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ABSTRACT: Cyclodextrin-derived metal—organic frameworks
(MOFs) are remarkable not only because of their ability to absorb
carbon dioxide strongly and reversibly but also because they can be
readily obtained from inexpensive, renewable, and environmentally
benign components. Despite the wealth of data on the carbon
dioxide intake by CD-MOF-2, a representative of these MOFs, the
nature and structural characteristics of its diverse adsorption sites,
capable of binding CO, in the irreversible, reversible, and weak
regimes, remain unclear. A comprehensive analysis of the results of
the density functional theory modeling performed in this work in
conjunction with experimental data shows that the hydroxyl
counterions in CD-MOF-2 pull the protons away from the
cyclodextrin alcohol groups, increasing their nucleophilic strength
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and turning them into strongly binding alkoxide chemisorption sites. At the same time, the diverse hydrogen bonding environments
of the alkoxide sites reduce their nucleophilic character to a different extent, tuning their CO, binding to become irreversible,
reversible, or weak. By linking the acid—base proton equilibrium and hydrogen bonding—two chemical concepts widely used for
liquids—to the strength of the CO, binding in CD-MOEF-2, this work suggests new strategies for advancing design of tunable solid

materials for CO, capture or detection.

B INTRODUCTION

Rising anthropogenic emission of carbon dioxide and the
concomitant increase of the average global temperature' has
created an urgent need to reduce the atmospheric levels of
CO, or at least halt their rise.” Until long-term solutions to this
challenge such as sunlight-driven conversion of CO, into fuels
reach maturity, carbon dioxide capture and storage (CCS) is
envisioned as an important short-term strategy to lower
atmospheric CO, concentration. During the capture step of
CCS, carbon dioxide from flue gas must be separated from
other gases to create a high-purity CO, stream that is
sequestered in the subsequent storage step. The adsorption of
carbon dioxide followed by its release is proposed as one of the
most reliable ways to capture CO, selectively. Therefore, low-
cost environmentally benign materials capable of adsorbing
large quantities of CO, fast, selectively, and reversibly are being
actively sought.’

Physisorption of carbon dioxide—that is, CO, binding
through weak electrostatic, hydrophobic, or van der Waals
forces—has been extensively studied experimentally and
computationally as a promising carbon capture procedure.*”®
Significant research effort has also been devoted to CO,
chemisorption—binding of carbon dioxide through stronger
chemical bonds such as covalent, ionic, or metallic.>’~"!
Because of the strong CO, binding, chemisorption is viewed as
an important strategy to increase the adsorption capacity of
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materials. However, carbon dioxide is often bound too strongly
in the process of chemisorption, making its release difficult and
thus energetically costly. High activation barriers of chem-
isorption reactions often make the absorption and release slow.
Fortunately, there is a variety of chemisorption reactions; the
thermodynamics and kinetics of which can be tuned to the
desired range."””"”

Metal—organic frameworks (MOFs), long known for their
ability to absorb large amount of gas efficiently,”' " have
recently been gaining attention as promising carbon capture
materials.”*~** While most studies of carbon capture in MOFs
have focused on CO, physisorption, it has been found that
MOFs can bind carbon dioxide chemically. In this respect, a
family of MOFs based on y-cyclodextrin® are of particular
interest not only because of their remarkable ability to absorb
carbon dioxide strongly and reversibly”® but also because they
can be synthesized from green components.”” It has been
reported that MOFs with body-centered cubic structure can be
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Figure 1. (a) Cyclic arrangement of y-cyclodextrin (CD) showing eight a-1,4-linked p-glucopyranosyl residues with the primary alcohol groups
colored red. (b) Repeating maltosyl unit of CD with attached rubidium ions. (c) Cubic unit cell of CD-MOF-2 with carbon, oxygen, and rubidium
atoms shown with cyan, red, and pink colors, respectively. The primary faces of the six CD tori point inward, whereas the secondary faces are

oriented outward. The CD tori are connected via rubidium cations, forming an extended crystal structure.

