed investigation into
the catalytic solvent system. Toward this goal we utilized a
breakthrough solvent evaluation apparatus. Similar to the
delta-pH process, a stream of simulated flue gas consisting of
14% CO2 with N2 span gas was bubbled through an impinger
containing the solvent. The CO2 vol% in the efflux stream was
measured, and the removal rate of CO2 determined (Fig. 2b).
In the presence of 2, an increase in removal rate of CO2 of
∼25% was observed. This enhancement was observed, and
near constant, over the solvent working range of carbon
loading = 0.2–0.4 mol CO2 per mol amine.

The testing of homogeneous CO2 hydration catalysts has
only been reported in dilute tertiary amine or carbonate salt
solutions in the presence of a concentrated CO2 stream. These
experiments are a far reach from conditions observed in post-
combustion carbon capture, which typically utilize concen-
trated amine-based solvents and a dilute CO2 stream (14%).
We tentatively rationalize the capability of 2 to show enhanced
CO2 absorption in concentrated primary amines by increased
electron donation into the Zn(II) metal center from the dian-
ionic ligand, which facilitates the dissociation of bicarbonate
(Scheme 1, step 4). This is believed to be the rate-limiting step
and largest barrier for catalyst to overcome.7a Unlike the
[ZnII(cyclen)(H2O)]

2+ system, which is strongly inhibited by anions
like bicarbonate, the [ZnII(Phen)] core disfavours anion coordi-
nation due to the large electron density around the metal
center. The increased electron donation into the Zn(II) center
may facilitate bicarbonate dissociation but would also increase
the pKa of the aqua proton (Scheme 1, step 1). Fortunately, the
pKa is not increased to a point of inhibition from the inability
to generate a needed metal hydroxo complex. This enhanced
activity is also observed with structurally analogous com-
pounds tested in our laboratory.18

Computational studies

As part of an effort to predict and explain the catalytic pro-
perties, behaviours, and catalysis mechanism of synthesized
CA mimics under industrially-relevant conditions, density
functional theory (DFT) calculations were employed at the
M11/cc-pVDZ level.19,20 Fig. 1a shows that the aromatic system
connecting Zn1 to Zn2 in complex 1 are in close proximity to
each other and show an interaction via a π-stacking, which
poses a computational challenges. For the calculations, the
M11/cc-pVDZ theory and basis set combination successfully
reproduced the π-stacking orientation observed in the solid
state structure of 1, while the more popular basis set, LACVP,
which is frequently used for transition metal complexes, failed
to reproduce this π-stacking orientation. LACVP applies the
LANL2DZ effective core potential only on heavy atoms and
models all other atoms with the 6-31G basis set. The effective
core potential lacks an accurate description of zinc; its coordi-
nation shell is poorly described and unable to reproduce the

π-stacking orientation. Molecular geometry optimizations were
carried out for both complexes to compare to crystal structure
geometries. For both complexes, the backbones were well pre-
served during optimization (Table S1†), with root-mean-square
deviation values of 0.328 and 0.009 for the non-H atoms
between the crystal structures and optimized geometries for
complexes 1 and 2, respectively (Fig. S5†). Molecular geome-
tries were calculated for three species thought to be involved
in the catalytic process of 2, namely Zn–OH2, [Zn–OH]−, and
[Zn–HCO3]

− in order to study Zn–OH2 deprotonation, CO2 acti-
vation, and bicarbonate formation step as shown in Scheme 1
and compare them to CA catalysis. For these three species, the
backbone geometries showed little change as a result of the
optimization, but significant variation was observed in the Zn–
O′ distances, with bond lengths of 2.163, 1.882, and 1.975 Å in
the Zn–H2O, [Zn–OH]−, and [Zn–HCO3]

− species, respectively,
which indicates variable binding strengths to the metal center
(Fig. S5c†).

