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Selective encapsulation and extraction of hydrogenphosphate by a 
hydrogen bond donor tripodal receptor
Sandeep Kumar Dey,*a Archana,a Sybil Pereira,a Sarvesh S. Harmalkar,a Shashank N. Mhaldar,a 
Vivekanand V. Gobrea and Christoph Janiakb

Selective encapsulation of an anion by a hydrogen bond donor scaffold demands design and synthesis of suitable receptors 
which could discriminate between anions of identical size and shape or basicity. Here, we report the anion coordination 
chemistry of two second generation tripodal receptors (AUL and AAL ) based on 1H-NMR and crystallization experiments. 
The tripodal urea-based receptor AUL can selectively encapsulate a hydrogenphosphate (HPO4

2–) dianion by six strong 
hydrogen bonds donated from the three urea groups. Theoretical calculations showed that AUL has highest binding affinity 
for hydrogenphosphate when compared to other competitive anions (F–, CN–, CH3COO– and HSO4

–). Because of its HPO4
2– 

selectivity, AUL has been successfully employed in the extraction of HPO4
2– from water in presence of competitive anions (F–

/OH–/CH3COO–) by anion exchange between two immiscible phases. On the other hand, the tripodal amide-based receptor 
AAL when crystallized in the presence of F–, CN–, CH3COO–, H2PO4

– and HSO4
– did not yield any hydrogen-bonded receptor-

anion complex and instead crystalline AAL were precipitated in each case. 1H-NMR experiments showed significant 
broadening and/or downfield shift of -NH signals  in AUL and AAL upon additions of F–, Cl–, CN–, CH3COO– and H2PO4

– 

(supplied as tetraalkylammonium salts), indicative of strong hydrogen bonding interactions between -NH donors and anions 
in the solution-state.    

Introduction
Anion coordination chemistry has already evolved into an 
established and recognized field of research within the realm of 
supramolecular chemistry over the past three decades.1 
Hydrogen bond donor (HBD) acyclic and macrocyclic receptors 
have widely been studied in the solution and solid-states where 
the receptor-anion binding constants and X-ray structures of 
hydrogen bonded anion complexes were determined, 
respectively.2 There are several HBD receptors which can 
selectively or preferentially bind a specific anion (halide/oxo-
anion) are reported in literature.3 Anion selectivity of a receptor 
is largely governed by receptor-anion complementarity where 
the acidity of the hydrogen bond donor groups and basicity of 
an anion plays a key role in the formation of a stable hydrogen 
bonded anion complex. For macrocyclic and tripodal receptors, 
both cavity size and nature of the hydrogen bond donor groups 
determines the anion selectivity, although discrimination 
between anions of similar basicity (such as F–, CH3COO–, HCO3

–) 
or anions of identical shape and size (such as SO4

2–, HPO4
2–, 

HAsO4
2–) can be a challenge to achieve. Conformational 

flexibility in the receptor molecule often allows coordination of 
anions of different geometry (spherical, planar and tetrahedral) 
by structural reorganization as exemplified by several tripodal 
urea/thiourea receptors.4 Nonetheless, a few urea/thiourea 
based tripodal receptors among others are known to 
preferentially coordinate to a specific anion over some other 
anions and thus, selective separation of anions has been 
achieved by liquid-liquid extraction or crystallization 
experiments in a competitive environment.5

Selective removal of inorganic phosphate anions (H2PO4
–, 

HPO4
2– and PO4

3–) from freshwater ecosystems contaminated 
with agricultural and household run offs containing fertilizers 
and detergents, is crucial in limiting eutrophication of natural 
water bodies.6 However, due to the high Gibbs hydration free 
energies of phosphates (ΔGH of H2PO4

– < HPO4
2– < PO4

3–)7 and 
presence of other competitive anions (Cl–, NO3

– and SO4
2–) in 

the freshwater bodies, selective phosphate removal is a 
challenging task. Thus, development of synthetic HBD receptors 
capable of selective encapsulation and separation of inorganic 
phosphates are crucial due to their diverse biological and 
environmental relevance.8 Over the past two decades, many 
researchers have devoted themselves in developing artificial 
receptors for the selective binding of phosphates via non-
covalent interactions, featuring different topological 
complementarities for the anion.9 
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Scheme 1 Molecular structures of tripodal receptors AUL (urea-based) and AAL (amide-
based) as synthesized from tris(4-amino-N-ethylbenzamide)amine AL by reaction with 
(a) 3.2 equivalents of 4-nitrophenyl isocyanate in dimethyl sulfoxide (DMSO), and (b) 3.5 
equivalents of 4-nitrobenzoyl chloride in tetrahydrofuran-ethanol solvent mixture (8:2 
v/v) in the presence of 2 equivalents of tetrabutylammonium chloride. -NH protons of 
the receptors are labelled as a, b and c to discuss their relevance in 1H-NMR experimental 
discussions in the text (synthesis details are provided in the ESI†).     

