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ABSTRACT: A tris(2-aminoethyl)amine-based tris(urea) re-
ceptor, L, with electron-withdrawing m-nitrophenyl terminals
has been established as a potential system that can efficiently
capture and fix atmospheric CO2 as air-stable crystals of a
CO3

2−-encapsulated molecular capsule (complex 1), triggered
by the presence of n-tetrabutylammonium hydroxide/fluoride
in a dimethyl sulfoxide solution of L. Additionally, L in the
presence of excess HSO4

− has been found to encapsulate a
divalent sulfate anion (SO4

2−) within a dimeric capsular
assembly of the receptor (complex 2) via hydrogen-bonding-
activated proton transfer between the free and bound HSO4

− anions. Crystallographic results show proof of oxyanion
encapsulation within the centrosymmetric cage of L via multiple N−H···O hydrogen bonds to the six urea functions of two
inversion-symmetric molecules. The solution-state binding and encapsulation of oxyanions by N−H···O hydrogen bonding has
also been confirmed by quantitative 1H NMR titration experiments, 2D NOESY NMR experiments, and Fourier transform IR
analyses of the isolated crystals of the complexes that show huge spectral changes relative to the free receptor.

1. INTRODUCTION
The field of anion receptor chemistry continues to expand its
horizon with new synthetic hosts capable of recognizing anions
with environmental and biomedical relevance.1 The observa-
tions in natural systems have inspired researchers to develop
numerous neutral receptors that employ hydrogen bonds
offered by specific binding sites from amide,2 urea,3 pyrrole,4

and indole5 functionalities for the recognition and binding of
anionic guests on suitable frameworks. Acyclic podand
receptors with multiarmed hydrogen-bonding functionality
have been shown to coordinate with targeted anionic species
via the formation of capsular assemblies.6 One of the most
fascinating features of molecular capsules is their ability to
create a distinct microenvironment that isolates the encapsu-
lated guest from the bulk of the solvent media and thereby
leads to phenomena such as molecular sorting when the
possible formation of different capsules is present in the same
solution.7 When two receptor molecules with interior anion-
binding elements create a dimeric capsular assembly, there is a
possibility to satisfy the higher coordination numbers required
for the binding of oxyanions and hydrated anions. Anions
generally have very high solvation energies that must be
compensated for by the host for effective anion recognition.8

Thus, it is the design of sophisticated three-dimensional
architectures that is essential to fully encapsulate the anions
by creating a highly specific anion-binding pocket/cavity. Urea-
functionalized tripodal scaffolds offer a flexible and structurally
preorganized cavity, which has been widely employed in the
binding and recognition of anions because of their favorable

conformation for multiple hydrogen bonds that favors the
formation of a stable host/guest complex.9 Although numerous
synthetic molecular capsules have been achieved to date, the
challenges still exist to control the capsular assembly formation
in the presence of a guest anion that acts as a template in the
process. Template-induced association of molecular species
represents one of the main approaches in the control of caged
supramolecular assembly formation.
Among several oxyanions, the deleterious effect of sulfate has

been recognized as a major hurdle to cleanup efforts in the
remediation of nuclear waste; e.g., contamination of the
Hanford nuclear waste site (USA) by this anion has been a
matter of increased concern, hampering the vitrification
process.10 Because of its large standard Gibbs energy of
hydration (−1080 kJ mol−1), extraction of sulfate ions from an
aqueous to an organic phase presents a particularly challenging
task.10b Nature responds to this challenge by encapsulating the
sulfate anion with an array of seven hydrogen bonds, as
observed in the sulfate-binding protein (SBP) of Salmonella
typhimurium, which was structurally identified in 1985 by
Pflugrath and Quiocho.11 The crystal structure of SBP reveals
that an individual sulfate anion is completely encapsulated
within the core of the protein (7 Å below the surface), between
the two lobes of SBP through seven hydrogen bonds including
five peptide −NH groups, one serine −OH group, and one
tryptophan −NH group. In recent years, some receptors purely
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based on organic frameworks have been shown to encapsulate
the sulfate anion in a 1:1 or 2:1 (host/guest) ratio, and a couple
of them have been efficiently employed in sulfate-ion separation
based on liquid/liquid anion-exchange technology or com-
petitive crystallization techniques.9a,e Thus, for effective binding
and encapsulation of anions in nature, the receptor framework
should be designed with a complementary cavity surrounded by
optimally arranged binding sites, which eventually induce high
chelate effects by coordinating with the targeted anionic
species.
Another major environmental issue of utmost concern is the

significant rise in the CO2 concentration in the atmosphere
caused by increased consumption of fossil fuels and the
overgrowing number of industries, automobiles, etc., which
eventually demands the efficient fixation and activation of
atmospheric CO2 into green chemicals.12 Microporous
aluminosilicates, silica gel, activated carbons, and metal−
organic frameworks (MOFs) have widely been employed to
capture and store CO2 among other approaches, which utilize
the effective conversion of CO2 into green chemicals for the
synthesis of specific chemical intermediates.13 However, in light
of supramolecular chemistry, efficient fixation of aerial CO2 as
carbonate/bicarbonate can been achieved with artificial hydro-
gen-bonding receptors in the presence of hydroxide and
fluoride ions.14 Furthermore, Gale et al. have also demonstrated
CO2 capture as carbamates (alkylammonium/alkylcarbamate)
by a series of urea-based receptors in the presence of aliphatic
amines (CO2 scrubbers) bubbled with CO2 in dimethyl
sulfoxide (DMSO).15

Given our interest in the field of anion receptor chemistry,16

herein, we report both hydroxide- and fluoride-ion-induced
efficient fixation of atmospheric CO2 as air-stable crystals of a
carbonate-entrapped hydrogen-bonding capsule of a nitro-
functionalized tris(urea) receptor, L (Scheme 1), in DMSO

along with detailed solution-state binding studies. Furthermore,
we also account for the structural evidence of an optimally
coordinated divalent sulfate anion encapsulated within a
dimeric capsular assembly of the receptor (L) by 12 N−
H···O hydrogen bonds.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All reagents and solvents were

obtained from commercial sources and used as received without
further purification. Tris(2-aminoethyl)amine (tren), 3-nitrophenyl
isocyanate, and tetraalkylammonium salts were purchased from Sigma-
Aldrich and used as received. Solvents for synthesis and crystallization
experiments were purchased from Merck, India, and used as received.
1H NMR spectra were recorded on a Varian FT-400 MHz instrument,
and chemical shifts were recorded in parts per million (ppm) on the
scale using tetramethylsilane [Si(CH3)4] or a residual solvent peak as a