Kinetic studies revealed that the rate-limiting step for CA
catalysis is the protolysis of water, and the same has been
observed in the CA mimic zinc aza-macrocyclic catalysts (Zn–
cyclens).21 The acid dissociation constant (pKa) is a good
measure of the level of ease for Zn–OH2 deprotonation. Our
calculations of 2 revealed a pKa of 9.3, which is higher than
wild type CA (pKa ∼ 6.8) and the two reported most-active Zn-
cyclen catalysts, M2 (14 710-tetraazacyclotridecane, pKa 8.1
[exp.]/7.6[comput.]) and M3 (1,4,7,10-tetraazacyclododecane,
pKa 8.3[exp.]/7.6[comput.]) (Fig S6†).21 However, this pKa value
implies that the Zn–OH2 species of 2 is readily deprotonated in
concentrated primary amine environments (pH 9.2–10.5). The
increase in pKa agrees with the Kiefer and Fierke study where
the mutation of zinc bound histidine [Zn–N] to aspartic acid
[Zn–O] (H119D or H94D) in CA resulted in much higher pKa of
CA zinc bound water (8.6 and 9.6, respectively).22 Because of
the basic environmental conditions of post-combustion
carbon capture, the ability for 2 to deprotonate its zinc bound
water is likely comparable to CA or Zn–cyclens.

To better understand the catalytic behaviour of 2, we
studied the CO2 addition step by monitoring the (Zn–)O′⋯C
(O2) distance as the reaction coordinate (RC), and scanning
the potential energy surface along the bond. We also calcu-
lated the structure of the transition state (TS). A nearly barrier-
less downhill energy curve was observed for this process. A
CO2 and [Zn–OH]− association complex was not found using
restraint-free optimization, and the energy of the TS, where the
RC of 2.14 Å, is approximately 0.3 kcal mol−1 higher than the
RC of 2.20 Å, immediately before the formation of the TS
(Fig. S7†). Notably, the TS is located fairly early in the RC com-
pared to other such small-molecule catalysts, suggesting the
hydroxo ligand in the [Zn–OH]− complex is a strong nucleo-
phile.21,23,24 The zinc-bound hydroxo moiety may destabilize a
potential association complex, and result in an almost spon-
taneous reaction. On the other hand, the highest occupied
molecular orbitals (HOMOs) of both [Zn–OH]− and [Zn–
HCO3]

− (Fig. 3a) show more electron density around the O′
atom in [Zn–OH]− than the O′ in [Zn–HCO3]

−, and again
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suggest a nucleophilic zinc-bound hydroxo ligand would be
reactive toward CO2. In order to quantify the nucleophilicity of
the [Zn–OH]− species of 2 to Zn–cyclen M2 and M3, we per-
formed natural population analysis (NPA). To best represent 2
under the experimental solution conditions, we used the
dielectric constant of MeCN (37.5) to represent MEA (37.7),
since the experimentally-measured dielectric constant for
MeCN–water mixtures have been published.25 In the gas
phase, the charge of hydroxo oxygen of 2, M2, and M3 are
−1.293, −1.307 and −1.298, respectively. When solvation
effects are included, the hydroxo oxygen charges of 2, M2, and
M3 are −1.367 when the solvent is a MeCN–water mixture.
However, as shown in Table 2, row 4, when the solvent is water
the hydroxo oxygen charges of 2, M2, and M3 are −1.367,
−1.330, and −1.327 respectively. The greater negative charge
from NPA suggests that the hydroxo ligand in 2 is more nucleo-
philic. In addition, the bond distance of the Zn–O(H) bond
can be used to estimate the extent of the hydroxide character
and compared to estimate the hydroxo nucleophilicity across
different catalysts; the longer Zn–O(H) distance means a more
weakly bound [OH]− and thus a stronger nucleophile.21 Such
Zn–O(H) bond distances in 2, M2, and M3 are 1.882, 1.865,
and 1.849 Å, respectively (Table 2). The NPA and bond dis-
tances suggest a more nucleophilic zinc bound hydroxo ligand
and should indicate an increase in the observed rate of CO2

conversion to [HCO3]
−.