Herein, we report selective encapsulation of 
hydrogenphosphate dianion (HPO4

2–) by a tripodal urea-based 
receptor AUL (Scheme 1) and subsequent extraction of the oxo-
anion from water in presence of highly competitive anions. Our 
experimental results showed that the urea-based receptor AUL 
can selectively form a hydrogen bonded complex with 
hydrogenphosphate [(n-Bu4N)2(AUL·HPO4)·DMSO·CH3CN], 
while AUL·2DMSO adduct was formed in presence of other 
competitive anions such as F–, Cl–, CN–, CH3COO– and HSO4

– 
under identical crystallization conditions. Theoretical binding 
energy calculations were found to be in agreement with the 
experimental results showing highest binding affinity of AUL for 
HPO4

2– in the energy optimized receptor-anion complexes. On 
the other hand, the amide-based receptor AAL (Scheme 1) 
when crystallized in the presence of different anions such as F–, 
Cl–, CN–, CH3COO– and H2PO4

–, did not form an anion complex. 
Instead, crystalline AAL formed in each case suggesting that AAL 
is not a suitable anion receptor. Solution state anion binding 
studies of AUL and AAL have also been carried out by 1H-NMR 
spectroscopy with quaternary ammonium salts of different 
anions.
Numerous tris(2-aminoethyl)amine (Tren)-based tripodal tris-
urea/thiourea and tris-amide receptors have been studied for 
anion coordination,4 among which only a few receptors are 
known to selectively coordinate to a specific anion (Scheme 
2a).3a-f Synthesized from nitrophenyl functionalized tripodal 
tris-urea receptors, Biao Wu et al. has reported a series of 
tripodal hexa-urea receptors which showed preferential binding 
of sulfate in the receptor cavity (Scheme 2b).10 To tune the 
anion selectivity in tripodal receptors, we have synthesized two 
Tren-based receptors both having an identical inner amide 
cavity but differing in their outer HBD cavities. Receptor AUL has 
an outer tris-urea cavity and AAL has an outer tris-amide cavity. 
Anion coordination by tripodal receptors having an inner tris-

amide cavity and an outer tris-urea cavity has not been studied 
before. AAL a hexa-amide receptor, can be considered as the 
amide analogue of the hexa-urea receptor (5c in Scheme 2b) 
that was observed to encapsulate a sulfate anion exclusively in 
the inner tris-urea cavity only. 

Scheme 2 (a) Tren-based tripodal tris-urea/thiourea receptors (1-5) known for 
selective recognition of sulfate (SO4

2–), phosphate (PO4
3–) and fluoride (F–) ions,3a-

e (b) Tren-based tripodal hexa-urea receptors (6a-c) for recognition of sulfate 
(SO4

2–) ion;10 ortho-bridged hexa-urea 6a could encapsulate a SO4
2– ion within the 

complementary receptor cavity, meta-bridged hexa-urea 6b could encapsulate 
two SO4

2– ions within the inner and outer tris-urea cavities, and para-bridged hexa-
urea 6c could encapsulate a SO4

2– ion within the inner tris-urea cavity only.

Results and discussions
In our effort to achieve selective anion binding, we have 
synthesized two second generation tripodal receptors (AUL and 
AAL) by post-synthetic modification of tris(4-nitro-N-
ethylbenzamide)amine, (see section S2a in ESI†), which is a 
Tren-based tris-amide receptor with peripheral nitrophenyl 
ring.11 Tris(4-nitro-N-ethylbenzamide)amine was reduced to its 
amine analogue tris(4-amino-N-ethylbenzamide)amine, AL 
(Scheme 1) which was then then reacted with 4-nitrophenyl 
isocyanate and 4-nitrobenzoyl chloride to obtain AUL and AAL 
respectively (see section S2b and S2c in ESI†). The tripodal 
receptors AUL and AAL were characterized by 1H-NMR, 13C-
NMR, FT-IR (KBr) and X-ray diffraction techniques. Both 
receptors are soluble in DMSO and DMF, but insoluble in other 
organic solvents such as chloroform, acetonitrile, 
tetrahydrofuran and methanol/ethanol. The solution state 
anion binding properties of AUL and AAL were investigated by 
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1H-NMR spectroscopy in DMSO-d6 and crystallization 
experiments in DMSO-acetonitrile (8:2 v/v) mixture were 
performed to establish the formation of hydrogen-bonded 
anion complexes in the solid state. In a typical qualitative 1H-
NMR experiment, 15 mg of AUL/AAL was dissolved in 0.6 ml of 
DMSO-d6 and 2 to 4 equivalents of tetrabutylammonium (n-
Bu4N+) or tetraethylammonium (Et4N+) salt (halide/oxyanion) 
was added into the solution.12 The solution was then sonicated 
to ensure complete solubility of the receptor and added salt in 
DMSO-d6 before 1H-NMR analysis.