reference, and 13C spectra were obtained at 100 MHz. The
electrospray ionization mass spectrometry (ESI-MS) spectrum of L
was recorded in a Waters Q-Tof Premier liquid chromatography
(LC)−MS system in methanol. The FT-IR spectra of air-dried samples
were recorded on a Perkin-Elmer-Spectrum One FT-IR spectrometer
with KBr disks in the range 4000−450 cm−1. Thermal analysis was
performed by using an SDTA 851-e TGA thermal analyzer (Mettler
Toledo) with a heating rate of 5 °C min−1 in a N2 atmosphere. X-ray
diffraction (XRD) patterns of dried crystalline powder were recorded
using a Bruker-D8 Advance X-ray diffractometer with Cu Kα radiation
at λ = 0.154 18 nm. Crystals of complexes 1 and 2 were washed with a
minimum amount of acetonitrile, followed by diethyl ether, and dried
at room temperature by pressing between filter papers before
thermogravimetric analysis (TGA).

Binding constants were obtained by 1H NMR (Varian 400 MHz)
titrations of L with tetraethylammonium (TEA)/n-tetrabutylammo-
nium (n-TBA) salts of respective anions in DMSO-d6 at 298 K. The
initial concentration of the corresponding receptor solution was 5 mM.
Aliquots of anions were added from 50 mM stock solutions of anions
(up to 1:10 host/guest stoichiometry). The residual solvent peak in
DMSO-d6 (2.500 ppm) was used as an internal reference, and each
titration was performed with 18−20 measurements at room
temperature.

The following equation was used to determine the association
constant (K) values:17
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where L = ligand and A = anion. An error limit in K was less that 10%.
2.2. Synthesis and Characterization of L. Tripodal receptor L

was synthesized by modification of a reported literature procedure9b

where the reaction of tris(2-aminoethyl)amine (tren) with 3-
nitrophenyl isocyanate in a 1:3 molar ratio at room temperature
yielded L in quantitative yield. A total of 2.460 g (15 mmol) of 3-
nitrophenyl isocyanate was dissolved in 30 mL of dry tetrahydrofuran
(THF) in a 100 mL round-bottomed flask and 0.730 mL (5 mmol) of
tren dissolved in 10 mL of dry THF were added dropwise (using a
dropping funnel) over a period of 1 h with constant stirring at room
temperature. The resulting solution mixture was stirred overnight at
room temperature when a pale-yellow precipitate was observed to be
formed. Then, the volume of the solvent (THF) was reduced to
around 10 mL in vacuo, and the obtained solid product was filtered off
and washed with 10 mL of dichloromethane a couple of times to
remove the unreacted reagents. The pale-yellow precipitate thus
collected was dried in air and characterized by NMR, FT-IR, ESI-MS,
and single-crystal XRD analyses. Yield of L: 84%. 1H NMR (DMSO-
d6, 400 MHz): δ (ppm) 2.64 (d, 6H, −NCH2), 3.23 (d, 6H,
−NCH2CH2), 6.31 (s, 3H, urea −NHa), 7.41 (t, 3H, ArCH), 7.59 (d,
3H, ArCH), 7.66 (d, 3H, ArCH), 8.44 (s, 3H, ArCH), 9.07 (s, 3H,
urea −NHb).

13C NMR (100 MHz, DMSO-d6): δ (ppm) 37.72 (×3C,
−NCH2), 53.78 (×3C, −NCH2CH2), 111.58 (×3C, ArH), 115.40
(×3C, ArH), 123.62 (×3C, ArH), 129.77 (×3C, ArH), 141.83 (×3C,
ArH), 148.08 (×3C, ArH), 155.08 (×3C, CO). FT-IR (ν, cm−1):
1245 (C−N), 1350 (NO2 sym), 1527 (NO2 asym), 1597 (CC),
1655 (−CO), 3328 (N−H). ESI-MS, [M + 1]+ m/z = 639.2498.

Synthesis and Characterization of Complex 2TBA[2L·(CO3
2−)] (1).

Carbonate-encapsulated complex 1 was initially obtained by charging
an excess (10 equiv) of n-tetrabutylammonium fluoride into a 5 mL
DMSO solution of L (65 mg, 0.1 mmol). After the addition of F− ions,
the solution was stirred for about 15 min at room temperature and
filtered in a test tube for crystallization. Slow evaporation of the filtrate
at room temperature yielded colorless crystals suitable for single-
crystal X-ray crystallographic analysis within 8−10 days. The isolated
yield of 1 is 74% after 10 days.

Complex 1 can also be obtained in a comparatively much higher
yield simply by adding an equimolar quantity of (n-TBA)OH to a 5
mL DMSO solution of L, which upon slow evaporation at room

Scheme 1. Molecular Structure of a Tris(urea) Receptor, L
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tempearture yielded air-stable crystals of 1 within 1 or 2 days. The
isolated yield of 1 is 92% after 3 days. Mp: 185 °C. 1H NMR (DMSO-
d6, 400 MHz): δ (ppm) 0.86 (t, 24H, TBA −CH3), 1.25 (d, 16H, TBA
−CH2), 1.51 (s, 16H, TBA −CH2), 2.52 (s, 12H, −NCH2), 3.11 (s,
16H, TBA −N+CH2), 3.19 (s, 12H, −NCH2CH2), 7.18 (s, 6H,
ArCH), 7.49 (d, 6H, ArCH), 7.59 (d, 6H, ArCH), 8.27 (s, 6H, ArCH),
10.50 (s, 6H, urea −NHb).