Finally, we modelled different poses of the [Zn–HCO3]
−

complex and computed the bond dissociation energy (BDE) for

bicarbonate release (the enthalpy change associated with the
bond breaking between Zn and HCO3

−, see Computational
details). Structurally, the optimized [Zn–HCO3]

− complex fea-
tures the Lipscomb orientation with the –OH moiety facing up,
perpendicular to the ring plane and an η1 bicarbonate.26

Although zinc can also adopt bidentate, η2 coordination, the
resulting distorted octahedral coordination increases the
energy by ∼5.5 kcal mol−1, making it less favoured than the η1

coordination structure. In fact, previous studies show that η1

bicarbonate coordination is vital for the release of bicarbo-
nate.27 The HOMO of [Zn–HCO3]

− shows more electron density
around the Zn(II) metal center than in [Zn–OH]− (Fig. 3b), and
suggest a relatively weak coordination between Zn(II) and bi-
carbonate. The calculated BDE is 58.2 kcal mol−1, around 3- to
5-fold smaller than the BDE of 219.2 to 251.4 kcal mol−1

reported for various Zn–cyclen catalysts (Table 2).21 This differ-
ence is unsurprising given that the equilibrated Zn–O dis-
tances in [Zn–HCO3]

− are 2.163, 2.094, and 2.061 Å for 2, M2,
and M3, respectively (Table 2). A longer Zn–O distance indi-
cates a weakly bound bicarbonate, which is more labile. The
smaller BDE can also be explained by NPA. NPA on the
[Zn–HCO3]

− species for the catalysts of interest, which revealed
a 1.666, 1.357, and 1.360 charge for the Zn center in 2, M2,
and M3 in the gas phase, and 1.645 (in water and MeCN–water
mixture), 1.378, and 1.379, respectively when accounting for
solvation effects (Table 2). The more positive zinc center in 2
indicates more charge donation to the metal center and lower
Lewis acidity of the complexed Zn(II). The decreased Lewis
acidity leads to a more weakly-bound bicarbonate and a more
labile bicarbonate release.21 Although deprotonation of
Zn–OH2 is the rate limiting step for CA, the release of zinc-
bound bicarbonate is vital to the successful turnover of the
catalytic cycle and could become the rate-limiting step when
zinc-bound water is readily deprotonated in solution, as it is in
Zn–cyclen and likely in 2.21,28 The large improvement of
2 releasing bicarbonate over Zn–cyclen may be the main cause
for the observed enhanced absorption rate of CO2.

Zn–cyclens most closely represent the zinc complex in the
CA active site; however, their activities are still far below CA.
Two possible reasons for the lowered activity are: (1) CA has a
pocket set up for orientating CO2 to attack the zinc bound
hydroxo ligand, while Zn–cyclens have no pockets, and/or (2)
the high BDEs associated with the bicarbonate release for Zn–
cyclens due to a lack of a secondary coordination environment.
To improve the orientation of CO2 attack in small molecule
catalysts is difficult. Extensions or “side chains” would need to
be synthesized to confine the approaching CO2, resulting in
large and complex structures.21,28 However, lowering the BDEs
associated with bicarbonate release is possible. In fact,
complex 2 significantly lowered bicarbonate release BDEs, via
the change of zinc coordination from Zn-3Ns (of Zn–cyclens)
to Zn- (2Ns, 2Os). Changing the chelating atoms not only
enhances the reactivity of [Zn–OH]− species (compared to Zn–
cyclens) but also keeps the catalytic mechanism unaltered and
represents the CA catalytic cycle. In fact, this design is not far
from the naturally occurring catalytic complex in CA where

Fig. 3 HOMO of (a) Zn–OH− and (b) Zn–HCO3
− species and a zoom-in

view of the metal center at the upper right corner. Blue and white rep-
resent positive and negative intensity values respectively.