Anion binding studies of urea-based receptor AUL

Urea -NH protons are potential hydrogen bond donors and 
known to form strong hydrogen bonds with halides and oxo-
anions.4 The 1H-NMR spectrum of AUL in DMSO-d6 showed the 
amide -NHa signal at 8.23 ppm and the urea -NH protons 
appeared at 9.10 and 9.46 ppm for -NHb and -NHc respectively 
(Fig. 1a). Urea -NHc bonded to the nitrophenyl ring is more 
downfield shifted (9.46 ppm) as compared to -NHb bonded to 
the inner benzamide ring (9.10 ppm) because the peripheral 
nitrophenyl ring is more electron deficient than the inner 
benzamide ring. Aromatic -CH proton signals originated as 
doublets due to para substitution of the aromatic rings.
Addition of tetrabutylammonium (n-Bu4N+) salts of F–, HSO4

– 
and H2PO4

– to solutions of AUL (in DMSO-d6) resulted in 
disappearance of urea -NH signals due to hydrogen bond 
formation between the -NH protons and the negatively charged 
ions (Fig. 1b-d). Strong hydrogen bonds between -NH protons 
and anion often lead to shifts in 1H-NMR signals. At the same 
time, dynamic anion coordination i.e., if the exchange of 
complexed and uncomplexed guest (anion) is within the NMR 
time scale, significant peak broadening up to the point of 
disappearance of the signal occurs.13 Also, addition of lithium 
acetate resulted in large downfield shift of urea -NH signals by 
3.5 ppm with concomitant broadening, but still presence of the 
singlet peaks (Fig. 1e).14 Due to interaction of urea -NH protons 
with the anion, the electronic environment of the adjacent 
aromatic rings was affected and therefore, some changes in 
peak positions have also been observed for the aromatic -CH 
signals (Fig. 1). Similarly, addition of (Et4N+)CN– to a solution of 
AUL (in DMSO-d6) showed disappearance of urea -NH signals 
due to hydrogen bond induced peak broadening, however with 
no observable changes in the -CH peak positions (Fig. 2b). 
Addition of chloride, bromide or tribromide salts showed 
downfield shift of urea -NH peaks indicating receptor-anion 
interaction, but did not show any changes in the -CH peak 
positions. Considerable downfield shift of 1.0–1.1 ppm was 
observed for urea -NH signals, in the presence of (Et4N+)Cl– salt 
(Fig. 2c). However, (n-Bu4N+)Br– and (n-Bu4N+)Br3

– salt showed 
downfield shift of 0.3–0.4 ppm for urea -NH signals indicative of 
weaker receptor-anion hydrogen bond interactions (Fig. 2d-e) 
as compared to chloride and fluoride. Finally, addition of (n-
Bu4N+)I– or (n-Bu4N+)NO3

– showed negligible spectral changes of 
AUL in DMSO-d6 (Fig. 2f).

Fig. 1 Aromatic region (6–14 ppm) of 1H-NMR (DMSO-d6) spectra of (a) AUL and in the 
presence of (b) (n-Bu4N+)H2PO4

–, (c) (n-Bu4N+)HSO4
–, (d) (n-Bu4N+)F– and (e) Li+CH3COO–. 

(Full spectra are provided in Fig. S11-S14 in ESI†).

