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Abstract
Dibenzo-18-crown-6 (DB18C6) is a single-crown ether that can act as a host for a guest ion. In an effort to illuminate the 
relationships among structure, dynamics, and thermodynamics of ligand binding in a simple model for understanding the 
affinity and specificity of ligand interactions, nuclear magnetic resonance (NMR) experiments and density functional theory 
(DFT) were used to study the interaction of DB18C6 with ammonium ion. 1H-NMR was used to follow the titration of 
DB18C6 with ammonium chloride in deuterated methanol, a solvent chosen for its amphipathic character. Ammonium ion 
binds strongly to DB18C6 with a dissociation equilibrium constant at least as low as ~ 10−6 M. DFT calculations were used 
to identify optimized conformations of bound and free DB18C6 and to estimate its binding energy with ammonium ion in 
implicit solvent. An approach is described that accounts for geometry relaxation in addition to solvation correction and basis 
set superposition error; to our knowledge, this is the first such report that includes the energy difference from optimizing 
species geometry. The lowest-energy conformer of free DB18C6 in implicit methanol acquires an open, W-shaped structure 
that is also the lowest-energy conformer found for the DB18C6-ammonium ion complex. These results form a foundation 
for further studies of this system by molecular dynamics simulations.

Keywords  Host–guest systems · Ligand-binding affinity · Forward and reverse titration · Molar ratio of binding · 
Stoichiometric titration · Conformational transitions · Synergy of experiment and computation

Introduction

In 1987, Lehn, Cram, and Pedersen won the Nobel Prize in 
chemistry for the understanding of ligand-binding affinity and 
specificity they developed through their work on crown ethers. 
Crown ethers are cyclic compounds that can act as hosts with 
high affinity and protein-like selectivity for guest compounds. 
The first crown ether studied, dibenzo-18-crown-6 (DB18C6), 
showed binding of cations that was quite strong for a neutral 
molecule [1, 2]. This crown ether has a benzene ring on each 
side of a central cyclic polyether ring containing eight car-
bons and six oxygen atoms. The structure and complexation 
of DB18C6 with ammonium ion are shown in Fig. 1. The two-
dimensional view suggests that partial negative charges of mul-
tiple oxygen atoms all pointing in toward the central cavity 
attract positively charged ions. Pedersen and Frensdorff studied 
DB18C6 and its complexation with ions including NH+

4
 , K+ , 

and Na+ , finding that K+ binds to DB18C6 with a dissociation 
equilibrium constant, Kd, of 4 × 10

−6 M in dichloromethane at 
room temperature [3]. They reported that ammonium ion also 
binds well with cyclic polyethers including DB18C6 [3] but 
did not report its affinity for DB18C6. Since then, extensive 
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thermodynamic data have been accumulated for binding of 
ions to DB18C6 and other cyclic polyethers in various solvents 
[4–8]. Shchori et al. reported stability constants for nitrate and 
chloride salts including NH4Cl binding to DB18C6 in CCl4 
[6]. Angelis et al. used electrochemistry to calculate reaction 
rates and stability constants of NH+

4
 binding to DB18C6 in 

acetonitrile [7]. Izutsu et al. calculated formation constants for 
DB18C6 with NH+

4
 in acetonitrile [8].

The above studies together report stability constants, 
reaction rates, and/or formation constants for ammonium 
ion binding to DB18C6 in acetonitrile or CCl4 . To the best 
of the authors’ knowledge, no quantitative experimental 
analysis of binding affinity has been reported for com-
plexation of simple salts like ammonium chloride with 
DB18C6 in more polar solvents, where binding thermo-
dynamics are expected to be dominated by solvent contri-
butions and thus may more closely mimic protein–ligand 
interactions. However, other cyclic polyethers are reported 
to form weak complexes in aqueous solution, with stability 
constants three to four orders of magnitude weaker than in 
methanol [9]. This result is consistent with the expecta-
tion that water competes more effectively than methanol 
for the free cation, but it makes experimental studies in 
water inaccessible due to low affinity. To begin to fill this 
knowledge gap, the present study was carried out in meth-
anol to augment our understanding of the thermodynamic 
forces at work in binding of a model cation to DB18C6 
under conditions where experimentally observable bind-
ing occurs. Complexation was monitored using proton 
nuclear magnetic resonance spectroscopy (1H-NMR) [10, 
11]. Selection of the nitrogen-containing ammonium ion 
also offered the potential for complementary detection of 
binding by using 15N NMR with isotope-labeled ligand, 
although the results from 1H-NMR reported here fully 
resolve the quantitative parameters of the binding process 
without requiring the use of 15N NMR.

