J. Phys. Chem. 2004,108,5091-5099 5091
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The uranyl salophene complex and its co-complexes with several anigh®(HHSQ,~, NO,~, OH~, CI~,

F~) in the gas phase are investigated theoretically. Equilibrium geometries of relevant species and complexation-
induced structural changes are discussed. f@&IMR chemical shifts calculated at the gas-phase optimized
geometry agree very well with experimental liquid-phase results. The optimized geometry agrees also very
well with available crystallographic data. This indicates that the gas-phase structures derived from theoretical
calculations can be considered representative also for the condensed phase. For all anionsegept H

the calculated gas-phase binding energies correlate well with experimental Gibbs free energies of complexation.
The possible role of the solvent in the case ePB,~ complexation is discussed.

Introduction methanol is in the 10-10" M~ range® The convenient way

he | . d for th | | . to modify the complexing properties of a metal ion is its
The increasing need for the nuclear waste complexants in; o qpijization in the cavity of an organic ligand. In most

the last two decades led to the extensive search of moleculesComplexes the coordination sphere of $30is pentagonal or
capable of specifically binding radioactive ions in order to hexagonal’with few exceptions showing different geometry
separate them from others. Uranium(VI) in its stable uranyl form such as in {he highly constrained systems homooxacalixai‘ene;;.
(UO,*") is especially interesting due to its high affinity for some The unique coordination geometry of thé uranyl ion makes it

gnvwo_rllhmentﬁlly rﬁletvant carponatf, p:hosphate, otr hygromde possible to build even the three-dimensional cage-like structures
lons. The phosphate 1ons, important components ot many iy, Kemp’s triacid> An uranyl cation is complexed by a

fer_tll!zers, form very poorly solubl_e sglts W't_h US ! The number of “uranophiles”, like the complexing agents containing
affinity of phosphates to a uranyl ion is so high that most of diaza bonds: PAN (phenyl-azo-2-naphthol), Arsenazo (7-
the pho.sphate-containing fertilizers contain significant amounts hydroxy-8-(pheny|azo)-1,3-naphtha|enedisu|for,1ic acid), as well
of uranlgm? . ) as by macrocyclic ligands: calixarenes and crown ethisiene
The high affinity of phosphate ions to YO can also be o them, however, provides the complex geometry suitable for
used for analytical purposes, e.g., to determine the phosphate;_complexation of the second ligand (target anion), since all

concentration in water. The environmental importance of {he equatorial positions are occupied by the donor atoms of these
phosphate ions contrasts with a rather limited number of “uranophiles”.

available analytical methods suitable for their determination.
So far, the analytical chemistry of the phosphate ions relies
mostly on their ability to form a heteropoly complex with
molybdenic acid, which can be determined spectrophotomet-
rically. In principle, the high selectivity of phosphate ion
recognition by uranyl ion could be used for analytical purposes.
Very strong binding of bare U$" to anions such asR0,~

or F~ 362 prevents it, however, from being used af@stin

that form for the recognition of anions. To be useful in molecular
recognition, the complexation of guest(target anion) by the
host(UO»2") should not be too strong. For example, Izatt et al.
found that the maximum efficiency of the alkali and alkaline
earth metal ions transport by the crown ethers through the
nonpolar phase is attained when the complex stability in

Bandoli and Clementewere the first who reported the
complexes of the Schiff base with uranyl, possessing one free
equatorial coordinating position, usually occupied by a weakly
bound solvent molecule. For this purpose(type ligands
derived from the product of salicylaldehyde and diamines
condensation (see Figure l1la) were used. According to the
commonly used nomenclature, the product of an aliphatic amine
condensation is called salene, and that of an aromatic amine
condensation is called salophene. In sal(oph)ene complexes,
U(VI) ion is seven-coordinated, with two oxygen atoms in axial
positions and five other coordinating positions located in the
equatorial plane (pentagonal bipyramid). Anchoring 2O
inside the sal(oph)ene moiety blocks four out of five equatorial
positions in the coordination sphere of WO (see Figure 1b).