Solution state anion binding studies showed strong hydrogen 
bond interactions of urea -NH protons with anions such as, F–, 
Cl–, CN–, CH3COO–, H2PO4

– and HSO4
– (Fig. 1 and 2). Thus, in 

order to obtain hydrogen-bonded anion complexes in the solid 
state, we have crystallized AUL in the presence of n-Bu4N+ or 
Et4N+ salts of the above anions. In a typical crystallization 
experiment, 100 mg of AUL was dissolved in 5 mL of DMSO-
CH3CN (8:2 v/v) solvent mixture and an excess of 
tetraalkylammonium salt (5 equivalents) was added into it 
followed by stirring at room temperature for about half an hour. 
The solution was then kept undisturbed at room temperature 
in a 10 mL beaker for crystallization upon evaporation. 
In the crystallization experiments, from the solution mixtures of 
AUL with either F–, Cl–, CH3COO–, CN– and HSO4

– only 
AUL·2DMSO could be crystallized (see below). Whereas, from 
the solution mixture of AUL with H2PO4

–, a hydrogen-bonded 
anion complex with composition (n-
Bu4N)2(AUL·HPO4)·DMSO·CH3CN was crystallized (see below). 
Similar results have previously been observed for receptor 2 
(Scheme 2) which formed a sulfate-encapsulated coordination 
polymer in the presence of Ag2SO4 (in water/acetone) and 
crystallization in the presence of other Ag+ salts (NO3

–, CH3COO–

, CH3SO3
– and BF4

–) yielded crystals of 2.3b 1H-NMR spectra of 
the crystalline products obtained from the solution mixtures of 
AUL with either F–, Cl–, CH3COO–, CN– and HSO4

– salts showed 
the absence of (n-Bu4N+)/(Et4N+) signals in the aliphatic region 
and all five spectra closely resemble the 1H-NMR spectrum of 
pure AUL recorded in DMSO-d6. Only the 1H-NMR spectrum of 
crystals obtained from the solution mixture of AUL and H2PO4

– 
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showed the presence of tetrabutylammonium (n-Bu4N+) signals 
and a large downfield shift of urea -NH protons with 
concomitant broadening was observed (Fig. 4b and Fig. S21 in 
ESI†). The urea -NH signals were observed to appear at 11.90 
and 13.10 ppm for -NHb and -NHc respectively (Fig. 4b). Changes 
in peak position have also been observed for the aromatic -CH 
signals with respect to AUL spectrum (Fig. 4a-b). The presence 
of n-Bu4N+ signals and the downfield shift of urea -NH protons 
indicate the possible coordination of a phosphate species by the 
urea-based receptor. Integration of the 1H-NMR peaks suggests 
that there are at least two n-Bu4N+ cations present in the crystal 
structure, which implies that a HPO4

2– dianion is coordinated to 
the urea groups. 31P-NMR spectroscopy showed the 
appearance of a peak at 7.37 ppm which further suggested the 
presence of hydrogen-bonded HPO4

2– in the crystal structure 
(Fig. S22 in ESI†).15 Thus, from the results of crystallization 
experiments it has been inferred that AUL is capable of forming 
a hydrogen-bonded complex with HPO4

2– in the solid state and 
not with any of the other tested anions (F–, Cl–, CN–, CH3COO– 
and HSO4

–).

Fig. 2 Aromatic region (6–14 ppm) of 1H-NMR (DMSO-d6) spectra of (a) AUL and in the 
presence of (b) (Et4N+)CN–, (c) (Et4N+)Cl–, (d) (n-Bu4N+)Br–, (e) (n-Bu4N+)Br3

– and (f) (n-
Bu4N+)NO3

– (Full spectra are provided in Fig. S16-S20 in ESI†).

Single crystal X-ray structures

Single crystal X-ray analysis of the hydrogenphosphate complex 
with AUL yielded the crystal composition (n-
Bu4N)2(AUL·HPO4)·DMSO·CH3CN. In the solid state, the HPO4

2– 
anion is encapsulated within the tripodal cavity by six strong 
charge-assisted hydrogen bonds16 (average N···O-P = 2.820 Å) 

donated from the three urea groups (Fig. 3a, Table S2 in ESI†). 
Two n-Bu4N+ cations are present in the crystal lattice together 
with two solvent molecules (DMSO and CH3CN). The anion 
complex crystallized in the triclinic P–1 space group from the 
DMSO-CH3CN mixture at room temperature. The slightly longer 
P-O1 bond of 1.602(3) Å, compared to the other P-O bonds of 
1.513(3) to 1.522(3) Å suggest that the H atom resides on O1 
and is not delocalized over the phosphate group.16b The 
presence of two n-Bu4N+ cations in the asymmetric unit further 
confirmed the presence of a hydrogenphosphate dianion, 
HPO4