Due to their single bonds, crown ethers can take on 
many conformations in solution. Computational stud-
ies have explored the conformations of DB18C6 when 
empty or complexed with various cations [12–16]. Bright 
and Truter carried out x-ray crystal structure analysis of 
DB18C6 complexed with 55:45 rubidium:sodium iso-
thiocyanate, finding that the complexed and uncomplexed 

crystal structure conformations of DB18C6 differ. The 
complexed ether oxygen were found to be almost coplanar 
(deviation 0.08 Å), and the uncomplexed ether oxygens 
have 100% larger deviation (deviation 0.16 Å). The center 
of the uncomplexed ether is at a crystallographic center of 
symmetry, but the three oxygen atoms on one side of the 
complexed crown are not equidistant from the symmetry 
center, so the cation makes unequal contact with the six 
oxygen atoms [14, 17]. Kríž et al. studied the interaction of 
H3O

+ with DB18C6 in nitrobenzene-d5 and dichlorometh-
ane-d2 through NMR, FTIR, and density functional theory 
(DFT) calculations to establish the most stable electronic 
structures [15]. The most energetically favored conformer 
in the gas phase for both the complexed and uncomplexed 
crowns has apparent C2v symmetry with a structure seem-
ingly identical to the W-shaped lowest-energy structure 
reported in the present work. However, the prior DFT cal-
culations were made entirely in the gas phase, and Kríž 
et al. reported no results in solvent.

In the work reported here, the conformations of uncom-
plexed DB18C6 are studied in implicit methanol, implicit 
water, and in the gas phase. With conformations optimized 
in each condition, the conformations of DB18C6 in com-
plex with ammonium ion are studied computationally to 
explore its features in the polar solvent methanol that is 
chosen to mimic an amphipathic protein. Binding is also 
examined experimentally using NMR to determine affinity. 
Although water is a preferred solvent for studies that aim 
to shed light on protein behaviors, the limited solubility of 
DB18C6 in water (< 0.1 mM [1, 18]) precludes its use in 
many experimental approaches to binding studies. Density 
functional theory (DFT) is used to calculate the binding 
energy of ammonium ion with DB18C6 in the gas phase 
and in the implicit solvents. As found by Choi et al. [19], 
who examined the ion selectivity of DB18C6 with cations 
Li

+
, Na+, K

+
, Rb

+
, and Cs+ using a conductor-like polariz-

able continuum model (CPCM) [20], an implicit solvation 
model was found to be suitable for calculating the solvation 
energy of DB18C6.

Methods

Experimental methods

All experiments used deuterated methanol, CD3OD 99.8%, 
and 15NH4Cl , 98% + obtained from Cambridge Isotope Labo-
ratories. Dibenzo-18-crown-6 98% was from Sigma-Aldrich. 
DB18C6 methanol solution was made at its solubility limit 
of 0.001 M [1, 18] by dissolving 0.18 mg DB18C6 in 0.5 mL 
MeOD with very gentle heating. 1H-NMR spectra were col-
lected at 500 MHz field strength on a Bruker Avance III 
instrument equipped with a QCI cryoprobe, at controlled 

Fig. 1   Structure of DB18C6 and binding with ammonium ion. Oxy-
gen atoms are colored red. Numbers adjacent to each unique carbon 
atom indicate NMR assignments (see Fig. 2)
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temperature of 22 °C. A 10 mM stock of 15
NH4Cl was made 

by dissolving 0.27 mg of anhydrous 15NH4Cl in 0.5 mL of 
deuterated methanol. 1H-NMR reference spectra of the sepa-
rate DB18C6 and 15NH4Cl stock solutions were obtained 
before each titration experiment. Titration experiments used 
5-uL increments of 15NH4Cl solution added to 1 mM crown 
ether solution. After each addition, the 1H-NMR spectrum was 
collected.

The treatment of ligand-binding data used here follows 
that of Klotz [21]. The definition of the association binding 
constant, Ka , is the concentration of complex [AB] divided by 
the product of the concentrations of free ligand, [Af ] , and free 
target, 

[

Bf

]

:

This expression asserts, through its use of [AB] to describe 
the complex, that the binding process observes a 1:1 interac-
tion between host and guest; this assumption is here shown 
by experiment to be accurate for the present case. As the 
amounts of free target and free ligand are unknown to the 
observer, the following relation uses the conservation of 
mass to express the concentration of free reactants as the 
difference between the total concentration of ligand and the 
concentration of bound ligand, under the 1:1 assumption.