13C NMR (100 MHz, DMSO-d6): δ (ppm)
13.43 (×8C, TBA −CH3), 19.22 (×8C, TBA −CH2), 23.08 (×8C,
TBA −CH2), 36.75 (×6C, −NCH2), 53.41 (×6C, −NCH2CH2),
57.59 (×8C, TBA −N+CH2), 111.25 (×6C, ArH), 114.75 (×6C,
ArH), 123.33 (×6C, ArH), 129.05 (×6C, ArH), 142.16 (×6C, ArH),
147.59 (×6C, ArH), 155.13 (×6C, −CO), 171.98 (CO3

2−). FT-IR
(ν, cm−1): 885 (CO3

2−), 1238 (C−N), 1343 (NO2 sym), 1523 (NO2
asym), 1606 (CC), 1699 (−CO), 3390 (N−H).
Synthesis and Characterization of Complex 2TBA[2L·(SO4

2−)] (2).
Sulfate-encapsulated complex 2 was obtained by adding an excess (10
equiv) of n-tetrabutylammonium hydrogensulfate into a 5 mL DMSO
solution of L (65 mg, 0.1 mmol). After the addition of bisulfate ions,
the solution was stirred for about 30 min at 60 °C and filtered in a test
tube for crystallization. Slow evaporation of the filtrate at room
temperature yielded colorless crystals suitable for single-crystal X-ray
crystallographic analysis within 15 days of exposure to an unmodified
atmosphere. The isolated yield of 2 is 58% after 15 days. Mp: 242 °C.
1H NMR (DMSO-d6, 400 MHz): δ (ppm) 0.88 (t, 24H, TBA −CH3),
1.26 (q, 16H, TBA −CH2), 1.52 (s, 16H, TBA −CH2), 2.49 (s, 12H,
−NCH2), 3.12 (t, 16H, TBA −N+CH2), 3.21 (s, 12H, −NCH2CH2),
7.10 (t, 6H, ArCH), 7.33 (s, 6H, urea −NHa), 7.44 (d, 6H, ArCH),
7.57 (d, 6H, ArCH), 8.24 (s, 6H, ArCH), 9.58 (s, 6H, urea −NHb).
13C NMR (100 MHz, DMSO-d6): δ (ppm) 13.50 (×8C, TBA −CH3),
19.25 (×8C, TBA −CH2), 23.10 (×8C, TBA −CH2), 37.08 (×6C,
−NCH2), 54.34 (×6C, −NCH2CH2), 57.59 (×8C, TBA −N+CH2),
111.39 (×6C, ArH), 114.82 (×6C, ArH), 123.35 (×6C, ArH), 128.93
(×6C, ArH), 141.99 (×6C, ArH), 147.65 (×6C, ArH), 154.92 (×6C,
−CO). FT-IR (ν, cm−1): 1089 (SO4

2−), 1232 (C−N), 1351 (NO2
sym), 1524 (NO2 asym), 1600 (CC), 1695 (−CO), 3340 (N−
H).
2.3. X-ray Crystallography. In each case, a crystal of suitable size

was selected from the mother liquor and immersed in silicone oil, and
it was mounted on the tip of a glass fiber and cemented using epoxy
resin. The intensity data were collected using a Bruker SMART APEX-
II CCD diffractometer, equipped with a fine-focus 1.75 kW sealed-tube
Mo Kα radiation (λ = 0.710 73 Å) at 298(3) K, with increasing ω
(width of 0.3° frame−1) at a scan speed of 5 s frame−1. SMART
software was used for data acquisition. Data integration and reduction
were undertaken with SAINT and XPREP18 software. Multiscan
empirical absorption corrections were applied to the data using the
program SADABS.19 Structures were solved by direct methods using
SHELXS-9720 and refined with full-matrix least squares on F2 using
SHELXL-97.21 All non-hydrogen atoms were refined anisotropically,
hydrogen atoms attached to all carbon atoms were geometrically fixed,
and the positional and temperature factors are refined isotropically.
Hydrogen atoms attached with the urea nitrogen atoms were located
by an electron Fourier map and refined isotropically. Usually,
temperature factors of hydrogen atoms attached to carbon atoms are
refined by restraints −1.2 or −1.5 Uiso(C), although the isotropic free
refinement is also acceptable. Structural illustrations have been drawn
with Mercury 2.322 for Windows. Parameters for data collection and
crystallographic refinement details of receptor L and complexes 1 and
2 are summarized in Table 1.

3. RESULTS AND DISCUSSION

For a receptor to bind with the anionic guests, it should, in
principle, possess preorganized anion-binding elements deco-
rated on a suitable platform/framework. Receptor L possesses a
highly organized tripodal scaffold with hydrogen-bonding urea
functions suitable for anion binding and encapsulation. In
addition, functionalization of L with π-acidic nitrophenyl
moieties as aryl terminals significantly enhances the binding

ability of the receptor toward anionic guest encapsulation. The
chelate effect may also play an important role in the anion-
binding affinity because of the favorable contributions from
both entropy and enthalpy. Efforts were made to examine the
solid-state binding of different anions with receptor L, by
charging an excess n-TBA/TEA salt of anions to a solution of L
in aprotic solvents like DMSO and MeCN. However, we were
able to isolate only two complexes (1 and 2), as single crystals
suitable for X-ray crystallographic analysis from individual
solutions of L in the presence of anions such as fluoride and
hydrogensulfate under identical crystallization conditions. It is
important to mention here that crystals have proven to be
difficult to obtain in the presence of other anions such as
ClO4

−, AcO−, NO3
−, and H2PO4

−, where we observed the
formation of a thick oily liquid settling at the bottom of the
crystallization vial in all cases. From the perspective of anion
receptor chemistry, crystallization has traditionally been a route
to understand the structural insights of the anion complexes
formed, primarily by single-crystal XRD analysis, which are
then related to the observed selectivity in solution. It is
interesting to note that the quantitative yield of CO3

2−-
encapsulated complex 1 has been chiefly obtained from the
receptor/F− solution, where the source of CO3

2− is from the
atmospheric CO2 that has been efficiently fixed by the in situ
generated OH− ions, whereas SO4

2−-encapsulated complex 2
was primarily obtained from the receptor/HSO4

− solution,
where deprotonation of HSO4

− can be attributed to hydrogen-
bonding-activated proton transfer between the free and bound
anions. Structural information obtained from XRD analysis of
the carbonate and sulfate complexes (1 and 2) provides insight
into the proper binding topology of the entrapped oxyanions
with the neutral receptor molecule and anion-induced capsular
assembly formation. Structural elucidation of complexes 1 and
2 revealed that coordination of oxyanions is primarily governed