2– in the crystal structure. Two encapsulated HPO4
2– anions 

are observed to be in dimeric association by complementary O-
H···O hydrogen bonds (P-O···O-P = 2.594 Å) resulting in the 
formation of a dimeric capsular assembly (Fig. 3b).17 Two amide 
groups are involved in an intramolecular N-H···O=C hydrogen 
bond (N···O = 3.031 Å) and the third amide -NH is involved in 
intermolecular N-H···O=S hydrogen bonding (N···O = 2.984 Å) 
with the lattice DMSO molecule (Fig. 3a). The lattice CH3CN 
molecule forms a weak C-H···O hydrogen bond with a 
phosphate oxygen (C···O–P = 3.421 Å). The n-Bu4N+ cations are 
also involved in weak C-H···O interactions with two amide (O=C-
NH) groups and two nitro (-NO2) groups of AUL (Fig. S46 in ESI†). 
Thus, several strong hydrogen bond interactions stabilize a 
HPO4

2– anion within the tripodal urea cavity supported by a 
number of weak C-H hydrogen bond interactions in the crystal 
lattice.
All three samples of single crystals of AUL·2DMSO obtained in 
the presence of fluoride, chloride and acetate (n-Bu4N+ salts) 
from DMSO-CH3CN solutions were found to show identical cell 
parameters. Powder X-ray diffraction patterns of the bulk 
samples were also observed to be identical (Fig. S44 in ESI†). 
Single crystal structural elucidation revealed that AUL 
crystallized in the triclinic P–1 space group with two DMSO 
molecules in the crystal lattice (Fig. 3c). Two urea groups of AUL 
are hydrogen bonded to two DMSO molecules of the lattice 
while the third urea group is hydrogen bonded to carbonyl 
oxygen of two adjacent receptor units. One lattice DMSO was 
observed to be disordered over two positions and in order to 
model this disorder, a PART command was used with 0.6 (60%) 
and 0.4 (40%) contributions for the two fractions.18 The amide 
groups of AUL are involved in strong intramolecular N-H···O=C 
hydrogen bond (N···O = 3.031 Å), as observed in the structure 
of hydrogenphosphate complex.  
An intramolecular N-H···O=C hydrogen bond (N···O = 3.020 Å) 
between two amide groups has also been observed in the X-ray 
structure of AL·H2O (AL is the amine precursor of AUL and AAL 
in Scheme 1), which crystallized from ethanol (Fig. 3d). Both 
AUL·2DMSO and AL·H2O also showed intermolecular N-H···O=C 
hydrogen bond (N···O = 2.907 Å and 2.930 Å respectively) 
formation between the third amide -NH and an amide carbonyl 
oxygen of adjacent tripodal unit (Fig. S47 in ESI†). 
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Fig. 3 Single crystal X-ray structures of (a) (n-Bu4N)2(AUL·HPO4)·DMSO·CH3CN showing 
receptor-anion hydrogen bonds, counter cations are not shown, (b) Dimeric capsular 
assembly formation in (n-Bu4N)2(AUL·HPO4)·DMSO·CH3CN where two receptor units are 
shown in different colors, counter cations, lattice solvents and CH protons are not shown 
for clarity of presentation, (c) AUL·2DMSO where DMSO carbon atoms are shown in 
different colors for clarity, (d) AL·H2O where W represents lattice water. Hydrogen bonds 
are shown with blue dotted lines (See ‡ footnotes for crystal data). Color code: C = 
grey/green, N = blue, O = red, H = white, P = orange, and S = yellow.

Thus, crystal structures of both AUL·2DMSO and (n-
Bu4N)2(AUL·HPO4)·DMSO·CH3CN showed the presence of an 
intramolecular N-H···O=C hydrogen bond between two amide 
groups, which induce conformational rigidity and restricts the 
flexibility of the two tripodal arms to encapsulate anions of 
different size and shape. The urea groups are however free to 
rotate by the aryl-urea C–NH single bonds, as observed in the 
crystal structures. The intramolecular N-H···O=C hydrogen bond 
is inherent to AUL and its HPO4

2– complex, since this has also 
been observed in the structure of hydrated AL which yielded 
AUL upon reaction with 4-nitrophenyl isocyanate. Thus, 
selective encapsulation of HPO4

2– by AUL is possibly due to 
receptor-anion complementarity i.e., the receptor cavity size 
and acidity of urea –NH protons of AUL complements the 
geometry (size/shape) and basicity of HPO4