25,26,28

crystallized at ambient temperature and pressure from the
solution of y-cyclodextrin (CD) and alkali halides in the
mixture of water and ethanol”’—substances that are
inexpensive, renewable, enwronmentally benign, and even
edible. X-ray diffraction has shown™® that the cubic unit cell of
CD-MOEF-2—the y-cyclodextrin MOF obtained using RbOH
instead of halides—contains six CD units linked by rubidium
ions (Figure 1).

Initial gas-uptake experiments have indicated”””" that the
activated dry form of CD-MOF-2—with an empirical formula
of the unit cell®™*”*° given by [(C¢H,Os)s(RbOH),]s—
absorbs CO, with very high selectivity over CH,”® and C,H,.”’
Because of the steep rise of the CO, adsorption isotherm, it
has been suggested that CO, forms strong covalent bonds with
adsorption sites in this MOF. At the same time, the color of a
methyl red pH indicator diffused into the pores of CD-MOF-2
has been found to change reversibly with the application and
release of CO2 pressure, indicating that the CO, binding is also
reversible.”*"

Subsequent calorimetry experiments have been used to
measure the enthalpy of the CO, adsorption directly.”® They
have revealed that, at near-zero coverage, CO, is chemisorbed
irreversibly with the enthalpy of —113.5 kJ/mol, whereas at
higher coverage, the binding becomes reversible and the
chemisorption enthalpy increases to —65.4 kJ/mol. At yet
higher coverage, the weaker binding with the enthalpy of
—40.1 kJ/mol has been observed and attributed to physisorbed
CO,.

With the accumulatlon of experimental data, it has been
hypothesized”® that CO, is chemisorbed by reacting with
weakly nucleophilic alcohol groups on CD units and forming
the alkylcarbonic adduct. This hypothesis has been supported
by "*C nuclear magnetic resonance (NMR) spectra of CD-
MOEF-2 that exhibit a new 158 ppm peak when exposed to
CO0,*** The possibility of CO, reacting with hydroxyl
counterions of CD-MOF-2 have been eliminated in control
studies that use weakly basic fluoride counterions in CD-MOF-
2 but still exhibit the 158 ppm peak upon exposure to CO,.
The reversibility of CO, uptake has been suggested as further
evidence that CO, does not react with hydroxyl counterions
since the latter process is known to be irreversible. It has also
been speculated that more reactive primary alcohol 1 groups
chemisorb CO, stronger than the secondary groups.”*’

Despite the wealth of experimental data, there are multiple
unanswered questions about the microscopic mechanism of
the CO, binding in CD-MOF-2. One of the key questions is
why alcohol groups, which are known to be inert to CO, in
simple alcohols,* react with carbon dioxide in CD-MOF-2. It
is also unclear what is the atomistic structure of adsorption
sites, and if CO, binds exclusively to alcohol groups, why the
adsorption enthalpy differs drastically for different sites. With
the enormous practical importance of strong and reversible
CO, binding, answering these fundamental questions can help
modify the chemistry of MOFs and help design better
materials for CCS and multiple other apphcatlons such as
gas separatlon,29 34 CO, detection in gas mlxtures, electro-
chemical sensing of COZ,3535 and MOF-based memristors.* >’

In this work, atomistic modeling of CO, binding in CD-
MOF-2 was performed to answer these questions and advance
the fundamental understanding of CO, chemisorption. While
computational methods have been widely used to design
materials that utlllze the physisorption process in MOFs for
CCS applications,”®™** computational studies of chemisorp-
tion have been limited.'®'”*® This is partially because the
bond formation in chemisorption processes cannot be
described with traditional force field methods and typically
requires more computationally demanding electronic structure
methods such as density functional theory (DFT).

B COMPUTATIONAL MODELS AND METHODS

All calculations were performed using the DFT module of the
CP2K software package.”® The dispersion-corrected”’ gener-
alized gradient approximation of Becke and Lee—Yang—Parr
(BLYP)*®* was used as the exchange-correlation functional.
In the dual Gaussian and plane-wave scheme implemented in
CP2K,” double-{ valence basis set with one set of polarization
functions (DZVP)*" and triple-{ valence (TZV2P) with two
set of polarization functions were used to represent atomic
orbitals of Rb atoms and all other atoms, respectively. A plane-
wave cutoff of 300 Ry was used to describe the electron
density. Separable norm-conserving Goedecker—Teter—Hutter
pseudopotentials were used to describe interactions between
valence electrons and ionic cores.””>” The self-consistent field
procedure was carried out usmg the direct minimization orbital
transformation approach®* with the kinetic preconditioner. For
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negatively charged unit cells, calculations were done with the
positive neutralizing uniform background. Atomic positions of
all atoms were optimized using the limited-memory Broyden—
Fletcher—Goldfarb—Shanno algorithm until the maximum
force on atoms decreased below 0.00045 au.