In the early nineties, Reinhoudt et al. showed the first few
examples where the solvent occupying the fifth equatorial
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published focuses on the quantum mechanics geometry opti-
mization of the small molecules containing uranitfnother
group of literature data deals with the complexation of a uranyl

=N N= —N\UO/N— ion by water molecule® Early attempts to use quantum
OH HO o’ 2‘0 mechanical methods for the optimization of the geometry of
the small molecules containing uranium gave a realistic bond
(@) (b)

length for the free uranyl ion in the range of 1:66.70 A
Figure 1. The chemical structure of the salophene (a) and its uranyl Calculated at a Hartreg=ock (HF) level with quasirelativistic
complex: uranyl salopherigS1 (b). pseudopotential. Interestingly, as opposed to the large amount

of available experimental data, there is only a limited amount
Corresponding Gibbs Free Energies 4G) for the Uranyl of theoretical works on the binding affinities of the LfO. Craw

Salophene (US1) Complexation with Anions Determined et al. reported the geometry optimizations of the O
Conductometrically in a Mixture Acetonitrile/DMSO (99:1) 2 complexes with nitrates and sulfates, performed at the Restricted

Hartree-Fock (RHF) level’2and found that the complexation

TABLE 1: The Experimental Stability Constants (Kas9 and

complex Kass[M ™2 AG [kcal mol? . . ! .

P — M= [ ] of these anions is of a mainly electrostatic nature. Stronger
Sa-Uo,—Cl™ 45x 10 —15.2 binding of sulfate ions, as compared to nitrates, was attributed
SaUO,—NO; 3.1x 10 —14.2 Lo - -
Sa-UO,—HSO 5.0x 10t o7 to the charge-transfer contribution to the binding energy. Wipff
Sa-UQ,—H,PO,~ 1.1x 10 —23.1 and collaborators studied monomeric and dimeric complexes

of UO,2™ with PhsPO, MePO, and NG~} and also stressed
the importance of charge transfer and polarization effects. The
th [ hich fit lin thei . itV 1o @bl latter were proposed to be the origin of increased affinity of
e uranylion, which fits well in their semi-cavity, to form stable uranyl to aromatic phosphine oxides. The electronic reorganiza-
e_IectroneutraI complexes. The presence of two or three aromatiGg.,, resulting from the anion binding was shown to influence
rings renders the s.al(oph)e.ne structure rglanvely versatile. By significantly the solvation free energies and thus the selectivity
using the appropriate derivatives of salicylaldehyde and/or of recognition in the solution for phosphine oxide ligands.
diamines, one can influence both electronic and sterical pmper'RecentIy Wipff et al. reported a computational sttiéyat a

ties of the uranyl center, thus fine-tuning the active center 0 - 1oyl in which the calculated binding affinities (perchlorate
the suitedguest(anion). The effect of different substituents on  _ triflate < nitrate) were confirmed by the EXAFS investiga-

Lhe selectivlity Orf] anion recognifti(;n O\llvas extbens(;vc(ajly StUGf.éd' h tions on the affinity of the perchlorate and triflate ions to 30
or example, the presence of hydrogen-bond donors in the, e report by Reich et al. on uranyl carbonatéand their
proximity of the uranyl center significantly improves the affinity complexes with C& and B&*, the authors noticed that the

of such a receptor to the fluoride anidh. . U—O distances obtained in the case of the JEIDs)s*
_Reinhoudt et al. found that uranyl salophenes can selectively complexes were too long if the solvent effects were not explicitly
bind H,PQ,”, F~, and OH ions in organic solution and in the  {axen into account. The uranyl carbonate was also investigated
polymeric membrane of the ISEs (ion selective electrod®s).  p \jtsche et al7ewho successively reproduced its vibrational
As expected, due to the high affinity of YO to phosphate  fraquencies using Density Functional Theory (DFT) calculations.
anions?® the stability constants in the solution for a series of review of computational methods applied in the studies of
complexes of the simple salophenes with these anions are 'argeE:omplexation properties of uranium, which includes the DFT

than those of Cl, NO,™, and even HS@ complexes (see Table  cajcylations, was published by Pepieand more recently by
1). A much weaker binding of the latter ion is surprising, since Kaltsoyannist3

p_ho_sphate and sulfate geometrical a_nd electron_l(_: structures are +n4"2im of this work was to get additional insight into the
similar. Further research on the anion recognition by uranyl