To solve for [AB] , Eqs. (2) and (3) are substituted into 
Eq. (1), and the resulting equation is rearranged using the 
quadratic formula. Equation (4) defines fractional site occu-
pancy, � , the fraction of binding sites on target B that are 
occupied by ligand A. As defined here, � is the experimental 
observable assuming 1:1 binding of ligand A on target B, 
which is confirmed under “Experimental results”.

Given Eqs. (1)–(4) above, the following relation relates Ka 
to the experimental observable, �,

where [At] = [15NH4Cl ], Ka is the association binding con-
stant, and [AB] = [DB18C6•15

NH4Cl ] as observed experi-
mentally. Equation (4) is used to find Ka by fitting it to the 
experimental data.

(1)Ka =
[AB]

[

Af

]

[Bf ]

(2)
[

Af

]

=
[

At

]

− [AB]

(3)
[

Bf

]

=
[

Bt

]

− [AB]

(4)� =
[AB]
[

Bt

]

(5)� =
Ka([At] − [AB])

1 + Ka([At] − [AB])

Computational methods

DB18C6, NH+

4
 , and their complex were studied by DFT 

with the functionals B3LYP, B3LYP-D, B3LYP-D3, and 
M05-2X [22–29]. For a non-covalent interaction, a disper-
sion correction must be included in the choice of functional. 
Computations were performed using cc-pVTZ and aug-cc-
pVTZ basis sets [30, 31]. Gas phase computations were per-
formed using Psi4 v1.0.54 [32, 33] and Gaussian 09 [34] 
software packages. All calculations with solvent were done 
using Gaussian 09 and Gaussian 16 [35] with the M05-2X 
functional and cc-pVTZ basis set. A table of the compu-
tational details is included in the Supporting Information. 
Six conformers of DB18C6 were determined and optimized 
in this study. These six conformers (Fig. 2) match qualita-
tively (i.e., structurally) to previously determined structures 
in the literature [12–16]: structures I and II correspond with 
reference 12, III with reference 13, IV with reference 14, V 
with reference 15, and VI with reference 16. For the com-
plexed structures, NH+

4
 was placed at the center of mass of 

DB18C6 and then fully optimized. Frequency calculations 
were performed to confirm minima and compute thermody-
namic values.

The theoretical methods used in the calculations of 
binding energy are detailed in Supporting Information. As 
described there, binding energies have been corrected to 
include geometry relaxation in addition to solvent interaction 
effects and counterpoise methods to account for basis set 
superposition errors. Methanol and water solvation effects 
are accounted for implicitly using the universal solvation 
model (SMD) [36]. This model is based on the solute elec-
tron density and polarizable continuum model in which sol-
vent is treated implicitly as a continuous medium surround-
ing the solute, with dielectric constants used to model the 
electrostatic effects of solvent.

Results

Experimental results

15
NH4Cl was chosen as ligand, anticipating that both for-

ward (15
NH4Cl into DB18C6) and reverse (DB18C6 into 

15NH4Cl ) titrations might be required to resolve unambigu-
ously both the affinity and molar ratio of binding by using 
both 1H and 15N NMR spectra, respectively (Klotz [21]). 
However, the forward titration results reported here clearly 
resolve both binding parameters, as described below; thus, 
reverse titrations were not carried out. Peak assignments 
for protons in the 1H-NMR spectrum of DB18C6 in MeOD 
at 500 MHz (Figs. 1 and 2A) were determined by spectral 
prediction using MNova [37], and are in agreement with 
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those reported previously by Kriz [15] in nitrobenzene-
d5 at 300 MHz field strength. The NMR spectra are con-
sistent with a single averaged conformation of DB18C6 
in methanol, as expected for a relatively small molecule 
(MW ~ 300 Da) whose conformational transitions are likely 
to be fast on the NMR timescale.