A model of the unit cell of CD-MOF-2 was constructed
using crystallographic data® obtained from the Cambridge
Crystallographic Data Centre.”° To reproduce partial site
occupation, rubidium cations were placed randomly in a half of
the available crystallographic sites. Hydroxyl counterions, the
precise positions of which cannot be obtained in X-ray
diffraction experiments, were coordinated on rubidium ions.
Water molecules were removed to obtain a unit cell with the
stoichiometric formula [(C4H,;,O;5)s(RbOH),]s that is in
agreement with the composition of the degassed CD-MOEF-2
used in CO, adsorption experiments”>*® Atomic positions
were optimized with lattice parameters fixed at their
experimental values.

In addition to performing simple geometry relaxation of the
experimentally determined crystal structure of CD-MOF-2, 2
ps constant volume constant temperature ab initio molecular
dynamics (AIMD) simulations were carried out at T = 400 K
followed by the geometry optimization of the last AIMD
snapshot. This was done to allow the thermal motion in AIMD
simulations to re-arrange hydrogen bonds between the CD
units of CD-MOF-2 and to produce more diverse adsorption
environments.

Adsorption of carbon dioxide in CD-MOF-2 was modeled
by attaching a single CO, molecule to the oxygen atom of a
preselected alcohol group in the unit cell. The initial position
of the CO, group was generated in internal coordinates (i.e., Z-
matrix) relative to the adsorption site. The oxygen binding site
(O*) and its two preceding carbons (C*) from the
oligosaccharide were used as three reference atoms to specify
the CO, internal coordinates. The initial bond length between
the carbon atom of CO, and O* was set to 1.32 A, whereas the
C*0O*C bond angle and C*C*O*C dihedral angle were drawn
randomly from 125—14S and 120—360° ranges, respectively.
In addition, the O*CO angle was set to 125°, while the OCO
angle of the CO, molecule was set to 110°. These values were
based on the structural experimental data for carbonic acid,
which is expected to be similar to the alkylcarbonic adduct.
Initial configurations with substantial interatomic overlap were
rejected, and the random structure generation was repeated
until a chemically reasonable adduct structure without bad
interatomic contacts was obtained.

Based on the arguments outlined in the Supporting
Information, the enthalpy of adsorption was approximated
with the energy of adsorption.

B RESULTS AND DISCUSSION

Since the precise location of hydrogen atoms at adsorption
sites is not known from experiments,25 different models for the
location of protons before and after CO, adsorption were
examined. The results obtained for each model are discussed
below.

Chemisorption on Neutral Alcohol Groups. In the first
model, the CO, molecule reacts with a neutral alcohol group.
Upon adsorption, the proton of the alcohol group is
transferred to protonate the newly formed alkylcarbonic acid
(Figure 2a).

The adsorption energies for several primary and secondary
neutral alcohol groups are summarized in Figure 3. All

Counterion-bonded adsorption site

Figure 2. Model reactions for CO, adsorption: (a) neutral alcohol
groups, (b) alkoxide groups, and (c) counterion-bonded groups. Only
a single maltosyl unit of y-cyclodextrin is shown for clarity. The
proximity of CO, binding sites to the Rb ion in this simplified scheme
might not correctly reflect the distance between them in the MOF
crystal structure.
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Figure 3. CO, adsorption energy calculated for different model
reactions at primary (red) and secondary (black) binding sites. Filled
shapes represent geometries generated using AIMD, whereas empty

shapes represent geometries obtained from straightforward geometry
optimization. The corresponding numerical data is listed in Table S1.