2– anion. 
On the other hand, intramolecular N-H···O=C hydrogen bond 
between the amide groups is perhaps missing in the solution 
state because the 1H-NMR spectrum of AUL indicated that the 
three tripodal arms are equivalent. Formation of intramolecular 
N-H···O=C hydrogen bond between the amide groups would 
have disrupted the C3v symmetry in solution and additional 
peaks could have appeared in the 1H-NMR spectrum of AUL for 
the nonequivalent tripodal arms. The absence of intramolecular 
hydrogen bonding provides conformational flexibility to the 
tripodal arms which could reorganize and adjust its cavity size 
to encapsulate anions of different size and shape by hydrogen 

bonds. This is the reason why significant broadening and/or 
downfield shifts of the urea -NH signals have been observed due 
to dynamic anion coordination in the 1H-NMR spectra of AUL in 
presence of several anions (F–, Cl–, CN–, CH3COO–, H2PO4

– and 
HSO4

– supplied as quaternary ammonium salts). Whereas, in the 
crystallization experiments formation of intramolecular N-
H···O=C hydrogen bond between the amide groups play a 
pivotal role towards selective recognition of 
hydrogenphosphate.

Binding energy calculations of receptor-anion complexes

In order to further gain an insight into the selective binding of 
hydrogenphosphate dianion by AUL over other competitive 
anions, we have carried out binding energy calculations based 
on density functional theory (DFT). Energy optimization was 
carried out using the hybrid density functional theory 
incorporating the B97D correlation functional via Kohn-Sham 
self-consistent theory calculations employing the NWChem 
program.19 The 6-31G(d,p) basis set was used for all 
computations and obtained using EMSL Basis Set Library.20  
To calculate the binding energy of AUL with anions such as, F–, 
CN–, CH3COO–, HSO4

–, SO4
2– and HPO4

2–, energy optimization of 
the receptor and anion was performed to obtain hydrogen-
bonded complexes of AUL with each anion (Fig. S23 in ESI†). 
Further, energy optimization of the free receptor conformer 
and free anion was carried out independently to calculate the 
binding energy (B.E.) using the equation B.E. = (Ereceptor + Eanion) 
– Ecomplex in Hartree (1 Hartree = 2625.5 kJ/mol).13e DFT 
calculations revealed that the binding affinity of AUL for HPO4

2– 

is highest followed by fluoride, acetate, cyanide and 
hydrogensulfate. The binding energy of AUL for HPO4

2– (1063 
kJ/mol) is nearly double as compared to HSO4

– (483 kJ/mol) and 
CN– (538 kJ/mol), and higher as compared to F– (768 kJ/mol) and 
CH3COO– (761 kJ/mol) (Table S1 in ESI†). Calculations have also 
been carried out with sulfate (SO4

2–) dianion, revealing that the 
binding affinity of AUL for SO4

2– (1018 kJ/mol) is marginally 
lower than HPO4

2– (1063 kJ/mol). However, extraction 
experiments have proven that AUL (mixed with n-Bu4NF in 
dichloromethane) can selectively extract and encapsulate 
HPO4

2– dianion from an aqueous solution mixture of phosphate 
and sulfate (see below). Thus, it can be argued that dimeric 
association between HPO4

2– ions resulting in the formation of a 
hydrogen bonded capsular assembly (Fig. 3b) is possibly 
responsible for the observed selectivity of AUL for HPO4

2–.21 
Such a dimer formation is not possible in case of SO4

2–, while 
HSO4

– showed the least affinity for AUL (483 kJ/mol).        
Energy optimization of AUL with PO4

3– anion to obtain 
hydrogen-bonded complex showed deprotonation of two urea 
-NH by PO4

3– to form H2PO4
–. The binding energy of 

deprotonated receptor-phosphate hydrogen bonded complex 
was calculated to be 2261 kJ/mol. However, such a 
deprotonated receptor-anion complex is ideally not possible to 
obtain from crystallization experiments since the deprotonated 
receptor crystallizes with counter-cations present in the 
solution.13c-d Thus, we have been able to validate the selective 
binding of HPO4

2– by AUL in the crystallization experiments 
based on theoretical calculations.
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Extraction of hydrogenphosphate from water