lonh h d that th I d tact of the Iatt _thnature of the complexation of selected anions to the uranyl
salopnenes showed that the prolonged contact ot the atter witt salophene. The ultimate goal of our research is the understanding

the solutiorj containing the phosphaj[e ions results in decomposrof high selectivity of recognition of WPO;~ ions in the
ttl)pn de ths |onoph(|)ré§3|Th|hs observattl]on sugges;s trlaf[ thef anion - -ndensed phase. No studies were performed so far on the origin
in '_n? y uraltn)rg Salopnenes ]:n the Cﬁse_Q ?“d IS of a It of this selectivity. This work presents the first approach to the
the formation of Suh stable complex, nor i the jonophore Prollem: the study of anion binding propertes of urany
degradation PIEX, P salophendJS1in the gas phase. BesidesRD,~ we selected
' other strongly (OH, F) and weakly (Ct, NO,~, HSOQ;™) bound

Despite the extensive research in the domain of anion 5nigns in order to compare the mode of anion bonding in the
recognition by uranyl sal(oph)enes, the determination of the complex withUS1, and to validate the binding energy calcula-

complex structure was possible only for few uranyl salophene  jions The calculated gas-phase affinities were compared with
anion complexe$:917932 The computational chemistry can inase observed in solution to estimate the importance of solvent
supply in these cases supplementary information on the geom-gacts on the condensed-phase binding energies. The under-
etries and binding energies of the complexes, which are gianding of the origin of phosphate recognition selectivity in
otherW|.se dlfflcglt to determine. To our knowledge, the only the condensed phase could help to design better uranyl sal(oph)-
theoretical stud|es_on uranyl salophenes were performed W'thene-based hosts for these ions. Thus, more selective sensors
molecular mechanics QUANTA/CHARM, more than a decade o4 e designed and hopefully applied in the environmental
ago®’ In these studies, only the complexes with neutral analysis.

molecules using a point charge model for $30Owere inves-
tigated.

The quantum chemistry investigations of uranium-containing
molecules were carried out over the last 20 years. Only recently, The quantum mechanical investigation of uranyl salophenes
the methods enabling the researchers the accurate calculations a computationally expensive task. For this reason we decided
of UO2" complexes became available. Most of the work to use DFT, which is known to accurately reproduce the

a Adapted from ref 27.

Computational Methods
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structure and thermochemistry of uranium(VI) compleXds.
most of the studies described in the literature, a description of
the core electrons of the uranium atom with quasirelativistic
pseudopotential was combined with the use of hybrid function-
als. In this method, the effects of the core electrons on valence
shell is represented by the Effective Core Potential (ECP), which
significantly reduces the computational costs while taking into
account the relativistic effects. Adamo et al., however, pointed
out that the use of such an approach in the investigation of heavy
elements such as uranium may sometimes lead to erroneous
results!® Nevertheless, dedicated studies for uranyl complexes
showed that the experimental data, the ECP results, and the one
obtained from the Zero Order Relativistic Approximation
(ZORA) relativistic Hamiltonian, which treats the core electrons
explicitly, are in satisfactory agreemeiib.

For the geometry optimization we used the ADF progiam
in which the ZORA Hamiltonian is combined with Kokisham
formalism using Beck®%-Perdewi® approximation to the
exchange-correlation functional and Slater Type of Orbitals of
triple- quality (basis IV). Throughout the text, this implementa-
tion is labeled as KS(ZORA).

For comparison purposes, some properties were calculated
also using the quasirelativistic pseudopotential approach with
the nonrelativistic Hamiltonian, as implemented in the Gaussian
03 packag@! The Wood-Boring Stuttgart/Dresden relativistic
large core ECP basis set (ECP78MW®8 electrons in the core
(8s,8p,6d,5f,2g)— (5s,5p,4d,3f,2g) contracted-valence basis
setf4abfor uranium and 6-31 g* basis sets for all the other atoms
were used. The B3LY#¢ approximation to the exchange-
correlation functional was used. This second implementation
is labeled as KS(ECP) throughout the text.