adsorption energies were found to be positive, lying between
28 and 115 kJ/mol. Since the entropy decreases in the
adsorption process, it is clear that the formation of
alkycarbonic acid via the neutral model reaction has positive
free energy and, therefore, cannot proceed spontaneously
contradicting experimental observations. The calculated values
of the adsorption energies are also in dramatic disagreement
with the experimentally measured enthalpies of adsorption
lying between —114 and —40 kJ/mol.
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Several attempts were made to search for alternative
orientations of the alkylcarbonic group that could be stabilized
by nearby functional groups and produce more favorable CO,
binding. In one approach, alkylcarbonic groups were manually
rotated to bring them closer to either nearby alcohol groups or
nearby counterions at rubidium atoms, with the expectation
that newly formed hydrogen bonds can stabilize the system. In
another approach, constant volume constant temperature
AIMD simulations of the combined length of 2.5 ps were
performed at T = 400 K to allow thermal fluctuation to
overcome low-lying energy barriers between local minima and
to generate new stable configurations in an unbiased way. In
both cases, the geometry of newly generated structures was
reoptimized and adsorption energies were recomputed. Several
structures of alkylcarbonic adducts with lower energy were
found, but the reduction in the CO, adsorption energy was
20.3 kJ/mol on average, bringing the lowest CO, adsorption
energy from 28.2 to 13.3 kJ/mol. This additional stabilization
is not sufficient to explain the range of the experimentally
measured adsorption enthalpies.

The positive adsorption energies calculated for neutral
alcohol groups in CD-MOF-2 are not unexpected. They are in
agreement with a body of previous studies of the interaction
between CO, and simple alcohols.***” For example, 'H and
3C NMR studies of pressurized CO, in pure anhydrous liquid
methanol did not produce any evidence of the insertion of
CO, into the O—H bond of methanol.”> The accompanying
gas-phase DFT calculations® showed that the standard free
energy of the methylcarbonic acid formation from CO, and
methanol is positive (41 kJ/mol) even if solvation effects are
taken into account with explicitly included methanol molecules
and a polarizable continuum model. Furthermore, the standard
free energy of the methylcarbonic acid formation from CO,
and methanol in the gas phase was measured to be 11 kJ/
mol.”” These measurements and calculations indicate that
methylcarbonic acid is thermodynamically less stable than CO,
and methanol. In addition to thermodynamic considerations,
high-free-energy barriers have been calculated for several
pathways of the methylcarbonic acid formation from CO, and
methanol,” suggesting that the process is expected to be very
slow.

Despite a careful account of interactions between the
chemisorbed CO, and its environment, the failure of a neutral
model to stabilize carbon dioxide in CD-MOF-2 implies that
binding sites of different nature must be considered.

Chemisorption on Alkoxide Sites. To explain the strong
binding of CO,, the nucleophilic strength of a binding site was
increased by the removal of the proton of a selected alcohol
group, producing an alkoxide site. Although it is unclear
whether these negatively charged groups exist in the real CD-
MOF-2 framework, the alkoxide adsorption model depicted in
Figure 2b allows estimating the maximum CO, binding ability
of alcohol groups in CD-MOEF-2. Furthermore, this simple
model obviates the need to address a question of the proton
location and thus enables quick exploratory calculations.

Figure 3 shows that adsorption energies for multiple
randomly selected primary and secondary alkoxide sites are
broadly distributed and negative. The strongest calculated
binding energy (—153 kJ/mol) is stronger than the
experimentally measured enthalpy for irreversible chemisorp-
tion (—114 kJ/mol), partially because of the known tendency
of the employed exchange-correlation functional to over-
estimate binding strength (Table $2).5%%° There are also

multiple model sites with the adsorption energy matching
experimentally determined ranges for reversible chemisorption
(=65 kJ/mol) and physisorption (—40 kJ/mol).*® It appears
that simple alkoxide sites are capable of reproducing the range
of the observed adsorption enthalpies and, therefore, can be
considered as a more realistic model of CO, binding in CD-
MOF-2 than neutral alcohol sites.

