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ABSTRACT

The [Esfl{lﬂcl‘i]]+ {M=Li, Na, K and 18c6=18-crown-6) complexes have been chosen as the model EVSIEmA 10
investigate the nature of chemical bonds between alkali metal cations and large multidentate organic lgands.
The BILYP/6-314+G(d.p) level of calculation has been used for obtaining equilibrium geometres and pfr)
funeiions {electron demsity dismibutions). By the aid of fundamental physical theorems implemented in
Quaeturn Therry of Atwms in Molecules (QTAIM), the structures and the physical namre of chemical houds
have been determined for cited species at the mentioned thecretical level. These results estahhsh the metal-
oxygen in all complexes o this work as 100ic. The Li* shows the coordination ournber of 3 with t8c6 crown
ether and Na' and K" exhibits the courdination nurnher of 6.
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INTROINCTION

Crown ecthers have received widespread attentino
since they were first characterized by Pedersen in
1967 [I-2]. Much of this mtcrest comes fom their
ability tn selectively bind variflus cations in solution,
depending in part on (1) the size of the erown ether
cavity, (2] a subtle balance between eation-cther and
cation-water interactions, (3} the presence of
substituent on the ligand backbonce which alter the
crown’s electronie envirpnment, (4) the type of dvner
site in the ring (e.g., OXygen, nitrogen, sulfur) that line
the cavity. and (5) polority of the solvent [3-7].

This ¢rown ether/ioo specificity can also serve as &
simple model for undersianding host-puest recognition
in enzymes Crown ethers arc of partieular inicrest to
research efforts in environmental remediztion. For
mstanee, strootium-50 and cesium-137 are the two
major generators of heat in nuclear waste which
complicates disposal. A more thorough understanding
of cation/crown ether solution chemistry may provide
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the basis fir rational design nf new ligands
usetul in high level separatinn af these and other
radioduclides from enmplex waste streams and
hazardous waste storage facilities. One example
of the use of crown ethers for radicOuclide
scpatation 15 the strontium extraction (SREXD)
process. described by Huorowitz and co-warkers,
[8] which uscs di-tert-hutylcyclohexano-18-
crown-& for recovering sttontium-90 from acidie
solution, Wai and co-workers [9] have also
presented 3 wealth of data on the sclective
extrachon and scparatton of the lanthanide and
actinide elements using omzable erown cthers.
There 15 also a growiog interest in the wse of
crown ethers, cryptands, and other ligands for
radic-immunctherapy treatment of carcinomas
[10]. The immuncconjugale eonsists of a ligand-
radivouclide-cation (e.g., *'Ra" complex that is




I Nejaipour ct al. /J. Phys. Theor. Chem, LAU Tran. (1) 7-13, Spring 2010

covalentiy attached to & monocional antibody,
specific for  tmor  anbgens. The
immunoconjugate sefectively binds to the tumor,
delivering therapeutic dases of radinnuclide ta
the tumor site, where the subsequent decay of the
radionuclide inactivates tumor cells. By dircetly
attacking the site, this treatment spares normal
tissue that is pencrally destroved in cooventinnal
radiation therapy. Fluorcionophorcs, consistmg
nf a fluorophore linked to an ionophare fe.g.,
crown ether), represent another interesting usc
for crown ethers and related macrocyelic ligands
{11]. Measurable changes in the photophysical
propertics of the flucrophore upen ion binding
by the ionopbore may be uscful for specific ion
recognition 1o the development of scnsors.

There 18 2 wealth of thermodynamic [12,13]
and straetural data [14] far & host of crown ethers.
Computational chemists have also focused their
cfforts on crown ethers as these molecules are
pethaps the simplest that cxhibit enzyme-like
specificity. In particular, 18-crown-6& (18cé) has
been the focus of a number of molecular
mechanics [15,16], molecular dynamics [17-22],
Monte Carle [23,24] and clectronic structure
investigations [3,4,25-27]. These have provided a
rather detailed descripiion  of the  important
conformations sampled I both gas- and
congensed-phascs and of the crown cther
interactions with catians and solvent molecules.
Yamahe ef al. [28] weported 2 CNDO/2 study of
gas-phase crown ctber and its interaction with
Na* and K'. Their calculations suggesied that
cbarge transfer is largely responsihle for the
caticn erown cther interaction and that selectivity
of 18¢6 is strongly influenced hy competitioo
hetween the crown ether and solvent molecules
for the catian. These views were subscquently
cotToborated hy the same guthors using minimai
hasis set ab ipifiv methods [29]. Ha and

Chakrahorty [30] examined the interactipo of

18c6é with ammonium cation. Partial geometry
optimizatians of the crown cther and 1ts cauon
complex were performed with & density
functipnat theory approach (o generate a
poterizal cacrgy function for subsequent Monte
Carle simulatians {24].