Table 1. Crystallographic Parameters and Refinement
Details of L and Complexes 1 and 2

parameters L 1 2

empirical formula C27H30N10O9 C87H132N22O21 C86H132N22O22S
CCDC 833790 833791 833792
fw 638.61 1822.15 1858.21
cryst syst triclinic monoclinic monoclinic
space group P1̅ C2/c C2/c
a/Å 13.0495(4) 33.4669(13) 22.9827(10)
b/Å 13.4255(4) 15.1439(5) 13.3103(6)
c/Å 19.0544(9) 22.8357(10) 33.5349(15)
α/deg 99.512(2) 90.00 90.00
β/deg 98.195(2) 120.928(3) 98.705(2)
γ/deg 109.665(1) 90.00 90.00
V/Å3 3029.0(2) 9928.0(7) 10140.4(8)
Z 4 4 4
Dc/g cm−3 1.400 1.219 1.217
μ(Mo Kα)/mm−1 0.108 0.088 0.108
T/K 298(2) 298(2) 298(2)
θmax 27.860 21.630 19.600
total no. of reflns 37 783 48 123 41 939
indep reflns 11 778 5776 4384
obsd reflns 10 284 4045 3646
param refined 830 592 595
R1 [I > 2σ(I)] 0.0461 0.0496 0.0486
wR2 (all data) 0.1691 0.1831 0.1467
GOF (F2) 0.964 1.030 0.983
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by multiple N−H···O(anion) interactions within the caged
supramolecular assembly of two inversion-symmetric molecules
of L. In addition, the complexes are further stabilized by various
intermolecular C−H···O hydrogen bonds, which induce added
rigidity to the anion-encapsulated molecular capsules and serve

as the foundation for efficient crystallization of the desired
complexes.

3.1. Structural Description of Receptor L. Single crystals
of L suitable for XRD analysis were obtained from DMSO,
which crystallizes in triclinic space group P1̅ with Z = 4. The

Figure 1. (a) X-ray structure of L (ball and stick) depicting the intramolecular N−H···O(carbonyl) hydrogen bonding and π···π stacking between
the receptor side arms of individual symmetry-independent molecules (shown in different colors). (b) Complementary hydrogen bonding of the
urea moieties forming a 1D bilayer network among molecules of identical symmetry in L. (c) Intermolecular C−H···O(nitro) and C−H···π
interactions formed between the symmetry-independent molecules in L.

Figure 2. (a) Thermal ellipsoid plot (30% probability) of complex 1 depicting encapsulation of the CO3
2− anion within the centrosymmetric cage of

two inversion-symmetric molecules of L. (b) Spacefill representation depicting full encapsulation of the CO3
2− anion. (c) Ball-and-stick

representation depicting the 14 hydrogen-bonding contacts on CO3
2− within the dimeric capsule of L. (d) Magnified view showing coordination of

CO3
2− with the 12 −NH groups and 2 aryl −CH protons of the dimeric capsule. TBA countercations are omitted for clarity of the presentation.
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asymmetric unit contains two symmetry-independent receptor
molecules (Z′ = 2), which differ considerably in their torsions
involving the aliphatic urea nitrogen and carbonyl carbon atoms
of each tripodal side arm, i.e., CH2−CH2−NH−(CO)
(Table S1 in the Supporting Information). In supramolecular
chemistry, the existence of more than one molecular conformer
in the same crystal structure has been described by the term
conformational isomorphism and their occurrence enlightens
concepts like kinetic and thermodynamic crystal stability
because these are considered to be consequences of interrupted
crystallization, as exemplified by Desiraju et al.23 Crystal
structure analysis of L reveals that both conformational
isomorphs (C1 and C2) are involved in intramolecular N−
H···O hydrogen bonding between two arms of the receptor,
which assist one of the aryl functions of hydrogen-bonded
tripodal arms to be in closer proximity with the aryl ring of the
third side arm, which is not involved in any intramolecular
hydrogen bonding. The urea protons N2H and N3H of

conformer C1 and N12H and N13H of conformer C2 are
hydrogen-bonded to the amide oxygen atoms O7 and O16 in
the respective conformers with a donor-to-acceptor distance of
<3.0 Å, whereas the distances between the centroids of π-
stacked phenyl rings are 3.882 Å (C2g···C3g) in conformer C1
and 3.689 Å (C5g···C6g) in conformer C2 (Figure 1a). Thus,
the combined effect of intramolecular N−H···O hydrogen
bonding and aromatic π···π stacking resists the opening of the
tripodal side arms with a C3 symmetry. Furthermore, each
receptor unit is linked to two adjacent units of identical
symmetry and of opposite orientation by intermolecular N−
H···O hydrogen bonding, donated from the urea functions of π-
stacked receptor side arms to the amide oxygen of adjacent
inversion-symmetric molecules. The packing motif of L, as
viewed down the crystallographic b axis, shows bilayer assembly
formation among conformers of identical symmetry (Figure
1b), which are further linked to the molecules of adjacent
bilayers (of different symmetry) through multiple C−H···O-
(nitro) hydrogen bonds and C−H···π interactions (Figure 1c).
The details of the intra- and intermolecular hydrogen-bonding
interactions involved in the crystal structure of L are provided
in Table S2 in the Supporting Information.

3.2. Carbonate-Encapsulated Complex (1). Good-
quality crystals of n-tetrabutylammonium carbonate salt of the
receptor 1 were obtained by slow evaporation of a DMSO
solution of L in the presence of excess n-tetrabutylammonium
fluoride (TBAF). Carbonate (CO3

2−) was not present in the
solution prior to crystallization, and we presume that the source
of CO3

2− is from the atmosphere where hydroxide ions
generated in situ from the basic receptor/F− solution dissolves
aerial CO2 into CO3

2− at the air/solvent interface, resulting in
the formation and crystallization of a CO3

2−-entrapped dimeric
capsule of L. Structural elucidation reveals that the in situ
generated complex 1 crystallizes in the monoclinic system with
centrosymmetric space group C2/c. Two symmetry-identical
receptor molecules with opposite orientation form a capsular
nanocavity that encapsulates a carbonate anion in its center
(Figure 2a) via 12 N−H···O hydrogen bonds to the six urea
functions and two aryl C−H···O interactions. The inversion-

Table 2. Hydrogen-Bonding Contacts on CO3
2− and SO4

2−

Anions within the Centrosymmetric Cage of L in Complexes
1 and 2

complex D−H···O d(H···O)/Å d(D···O)/Å ∠D−H···O/deg

1 N2−H···O11 2.38(2) 3.151(4) 148(2)
N3−H···O11 2.07(2) 2.912(4) 164(2)
N5−H···O11 2.06(2) 2.926(3) 177(2)
N6−H···O11 1.99(2) 2.831(3) 164(2)
N9−H···O10 1.92(2) 2.781(3) 172(2)
N8−H···O10 2.64(3) 3.358(2) 141(2)
C18−H···O11 2.60(2) 3.344(4) 137(2)

2 N5−H···O10 2.17(4) 3.022(5) 168(2)
N8−H···O10 2.25(4) 3.049(5) 153(3)
N9−H···O10 2.15(4) 2.974(5) 159(2)
N3−H···O11 2.02(3) 2.882(4) 172(2)
N6−H···O11 1.99(3) 2.849(4) 174(2)
N2−H···O11 2.69(3) 3.464(5) 150(3)

Figure 3. (a) Intermolecular C−H···O(nitro) hydrogen-bonded 1D
chain of a carbonate-encapsulated molecular capsule along the
crystallographic a axis. (b) Crystal packing in complex 1, as viewed
down the crystallographic c axis.