In addition to covering the range of experimentally
measured interaction energies, the calculations imply that the
weak CO, binding previously classified as physisorption can be
attributed to weak chemisorption as well. Analysis of data in
Figure 3 indicates that primary alkoxide sites bind CO,
stronger (—67 + 38 kJ/mol) than secondary sites (—47 +
28 kJ/mol). However, the widespread of energies indicates that
both primary and secondary sites can be occupied by CO,
molecules, contrary to the previous suggestion that it is mostly
primary alcohol groups that interact with carbon dioxide. It
should be noted that the AIMD-generated structures of CD-
MOF-2 exhibit the same ability to bind CO, as the structure
obtained from the straightforward geometry optimization of
the experimentally determined CD-MOEF-2 crystal structure.

Effect of the Environment on CO, Adsorption. To
understand the widespread of the binding energies calculated
using the alkoxide model, we examined the effect of the
environment on CO, adsorption. It can be hypothesized that
the nearby alcohol groups are the primary factor affecting CO,
binding to negatively charged sites. To verify this hypothesis,
the alcohol groups located less than 3 A from the alkoxide site
were replaced by hydrogen atoms. The cutoft distance was
chosen to eliminate moderate and strong hydrogen bonding
interaction between the alcohol groups and the alkylcabornic
adduct. As shown in Figure 4, the replacement of the alcohol

O Alkoxide: neighbor groups replaced with H
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Figure 4. Effect of replacing neighbor alcohol groups with hydrogen
atoms on CO, adsorption energies at primary (red) and secondary
(black) binding sites. Filled shapes represent models using AIMD
before the adsorption procedure, while the unfilled ones did not. The
corresponding numerical data is listed in Table S1.

groups with hydrogen atoms results in a substantial increase in
the CO, binding strength for most of the adsorption sites. The
average adsorption energy drops from —58.2 kJ/mol for sites
with alcohol neighbors to —108.5 kJ/mol for sites with
hydrogen neighbors. Moreover, the spread of adsorption
energies decreased from 34.6 to 26.3 kJ/mol. It was verified in
a control calculation that replacing a distant alcohol group 8 A
from an alkoxide site has only a small effect (S kJ/mol) on the
adsorption energy, as expected.

Further insight into the effect of alcohol groups on the CO,
binding strength was obtained by replacing a single nearby
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alcohol group with a hydrogen atom. To quantify the effect of
a nearby alcohol group (i) on the CO, adsorption energy at a

given adsorption site, quantity AAEY is defined

AAE®) = AE, (CY"-0H) — AE,, (C-H) (1)

as the difference between the initial adsorption energy
AE,;(CY—OH) and the adsorption energy after the
substitution AE,4 (C"—H). Positive values of AAE(), indicate
that neighbor (i) weakens the CO, binding because CO, is
bound more strongly after the replacement. In this case, the
typically negative adsorption energy decreases upon the
replacement. Conversely, a negative value of AAEY), indicates
that neighbor (i) strengthens the CO, binding.

AAE(Y) values shown in Figure S for representative
chemisorption sites indicate that nearby alcohol groups have

Site 8, with CO, Site 8, without CO,

72.9 +40.6

AE, .= -78.9 kJ/mol \

Site 19, with CO,

Site 19, without CO,

AE, = -39.3 kJ/mol

ads

Figure 5. Effect of replacing neighbor alcohol groups with hydrogen
atoms on the CO, binding strength. The adsorption site and nearby
alcohol groups are shown as spheres in the wireframe MOF
background. The CO, carbon atom is green and the hydrogen
atoms are yellow. Oxygen atoms of the adsorption site and
alkylcarbonic group are shown in purple, whereas oxygen atoms of
nearby alcohol groups are shown in red. Blue dash lines represent
hydrogen bonds. Values of AAEY, defined in eq 1, are shown as red
numbers. The CO, adsorption energies before the neighbor
replacement are shown in gray fields.

dramatically different effects on the CO, binding. The
differences can be explained by analyzing hydrogen bonding
patterns between the neighbors and the alkylcarbonic adduct
(Figure S, left panels) and also between the neighbors and the
preadsorption site (Figure S, right panels). According to the
hydrogen bonds formed by the neighbors, they can be logically
divided into the following three categories.

