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Quantum mechanics study on the selectivity of alkali metal
cations by a novel fluorescent chemosensor
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The selectivity of alkali metal cations (Na®™ and K™) by a novel fluorescent chemosensor was investigated by quantum
mechanics calculations. The binding energy calculations of the cationic complexes indicate that both of the aza-18-crown-6
rings bind Na™ more strongly than K™ and ring A favors both of Nat and K™ comparing to ring B. The order of the stability
implied by Gibbs free energy study agrees with that by binding energy calculation. Solvent effect was further investigated.
Due to the large difference of solvation energies, the order of the stability of complexes changes in water.
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1. Introduction

Organic two-photon materials have received considerable
interest due to their potential applications in three-
dimensional optical storage [1,2], two-photon upconverted
lasing [3,4], photodynamic therapy [5], and two-photon
fluorescence excitation microscopy [6—8]. Two-photon
laser scanning microscopy (TPLSM) is a powerful tool for
three-dimensional imaging in biological systems, and it
has been used to image the distribution of metal ions in
living tissues [9,10]. Therefore, there are many researches
on the selectivity and structure/property relationships for
two-photon absorption [11-14]. Due to the selectivity of
macrocycles, various fluoroionophores consisting of
fluorophores linked to crown ether or azacrown ether are
good candidates for the two-photon absorption. Thus, the
structure/property relationships of these systems attract
lots of attention [15—17]. For example, recently Pond et al.
[18] reported the synthesis of mono- and bis-(aza-15-
crown-5-ether) substituted donor-acceptor-donor distyr-
ylbenzenes. They investigated the influence of metal
cation’s one- and two-photon spectroscopic properties,
which is useful to the design of better two-photon
excitable metal—ion sensing fluorophores.

In the past decades, crown ether and its derivatives were
investigated as a chemosensor in various fields, especially
for the efficient detection of important metal ionic species
in biological and environmental sciences [19]. Theoretical

calculations have been proved to be a powerful tool to
design fluorescent chemosensors and provide better
understanding of the conformations and ion selectivity
for crown ether and its derivatives [20-31].

However, only few theoretical studies have been
conducted on the structure/property of azacrown ether,
especially for the two-azacrown ether systems. For
example, Freidzon er al. [28] studied the photoinduced
recoordination of Ca®* complexes of photocheomic
azacrown ethers by density functional method. They
indicated that the presence of three or four water
molecules in the coordination sphere of the cation
decreases relative energies of the conformations with
broken metal—nitrongen bond, thus favoring metal
recoordination. Nevertheless, the absence of good under-
standing of structure/property for the two-azacrown ether
systems limited our ability to design better organic two-
photon materials. Recently, Hua et al. [32] synthesized a
novel fluorescent chemosensor, denoted as chemosensor 1
later on, in which two aza-18-crown-6 moieties are linked
to a coumarin fluorophore (figure 1 gives the structure of
the chemosensor 1). It provides a good candidate for two-
photon material application. However, the pure crystal of
chemosensor 1 has not been derived. Hence, the ions-
selective response of the fluorescence spectra of back-
ground metal ions (Na™*, K, Mg?", etc.) is not so reliable
in that view. Theoretical investigation of this compound
can help us to set up an ideal chemosensor-ions model to
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Figure 1. Structure of the chemosensor 1.

understand the structure/property relationships for two-
photon absorption and to design better chemosensors
which are available in ion recognition in biological and
physiological conditions.

In this work, the selectivity of alkali metal cations (N a®
and K*) by the two aza-18-crown-6 rings of Hua’s
chemosensor was studied by quantum mechanics due to
the physiological importance of Na™ and K*. All possible
binding forms of chemosensor 1 and Na®, K* were
studied by binding energy, AE, and Gibbs free energy
change, AG. The solvent effect was further studied by
Onsager reaction field model.

2. Calculation methods

The free state of Chemosensor 1 and all the possible
complexed forms, 2—9, are shown in table 1. Two aza-18-
crown-6 rings were denoted as rings A and B, respectively.
The complexation process of alkali metal cations and
chemosensor 1 can be expressed by following equations:

M™ + chemosensor 1 — M} (chemosensor 1) (1)
or MT + chemosensor 1 — (chemosensor 1)M§ )
orM{ +M; +chemosensor1 —Mj, (chemosensor DM, (3)

where M stands for alkali metal cations (K* or Na™).
Semi-empirical AM1 method has been applied
successfully to the geometry optimization of Li'-
1,10-diaza-18-crown-6 complexes [33]. Considering the
size of the aimed systems and the balance between the
accuracy and the computing expense, all the geometric

optimizations of free chemosensor and cationic complexes
were performed at the AMI level of theory with
HyperChem 7.0. The frequencies were also calculated
on the optimized geometries in order to confirm whether
these geometries correspond to energy minima.