Chemical shift changes during the titration were used to 
monitor the binding process (Fig. 2B). Addition of 15NH4Cl 
causes a uniform, progressive change in the chemical shifts 
of all four unique DB18C6 1H resonances, without any split-
ting of resonances. This result indicates that rapid exchange 
on the NMR timescale among potential conformers is 

maintained in the complex, similar to the rapid conforma-
tional exchange observed in the free crown. Sequential addi-
tions of 15NH4Cl result in progressive chemical shift changes 
for all four unique proton resonances of DB18C6, reflect-
ing binding of the 15NH+

4  ion to the crown. Although all 
four protons track the titration, the magnitude of change in 
chemical shift differs among them, being especially large for 
methylene proton 3 and very small for methylene proton 4. 
Quantitatively, all four protons respond similarly and reach 
limiting values of their chemical shifts upon addition of 1.1 
to 1.3 mM 15NH4Cl to 1 mM DB18C6. This result reveals 
that full occupancy of binding sites on DB18C6 requires 

A

C

B

Fig. 2   Titration of DB18C6 with 15
NH4Cl monitored by 1H-NMR. 

A Raw data. 1H-NMR spectra acquired upon titration of 1.0  mM 
DB18C6 in methanol with sequential 5 uL aliquots from a 10  mM 
15
NH4Cl stock in methanol. Spectra numbered 1–13 at the right cor-

respond to final total.  15NH4Cl concentrations of 0, 0.099, 0.196, 
0.291, 0.385, 0.476, 0.566, 0.654, 0.741, 0.826, 0.909, 1.111, and 
1.304 mM, respectively. F1, NMR frequency channel one. B Quanti-
fication. Chemical shift (δ, ppm) is plotted against total ligand concen-

tration for protons 1, 2, 3, and 4 (cross, dash, x, square, respectively). 
Note the discontinuous y-axis values required to accommodate all four 
protons on one plot. C Binding isotherm. As described in the text, the 
apparent fractional progress of chemical shift for protons 1, 2, 3, and 
4, is plotted vs. free ammonium chloride concentration using the sym-
bols of panel B. Note the discontinuous x-axis values as apparent satu-
ration is approached. The solid line is calculated using Eq.  (5) with 
Ka = 5 × 10

5M−1 , corresponding to Kd = 2 × 10
−6M−1

Structural Chemistry (2023) 34:713–722716
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addition of only one molar equivalent of 15
NH4Cl per crown, 

indicating that the molar ratio of partners in the complex is 
1:1, as expected from all prior work on this crown [2–4].

The fact that saturation is achieved when approximately 
one molar equivalent of total ammonium chloride is added 
indicates additionally (Klotz [21]) that the affinity of the 
interaction is significantly stronger than the experimental 
concentrations (i.e., Kd is significantly lower than 1 mM). 
Under such conditions, the binding process proceeds in the 
so-called stoichiometric limit of the titration, i.e., the ligand 
adds to the target in a mole-for-mole manner because the 
concentrations of both reagents are far above Kd [21].

This behavior reflects operation of Le Chatelier’s prin-
ciple as applied to mass, also called mass action. Based on 
the stoichiometric binding result, the 1:1 binding model was 
used to calculate the concentration of free ligand at each 
step of the titration, with the averaged ppm values at the two 
highest ligand concentrations taken as an estimate for the 
ppm values at full saturation in order to normalize all values 
and thus determine the fractional progress of the binding 
process. The resulting data, i.e., fractional saturation as a 
function of free ligand concentration, are reasonably well fit 
by a Kd value of ~ 2 × 10

−6 M (Fig. 2C). However, because 
the titration occurs in the stoichiometric limit, the subtrac-
tion of total ligand minus bound ligand required to determine 
free ligand concentration is error prone and results in con-
centrations that are relatively small, limiting the goodness 
of fit. The fit is also affected by normalization using the two 
highest ppm values, which clearly are approaching satura-
tion but may not truly represent 100% saturation. Higher 
concentrations of ligand or target cannot be achieved due to 
solubility limits.

The original reason for using 15NH4Cl was the anticipated 
need to carry out reverse titrations (i.e., with a fixed con-
centration of 15NH4Cl titrated incrementally with DB18C6) 
in order to establish the molar ratio of reactants. However 
the finding that titration of DB18C6 with 15NH4Cl proceeds 
in the stoichiometric limit and with a clear breakpoint near 
molar ratio of 1:1 obviates the reverse titration. This result 
further indicates that the concentrated stock solution of 
DB18C6 that would be required as titrant in a reverse titra-
tion would be beyond its solubility limit.

Computational results

Geometry optimizations and single-point energy computa-
tions were performed with the uncomplexed crown in the 
gas phase, in implicit methanol, and in implicit water. Mul-
tiple conformers of DB18C6 have been reported previously 
using experimental and/or computational methods [12–16]. 
The coordinates of the published structures were used as a 
starting point here for computations optimized at the level 
of theory described in the computational methods section.