The selective encapsulation of HPO4
2– by AUL has encouraged 

us to achieve extraction of HPO4
2– from water in the presence 

of competitive anions. In a typical liquid-liquid extraction 
experiment, AUL (100 mg) was dissolved in dichloromethane 
(20 mL DCM) in the presence of two equivalents (n-Bu4N+)F– or 
(n-Bu4N+)CH3COO– or (n-Bu4N+)OH– and an aqueous solution of 
potassium phosphate (5 equivalents of K3PO4 dissolved in 10 mL 
water) was added into the DCM solution. The solution mixture 
was then stirred at room temperature for about an hour and 
the DCM layer was separated from the aqueous layer and 
treated with anhydrous sodium sulfate. The solution was then 
filtered and evaporated to dryness to obtain a yellow powder 
that was dissolved in DMSO-d6 and characterized by 1H-NMR 
and 31P-NMR analysis (Fig. S24-S28 in ESI†).
1H-NMR and 31P-NMR spectra of the compounds obtained from 
extraction experiments closely resemble the spectra of the 
hydrogenphosphate complex [(n-
Bu4N)2(AUL·HPO4)·DMSO·CH3CN] (Fig. 4b-e). Notably, chemical 
shift of the urea -NH signals (-NHb at 11.90 and -NHc at 13.10 
ppm), and integral values of the aromatic -CH peaks and 
tetrabutylammonium peaks are observed to be similar in all 
spectra obtained (Fig. 4b-e and S24-S28 in ESI†). It is to be noted 
that, tetrabutylammonium salts of Cl–, Br–, Br3

–, NO3
– and HSO4

– 

are not capable of dissolving AUL in DCM due to their weakly 
basic nature.    

Fig. 4 Aromatic region (6–14 ppm) of 1H-NMR spectra in DMSO-d6 of (a) AUL (b) 
hydrogenphosphate complex [(n-Bu4N)2(AUL·HPO4)·DMSO·CH3CN] and 

hydrogenphosphate complex of AUL obtained from phosphate extraction experiments 
(dichloromethane/water) in the presence of (c) (n-Bu4N+)F– (d) (n-Bu4N+)CH3COO– (e) (n-
Bu4N+)OH– and (f) (n-Bu4N+)F– in organic phase and Na2SO4 in aqueous phase. (All spectra 
recorded are provided in Fig. S24-S30 in ESI†). 

In a control experiment, an aqueous solution of K3PO4 was 
treated with a DCM solution mixture of AUL and (n-
Bu4N+)H2PO4

– to obtain a phosphate complex from organic 
phase. The 1H-NMR spectrum of the isolated phosphate 
complex is comparable to the spectra of the above extracted 
samples (Fig. 4c-e) suggesting the exclusive formation of HPO4

2– 

complex in the extraction experiments (Fig. S32 in ESI†).
In another experiment, AUL (100 mg) was dissolved in 
dichloromethane (20 mL) in the presence of two equivalents of 
(n-Bu4N+)F– and an aqueous solution mixture of potassium 
phosphate and sodium sulfate (5 equivalents of each salt 
dissolved in 10 mL water) was added into the DCM solution. The 
solution mixture was then stirred for about an hour and the 
DCM layer was separated from the aqueous layer. The 1H-NMR 
and 31P-NMR (in DMSO-d6) spectra of the compound isolated 
from the DCM layer were observed to be identical to the other 
extracted samples of hydrogenphosphate complex (Fig. 4f and 
Fig. S29-30 in ESI†). The FT-IR spectrum of the isolated 
compound also matches perfectly with the sample extracted in 
the presence of only (n-Bu4N+)F– (Fig. S31 in ESI†).    
It is important to mention that H2PO4

– and HPO4
2– exist in an 

equilibrium (H2PO4
–  HPO4

2–) at neutral pH (pKa 7.21), while 
PO4

3– can exist only under strongly basic conditions (pKa 12.67) 
in aqueous medium.22 Thus, in spite of the fact that a PO4

3– salt 
(K3PO4) was used in the extraction experiment, we have isolated 
a HPO4

2– complex of AUL from the organic layer. It is remarkable 
to note that, extraction of HPO4

2– from water occurs so 
efficiently with AUL by exchange of competitive anions (such as 
F–, OH– or CH3COO–) with HPO4

2– between the two immiscible 
phases, indicating the very high affinity of AUL for HPO4

2–.
 

Anion binding studies of amide-based receptor AAL

Similar to the urea group, the amide -NH protons are also strong 
hydrogen bond donors and several amide-based receptors are 
known to form stable hydrogen-bonded complexes with halides 
and oxo-anions.2,4 The 1H-NMR spectrum of AAL in DMSO-d6 
showed an amide -NH signal (-NHb) at 10.68 ppm, while the 
other -NH signal (-NHa) has merged with the aromatic -CH peak 
at 8.32 ppm, as evident from the NMR integral values (Fig. 5a 
and S6 in ESI†). Aromatic -CH proton signals of the peripheral 
nitrophenyl ring originated as two doublets (at 8.12 and 8.32 
ppm), and the inner benzamide -CH protons appeared as a 
singlet (at 7.82 ppm) due to amide group substitution at the 
para positions (Fig. 5a). Addition of n-Bu4N+ or Et4N+ salts of F–, 
CN–, CH3COO– and H2PO4

– to individual solutions of AAL (in 
DMSO-d6) resulted in disappearance of amide -NHb signal due 
to dynamic anion coordination between amide groups and 
added anion (Fig. 5). Addition of (n-Bu4N+)Cl– resulted in 
negligible downfield shift of the amide -NHb signal (Fig. 5c). Due 
to receptor-anion hydrogen bond interactions, changes have 
also been observed for the aromatic -CH proton signals in the 

Page 6 of 10CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

N
ew

 E
ng

la
nd

 o
n 

8/
8/

20
20

 8
:3

4:
30

 P
M

. 