Single point energy calculation were further performed
by Gaussian 03 [34] on the optimized geometries at the
B3LYP/6-31G#* level of theory. The binding energy can be
expressed as:

Ebinding = Ecomplex — Edonor — Eacceptor (4)

where Ecompiex 18 the total energy of different cationic
complexes, Egqonor 1S the total energy of the free
chemosensor 1, and Ejccepor 18 the total energy of alkali
metal cation. The binding energy in solvent can also be
expressed by equation (4) if the total energy of complex,
donor and acceptor in solvent are calculated. The solvation
energies were also calculated in Gaussian 03 with Onsager
reaction field model [35].

In equation (4), only the enthalpies were taken into
consideration but not entropies. Hence the Gibbs free
energy change, which takes the entropy effect into
account, was further calculated by:

AG = Gcomp]ex - Gy
= Hcomplex - TScomplex — (Ho — TSp)
— AH — TAS (5)

where Geompiexs Heomplex a1d Scompiex Stand for the Gibbs
free energy, enthalpy and entropy of complexes,
respectively, and Gy, Hy and S stand for the Gibbs free
energy, enthalpy and entropy of free chemosensor 1.

3. Result and discussion

3.1 Structure

Geometric optimization of free chemosensor 1 was
conducted at AMI1 level of theory. Figure 2 shows the
optimized geometry of chemosensor 1. As the crown ether
derivative has two flexible rings, the conformations of the
cationic complexes differ significantly from the original
one. The sizes of the two aza-18-crown-6 cavities increase
when two rings bind K or Na*. Figure 3 shows the
geometries of different cationic complexes. The Electro-
static interaction of the cation with the crown ether
backbone is one of the most important factors that affect
the binding affinity of crown ether. The information about
the M —0 and M" —N distances of two rings of optimized

Table 1. Eight possible binding forms of chemosensor 1 with Na™, K*.

1 2 3 4 5 6 7 8 9
Ring A K" Na* K" Na* K" Na*
Ring B K+ Na® K+ Na® Na® Kt
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Figure 2.  Geometry of the chemosensor 1 optimized at the AMI level.

cationic complexes is listed in table 2. For ring A, the
mean K*—O distances of cationic complexes 4, 6 and 8
are all 2.80 A. If change K* to Na™ in ring A (cationic
complexes 5, 9 and 7), all the corresponding mean Na™—O

distances are 0.09 A shorter than that of K*—0. But the
K*—N distance of those cationic complexes are 4.11, 3.53
and 3.53 A, which is 0.02, 0.58 and 0.60 A shorter than the
corresponding Na™ —N distances, respectively. As to ring
B, the mean K™—O distances of cationic complexes 2, 6
and 9 are 3.02, 3.01 and 3.01 A. The corresponding mean
Na™ -0 distances (cationic complexes 3, 8 and 7) are 0.02,
0.02 and 0.01 A longer than the mean K*—O distances.
But the K*—N distances of those cationic complexes are
3.52, 3.53 and 3.53 10\, respectively, about 0.20 A longer
than their corresponding Na™—N distances. It suggests
that, in ring A, the electrostatic interaction of K" with N
atom is stronger than that of Na™ with N atom, while the
electrostatic interaction between Na' and O atoms is
stronger than that of K™ and O atoms. Nevertheless, the
phenomenon observed in ring B is reversed, in which the
electrostatic interaction of Nat with N atom is stronger
than that of K' with N atom, but the electrostatic

Figure 3. Geometry of eight cationic complexes optimized at the AM1 level.
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Table 2. M-O and M—N distances of two rings of optimized cationic complexes.

Ring A

M-0 distances (AD )

Ring B

M-0 distances (fi)

Complexes Min Mean Max M~—N distances (A ) Min Mean Max M~—N distances (Ao )
2 2.78 3.02 3.90 2.78

3 2.71 3.04 4.20 2.59

4 2.74 2.80 2.87 4.11

5 2.64 2.71 2.77 4.12

6 2.77 2.80 2.83 3.53 2.77 3.01 3.88 2.78

7 2.64 2.71 2.75 4.13 2.70 3.02 4.17 2.61

8 2.76 2.80 2.84 3.53 2.71 3.03 4.16 2.56

9 2.63 2.71 2.75 4.11 2.78 3.01 3.88 2.78

interaction of K* with O atoms is stronger than that of
Na™ with O atoms.