Figure 4. (a) Partial 1H NMR spectrum of complex 1 (above)
showing the spectral changes relative to receptor L (below). (b) Partial
13C NMR spectrum of complex 1 (below) showing the huge downfield
shift of the CO3

2− resonance relative to the (TEA)HCO3
− salt

(above).
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symmetric molecules are flipped inward toward each other in a
face-to-face fashion with a distance of 9.058(3) Å between the
apical nitrogen atoms (Figure 2b) and thereby generate a
centrosymmetric molecular capsule assembled by aliphatic C−
H···O(nitro) hydrogen bonds between each capsular unit. The
carbonate oxygen atoms accept four N−H···O hydrogen bonds
each, resulting in 12 hydrogen-bonding contacts with an
average donor-to-acceptor (N···O) distance of 2.862 Å
[d(N···O) = 2.781(3)−2.926(3) Å and ∠(N−H···O) =
164(2)−177(2)°; Table 2 and Figure 2c]. The urea protons
N2H, N3H, N5H, and N6H from the individual coordinating
receptor molecules donate one N−H···O hydrogen bond each
to the carbonate oxygen atoms O11 and O11′, whereas N8H
and N9H from each coordinating unit are N−H···O hydrogen-
bonded to O10 of the carbonate anion (Figure 2d). In addition,
the aryl proton C18H from each coordinating unit of the
dimeric capsule makes contact with carbonate oxygen atoms
O11 and O11′ via weak C−H···O interactions with a donor-to-
acceptor (C···O) distance of 3.344(4) Å (Figure 2d). Thus,
multiple (14) hydrogen-bonding interactions involving the urea
−NH and aryl −CH protons provide high stability to the
carbonate-encapsulated molecular capsule and serve as the
foundation for efficient crystallization of the in situ formed
complex. A correlation of the D−H···O angle versus the D−
H···O (D = donor atom) distance shows that 10 out of 14
hydrogen bonds are in the strong hydrogen-bonding interaction
regions of d(H···O) < 2.5 Å and d(D···O) < 3.2 Å (Table 2).
TGA of the isolated crystals of 1 shows that the complex is
stable up to 185 °C (Figure S9 in the Supporting Information).

Furthermore, the dimeric cages are interlinked with one
another via weak aliphatic C−H···O(nitro) interactions to
form a one-dimensional (1D) chain of capsular assemblies
along the crystallographic a axis (Figure 3a). The packing
diagram of 1 as viewed down the crystallographic c axis shows
that the TBA cations are located between the 1D chains of
hydrogen-bonding capsules via multiple aliphatic C−H···O-
(nitro) interactions (Figure 3b).
The first evidence of CO2 fixation using hydrogen-bonding

receptors was reported by Gunnlaugsson et al. with a
naphthalimide-based amine receptor, which in the presence of
excess TBAF yielded a 1:1 receptor/HCO3

− adduct from a
DMSO solution.14a The second evidence of this class has been
reported by Gale et al. with an amidourea macrocycle under
identical crystallization conditions, to obtain crystals that
proved to be a mixed tetrabutylammonium fluoride/carbonate
salt, with the CO3

2− anions bound within the macrocycle.14c

The third example has recently been established by Ghosh et al.
with a pentafluorophenyl-based tris(urea) receptor by crystal-
lizing aerial CO2 into a CO3

2−-encapsulated dimeric capsule of
the receptor from a 1:1 receptor/OH− solution in DMSO.14d

However, in the presence of fluoride ion (excess), the receptor
has been found to encapsulate F− via six hydrogen bonds to the
three urea functions.9d

Thus, in order to validate the induction of hydroxide ions
toward aerial CO2 fixation, we attempted to grow crystals from
an equimolar solution of L and (n-TBA)OH in DMSO. Slow
evaporation of the solvent at room temperature yielded
colorless crystals in a bulk amount within 1 or 2 days that

Figure 5. (a) Thermal ellipsoid plot (30% probability) of complex 2 depicting encapsulation of SO4
2− within the centrosymmetric cage of two

inversion-symmetric molecules of L. (b) Ball-and-stick representation depicting the intermolecular hydrogen-bonding interactions between the two
receptor molecules of the SO4

2−-entrapped dimeric capsule. (c) Spacefill representation depicting full encapsulation of the SO4
2− anion. (d)

Magnified view showing coordination of SO4
2− with the 12 −NH protons of the dimeric capsule. TBA countercations are omitted for clarity of the

presentation.
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have proven to be complex 1, as confirmed by powder XRD,
FT-IR, and 1H NMR analyses of the isolated crystals. The
pattern of powder XRD analysis on bulk crystals isolated from
the receptor/OH− solution matches perfectly with the
diffraction patterns of crystals of 1 obtained from the
receptor/F− solution, indicating the homogeneity of the
isolated crystals of the carbonate complex (Figure S10 in the
Supporting Information). It is remarkable to note that almost
quantitative yield of 1 (above 90% based on L) can be obtained
upon simple filtration/decantation of the crystals from the basic
solution mixture (L/OH− solution) after 3 days of exposure to
an unmodified atmosphere, which indeed indicates the high
affinity of L toward CO2 fixation by encapsulation of the in situ
generated CO3

2− guest within the dimeric assembly of the
receptor via multiple hydrogen bonds. A comparatively longer
time duration observed in the crystallization of 1 from the
receptor/F− solution is presumably due to the slow generation
of OH− ions in a DMSO solution induced by excess F− ions,
which eventually fix atmospheric CO2 at the air/solvent
interface. Following the high affinity of L toward CO2 fixation
in a basic medium, efforts were made to grow crystals from a
DMSO solution of L in the presence of alkali hydroxides (1
equiv of NaOH/KOH dissolved in a minimum quantity of
water). However, in both cases, we ended up with crystals of L
formed within a duration of 8−10 days, which was confirmed
by powder XRD and FT-IR analyses of the isolated crystals
(Figure S11 in the Supporting Information).
The 1H NMR spectrum of complex 1 (DMSO-d6) showed

appreciable downfield shift and concomitant broadening of the
urea −NHb resonance with a Δδ shift of 1.44 ppm, indicative of
strong solution-state binding of CO3