The computations led to six optimized (i.e., locally mini-
mal) conformers of DB18C6 in each of the three solvent con-
ditions, as shown in Fig. 3A for the gas phase; the symmetry 
point group of each structure is also indicated. Cartesian 
coordinates, dipole moments, absolute energies, and RMSD 
values for all structures are reported in the Supporting Infor-
mation. Visually, the optimized conformers do not differ sig-
nificantly among the gas and the two solvents. RMSD values 
were calculated to quantify the difference between conform-
ers in gas phase and in solvents. The RMSD values are small 
(0.0355–1.9582 Å), indicating that the structures do not dif-
fer substantially when including implicit solvent, although 
the conformer with the lowest energy differs in the three 
conditions. The relative energies of all conformers in all 
conditions are reported in Table 1, where the lowest-energy 
conformer in each condition is assigned zero relative energy, 
and relative energies are applicable only within columns. 
The results indicate structure I as the lowest-energy con-
former in the gas phase and structure III as the lowest-energy 
conformer in implicit water or implicit methanol. Structure 
III is approximately W shaped when viewed from the side, 
and structure I resembles a W in which the middle and both 
ends are slightly flattened (Fig. 3A). When viewed from 
above both structures I and III have central cavities that are 
larger than in structures II, IV, and VI; only structure V has 
a similarly large cavity, as judged by the distance between 
the carbon-4 protons that flank the central cavity (Table 2). 
In the gas phase, structure III has the largest dipole moment 
of 1.92 Debye, indicating it is expected to interact favorably 
with polar solvents.

For each of the six low-energy conformers in the three 
conditions, an NH+

4
 ion was placed at the center of mass 

of DB18C6 and optimized in the cavity. DFT calculations 
were carried out to determine the lowest-energy conformer 
when complexed with NH+

4
 . The calculations also optimize 

the position of the ammonium ion with respect to the crown. 
The resulting relative energies of complexes are reported 
in Table 1; the lowest-energy structures in implicit metha-
nol that are relevant for the present experimental analysis 
are shown in Fig. 3B. In contrast to uncomplexed DB18C6, 
when NH+

4
 is bound the lowest-energy conformer in all three 

conditions, by over 2 kcal mol−1, is conformer III, with only 
structure V approaching similar energy values, as is also 
the case for uncomplexed DB18C6. This finding presum-
ably reflects the size of the central cavity in structures III 
(11.07 Å benzene-to-benzene distance) and V (10.99 Å), 
which may best accommodate the ion. Structure VI, with the 
same cavity size as structure III, has a slightly larger energy 
than structure V, presumably because the chair-like confor-
mation of VI displaces some of the interacting atoms on one 
side of the host, as evident from the side view in Fig. 3B. 
The optimized structures of the complex show that the ion 
is located in the central cavity of the crown when viewed 

Structural Chemistry (2023) 34:713–722 717



	

1 3

from above, as expected, although two-dimensional views 
do not accurately describe its position because the crown is 
not planar. Side views show that the ion is displaced upward 
from the central cavity, occupying a position approximating 
the center of mass of the complex as judged by the Carte-
sian coordinates of the ammonium nitrogen atom (data not 
shown). The NH+

4
 ligand in structure III is closest to the 

center of mass in the gas phase, implicit water, and implicit 

methanol. Dipole moment calculations for the complexes 
(Supplemental Table S2) show a trend in which the ammo-
nium ion reduces the larger dipole moments of the uncom-
plexed crowns. In the gas phase, structures III and V have 
the largest dipole moments at 1.92 and 1.65 Debye respec-
tively. In contrast, the complexed structures III and V have 
the smallest dipole moments at 0.56 and 0.41 respectively, 
indicating that the addition of ammonium ion balances the 
charge distribution. Consistent with this pattern, complexed 
structures III and V are the lowest-energy conformers in 
both implicit solvents.