3.2 Binding energy

In order to explore the effect of the size of basis set on the
binding energy, a variety of basis sets were carried out on
the optimized free chemosensor 1. The total energy of the
free chemosensor 1 decreases as the basis set increases. As
the basis set increase from STO-3G to 6-31G*, the total
energy of the free chemosensor 1 calculated by both RHF
and B3LYP decreases remarkably. The energy differences
of 6-31G* and 6-31G** basis set using both of the RHF
and B3LYP methods are relatively small (0.0920 hartrees
for RHF and 0.0766 hartrees for B3LYP). Considered the
balance of expense and precision, the basis set 6-31G*
was employed for single point energy calculation. Due to
the advantages of describing electronic correlation, the
total energy of B3LYP calculation is 15.0958 Hatrees
lower than that of RHF calculation at the 6-31G* level of
theory. The B3LYP/6-31G* set was finally selected for all
the single point energy calculations of the free
chemosensor 1 and its complexes.

The total energy (E) and the binding energy (AE) of free
and complexed chemosensor 1 were calculated. The alkali
metal selectivity of two aza-18-crown-6 rings deduced
from binding energy was presented in figure 4. The
binding energies of these complexes range from 78.3 to
433.7kJ/mol. For cationic complexes 4 and 5, ring A
complexes with K* and Na™, respectively. The binding

Table 3. Enthalpies, entropies and gibbs free energy changes of eight
cationic complexes in 300 K.

Complexes AH (kJ/mol) AS (J/mol.K) AG (kJ/mol)
2 =756 15.1 —80.2
3 —2454 67.0 —265.5
4 — 1575 -89 —154.9
5 —283.8 12.0 —287.4
6 —123.3 -59 —121.5
7 —426.4 353 —436.9
8 —286.5 9.4 —289.3
9 —276.2 21.3 —282.6

energy of cationic complex 5 is 127.9 kJ/mol smaller than
that of cationic complex 4. It indicates that ring A binds
Na™ more strongly than K* when ring B is empty. For
cationic complexes 7 and 8, both of the ring B complex
with Na™, but ring A complex with Na® and KT,
respectively. We considered that cations selection occurs
after aza-18-crown-6 ring B complex with Na*. So ring A
binds Na* 141.4kJ/mol more strongly than K in that
case. It is similar for cationic complexes 6 and 9: ring A
binds Na* 154.6 kJ/mol more strongly than K™ when ring
B complexed with K*. The selectivity of alkali metal
cations of aza-18-crown-6 ring B is similar to that of aza-
18-crown-6 ring A. The binding energy of cationic
complex 3 is 171.9kJ/mol smaller than that of cationic
complex 2. It reveals that ring B also binds Na™ more
strongly than K™ when ring A is empty. In the case that
ring A complex with Na* or K*, ring B favor Na*
151.5kJ/mol or 164.8 kJ/mol. The selectivity of Na* and
K™ by both of the aza-18-crown-6 rings is as same as that
by 18-crown-6 in Glendening’s report [31] judging from
binding energy. However, the binding energy of Na* by
18-crown-6 is a little larger than that by both of the aza-18-
crown-6 rings, while the difference of binding energy for
K* with 18-crown-6 and two aza-18-crown-6 rings is
more than 100 kJ/mol. It reveals the weak selectivity of K™
by two aza-18-crown-6 rings. By contrasting cationic
complexes 3 and 5, 2 and 4, it can be found that ring A
binds Na* 37.1kJ/mol more strongly than ring B, and
binds K™ 81.1kJ/mol more strongly than ring B. Another
interesting finding is that if ring B binds an cation (Na™ or
K™), chemosensor 1 will be more stable in the case that
ring A binds another cation. For example, the binding
energy of cationic complex 8 is 42.2kJ/mol lower than
cationic complex 3. Similarly, if an cation (Na* or K™)
occupy ring A first, binding Na™ by ring B also stabilize
the cationic complexes. However, in this case, binding K"
by ring B causes the cationic complexes a little unstable.
For example, the binding energy of complex 4 is
31.8 kJ/mol lower than that of complex 6, and the binding
energy of complex 5 is 5.1kJ/mol lower than that of
complex 9. These phenomena also suggest the stronger
interaction between Na™ and ring B comparing with the
interaction between K™ and ring B.
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Figure 4.  Alkali metal cation selectivity of aza-18-crown-6 rings A and B based on binding energy. Cations at the left of the parentheses complex with
ring A and cations at the right of the parentheses complex with ring B. Empty means no alkali metal cations complex with aza-18-crown-6 ring.