2− with the urea functions

of L (Figure 4a). However, the resonance for the −NHa proton
could not be observed presumably because of significant
binding-induced broadening of the signals, as observed in the
case of the −NHb proton. In addition, spectral changes have
also been observed for the aliphatic −NCH2 and aromatic
protons (Ar−CH) of the receptor, which undergo a notable
upfield shift (Δδ −NCH2 = 0.12 ppm; Δδ ArH = 0.10−0.23
ppm) and get broadened upon recognition of the anion. This
indeed indicates a solution-state structural alteration of the
receptor side arms that could facilitate the formation of
multiple N−H···O(anion) hydrogen bonds to encapsulate the
carbonate guest within the C3-symmetric cage of the receptor.
CO3

2− encapsulation has also been confirmed by monitoring
the changes in the chemical shifts of 13C NMR signals of a TEA
salt of HCO3

− and complex 1. Tetraethylammonium
bicarbonate in DMSO-d6 showed a sharp 13C NMR resonance
at 158.91 ppm, whereas complex 1 showed a considerable
downfield shift of the carbonate resonance at about 171.98 ppm
(Δδ = 13.07 ppm), which may be attributed to the
encapsulated CO3

2− anion (Figure 4b). The presence of
carbonate and the existence of strong N−H···O hydrogen
bonds in complex 1 have also been established by solid-state
FT-IR analysis. In the case of receptor L, the carbonyl (−C
O) stretching frequency is observed at 1655 cm−1, whereas in
complex 1, it is observed at 1699 cm−1, showing a huge shift of
44 cm−1 for the −CO stretching relative to free L due to the
formation of strong N−H···O hydrogen bonds with the
carbonate oxygen atoms, as is evident from the structure of 1
(Figure S12 in the Supporting Information). The −NH
stretching frequency of complex 1 (ν 3390 cm−1) shows a
considerable shift of 62 cm−1 with concomitant broadening of
the peak in comparison to that of L (ν 3328 cm−1), further
demonstrating the existence of strong N−H···O hydrogen
bonds between L and the CO3

2− anion. Furthermore, the
intense and strong peak at 2965 cm−1 may be attributed to C−
H stretching of the TBA groups of complex 1. In addition, a
new peak is observed at 885 cm−1 in the fingerprint region of 1,
which can be attributed to the asymmetric stretching frequency
of the carbonate anion.

3.3. Sulfate-Encapsulated Complex (2). The sulfate
complex2 was obtained as suitable crystals for XRD analysis
upon the slow evaporation of a DMSO solution of L and excess
n-tetrabutylammonium hydrogensulfate, which crystallizes in
the monoclinic system with centrosymmetric space group C2/c.
Crystal structure elucidation of 2 reveals that the hydro-
gensulfate anion has deprotonated and is bound in the form of
SO4

2− (divalent sulfate) by two inversion-symmetric units of L
(Figure 5a), thereby creating a caged supramolecular structure
assembled by weak aliphatic C−H···O(nitro) hydrogen bonds
[C2···O2 = 3.625(7) Å, ∠C2−H2B···O2 = 150(3)° and
C20···O5 = 3.522(7) Å, ∠C20−H20B···O5 = 135(3)°] and
aromatic π···π interactions between the two identical receptor
molecules [C13···C22 = 3.486(6) Å or C2g···C3g = 4.190 Å;
Figure 5b]. Similar deprotonation of HSO4

− has previously
been observed by Ghosh et al. with a pentafluorophenyl-based
tris(urea) receptor, which under identical crystallization
conditions encapsulates SO4

2− in a 2:1 (host/guest) ratio.9d

Such solution-state deprotonation of the protonated state of an
anion, viz., H2PO4

−, HCO3
−, and HSO4

−, is not uncommon and
results because of the formation of multiple hydrogen-bonding
interactions with the receptor that lower the pKa of the bound
guest to the extent that it is deprotonated by the free guest
species in solution, and we presume the same process to occur

Figure 6. (a) Intermolecular C−H···π hydrogen-bonded 1D chain
network of SO4

2−-encapsulated molecular cages along the crystallo-
graphic b axis. (b) Crystal packing of complex 2 (as viewed down the c
axis) showing the hexagonal arrangement of SO4

2−-encapsulated
dimeric cages around each capsular unit. TBA cations are omitted for
clarity.
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here, as suggested by Gale et al.24 The inversion-symmetric
molecules of L are flipped inward toward each other in a face-
to-face fashion [d(N1···N1) = 9.602(4) Å; Figure 5c], forming
a centrosymmetric molecular cage that encapsulates a sulfate
anion in its center via 12 N−H···O hydrogen bonds to the six
urea functions with an average donor-to-acceptor (N···O)
distance of 2.862 Å (Table 2). Each sulfate oxygen atom
behaves as a trifurcated hydrogen-bond acceptor and each
−NH group donates one N−H···O bond (Figure 5d), resulting
in 12 hydrogen bonds, which is consistent with the electronic
structure calculations by Hay et al. suggesting that each
oxoanion oxygen atom could be involved in a maximum of
three hydrogen bonds.25 Thus, the structure reported here
represents the optimal coordination number for the sulfate
anion. The urea protons N5H, N8H, and N9H from individual
coordinating receptor molecules of the dimeric capsule are
hydrogen-bonded to sulfate oxygen atoms O10 and O10′,
whereas O11 and O11′ are hydrogen-bonded to both receptor

molecules by urea protons N2H, N3H, and N6H, where N2H
and N6H from one coordinating unit and N3H from the other
unit provide a three-point coordination to O11/O11′ (Figure
5d). A similar type of binding has previously been reported by
Custelcean et al. for SO4

2− encapsulation by the silver MOF
complex derived from an identical tris(urea) scaffold.9g A
correlation of the N−H···O angle versus the N−H···O distance
shows that 10 out of 12 hydrogen bonds are in the strong
hydrogen-bonding interaction regions of d(H···O) < 2.5 Å and
d(N···O) < 3.2 Å, which perhaps contributes to the high
stability of 2 (mp = 242 °C), as is evident from TGA of the
isolated crystals of 2 (Figure S15 in the Supporting
Information). Furthermore, the sulfate-encapsulated dimeric
cages are interlinked with one another via weak aromatic C−
H···π interactions (C8···C3g = 3.897 Å; ∠C8−H···C3g = 138°)
to form a 1D chain of capsular assemblies along the
crystallographic b axis (Figure 6a). Two such 1D arrays of
capsular assemblies are further interconnected with one another
by weak aliphatic C−H···O(nitro) interactions [C19···O3 =
3.155(7) Å; ∠C19−H···O3 = 107(3)°], generating hexagonal
networks of sulfate-encapsulated dimeric cages around each
capsular unit (Figure 6b). In addition, multiple C−H···O(nitro)
interactions formed between the n-TBA counteractions and
nitro groups of the receptor side arms provide increased
stability to the caged supramolecular assembly formation.