The KS(ZORA) implementation was used to derive (a) the
optimized geometry of salophene, uranyl salophene complex
(USY), and its co-complexes with anions, (b) binding energies, (b)
and (c) Mulliken charges. The KS(ECP) implementation was Figure 2. The optimized structures of complexes of salophene with:
used to derive (a) binding energies, 8 NMR chemical shifts ~ UO2" (a), and Mg" ().
calculated using the GIAO (Gauge Independent Atomic Orbital)
method, as implemented in the Gaussian 03 packb&fpe;this deprotonation of the salophene ligand, the complex of uranyl
particular purpose we used several basis sets of increasingon with salophene (uranyl salophengS1) is electrically
quality (3-21g*, 6-31g*, 6-3tg* and 6-34-+g**), (c) the neutral. The ionic radius of the uranyl ion (2.80 A) is slightly
atomic orbitals (AO) contributions to molecular orbitals (MOs) bigger than the radius of the semi-cavity of the salophene
and overlap populations calculated using the AOMix progfam, moiety. Despite this mismatch, the negative charge of two
(d) optimized geometry of the Mg—salophene complex for  phenolic groups and the presence of the free electron pairs on
some auxiliary analysis. two imine nitrogens drive the ion into the semi-cavity. Its

The binding energies discussed in the text were correctedincorporation requires, however, slight “puckering” of the Schiff
for Basis Set Superposition Error (BSSE) using the counterpoisebase, leading to a bent structureld$1 (U—Ocquatoriar Caromatic

method of Boys and Bernaréfd angle equals 137°%
) ) To confirm the sterical origin of the “puckering” of the
Results and Discussion salophene moiety, the geometry of the complex with théMg

Uranyl Salophene Complex (US1)In the first stage of the cation, which is less sterically demand_in_g (ionic radius 0.72 A
study, the geometry of the neutral (protonated) Sa|0phenecompared to 2.80 A for UQ*),\(vas'optlmlzed. The structures
molecule was optimized (Figure 1a). Despite the presence of ©f Poth complexes are shown in Figure 2. The presence of the
three aromatic rings, connected by the imine bonds, the Mg?* ion n the semi-cavity re_sul_ts in an a_lmost ideally flat
protonated salophene is not planar in its energy minimum. The Structure, with all three aromatic rings lying in the same plane,
two rings containing phenolic groups are tilted, probably due Whlch confirms (_)ur_lnterpretatlon of the origin of the salophene
to repelling of the phenolic OH groups. The rotation around bending upon binding US*.
the C(aromatic)N bond is relatively free and the calculated Recently, Mandolini et &% showed that the uranyl salophenes
energy barrier of rotatidf equals 2.6 kcal mol. The very small exist as a pair of enantiomers due to slight “puckering” of the
difference in energy calculated for the two lowest energy isomers whole molecule. At room temperature, in the absence of any
(AE = 0.05 kcal mof?) suggests that both rotamers should steric hindrances, the rate of the interconversion is so high that

coexist in the gas phase (see Supporting Information). the presence of two enantiomers is not detected by the NMR
The optimized structure of the free salophene was used totechnique. Our calculations confirm that uranyl salophenes may
construct the starting geometry &fS1, in which the UQ2" indeed exist as a pair of enantiomers, due to the tilt of the two

was located in the cavity of the salophene. Due to the aromatic rings with respect to the equatorial plane of,#70
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170_‘ TABLE 2: Selected Geometrical Parameters of the DFT

Optimized Structures
160 b species B0 U-O U-N U-lon OOUO
150 ] A Uo2* 1.722 180.0
] ° Sal-ug 1.808 2.255 2.530 179.6
— 1404 Sal-Ug—CI- 1815 2315 2.716 2.686 172.5
E ] A Sal-Ug—F- 1.822 2348 2708 2.142 172.4
S 430 (4 Sal-UGQ—OH~ 1825 2362 2.746  2.187 175.9
8 ] Sal-UQ—NO;~ 1815 2.313 2.690 2.347 174.8
© 120 4 ° ® ﬁ Sal-UG—HSO,~ 1.816 2.218 2.676 2.421 174.5
| s A N Sal-UGQ—H,PO,~ 1.813 2.310 2.692 2.326 173.6
A
110__ & TABLE 3: The Calculated Binding Energies (kcal mol1) of
1004 A the US1-Anion Complexes in the Gas Phase
T T T T T v T T T T T T T T T d complex AE KS(ZORA) AE KS(ECP)
100 110 120 130 140 150 160 170
Sa-UO,—HSO,~ -21.5 —-23.1
8, [PPm] Sa-UO,—CI- —40.2 —35.4
Figure 3. Correlation between experimental and calculatéd Sa'_UOZ_HZPQf —353 —36.8
chemical shifts forUSL the gas-phase optimized®) and X-ray 22::882_:;'92 _ggé _%;
o - ) ,— —72. —70.
structure f). The solid line represents the ideal correlation between Sa-UO—OH- —70.3 —70.6