Table 2 Calculated bond lengths, atomic charges and bond dis-
sociation energy for compound 2 and Zn–cyclens, M2 and M3

Parameter 2 M2 M3

Zn–O bond length (Å), [Zn–OH]− 1.882 1.865 1.849
Zn–O bond length (Å), [Zn–HCO3]

− 1.984 1.952 1.942
Zn–O bond length (Å), Zn–H2O 2.163 2.094 2.061
O charge [Zn–OH]−, solvent −1.367 −1.330 −1.327
O charge [Zn–OH]−, gas −1.293 −1.307 −1.298
Zn charge [Zn–HCO3]

−, solvent 1.645 1.378 1.379
Zn charge [Zn–HCO3]

−, gas 1.666 1.357 1.360
[Zn–HCO3]

− BDE (kcal mol−1) 58.2 221.2 225.2
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cobalt replaces zinc, and the enzyme adopts a Co (3Ns, 1O) (3
His and one water) to enhance bicarbonate release.27 The
superposition of 2 and CA complexed with bicarbonate (PDB
1XEG) shows an unique alignment where Zn–N(His94) and
Zn–N(His119) are replaced by two Zn–O coordinations, while
Zn–N(His96) lies between the two Zn–N coordinations of 2
(Fig. 4). The zinc-bound bicarbonate of CA, and 2 are all well
aligned.

Conclusion

In summary, 2 exhibits a remarkable increase in CO2 absorp-
tion rates in concentrated primary amine-based solutions from
dilute fluid streams. Key to success of 2 is the use of a dian-
ionic ligand capable of donating electron density to the Zn(II)
metal center. This mediates the regeneration of the catalyti-
cally-active form by facilitating the dissociation of bicarbonate,
which is typically the rate-limiting step of the reaction when
under conditions conducive to carbon capture: pH values >9.
The lower barrier to bicarbonate dissociation is likely the key
difference leading to the high efficiency of 2. Ongoing efforts
in our laboratories are focused on increasing the solubility of
derivatives of these complexes and lowering the pKa of the
aqua proton while maintaining enhanced kinetics.

Experimental details
General considerations

Routine NMR spectra were acquired on a Varian Gemini
400 MHz spectrometer (400.392 MHz for 1H). All chemical
shifts are reported in parts per million (ppm) relative to TMS
at 0 ppm with the residual solvent peak serving as the internal

reference. All mass spectra were obtained by the University of
Kentucky Mass Spectrometry Facility. Matrix-assisted laser de-
sorption/ionization time-of-flight-mass spectrometry (MALDI-
TOF) spectra were obtained using a Bruker UItraflextreme
operated in the Pos(+) ion mode. Electrospray ionization time-
of-flight mass spectrometry (ESI-TOFMS) was obtained using
an Agilent 6224 time-of-flight mass spectrometer operated in
the Pos(+) ion mode of MeCN-d3/pyridine-d5 solutions. X-ray
diffraction data was collected at 90 K on either a Nonius Kappa
CCD diffractometer or a Bruker-Nonius X8 Proteum diffracto-
meter. Crystal indexing and data processing were performed
with DENZO-SMN (KappaCCD) and Bruker APEX2 (X8
Proteum). The structures were solved with SHELXS-97 and
refined with SHELXL-97. Elemental analyses were performed
by Atlantic Microlab, Inc., Norcross, GA. All analyses were per-
formed in duplicate, and the reported compositions are the
average of the two runs.

Methods and materials

Ethanol, toluene, diethyl ether, dichloromethane, ethyl
acetate, hexane, and acetonitrile were purchased from Phar-
maco-Aaper. Compressed nitrogen (ultra high purity) and
carbon dioxide gases were used as received from Scott-Gross
Company Inc. Antifoam (30-S) was obtained from Magrabar
Chemical Corporation. Deuterated pyridine (C5H5N-d5) was
purchased from Cambridge Isotope Laboratories and used as
received. Monoethanolamine was purchased from Univar and
used as received. 2,9-Bis(2-hydroxyphenyl)-1,10-phenanthro-
line was prepared by literature methods.1 All characterization
data matched those referenced. All other reagents were pur-
chased from Acros Organics or Sigma-Aldrich and used as
received.