View Article Online
DOI: 10.1039/D0CE00834F

https://doi.org/10.1039/d0ce00834f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

presence of F–, Cl–, CN–, CH3COO– and H2PO4
– anions (Fig. 5). 

However, addition of n-Bu4N+ salts of Br–, Br3
–, NO3

–, and HSO4
– 

to solutions of AAL (in DMSO-d6) did not show any observable 
shift of -NHb and -CH signals, suggesting that the receptor do 
not interact well with these anions in solution (Fig. 5). Thus, in 
order to obtain hydrogen-bonded anion complexes in the solid 
state, we have crystallized AAL in the presence of n-Bu4N+ or 
Et4N+ salts of F–, CN–, CH3COO– and H2PO4

– in DMSO-CH3CN (8:2 
v/v) solvent mixture.

Fig. 5 Aromatic region (6–14 ppm) of 1H-NMR (DMSO-d6) spectra of (a) AAL and in the 
presence of (b) (n-Bu4N+)F–, (c) (n-Bu4N+)Cl–, (d) (n-Bu4N+)Br–, (e) (n-Bu4N+)Br3

–, (f) 

(Et4N+)CN–, (g) (n-Bu4N+)NO3
–, (h) Li+CH3COO–, (i) (n-Bu4N+)H2PO4

–, and (j) (n-Bu4N+)HSO4
–, 

(Full spectra are provided in Fig. S34-S42 in ESI†).

No single crystals were formed from any of the above solution 
mixtures containing AAL and a quaternary ammonium salt. 
Instead, yellow crystalline powders were precipitated in each 
case which were then collected by filtration and washed 
repeatedly with methanol for subsequent analysis. 1H-NMR 
analysis (in DMSO-d6) revealed the absence of n-Bu4N+ or Et4N+ 
cation in these precipitated compounds and the spectrum in 
each case matches perfectly with the AAL spectrum in DMSO-
d6 (Fig. S43 in ESI†). It is thus confirmed that no hydrogen 
bonded receptor-anion complex was formed from the 
crystallization experiments and the neat receptor has 
precipitated out in all cases. The powder X-ray diffraction 
patterns of all samples were identical (Fig. S45 in ESI†). The 
inefficiency of AAL to form a hydrogen-bonded complex in the 
solid state can be explained by the lack of sufficient hydrogen 
bond donor atoms to stabilize an anion within the receptor 
cavity, i.e., lack of receptor-anion complementarity where the 
cavity size of the receptor also plays a critical role towards anion 
recognition. 

Conclusion
In conclusion, we have achieved selective encapsulation of the 
hydrogenphosphate dianion by a second generation tripodal 
urea-based receptor (AUL). Crystallization of AUL in the 
presence of various anions (supplied as n-Bu4N+/Et4N+ salts) 
yielded AUL-2DMSO adducts except from the solution 
containing H2PO4

– which formed a hydrogen-bonded anion 
complex (n-Bu4N)2(AUL·HPO4)·DMSO·CH3CN due to receptor-
anion complementarity. The selectivity of AUL for 
hydrogenphosphate has also been reflected in the extraction 
experiments where HPO4

2– could easily be extracted into the 
organic layer (dichloromethane) from water (K3PO4 solution) by 
anion exchange between the two phases. Theoretical 
calculations on energy optimized hydrogen bonded receptor-
anion complexes also showed the highest binding affinity of 
AUL for the HPO4

2– anion. The differences in solid and solution 
state anion binding affinities is due to the formation of 
intramolecular N-H···O=C hydrogen bond between the receptor 
sidearms (during crystallization) which dictate the cavity size 
and hence, the anion complementarity of the receptor having 
urea groups as hydrogen bond donors. Most importantly, this 
work showcases the synthetic modification of a first generation 
tripodal receptor into an anion selective second-generation 
receptor and unfolds the numerous possibilities of obtaining 
anion selectivity by mere structural alteration of known 
hydrogen bond donor receptors.
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