two sets of chemical shifts.
aFor the description of the applied methods see the Experimental
The calculated uranyl salophene geometry could not be Section.
directly compared with experimental data, due to lack of the TABLE 4 The Calculated Energies (AE) of Substitution of
corresponding X-ray structure. Nevertheless, the calculated bondsgiophene Moiety by the Anion in the US%-Anion
lengths (2.255, 2.530, and 1.808 A fo®(Ph), U-N, and Complexes (kcal mot?)
U=0, respectively) are very close to the values for the aqua-

A . - complexed anion (X) F OH~ H,PO,~ Cl-
complexes of similar compound (tweOCHj; substituents in
the positionsortho vs the phenolic groups): 2.41, 2.53, and AE +4r2 4461 +1132 41469
1.77 A for U-O(Ph), U-N, and U=0, respectively. TABLE 5: Charge Distribution for the Selected Atoms in

The additional support for the relevance of the calculated the Anionic Complexes of US1 Optimized

structures comes from the analysis of the carbon shielding species U 0@ O(Ph) N anion
tensord! which are known to depend strongly on the geometry Uo2* 208 -004
of a molecule. The calculated®C NMR chemical shifts SaH, —0.66 —0.60
corresponding to the optimized structure were compared with Sa-UO, 1.25 -0.34 -058 -0.50
the experimental data in DMS@y solution. The details ~ Sa-UO,—CI- 106 —-036 -056 -046 —043
concerning the assignment of the carbon atomd$i can be 22::882:5'_'_ i'(l)g :8'% :8'22 :8'22 :8'22
found in the Supporting Information. The correlation between SaI—UOE—NO[ 116 -036 -056 -046 —056

the calculated chemical shifts and those obtained from experi- sa-uU0,—HSQ,- 1.17 —0.36 —057 -0.47 —0.64
ment is shown in Figure 3. For comparison, the chemical shifts Sa-UO,—H.PO;~ 1.18 -0.35 -0.56 -0.47 -0.59

were also calculated for tHéS1 structure taken from X-ray of U | Saloph c | ith AnionsDue to the high
US1-Cl.% The calculated chemical shifts obtained from the gas- ranyl Salophene t.omplexes with Anionsbue o the hig
ffinity of the uranyl ion to some hard anions, such asdf

phase calculations depend strongly on the chosen basis set anﬁzpo( one can expect that binding of these anions could

geometry. The use of the extended basis set (6-83**) on . .
- . induce changes in the uranyl salophene geometry. In the next
the KS(ZORA)-optimized geometry results in very good agree- i
stage of the present study, the structural changes accompanying

ment with the experimental data from the solution NMR
L : the anion complexation were investigated. The key geometrical
spectrum. For the nonoptimized geometry and/or the basis set

) . . . . parameters of the gas-phase optimized structures are reported
of insufficient quality, the chemical shifts correlate much worse in Table 2. The uranyl moiety elongates upon complexation with
with the experimental points. Data obtained from the X-ray a salophene anion by 0.008.017 A, most probably due to
struct.ureFl'Jsmg tge (_Sl_ﬁi—i_)%** ba5|ts sett IS shdown {or (':tomparl- I partial compensation of positive charge on the U atom by the
son mbl Igure h € hray srl_Jc_ured espite ts overa salophene (see Table 5). The overall shape of the uranyl
resemblance to the gas-phase optimized structure, gives rise 1Qa,nhene is not significantly affected by the complexation of
the chemical shifts of some carbon nuclei lying outside the the anionsUS1 might be considered as a well pre-organized
expected range in the NMR spectrum. As indicated by the pqqitor the studied anions. The complexation of the anions does
analysis of the calculate®®C chemical shifts, the gas-phase