Preparation of zinc trimetallic complex [(Zn)2(Phen)2Cl
(ZnCl)] (1). To a 100 mL round-bottomed flask was added 2,9-
bis(2-hydroxyphenyl)-1,10-phenanthroline (75.0 mg,
0.206 mmol), ZnCl2 (50 mg, 0.368 mmol), and EtOH (25 mL),
resulting in a slurry. Triethylamine (0.06 mL, 0.45 mmol) was
added slowly to the mixture. The reaction flask was immersed
in a silicone oil bath at 80 °C and was stirred for 3 h followed
by an ice bath for 60 min. The reaction mixture was then fil-
tered with a Büchner funnel, and the isolated solid was
washed with dichloromethane (3 × 10 mL) to give the desired
product, a yellow powder (96 mg, 94%). X-ray quality crystals
were grown from water/MeCN (1 : 1) solutions in the presence
of sodium trifluoroacetate. MALDI-TOF (m/z): 955 [M − Cl]+.
Samples used for electrospray ionization mass spectrometry
were from NMR samples in deuterated acetonitrile-d3 pyridine-
d5 mixtures. ESI-MS (m/z): 1108 [M − 2Cl + 2CD3CN]; 955 [M −
2Cl + H]+. 1H NMR (400 MHz, C5D5N, δ): 6.77 (td, 2H, J = 7 Hz,
J = 1 Hz); 7.42 (td, 2H, J = 7 Hz, J = 1 Hz); 7.54 (dd, 2H, J =
7 Hz, J = 1 Hz); 7.77 (s, 2H); 8.04 (dd, 2H, J = 7 Hz, J = 1 Hz);
8.33 (m, 4H); 13C NMR (400 MHz, C5D5N, δ): 172.5, 160.2,
139.8, 138.8, 133.7, 130.8, 126.4, 125.9, 125.4, 123.5, 121.1,
114.4. Samples of [(Zn)2(Phen)2Cl(ZnCl)] for elemental analysis
contained 1 molecule of H2O. Water is also observed in the
1H NMR. The reported analysis is for [(Zn)2(Phen)2Cl(ZnCl)]·H2O.

Fig. 4 The alignment of zinc complex in the human carbonic
anhydrase II (carbons of zinc bound sidechains/ligands in black, Protein
Data Bank ID 1XEG, see http://www.rcsb.org to access Protein Data
Bank) and 2 (carbons in pink).
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Anal. Calcd for C48H30N4O5Cl2Zn3: C, 57.09; H, 2.99; N, 5.55;
Found: C, 57.19; H, 3.28; N, 5.35.

Preparation of zinc monomer complex [Zn(Phen)(C5H5N)]
(2). To a 50 mL round-bottomed flask was added
[(Zn)2(Phen)2Cl(ZnCl)] (212 mg, 0.214 mmol) dissolved in a
1 : 1 solution of MeCN : C5H5N (20 mL). The reaction flask was
immersed in a silicone oil bath at 70 °C and was stirred for
3 h, yielding a clear, dark brown solution, which was slowly
cooled to ambient temperature and stored at 8 °C for 15 h to
precipitate the desired product. Filtration through a fritted
funnel, then washing with hexanes (3 × 5 mL), afforded dark
yellow/brown crystals of [Zn(Phen)(C5H5N)] (138.3 mg, 64%).
1H NMR (400 MHz, C5D5N, δ): 6.77 (td, 2H, J = 7 Hz, J = 1 Hz);
7.42 (td, 2H, J = 7 Hz, J = 1 Hz); 7.54 (dd, 2H, J = 7 Hz, J =
1 Hz); 7.77 (s, 2H); 8.04 (dd, 2H, J = 7 Hz, J = 1 Hz); 8.33
(m, 4H). MALDI-TOF (m/z): 427 [M + H –C5H5N]. Samples of
[Zn(Phen)(C5H5N)] for elemental analysis contained 0.5 equiv.
of H2O. H2O is also observed in the 1H NMR spectrum. The
reported analysis is for [Zn(Phen)(C5H5N)]·0.5 H2O. Anal.
Calcd for C26H20N3O2.5Zn: C, 67.52; H, 3.91; N, 8.15; Found:
C, 67.71; H, 4.10; N, 8.37.