Figure 7. (a) Partial 1H NMR spectra (400 MHz, DMSO-d6) of L and maximum observable shifts of urea −NH resonances upon the addition of
excess (5 equiv) F−, HCO3

−, HSO4
−, SO4

2−, H2PO4
−, and AcO− as their TEA/TBA salts. The quaternary ammonium salts were added at once to the

individual solutions of L.

Table 3. Binding Constants (log K) of L with Various Anions
in DMSO-d6

anion log K anion log K

HCO3
− 4.14 H2PO4

− 4.38
F− 3.87 AcO− 3.27
HSO4

− 4.52 NO3
− no binding

SO4
2− 4.78 ClO4

− no binding
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It is important to mention here that attempted crystallization
of a DMSO or MeCN solution of L in the presence of excess
(TBA)2SO4

2− (50 wt % solution in water) was not fruitful,
presumably because of the high moisture content of the
receptor/anion solution and the capability of protic solvents to
compete for SO4

2− along with urea −NH functions of L,
disfavoring the formation of a SO4

2−-encapsulated molecular
capsule. However, encapsulation of a sulfate/water/sulfate
adduct within the dimeric capsule of a positional isomer of L
(p-nitrophenyl derivative) has been reported from identical
crystallization conditions (MeCN/water) with a 1:1 receptor to
anion binding.9b

The presence of sulfate in complex 2 and its coordination via
strong N−H···O hydrogen bonds has also been confirmed by
solid-state FT-IR analysis (Figure S16 in the Supporting
Information). In complex 2, the amide (−CO) stretching
frequency is observed at 1695 cm−1, showing a considerable
shift of 40 cm−1 relative to free L due to the formation of strong
NH···O hydrogen bonds with the sulfate oxygen atoms (Figure
S17 in the Supporting Information). Additional information
regarding the existence of strong N−H···O hydrogen bonds
between L and SO4

2− can be obtained by examining the −NH
peak of the spectrum, which gets broadened in 2 relative to L
with an observable shift of 12 cm−1. Furthermore, the intense

Figure 8. 2D NOESY NMR experiments of (a) free receptor L, (b) carbonate complex 1, (c) sufate complex 2, and (d) L in the presence of excess
sulfate (5 equiv) in DMSO-d6.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic2020379 | Inorg. Chem. 2012, 51, 1727−17381735



and strong peak at 2963 cm−1 may be attributed to C−H
stretching of the TBA groups in complex 2. In addition, a new
peak is observed at 1089 cm−1 in complex 2, which can be
attributed to the symmetric stretching frequency of the sulfate
anion. Typically, the symmetric absorption (1089 cm−1) is
intense and broad and most often does exist as multiple band
structures as observed for 2, and this may be used to
characterize the presence of sulfate in individual compounds/
complexes. Furthermore, the 1H NMR spectrum of complex 2
(DMSO-d6) showed a significant downfield shift of the −NH
resonances with a Δδ value of 1.02 and 0.51 ppm for −NHa
and −NHb protons, respectively (Figure S18 in the Supporting
Information). Additionally, the aliphatic −NCH2 and aromatic
protons (Ar−CH) of the receptor experience a noticeable
upfield shift (Δδ −NCH2 = 0.15 ppm; Δδ ArH = 0.20−0.31
ppm), suggestive of a structural alteration of L in solution that
could influence the urea functions from each receptor side arm
to encapsulate the sulfate anion within the tripodal
pseudocavity by multiple N−H···O hydrogen bonds.
3.4. Solution-State Anion-Binding Studies. Solution-

state binding properties of L were carried out with TEA/
HCO3

− and n-TBA salts of F−, AcO−, H2PO4
−, HSO4

−, and
SO4

2− by qualitative as well as quantitative 1H NMR
experiments in DMSO-d6. Figure 7 represents the qualitative
test of anions, which shows the chemical shift changes observed
upon the excess addition of different anions to the urea
receptor L in DMSO-d6. The most significant changes have
been observed for the urea protons (−NHa and −NHb),
indicating that the −NH functions provide the primary sites of
interaction between the ligand and anions. In the quantitative
1H NMR titration of L with a standard HCO3

− solution, a large
downfield shift of urea −NH resonances with an average Δδ
value of 1.48 ppm (Δδ −NHa = 1.51 ppm; Δδ −NHb = 1.45
ppm) and a notable upfield shift of aromatic −CH signals were
observed. Following the shift of the −NH signal, the association
constant (log K) for HCO3

− was calculated to be 4.14 with a
1:1 host/guest stoichiometry, in agreement with Job’s plot
analysis (Figures S19 and S20 in the Supporting Information).
The titration data for F− as well gave the best fit for 1:1
stoichiometry with a log K value of 3.87 (Figure S21 in the
Supporting Information). The considerably larger shift of
−NHb (Δδ = 1.44 ppm) relative to −NHa signals (Δδ = 0.89
ppm) suggests that F− is bound more strongly to −NHb than
−NHa protons of the receptor (Figure S22 in the Supporting
Information). However, in a proof-of-concept experiment,
when the titrated receptor/F− solution (1:10 host/guest) was
bubbled with CO2 for about 5 min (100 mL min−1), immediate
1H NMR analysis showed a further downfield shift of the −NHa

resonance (Δδ = 1.42 ppm with respect to L), indicating the in
situ formation of carbonate/bicarbonate in the presence of
excess F− ions. Furthermore, 1H NMR titration of L with
standard SO4

2− and HSO4
− solutions led to the best fit for 1:1

stoichiometry of host to guest, in agreement with Job's plot
analyses (Figures S23 and S24 in the Supporting Information),
whereas the single-crystal XRD analysis of complex 2 showed a
2:1 host/guest binding for the divalent sulfate anion. Such a
binding discrepancy in the solid and solution states is not
uncommon. In the solid state, the receptor is more organized
and prefers binding and encapsulation of the oxyanion within
the dimeric cage structure of the receptor stabilized by several
hydrogen-bonding interactions, whereas binding of a single
anion inside the receptor cavity has been observed in solution.
The association constants (log K) of L with SO4