Y h X ’ not require any significant structural rearrangementJ&,
optimized structure is probably closer to that in solution than \ynich could involve unfavorable entropy changes. The opti-
is the X-ray structure.

mized structures of the anionic complexes are shown in Figure
The energy of UZ" complexation inside the semi-cavity 4.

of salophene was calculated at the optimized structutdSif The only experimental values of the W—anion distance
using the KS(ECP) method. The enthalpy of the reaction of the in the uranyl salophereanion complexes available in the
doubly deprotonated salophene anion with £/QOis equal to literature (2.76 and 2.28 A, for Cland HPQ,~, respectively)
—820.1 kcal mot™. Such high enthalpy of uranyl binding are close to those obtained from our calculations (2.686 A, 2.326
stabilizes the uranyl ion in the salophene complex, which A). These small discrepancies might stem from the crystal
justifies the use of uranyl salophenes for the purposes of packing forces and the fact that the solid-state stoichiometry
molecular recognition. might be different from that in the gas phase. The X-ray
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(a)

(o)

(b)

(d)

Figure 4. The optimized structures of the selected anionic complexé$if Calculations performed forUS1-F (a), US1-OH" (b), US1—

HPO;~ (c), US1-NO;~ (d).

structur@ of the uranyl salophereH,PO,~ complex (see
Supporting Information), which is a centro-symmetric dimer,
indicates that the stoichiometry of the complex is 2:2 rather
than 1:1. Moreover, the existence of a similar structure in
nonpolar solvents, although with 2:1 stoichiometry, was re-
porteds3?2

In the anionic complexes, the=@J=0 moiety is not linear.
The O=U=0 angle falls in the range from 172.40 175.9,
depending on the anion (see Table 2). A similar bending of the
linear UQ2" moiety upon complexation with OHions was
reported for the calculated gas-phase complexes by Tsushima
and Reicl®® who interpreted this in terms of-donation from

We start the analysis of the complexation-induced geometrical the equatorial hydroxyl ion. Similar nonsymmetrical donation

changes ofJS1from the uranyl moiety. The 80O bond in the
uranyl as well as the YO distance between the uranium atom
and the phenolic oxygen atom elongate in ti81—anion
complexes. This effect is the most pronounced in theakd
OH~ complexes, where the urany=D bond length elongates
from 1.808 to 1.822 A and 1.825 A, respectively. Similar trends
were observed in the case of coordination of anionbdce
UO,2*. The U=0 distance increases from 1.71 to 1.74 A when
ClO4~ is replaced by the C¥#£OO™ ion36bc These trends are
also consistent with the ones observed by Marsden®tvetho
found a strong correlation between the binding energy of the
ligand and the length of the480 bond in the UG ion. In
their study, the largest change (0.084 A) was found for,UO
(OH),. The bond elongation is more pronounced than in the
case of theUS1 complex (0.017 A), but the two numbers
correspond to binding of different numbers of Oléns to two
different species (free uranyl ion, and uranyl salophene,
respectively). Our results concern YO incorporated in the
cavity of salophene moiety, where only one OKan be
complexed. In addition, the charge on the U atom is significantly
smaller than in the free uranyl ion, as indicated by the Mulliken
population analysis (1.25e idS1and 2.08e in UG™). In the
case of the weakly bound anions {(CNO,~, HSO,~, H,PO,~;

see Table 3), the changes in the axial oxygen distance do not

exceed 0.008 A (see Table 2). Similarly, only small changes in
the U=0 distance were observed in the X-ray structéftéfs
the fifth equatorial coordination position of uranyl salophene
is occupied by the weakly coordinating solvent.

from the equatorial anions to salophene-bound uranyl could
result in the observed deviation from=QJ=0 linearity. The
effect of the presence of an equatorially complegadstanion
cannot be compensated by the complexation of the ion of the
same type in trans position in uranyl salophene for steric reasons.