To quantify the structural changes upon guest binding, 
the benzene ring distances and the shortest distance across 
the crown cavity were measured in the gas phase, implicit 
water, and implicit methanol in presence and absence of 
ammonium ion (Table 2). The geometries alter when accom-
modating the ammonium ion, indicating that the crown is 
flexible, as expected, and that more than one crown con-
former can accommodate the ion. In the gas phase, the bind-
ing of ammonium ion causes an increase in the benzene 
ring distances of ~ 0.2 to ~ 0.7 Å for all structures. In implicit 
water, the increases are much smaller (~ 0 to ~ 0.3 Å), and 
two instances of contraction occur upon binding. In implicit 
methanol, only structure III displays a substantial increase; 
all other distance changes are very small, whether negative 
or positive. The increase for structure III correlates with a 

IV
+5.3 kcal mol−1

Ci symmetry

V
+7.8 kcal mol−1

C1 symmetry

VI
+9.1 kcal mol−1

Ci symmetry

I
0 kcal mol−1

C2 symmetry

II
+1.7 kcal mol−1

C2 symmetry

III
+5.0 kcal mol−1

C2v symmetry

I-NH4+

+10.45 kcal mol−1
II-NH4+

+13.61kcal mol−1
III-NH4+

0 kcal mol−1
IV-NH4+

+7.82 kcal mol−1
V-NH4+

+2.41 kcal mol−1
VI-NH4+

+4.61 kcal mol−1

A

B

Fig. 3   Gas phase structures and relative stabilities of DB18C6 and its 
NH

+

4
 complex. A side view (upper structures in each row) and a top 

view (lower structures) are shown for six conformers (I to VI). The 
black dashed lines measure the shortest distance between carbons that 
flank the central cavity of the crown. The green dashed lines measure 
the benzene ring distance from proton 1 of one benzene ring to proton 

1 of the benzene ring on the opposite side of the cavity. The structure 
with the lowest stability is assigned an energy value of 0 kcal mol−1. 
A Uncomplexed DB18C6 in gas phase. The symmetry point group 
is listed below each conformer. B DB18C6-NH+

4
 complex in implicit 

methanol

Table 1   Relative conformer energies. Energies of DB18C6 and 
DB18C6-NH+

4
 complexes are given in kcal mol−1, with the lowest-

energy structure in each condition given a value of 0.00 kcal mol−1

Conformer Gas Water Methanol

I 0.00  + 3.51  + 2.48
II  + 1.71  + 5.06  + 4.58
III  + 4.99 0.00 0.00
IV  + 5.27  + 7.60  + 7.82
V  + 7.79  + 1.94  + 2.41
VI  + 9.08  + 4.43  + 4.61
I-NH+

4
 + 5.24  + 7.57  + 10.45

II-NH+

4
 + 14.12  + 12.22  + 12.58

III-NH+

4
0.00 0.00 0.00

IV-NH+

4
 + 15.17  + 13.82  + 15.10

V-NH+

4
 + 3.27  + 1.86  + 2.38

VI-NH+

4
 + 6.36  + 4.51  + 5.18

Structural Chemistry (2023) 34:713–722718
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slightly flatter and more open structure that is expected to 
relieve the steric clash that would otherwise occur between 
the ion and the carbon-4 protons. Although the angle 
between benzene rings in structure III increases from 108.9 
degrees to 109.7 degrees upon complex formation in implicit 
methanol, the carbon-4 protons move rather little. The short-
est distance across the crown cavity is essentially unchanged 
for conformer III in all three conditions, whereas all other 
conformers display a larger change in this distance in one 
or more condition.

Binding energies for NH+

4
 interaction with DB18C6 were 

calculated for the six optimized structures in the three solu-
tion conditions using the counterpoise correction method 
including geometry correction as detailed in Supporting 
Information. The binding energies are reported in Table 3, 
where negative values represent favorable interactions. 
These binding energies are not to be confused with free 
energy changes or enthalpy changes upon ligand binding; 
rather the term “binding energies” is chosen to conform 
with literature cited here for comparison. The ammonium 

ion has favorable calculated binding energies with all six 
optimized conformers in the gas phase and in both water 
and methanol implicit solvents. Structure III has the most 
favorable binding energy in the gas phase, consistent with 
its being the most stable conformer, whereas structure V 
has the most favorable binding energy in both water and 
methanol implicit solvents. Structure V has a conformer 
energy very similar to that of structure III in both solvents. 
The binding energy for ammonium ion with DB18C6 
ranges from − 50.23 to − 67.10 kcal mol−1 in the gas phase, 
consistent with reported energies for alkali metals bind-
ing to the crown in the gas phase [38, 39], which range 
from ~ 50–100 kcal mol−1. In the implicit solvents, structures 
III, V, and VI have similar, and favorable, binding energies, 
ranging from − 11.13 to − 11.30 kcal mol−1 in water and 
from − 12.02 to − 12.66 kcal mol−1 in methanol.