In the first category, there are alcohol groups that form
hydrogen bonds with the oxygen atom of the adsorption site
before and after the CO, adsorption. Examples of these groups
include neighbor (3) of site 8 and neighbor (4) of site 19

(Figure S). Such neighbors tend to weaken the CO, binding
because the hydrogen bond in the preadsorption site is
stronger than that in the postadsorption structure. The change
in the strength of the hydrogen bond is due to the
delocalization of the negative charge over the oxygen atoms
in the alkylcarbonic adduct. In other words, these neighbors
decrease the nucleophilic strength of the adsorption site,
making its interaction with CO, weaker.

The second category includes alcohol groups that form
hydrogen bonds with the oxygen atom of the adsorption site
before the CO, adsorption and with the oxygen atom of CO,
in the postadsorption structure. Neighbor (2) of site 8 and
neighbor (5) of site 19 in Figure S are representatives of this
category. The positive values of AAE&L)S for these neighbors
indicate that the CO, insertion disrupts a stronger hydrogen
bond than the hydrogen bond being formed. As a result,
neighbors in this category weaken the CO, binding.

Alcohol groups in the third category form a hydrogen bond
with the oxygen atom of CO, exclusively in the postadsorption
alkylcarbonic structure. They make CO, binding stronger. The
amount of stabilization depends on the geometry of the
hydrogen bond that is influenced by the relative position of the
bonded atoms (e.g., compare neighbors (1) and (4) of site 8 in
Figure S) and the local configuration of the hydrogen bond
network that extends to the next nearest neighbors.

It is interesting to note that the sum of individual neighbor
effects (Figure S) is not equal to the combined effect of all
neighbors (Figure 4). For example, the sum of effects of
individual neighbors on site 8 is 1.6 kJ/mol, while their
combined effect is —29.5 kJ/mol. This nonadditivity
emphasizes that the insertion of CO, disrupts a complex
network of interacting hydrogen bonds in CD-MOF-2 and the
CO, binding is determined to some extent by the cooperativity
effects in this network.

The influence of single nearby alcohol groups can also be
illustrated on the example of three sites that represent
adsorption sites with strong (site 1), medium (site 7), and
weak (site 26) CO, binding energies, each 1yin§ within the
three ranges described in the calorimetric studies® (Figure 6).
As expected, the strong CO, chemisorption at site 1 is
accompanied by the strong stabilizing effect of the neighbor

Site 1, with CO, Site 7, with CO, Site 26, with CO,
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Figure 6. Effect of replacing neighbor alcohol groups with hydrogen
atoms on the CO, binding strength for sites that bind CO, strongly
(green), moderately (yellow), and weakly (red). Color coding and
labels are explained in the caption of Figure S.

Site 7, without CO, (| Site 26, without CO,
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from the third category. Meanwhile, the sole neighbor of the
moderately binding site 7 belongs to the second category and
exhibits only a minor destabilizing effect on the CO,
adsorption. Finally, the neighbor at site 26 belongs to the
first category and weakens the CO, adsorption dramatically.
This case is a rather extreme example since the proton in the
preadsorption site is completely transferred to the alkoxide site,
significantly reducing its nucleophilic properties and CO,
binding ability.

Data in Figure 6 shows that the spread in adsorption
energies at the three sites is significantly reduced upon the
replacement of the neighbors—an example of the general
“spread-reducing” effect of the neighbor substitution seen in
Figure 4. This indicates that unique hydrogen bonding
environments of adsorption sites are largely responsible for
their ability to bind CO, and for the large spread in the
experimentally measured binding enthalpies. Additionally, the
quantitative analysis of the hydrogen bonding suggests that the
influence of nearby alcohol groups can only partially explain
the spread in the binding strength. This is because the
neighbor replacement does not produce equally strong
adsorption sites. Besides immediate neighbors, there are
apparently other factors that affect CO, adsorption. One
example of such factors might include the electrostatic fields
created by the MOF framework at the adsorption site.

The neighbor replacement experiment indicates that the
CD-MOEF-2 environment has an overall weakening effect on
the CO, binding. The same effect can also be seen by
comparing the strength of the CO, binding in CD-MOF-2
(Figure 3) and on the reference model sites with a minimal
interaction between the alkoxide group and its environment
(ie, “environment-free” reference models): gas-phase meth-
oxide (—169 kJ/mol), primary alkoxide sites on an amylose
unit, and a y-cyclodextrin torus (—113 and —84 kJ/mol,
respectively).