2− and HSO4
−

were calculated to be 4.78 and 4.52. The identical modes of
binding (1:1 host/guest) and association constants of K > 104

M−1 calculated using both sulfate and bisulfate indicate that in
solution bisulfate gets converted to sulfate in our experimental
conditions, which indeed supports the solid-state formation of
the SO4

2−-encapsulated complex 2 when L is treated with
excess n-TBA salt of HSO4

− in DMSO. Additionally, the
chemical shifts of the urea −NH signals in the presence of 1
equiv of SO4

2− and HSO4
− have been found to be almost the

same (in the case of SO4
2−, Δδ −NHa = 1.18 ppm and −NHb =

0.72 ppm, and in the case of HSO4
−, Δδ −NHa = 1.13 ppm and

−NHb = 0.71 ppm) and closely resemble those in the 1H NMR
spectrum for the isolated crystals of 2 (Figures S25 and S26 in
the Supporting Information). In our recent communication, we
have shown the in situ generation of a PO4

3−-encapsulated
rigidified cage structure of a tris(thiourea) receptor obtained via
hydrogen-bond-induced deprotonation of bound H2PO4

− by
free H2PO4

−, which is evident from the origin of new sets of
signals (for −NH and ArH protons) in the 1H NMR titration
experiments.16b However, in the case of the tris(urea) receptor
L, no new resonances corresponding to the −NH and/or ArH
protons were observed during 1H NMR titration with HSO4

−,
presumably almost identical Δδ shifts of the −NH resonances
induced by the addition of HSO4

− and SO4
2− ions. A

comparatively larger downfield shift of the aliphatic −NHa
signal relative to the aryl −NHb signal suggests that in solution
SO4

2−/HSO4
− is bound more strongly to −NHa than −NHb

protons of the receptor, which is in contrast to the X-ray
structure of the sulfate complex (2), which shows equal
participation from both the urea protons toward SO4

2− binding
within the dimeric cage of L (Table 2). Similar to the HCO3

−

titration experiment, increasing the addition of a standard
H2PO4

2− solution results in an identical downfield shift of both
−NH signals with an average Δδ value of 1.42 ppm (Δδ −NHa
= 1.43 ppm; Δδ −NHb = 1.42 ppm), indicative of equal and
active participation of both urea protons toward binding of this
anion in a 1:1 stoichiometry (L/H2PO4

−) with an association
constant of 4.38 (Figures S27 and S28 in the Supporting
Information). Finally, in 1H NMR titration of L with a standard
CH3COO

− solution, the −NH resonance experiences a huge
downfield shift with ultimate Δδ values of 2.08 and 2.42 ppm
for the −NHa and −NHb signals, respectively, suggestive of
equal and strong participation of the −NH protons toward
binding of this anion in a 1:1 stoichiometry with an association
constant (log K) of 3.27 (Figures S29 and S30 in the
Supporting Information). However, in the presence of other
oxyanions such as nitrate and perchlorate, no appreciable
changes in the chemical shift values of the −NH resonances
were observed, suggesting the noninteracting nature or very
weak interactions with L. The association constants (log K)
calculated by following the shift of the most deshielded urea
proton (−NHa or −NHb) of L in the 1H NMR titration
experiments with different anions (Table 3) are comparable to
those observed for the p-nitrophenyl-,9b pentafluorophenyl-,9d

or p-cyanophenyl9l-substituted tris(urea) receptors.
The solution-state encapsulation of oxyanions has further

been confirmed by 2D NOESY NMR experiments of the
isolated complexes (1 and 2) and free receptor (L) in DMSO-
d6 (Figure 8). As depicted in Figure 8a, the free receptor
molecule showed a strong NOESY signal between the urea
protons −NHa and −NHb, whereas such Ha···Hb interactions
were found to be absent in complex 1 (Figure 8b), indicating
the binding and encapsulation of carbonate within the tripodal
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scaffold in a 2:1 host/guest stoichiometry, an observation that is
also supported by the X-ray structure of the carbonate-
encapsulated dimeric cage of L (1). In contrast, two strong
NOESY signals between Ha···Hb and Hb···Hc protons have been
observed in complex 2 (Figure 8c), which indeed suggests that
the 2:1 host/guest stoichiometry is not the prevalent mode of
sulfate binding in solution. However, upon further addition of
sulfate ions to the solution of 2 in DMSO-d6, the NOESY
signals between Ha···Hb and Hb···Hc disappeared, indicating a
conformational change of the receptor due to encapsulation of
a sulfate anion in a 1:1 host/guest ratio (Figure 8d). Similarly,
in the presence of excess bicarbonate ions, no signals due to
Ha···Hb or Hb···Hc interactions have been observed, suggesting
the binding and encapsulation of bicarbonate within the
receptor scaffold (Figure S31 in the Supporting Information).
The 1:1 binding stoichiometry of sulfate and bicarbonate was
further established by Job’s plot analysis from the 1H NMR
titration experiments, showing a maximum at 0.5 mole fraction
of L. Similar NOESY NMR experiments have recently been
reported by Hossain et al. for bisulfate encapsulation by a tren-
based urea receptor.9l

4. CONCLUSION

In conclusion, we have demonstrated the efficient fixation of
aerial CO2 in the form of air-stable crystals of a carbonate-
encapsulated molecular capsule of a simple tris(urea) receptor,
L. The in situ generated carbonate anion is bound within a
centrosymmetric dimeric cage of the receptor with an array of
12 N−H···O and 2 C−H···O hydrogen bonds. The fixation
process can reproducibly be accomplished from a DMSO
solution of the receptor charged either with an equivalent
amount of hydroxide ions or an excess of fluoride ions. It is
remarkable to note that almost quantitative conversion of L to
the carbonate-encapsulated complex (1) can be obtained from
the basic receptor/OH− solution, which establishes L as a
potential hydrogen-bonding scaffold for the effective fixation of
atmospheric CO2. In addition, we have also demonstrated the
structural evidence for encapsulation of a deprotonated
hydrogensulfate anion (SO4

2−) within a fully complementary
centrosymmetric dimeric assembly of the receptor via 12 N−
H···O hydrogen bonds (2). Thus, receptor L provides an
excellent case of understanding the significance of hydrogen-
bonding tripodal scaffolds toward the formation of oxyanion-
encapsulated caged supramolecular frameworks by in situ
generation of the bound anionic species.
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