The binding free energies calculated with counterpoise 
correction, ΔGCP

bind
 , indicate that all conformers show strong 

favorable interaction with ammonium ion in the gas phase, 
with structure III having ΔGCP

bind
 =  − 52.8 kcal mol−1. In 

Table 2   Distances within 
DB18C6 and DB18C6-NH+

4
 . 

Benzene ring distances are 
measured from proton 1 (as 
numbered in Fig. 1) of one 
benzene ring to proton 1 of the 
benzene ring across the cavity. 
Cavity distances are measured 
between the closest carbon 
atoms flanking the cavity

Benzene ring distance (Å) Shortest crown cavity distance (Å)

Conformer Gas Water Methanol Gas Water Methanol

I 11.62 11.74 11.72 4.34 4.46 4.50
I-NH+

4
11.83 12.02 11.35 6.32 5.71 5.65

II 10.63 11.09 11.16 4.30 4.26 4.25
II-NH+

4
11.37 11.02 11.21 5.56 4.48 4.44

III 10.65 10.84 10.80 6.64 6.71 6.68
III-NH+

4
11.14 11.11 11.07 6.65 6.69 6.66

IV 10.76 10.62 10.69 4.43 4.63 4.60
IV-NH+

4
11.02 10.26 10.27 4.71 4.77 4.78

V 10.72 10.94 10.90 6.58 6.73 6.70
V-NH+

4
11.09 10.94 11.08 6.77 6.76 6.74

VI 10.86 10.93 10.96 6.74 6.89 6.89
VI-NH+

4
11.11 10.97 11.07 6.98 6.87 6.92

Table 3   Binding energies of 
DB18C6-NH+

4
 complexes

a BSSE energy, difference between the counterpoise-corrected binding energy and the binding energy with 
no corrections
b Counterpoise-corrected binding energy of the complex in vacuum
c Counterpoise-corrected binding energy of the complex in implicit water solvent
d Counterpoise-corrected binding energy of the complex in implicit methanol solvent

Gas Water Methanol Gas Water Methanol

Conformer ΔEBSSE
a ΔEBSSE ΔEBSSE ΔECP

bind
b ΔECP

bind,solv
c ΔECP

bind,solv
d

I 1.60 1.56 1.14  − 57.04  − 7.34  − 5.59
II 1.23 0.77 0.93  − 50.23  − 5.04  − 5.36
III 1.77 1.78 1.78  − 67.10  − 11.19  − 12.56
IV 1.17 0.65 0.66  − 52.79  − 6.59  − 6.13
V 1.74 1.73 1.73  − 66.65  − 11.30  − 12.66
VI 1.73 1.74 1.72  − 64.87  − 11.15  − 12.02
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implicit solvent, only two structures are slightly favorably 
bound, with ΔGCP

bind
 =  − 0.2 kcal mol−1 for structure VI in 

water and − 0.3 kcal mol−1 for structure III in methanol. All 
ΔGCP

bind
 values for the crown—ammonium ion complexes—

are reported in the Supporting Information. The values are 
all close to zero and should be regarded as largely qualitative 
because the potential energy surfaces are shallow, implying 
poorly defined minima.

This difference in binding energies between the gas phase, 
where the favorable energy is greater than 50 kcal mol−1 
in magnitude, and the two implicit solvents methanol and 
water, where it ranges from − 5.04 to − 12.66 kcal mol−1, 
can be accounted for largely by the computed electronic 
solvation energies of ammonium ion in water or metha-
nol, NH+

4
 , ΔEsolv = Es – Eg. Before BSSE correction, ΔEsolv 

is − 82.2 kcal  mol−1, in line with previous work [40]; in 
comparison, neutral ammonia in water is reported to have 
ΔEsolv − 3.4 kcal  mol−1. This large difference in ΔEsolv 
reflects the much larger response expected for a system of 
polarizable implicit solvent and a charged ion. The equiva-
lent calculations for free DB18C6 and for its complex with 
ammonium ion yield computed electronic solvation energies 
ΔEsolv of − 22.9 and − 49.2 kcal mol−1, respectively. ΔEsolv 
for uncharged DB18C6 alone is unsurprisingly smaller 
because it is neutral, whereas the complex is charged due to 
the presence of NH+

4
 . However, the ammonium ion is con-

tained inside the crown, shielding its interactions with sol-
vents in the implicit continuum compared to free ammonium 
ion. The difference between the binding energies in the gas 
phase vs. in implicit solvent is thus due to one main effect, 
the large ΔEsolv of NH+

4
.