Formation of Active Chemisorption Sites. The success
of the alkoxide model in reproducing the range of CO, binding
energies requires an investigation of the mechanism of the
formation of negatively charged alcohol groups.

One of many plausible pathways to form a negatively
charged active site is to transfer the proton of an alcohol group
to a hydroxyl counterion—a site with strong basic properties.
A series of exploratory calculations reveal that proton-transfer
energies from an alcohol group to a counterion range from
—103 to 232 kJ/mol (see Table S3). This widespread indicates
that the proton transfer is affected by the immediate
surroundings of both the donor and acceptor sites, which is
not surprising in light of the discussion of environmental
effects on the CO, adsorption energy. The presence of very
low negative energies demonstrates that the formation of
negatively charged alcohol groups is thermodynamically
plausible if a proton is transferred to a hydroxyl counterion.
At the same time, the range of calculated energies suggests that
a quantitative description of the thermodynamics of this long-
range proton transfer and, therefore, the formation of
adsorption sites requires extensive studies employing AIMD,
which are beyond the scope of this work and perhaps at the
limit of the feasibility of modern high-cost AIMD methods.

An alternative to the long-range transfer of a proton is the
local stabilization of the chemisorption site by a freely floating
hydroxyl counterion, that is, a counterion not directly bonded
to a rubidium cation (Figure 2c). Our calculations showed that
some hydroxyl ions indeed detach from their rubidium sites

during geometry optimization and AIMD simulations. There-
fore, freely floating hydroxyls are expected to exist in CD-
MOE-2 in noticeable concentrations. It was found that in 13
out of 17 considered counterion-bonded absorption sites
(Figure 2c), the proton transfers spontaneously from the
alcohol group to the counterion with the formation of the
alkoxide site hydrogen bonded to the water molecule. Because
of the strong nucleophilic character of the alkoxide group (see
the previous section), it is not surprising that the CO,
adsorption energies calculated for these proton-transferred
sites are negative and also cover the range of the experimental
values (Figure 3). It is remarkable that 3 out of the 17
counterion-bonded sites (i.e., sites 3, S, and 22 in Figure 3),
which do not undergo any proton transfer, are still capable of
binding CO, although weakly. This indicates that a mere
presence of a hydrogen bond between the counterion and
adsorption site can create a CO, binding site with a sufficiently
strong nucleophilic character. Another mechanism, through
which a nearby counterion can stabilize the chemisorbed CO,
molecule, is the proton transfer from the alkylcarbonic acid to
a nearby counterion. This transfer was indeed observed in all
17 sites considered here.

Yet another possible mechanism of the formation of
negatively charged adsorption sites is the self-ionization of
the network of hydrogen-bonded alcohol groups, in which one
neutral alcohol group transfers its proton to another neutral
alcohol group, creating an alkoxide site. The 2 ps 400 K AIMD
simulation and multiple geometry optimizations performed in
this work did not produce such spontaneous self-ionization
events. The only observed proton transfer occurred to hydroxyl
counterions. While these limited calculations do not eliminate
the possibility of self-ionization in the real CD-MOEF-2
network, they imply that self-ionization is a less likely origin
of adsorption sites than the proton transfer to hydroxyl
counterions with strong basic properties.

Analysis of Computational and Experimental Data.
The collected DFT data implies that hydroxyl counterions play
an important role in the formation of alkoxide CO, adsorption
sites, as shown in the counterion-bonded model in Figure 2c.
While the indirect participation of hydroxyl counterions has
not been considered before, this hypothesis is in agreement
with all experimental studies of CO, binding in CD-MOEF-2.

First, calorimetry measurements”” suggest that less than 4.63
CO, molecules are adsorbed per unit cell of CD-MOEF-2 at the
pressure when all sites binding CO, strongly and reversibly are
occupied (see the Supporting Information for details). Since
the number of adsorbed CO, molecules is lower than the
number of hydroxyl anions in the unit cell (12 hydroxyl ions),
experimental data suggests that a sufficient number of hydroxyl
anions is available to facilitate the adsorption of each CO,
molecule. Hence, the indirect participation of hydroxyl anions
is consistent with this experimental data.