In two theoretical studies, the gas phasc binding
preferences af 18-crown-6 (18c6) for alkali metal
cations [3] and alkaline carth dications [4], were

|

computed fiir the first time w:l:h correlated ab
imifio  techmques. Contrary to | cxperimental
ahservations performed in aqueous solution,
where potassium and barium are' the preferred
specics, gas phase calculations show 18¢6 hinds
Li" and Mg®' most strongly amoog the two ianic
sequences (Li’-Cs* and Mg™-Ra’") studicd. By
considering thc ion cxchange reactions, |,
[K(18c6) + [M(H0),] * — [M{i8)]"
[K(H,0Y]" (M=Li, Na, Rb, and Cs) o

or the analogous set of reactions for Ba”, the
aqucous  phase  binding  preferences | ' were
qualitatively reproduced with as few as four
witers of hydration. In the next study, Feller [5]
considered the consequences of (1) inereasing
the number of the waters (o) in order to comiplete
the first solvation shell around X and Rb" and
{2} mcorporaing a smali aumhber of water
malecules i the metal-crown cumplf.‘:t. Le.
microsglvating the crown.

In another study, Feller and co wurkers [31]
have investigated complexes involving the 12-
erown-4 {12cd) macrocycle with alkali fetal
catinns. Although good agrecment was found in
general, cxperimental and theoretweal baod
dissociation enthalpies for the beavier cations
sometimes differcd by as much as 14 kcal/mol or
more. Higher-lying conformers of Rb*(12c4) and
Cs'{12¢4) were identified as possihic causes for
the dlscrepanc:y between theory and expenmr::nt
fur these specics. |

I
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COMPUTATIONAL DETAILS'

B3LYP/6-314G(d,p) model was used for all sieps
of modeling in this wark. The excellent
performance of the cited model in producing the
rchigble  molecular properties  at ' rcasonshle
computstion time with nan-cxpensive hardvare
facilities was the main reason for chioosing this
model. The crown ether 18chd and 18 complexes
with Li*, Na*, ¥ arc the species used i this
theorctical study. The optimized geometnes bave
been chamctenzed by frequency computations
{Fig. t). The related wave function files in each
case were produced at the end. A OFT
computations  were  performed  using  PC
GAMESS7.1 firefly [32]. The clectron density
analysis was dane using the AIM2000 software
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Figr, 1. The optimized geometnes for [M(18¢6)]" complexes (M=Li, Na, K ) al B3LYP/6-31+G(d.p).
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RESULTS AND DISCUSSION
Since this paper is hased on the QTAIM
methodology, some relevant important points of
this theory seems worth-mentioning although, a
detailed discussion may be found cisewhere [34].
By ‘applying the Schwinger's principle of
stationary actioa in quantum mechanics, Bader
and his coworkers have demonstrated that tntai
¢lectron depsity of molecule (piT) is divided to
3D parts with well-defined borders [34].  All
these :parts or fragments, chey the laws of
quantum mechanics and the sum of their
proparties (the ¢xpeetation values of hermitian
operators) produce the corresponding melecular
values [34]. In hrief, the theory of open quantum
sysiems allows the division of moiccule (as a
system) to its f{ragmeats {as subsystems)
uniquely. Therefore, this partititning scheme
does not depend on how the Schrddinger
equatiin 15 solved (it 15 “methnd” independent)
[34]. In comparison to known experimental facts,
Bader proposed these fragmeats as the “chamical
aloms™ and the theory was calied “Ouantum
Theory of Atorns in Molceules™ [34],
Topological analysis of all complexes was
first started by searching the eritical points (CP)
on p(r). The Poincare-Hopf rule [34, 35] was
satisfied in all cases:
Nob+r-¢ =1 (N
where N 1s the number of nuclei, b is the nomher
of bond critical paints (BCPs}, r 15 the number of
ring ¢ritical points (RCPs) and € is the number of
eage critieal points {CCPs). The mathematical
propertics af critical points of cach complex are
listed in Tables 1, the corresponding molecular
geometries and molecular graphs are depicted i
Fig. i and 2. The molccuiar graph provides the
structire of the complex hased on network of
bond patbs. The molecular graphs show that the
Li" interacts with 3 oxygen atoms while this
oumber is 6 for Na® or K*. We examined another
geometry of [Li{18c6)] complex in which the
Li* was kept at the center of the ¢rown cther ring
{Fig. 3). This geometry ecxhibited 2 imaginary
frequency at B3LYP/&-31+G{dp} level The
molecular graph of this peometry shows the
interaction of L1* with 6 oxygen atoms {Fig. 3).
Usually Li* most stable complexes are the ones
having the 4 coordinated Li". This is consistent
with the results of our topological analysis o
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which Li" prefers position with low coordination
number (fess than 6) inside the crown cther ring,
The interactions of all metal-oxygen in all
complexes are charactenzed by lnw value of
electron density at the positions of BCPs p(n)
around 0.01 ax (0.07 ¢.A™)) and positive values
of the Laplacian of cleetron density. In terms of
general classification of interactions in QTAIM
these interactinns are classified as ciosed shell
interactions. Pervious topelogical analysis of the
many ionic species has shown that the electron
density at BCP pomnt 15 around 0.01 au. (0.07
eA™) generally. This also has been shown
graphically hy the maps of Laplacian of electron
densities nf' complexes i Fig. 2. The outer shell
of cach tnelal-oxygen nteraction is the zobe of
charpe deplenon at each complex. Mo eharpe
concentration zone has been detected hetween
central metal and oxygens. Consequently we
classify the metal-oxyeen in all complexes in this
work a8 ionic. Based an the properties of BCPs
the degree of inni¢ character of metal-oxygen
bonds is different among the complexes. Study
of (his latier issue in quantitabve way needs the
calculation nf atomic charges which wili be
docurnented in details in the subsequent work. *
We also compared the BCP properties of metal-
oxypen interactions with their corresponding metal-
oXypen in pure hydrated cations (same number of
metal-oxygen interactions} at the same level of
thcory, Only potassium containing complexes
showed the similar metal-oxygey interactbons. [ +