The U-O(phenolic) bond elongation is also noticeable. The
bond length increases from 2.255 to 2.348 A and 2.362 A for
F~ and OH complexes, respectively. The distance between the
U and N atoms is also affected. As in the case of theQJ
distance, the most pronounced effect can be seen faarfd
OH~ complexes. For these two complexes, theNUdistance
changes from 2.530 to 2.708 A and 2.746 A, respectively. There
is also a small, but noticeable, change in the geometry of the
uranyl center. The elongation of the-\® and U-N bonds is
probably related to the increase of the electron density on the
U atom, as shown by the Mulliken analysis (see Table 5). As
a result of the increase of thetD(phenolic) and U-N(imine)
distances, the size of the semi-cavity OS1 increases to
accommodate the complexed anion.

The binding energies were calculated using the following
convention:

AE =E[US1-X"] — E[US]] — E[X ]
The results of calculations using KS(ZORA) and KS(ECP)

methods are collected in Table 3. The comparison of the two
sets of data shows that both methods give similar results. The
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(2) phosphate ions hydrolyze the liberated salophene (acid

the two approaches does not exceed 10% for the complexeshydrolysis of the Schiff base).

with these anions.

The enthalpic contribution to such a process can be calculated

As can be seen in Table 3, the interaction energy decreasedis the enthalpy of the first reaction, i.e., the substitution of

in the following order: F > OH™ > CI~ > H,PO;~ > NO;~

> HSO,~. According to our expectations, the relative order of
the gas-phase binding energies is (with the exceptionBChi,

see below) similar to the order observed experimentally for
complexes ofJS1in solution (Table 1), as well as with general
trends in binding affinity of UG*" to anions32

To our knowledge, no studies on thermodynamics of binding
of F~ or OH™ ions toUS1were reported in the literature. Some
indirect information on the affinity of these ions to uranyl sal-
(oph)enes can be deduced, however, from the potentiometric
selectivity of the sensors containing uranyl salophenes as the
ionophore. Despite high hydrophilicity of phosphate and fluoride
ions, the sensors containing uranyl sal(oph)enes show an
increased selectivity toward these ions, suggesting that they ar
selectively complexed by uranyl salophenes. On the other hand
an interference of OH on H,PO,~ and F response was
observed during potentiometric measurements with uranyl
salophenes as ionophores in the phosphate selective elecfrodes,
suggesting that also OHions can compete with the strongly
complexed HPO,~ ion (see Table 1).

The formation of hydroxo-bridges was shown to play a key
role in the speciation of uranyl in natural watéf3Bruno et
al. pointed out the crucial role played by these bridges in the
stability of polynuclear uranyl complexé& Even though the
formation of any oligomeric structures was not considered in
this study, the results show an increased affinity&flto OH .

One might expect that this affinity should be even higher in
solution, due to the stabilizing solvent effects, but the com-
plexation of OH remains out of the scope of this work.

On the basis of their ab initio calculations, Thatcher e€al.
pointed out the important role of the stereochemistry of hydrogen
bonding in the selectivity of recognition of sulfate and phosphate
ions by the natural receptor binding sites. On the basis of our
calculations, the geometries of ttS1-H,PO,~ and US1—
HSO,~ complexes do not differ significantly. For tHéS1—
anion complexes, the directionality of anion binding plays,
however, a less important role than in the hydrogen-bonded
complexes.

Marsden et af3 in their DFT study of 33 uranyl complexes
with small ligands also found the binding energy for O&hd
F~ complexes to be the highest in the whole data set. This is in
agreement with the present results for the complexation of these,
ions toUS1 (see Table 3). Unfortunately, the complexes with
phosphate anions were not included in the study of Marsden
et al.

As mentioned in the Introduction, the high affinity of
phosphate ions to the uranyl salophenes results in the deactiva
tion of the latter: the ion-selective electrodes with membranes

€

salophene in th&JS1—anion complex by the second anion of
the same type (X). The enthalpy of such a process was
calculated using the following convention:

AE = E[UO,(salophene}(X) ] + E[X ] — E[UOLX),] —
E[salopheng ]

The calculated energies of such a substitution reaction for four
ions under study show that phosphate ions, similarly to others,
are not able to substitute the salophene moiety in the ternary
complex (Table 4). In all cases the energy is positive, in
agreement with experimentally observed high kinetic stability
of uranyl salophenes in the presence of studied anions (except
for HoPOy ). Interestingly, the substitution energy for tH&1—
H,PO,~ complex is similar to that of th&JS1-CIl~ complex,
despite a big difference in their kinetic stability. The decomposi-
tion of US1in the presence of phosphate ions is then probably
related to the specific interaction between the molecules in
solutions, which are not taken into account in our gas-phase
calculations (see below).