3.3 Gibbs free energy change

Since conformations of the cationic complexes differ
significantly from the free chemosensor 1, the thermo-
dynamic functions including entropy were calculated. The
values of enthalpy, entropy and Gibbs free energy change
of all cationic complexes in 300 K were listed in table 3.
The contribution of entropy changes (TAS) to the free
energy changes of all cationic complexes in 300 K is from

— 2.7 to 20.1 kJ/mol. The percents of entropy changes to
the AH of corresponding cationic complexes range from
0.99 to 8.19%. 1t illustrated that the entropy change is a
small percentage of the Gibbs free energy change in the
complexation of chemosensor 1 and alkali metal cations
(Na™ and K™), and the entropy change is not as important
as the enthalpy change during the complexation. Clear
views of AH, AG and —TAS at 300K are shown in
figure 5.
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Figure 5. AE and AH, —TAS, AG of cationic complexes in 300 K.

The order of the stability implied by Gibbs free energy
study agrees with that by binding energy calculation.
Figure 5 also shows the binding energies and Gibbs free
energy changes of the cationic complexes. Gibbs free
energy changes are very close to the binding energies due to
the relatively small entropy changes during the complexa-
tion. In the cases that aza-18-crown-6 ring B binds nothing,
Na™ or K, the values of AG of the complexation of Na™ by
ring A are 132.6, 147.6 and 161.0 kJ/mol smaller than AG
of the complexation of K* by ring A. Ring B also exhibits
the selectivity of Na™ contrast to K.

3.4 Solwvent effect

The solvent effect of these cationic complexes was also
examined. But unfor- tunately, all the calculations using
both of the polarizable continuum model (PCM) and the
Conductor-like Screening Model failed to converge.
Finally, Onsager reaction field model was employed to
get the converged results. The energy calculations were
taken under the B3LYP/6-31G* level of theory. The total
energies (E'), solvation energies (Es) and binding energies
(AE') of eight cationic complexes in water are listed in
table 4. If the binding energies in water were examined in

Table 4. Total energies (E'), solvation energies (Es) and binding
energies (AE') of eight cationic complexes in water (B3LYP/6-31G*

values).

Complexes E' (hartree) Es (kJ/mol) AE' (kJ/mol)
1(free) —2508.79017 1.6

2 —3108.57604 83.2 —159.9
3 —2670.99824 84.4 —333.0
4 —3108.62018 117.9 —275.7
5 —2671.02511 117.9 —403.6
6 —3708.29254 11.6 —137.6
7 —2833.11987 7.0 —439.1
8 —3270.70896 4.8 —295.6
9 —3270.70472 3.9 —284.4

the same way as that in gas phase, it is easy to find that both
rings A and B bind Na™ more strongly than K™. However,
due to the solvent effect, the order of the stability of
complexes that bind one cation and two cations changes in
water. The solvation energies of complexes 2—5 which bind
only one cation (from 83.2 to 117.9 kJ/mol), is much larger
than that of complexes 6—9 (from 3.9 to 11.6 kJ/mol) which
bind two cations. For example, the bind energy of complex
21s49.3 kJ/mol higher than complex 6 in gas phase, butitis
22.3kJ/mol lower than complex 6 in water due to its
relatively large solvation energy. Similarly, the relative
stability of complexes 3 and 8 is reverse in gas phase and in
water. It clearly shows that in water when either of the two
rings binds a cation (Na™ or K™) it is difficulty to bind K*
by another ring. Whereas, the chemosensor 1 could
selectively bind Na™ as long as it has a free ring owing to the
strong interaction between two rings and Na™.

4. Conclusion

A quantum mechanics study of the complexation of alkali
metal cations Na™ and K* by both aza-18-crown-6 rings
of a novel fluorescent chemosensor was presented.
Geometries of all possible forms of cationic complexes
were optimized. The optimized geometries differ signifi-
cantly from the optimized free chemosensor 1 due to the
flexibility of crown ether backbones. The interactions of
alkali metal cations with N and O atoms were investigated.
Ab initio study reveals that both of the aza-18-crown-6
rings bind Na™ more strongly than K™ In addition, ring A
bind two cations more strongly than ring B. The result of
the Gibbs free energy calculation agrees with the binding
energy study, which is attributed to the relatively small
entropy changes (maximum 20.1kJ/mol) during the
complexation. It indicates that entropy effect is not as
important as the enthalpy effect during the complexation.
Gibbs free energy changes also shows that two rings favor
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Na™ compared with K and ring A bind two cations more
strongly than ring B. All of our work shows that both of
the aza-18-crown-6 rings preferentially bind the small
alkali metal cations (Na™) both in gas phase and in water.
However, the order of the stability is partly changed if the
solvent effect was taken into consideration. To understand
the behavior of the chemosensor in different solvents more
clearly, further investigation by molecular dynamics,
which use the force field derived from the present
calculations, is still undergoing.
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