Second, the indirect participation of hydroxyl counterions in
the CO, binding is in agreement with the >*C NMR 158 ppm
peak attributed to alkylcarbonic products.” It should also be
mentioned here that the DFT calculations alone cannot
eliminate the possibility of the direct CO, adsorption on
hydroxyl counterions because the calculated adsorption energy
for these sites is found to be around —94 kJ/mol, which is
similar to the adsorption energies on alkoxide sites. The NMR
data, however, favors the model of indirect hydroxyl
participation over the direct chemisorption on hydroxyl anions.
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Third, replacing hydroxyl counterions with weakly basic
fluoride anions in computer models still produces weak CO,
binding and therefore agrees with control experimental studies,
in which the fluoride-substituted CD-MOEF-2 exhibits the same
158 ppm peak upon its exposure to CO,.*’ It is important to
note that only three out of eight fluoride-bonded adsorption
sites (5, 12, and 18) have the negative CO, adsorption energy,
ranging from —24 to —8 kJ/mol. The weak binding energy is
not surprising because the nucleophilic strength of fluoride-
bonded adsorption sites is expected to be much lower than
that of hydroxyl-bonded sites. However, even a few sites with
chemisorbed CO, are sufficient to produce the NMR signature
of alkylcarbonic structures.

B CONCLUSIONS

DFT modeling was used to examine the nature of CO,
adsorption sites in CD-MOF-2—a green MOF with a
remarkable ability to chemisorb carbon dioxide strongly and
reversibly. It was found that the interaction of CO, with
neutral alcohol groups on y-cyclodextrin units of CD-MOF-2 is
thermodynamically prohibitive. In contrast, the CO, adsorp-
tion on negatively charged alkoxide groups was shown to occur
spontaneously with the range of computed interaction energies
matching those measured experimentally.

A comprehensive analysis of environmental effects revealed
that the strength of the CO, binding is largely determined by
the hydrogen bonds formed by both the adsorption sites and
the alkylcarbonic adducts with the surrounding alcohol groups.
It was demonstrated that the network of hydrogen bonds
between alcohol groups in CD-MOF-2 tends to reduce the
nucleophilic character of alkoxide adsorption sites, weakening
the CO, binding and making it reversible. The diversity of
hydrogen bonding environments is also at the origins of the
wide range of the adsorption energies measured for this unique
MOEF.

The calculations suggest that a negative alkoxide site can
form readily through the proton transfer from an alcohol group
to a freely floating hydroxyl counterion. The formation of a
strong hydrogen bond between an alcohol group and a nearby
hydroxyl counterion appears to be sufficient to chemisorb CO,
weakly. Such indirect participation of hydroxyl counterions in
the chemisorption of CO, was shown to be consistent with the
available experimental data.

Remarkably, the calculations suggest that both primary and
secondary sites bind CO, molecules, contrary to the previous
suggestion that it is mostly primary alcohol groups that interact
with carbon dioxide. The DFT data also suggests that the weak
CO, binding previously classified as physisorption can also be
attributed to weak chemisorption.

It should be noted that future computational studies aimed
at a quantitative statistical description of the CO, binding in
CD-MOEF-2 should employ accelerated AIMD simulations to
determine the most favorable locations of protons within the
complex network of hydrogen bonds in this MOF. The
utilization of hybrid density functionals can also improve the
description of the energetics of the CO, binding. Unfortu-
nately, such resource-demanding simulations are beyond the
capabilities of most computing platforms today.

Several findings presented in this work have implications for
advancing the design of materials for carbon capture and
storage. By quantifying the influence of hydrogen bonds on the
energetics of the CO, binding, this work allows estimating to
which extent the carbon intake can be manipulated through

hydrogen bonding. The importance of counterions for the CO,
binding in CD-MOF-2 suggests a new strategy to tune the
strength of the CO, chemisorption in similar “dual-agent”
binding systems containing an adsorption site and activating
counterion. In addition to modifying adsorption sites, changing
the nature of activating agents can help to tune the CO,
binding strength to the desired range.
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