CO2 absorption studies

Representative procedure for CO2 absorption studies: delta-
pH solvent evaluation method. In a representative procedure,
a carbon capture solvent stock solution was prepared (24%
MEA, 20% MeCN, 56% H2O) containing 0.01 wt% antifoam
(30-S Antifoam). All subsequent solutions were made from
this stock solution. To a 3-necked 250 mL round-bottomed
flask was added [Zn(Phen)(C5H5N)] (0.032 mmol) dissolved in
the MEA stock solution (25.0 mL). A pH probe was immersed
in the solution through one neck, and an impinger was
immersed in the solution through another neck of the flask.
The solution was loaded with CO2 by bubbling a water-satu-
rated stream of 14 vol% CO2 gas in N2 supplied through a
flow meter (Concoa) at 50 mL min−1 through the solution.
Reaction progress was monitored by the change in pH over
time, which decreased as CO2 was absorbed. Controls were
performed in which (1) ZnCl2 was used instead of [Zn(Phen)
(C5H5N)] and at the same molarity and (2) in which no
source of zinc was incorporated into the solution (called
“blank”).

Breakthrough solvent evaluation method. The breakthrough
solvent evaluation apparatus consists of a 30 mL gas saturator,
a bubbler that contained 50 mL of solution, two condensers,
and a CO2 analyzer. Both saturator and bubbler were made of
Pyrex®, and were immersed in a water bath maintained at
testing temperature. A CO2 feed gas stream balanced with N2

was saturated with water in the saturator and bubbled through
the testing solvent in the bubbler. The gas effluent was dried
and analyzed for CO2 concentration using a CO2 analyzer
(VIA-510, HORIBA, 0.5% precision). Data of CO2 outlet concen-
tration with respect to time was continuously recorded with
1 second interval using an in-house Labview program.

The difference of inlet and outlet CO2 concentration rep-
resents the absorbed amount of CO2 at a particular time. The

integration of the concentration difference represents the CO2

loading as expressed here

CO2 loading ðmolCO2 per kg solutionÞ ¼
Ð t
0 ðCin � CoutðtÞÞdt

msol

in which Cin is the CO2 feed gas rate in mol s−1 going into the
carbon capture solution, Cout is the CO2 effluent rate in mol
s−1 exiting the carbon capture solution, t is time in second,
and msol is the total mass of solution in kg. The CO2 loading
refers to the total amount of CO2 dissolved in the carbon
capture solution as amine carbamate, carbonate, bicarbonate,
carbonic acid, and CO2(aq).

In addition, the absorption rate can be described by the
derivate of CO2 loading with respect to time:

Absorption rate ðmolCO2 per kg solution per sÞ ¼ dCO2 loading
dt

Computational details

The coordinates of complexes 1 and 2 from the crystal struc-
tures were used as initial starting structures for our calcu-
lations. For 2, the crystal structure and Zn–H2O, Zn–OH

−, and
Zn–HCO3

− species (Scheme 1) were also modelled to better
understand the catalysis pathway. However, for 1 the catalysis
pathway is more complicated, and thus only the geometry
optimization of the crystal structure is reported here. All geo-
metry optimization calculations were performed with the M11
functional coupled with cc-pVDZ basis set.19,20 All calculations
were carried out using GAMESS,29 and the molecular orbitals
were plotted using Molekel.30 For geometry optimizations,
only the lowest-energy conformation is included.

The bicarbonate dissociation energy is calculated as

Edissociation ¼ EZn–HCO3 � ðEcomplex � EHCO3Þ;
where Ecomplex refers to the energy of the crystal structure with
pyridine removed.

The transition state (TS) for the CO2 addition to Zn–OH−

complex was also modelled, and the barrier was estimated
using the following equation:

ETS barrier ¼ ETS � EMOH���CO2 ;

where the second term on the right corresponds to the energy
of the Zn–OH− and CO2 association complex, and was esti-
mated from a series of constraint geometry optimizations that
incremented CO2 from a distance of 3.0 Å to 1.6 Å away from
the hydroxo group. The pKa was calculated using a widely used
thermodynamic cycle. The detail of the procedure has been
described elsewhere.21
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