Conclusions

Experimental titration of DB18C6 with 15NH4Cl monitored 
by 1H-NMR indicates that the ammonium cation binds 
strongly to DB18C6 in methanol, with a binding (dissocia-
tion equilibrium) constant, Kd , that is at least as strong as 
10

−6 M. This result is consistent with values reported in the 
literature for other ammonium salts binding to DB18C6 and/
or for ammonium ion binding in other solvents [4, 7, 8]. 
Assuming that the rate constant for association of the ion 
with the crown is under diffusion control, which is a reason-
able assumption for small molecules including a host that 
bears no full formal charges [41], the dissociation equilib-
rium constant is equal to the ratio of rate constants (koff/kon) 
and can be used to predict the dissociation rate constant. 
Using 108 M−1 s−1 as a reasonable estimate of the diffusion-
limited value of kon for molecules of this size, the resulting 
value of koff is at least 102 s−1. For this unimolecular dis-
sociation process, this off-rate constant implies a complex 
half-life of less than 7 ms [41]. This result is consistent with 

the NMR data, which indicate that the bound and free states 
are in fast exchange on the NMR time scale.

The results of DFT calculations predict that the bind-
ing energy for ammonium ion and DB18C6 is strong also 
in the gas phase. In contrast, the calculated ammonium 
ion binding energy with DB18C6 in implicit solvent, 
whether water or methanol, is only slightly favorable. 
These results reflect in part the limits of accuracy when 
solvents are treated implicitly. Choi et al. [19] studied cati-
ons Li+, Na+, K+

, Rb
+
, and Cs+ with DB18C6 in implicit 

water and observed an increase in the alkali metal-to-oxygen 
distance that they attributed to a weakening of the cation-
oxygen attraction in the solvent dielectric field. They suggest 
that continuum (implicit) solvent models do not account well 
enough for the substantial hydration energies of first shell 
water molecules, which arrange their oxygen atoms toward 
the cation. Such effects may also be at work in the present 
study, where the calculated binding energy for ammonium 
ion with DB18C6 is slightly more favorable in methanol 
than in water, presumably reflecting that water is a better sol-
vent than methanol for free ammonium ion due to its higher 
polarity, as suggested by the results of Choi et al. for the 
alkali metal ions. The results of the present work provide 
the essential foundation for studies of this system and related 
crowns, which have been initiated using molecular dynamics 
simulations.

It is important to note that the calculated binding energies 
in Table 3 cannot be related directly to, nor do they predict, 
binding free energies or internal energies. The calculated 
energies neglect some realistic solvent properties, and they 
may fail to capture some sources of enthalpic and entropic 
contributions to the interaction that arise from both the free 
and bound interactants, as well as from the solvent itself in 
both free and bound states. All these contributions can be 
considered cryptic in the sense that they are not generally 
observable by experiment. Water is expected to be a more 
effective competitor than methanol for binding to ammo-
nium ion. The competition between solvation and binding, 
in turn, is expected to have the effect of reducing the net free 
energy of binding in water compared to methanol.

Probably the single most important lesson of the host–guest 
chemistry, one for which Lehn, Cram, and Pedersen won the 
Nobel Prize in 1987, is that the bonds between host and guest 
are identical whether a host is pre-organized or not, yet both 
the affinity and specificity for a guest can be orders of magni-
tude different [42]. This fact leads to the following profound 
conclusion that applies generally to all molecular interactions: 
bonding between the partners does not predict their affinity 
and in fact need scarcely be related to affinity; this can be 
shorthanded as bonding does not predict binding. Thermo-
dynamic data tabulated years ago by Klotz [21] showed that 
some very favorable interactions (e.g., ΔG ≅ − 16 kcal/mol 
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for Cro repressor/operator DNA binding and ≅ − 12 kcal/mol 
Cro/non-operator DNA) have positive enthalpy changes ( ≅ + 
1 kcal/mol for Cro/operator DNA; ≅ + 4 kcal/mol for Cro/
non-operator DNA). A similar pattern has since been found 
for many other biomolecular interactions. An implication of 
this fact is that structural analysis of bonding between partners 
cannot inform us about their affinity. The basic reason is that 
structural analysis of intermolecular bonds neglects all the 
rest of the system and its many contributions, both favorable 
and unfavorable, to both enthalpy and entropy, in both bound 
and free states.
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