CONCLUSION 1
The local minimum geometries of [M(18e6)]"
(M= L1, K, Na) were determined at BILYP/6-
314+G{d,p} level. Theu topological analysis were
perinrmed on the wavefunctions at the same
Properties of electron denstty at the positions of
BCPs have been calculated for cach complex.
Subsequent analysis provides the molecular
graphs. These yraphs estahlished that number of
metal gxygen interactiops. Li” 18 reported 1o have
eoordination number nf 3 aud No© and K possess
the coordination mamber of 6. All metal-oxygen
bonds were found to have igni¢ character. The
similarities betwecn metal-oxygen bonds
hydrated complexcs and 18C6 complexes were
just found i0 K.
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Fig. 2. The molecular graphs {nght) and the Laptacian maps (feft) for [M{}8¢6)]" complexes (M=L1, Na, K) at
BILYP/6-31+HG(d.p) Dushed lines are the lines of positive Laploctan,




. Inter nuclear 1 2
Complexes Connected chistances Ps Ev P
atoms au (e A "
(A) au. (e.A™)
L1860 Li-0l 3.343
Li-02 2.204 CLO13 (23010 00zZ1{0.507)
Li-03 4.05%
Li-04 7207 00150101 0021 (50T
[0 1975 (026 (1176} 0045 (1.086)
Li-06 3.342
[Naf18c61)" tva-011 2138 C.O07 (4T 0R10{0.241)
Ne-02 2.742 0.008 (0.054) 0.010(0.241)
Na-()3 2,759 0.007 (0.047) 0010 (0 241)
Na-D4 2743 0,008 (0 054) 0.0143 (0. 2410
Na-05 2738 3.008 ((.054) 002400
Na-Of 2.751 0007 {0.047) 0.010{0.241}
[K{1%e)] KOl 2.825 0.014(0.095)  0.015 (0.362)
K-02 2825 0,014 {0.095) 0015{0.362)
K-3 2825 0,314 (0,095) {1015 {0 362)
K04 2824 0 014 (0.0957 3.015 (0.362)
K-05 2825 G004 (Q.095) 0015 (0.262)
K-06 2,424 0.014(0.095) __ 0.015 (0.362)

12

Fig. 3. The optimized geometriy (right) and the Molecular graph (left) for [Li( 18¢6)]" complex
al BILYP/6-314G(d,p) with two imaginary frequencies {187.2 and 186.3 em™).

Table 1. The mathematical camacteristics (2, and V : £ yat boed ernitical puints (BCPs) for M(18c6)]"
complexes {M=Li. Na, K) at BILYP/6-31+G(d.p)
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