Phosphate-lon Complexation.The gas-phase interaction
energy correlates well with the available experimental free Gibbs
energy of complexation in the anhydrous acetonitrile/DMSO
(99/1, viv) mixture for the HS@, NO,, or CI- complexes.
Opposite to our expectations, the energy ePBy~ complex-
ation byUS1in the gas phase is comparable to those of fHSO
NO,~, or CI~, despite the exceptionally strong complexation
of the dihydrogenphosphate ion observed in the anhydrous
acetonitrile/DMSO (99/1, v/v) mixture (see Table 1). The high
selectivity of phosphate binding ByS1in the solution cannot
be thus explained only in terms of the gas-phase binding
energies. The interactions with the solvent influence all the
relevant thermodynamic states in the solution: free anidBg,
and its anionic complexes. Since the solvatiotJ&1 does not
depend on the type of the complex, the observed difference
might only stem from the differences in the solvation of the
free ions and theitJS1-complexes. In our opinion the excep-
tional behavior of theJS1-H,PO,~ complex originates from
the differences in the mode of solvation between this complex
and others. The 2:2 complex, as reported in the solid $tase,
well as the 2:1 complex that was found in the nonpolar mé&dia,
provides very good shielding of hydrophilic,PIlO,~ ions from
the organic solutions. This peculiarity of phosphate ion binding
manifests itself only in solution, and due to the lack of solvent
interactions could not be detected in the gas phase. The
importance of the entropic term in the anion complexation by
uranyl salophenes in solution was pointed also by Rudkevich
et al.? who found that enthalpic terms for the Chnd the

containing uranyl salophenes as ionophores lose their phosphate4,PQ,~ complexes are comparable, while the observed stability

selectivity after prolonged exposure to the phosphate solution.
There is no experimental data concerning this phenomenon in

constant of the BPO,~ complex was 37 times higher than that
of the CI- complex. Shielding from the surrounding solvent

the gas phase. Such a process can be accounted for, howeve(acetonitrile/DMSO, 99/1) could potentially also be a conse-
by calculating the enthalpy of the hypothetical reaction leading quence of the tendency of the phosphate ions to dimerize. To
to uranyl salophene decomposition. The following two-step the best of our knowledge, HSOions do not form such stable
decomposition pathway of uranyl sal(oph)enes by the phosphatedimers, which may prevent them from being effectively shielded
ions in the presence of water was proposed on the basis of thefrom the solvent. This could explain the significant difference
spectroscopic dat#: in the experimental binding affinities of RO,~ and HSQ™ to

(1) the uranyl salophene dissociates and hardly soluble uranyluranyl salophenes, despite their structural similarity.
phosphate is formed, due to the high affinity of phosphates to  Recently Coupez and Wigff and Bruno et at’® stressed
free uranyl ion, the crucial role of the solvent in the binding scheme of &0
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Orbital type 1

Orbital type II

Orbital type III

(a)

(b)

(c)

Figure 5. Selected molecular orbitals (MO) &fS1 (a), and its anionic complexedJS1—-H,PO,~ (b), US1-HSO,~ (c).

TABLE 6: The Overlap Populations between Different
Fragments in the Anionic Complexes of US1 Obtained from
AOMix Program with KS(ECP) Method &

Anion
MO overlap F Cl= OH" NO; HSOs H PO~
Type | O12 0.041 0.021 0.047 0.020 0.032 0.030
O3 0.0 0.002 0.001 0.0 —0.003 0.001
O3 0.050 0.017 0.067 0.014-0.001 0.026
Typell O 0.064 0.075 0.073 0.073 0.0055 0.056
O3 0.0 0.004 o0.0 0.001-0.002 —-0.001
0,3 —0.001 0.008 0.003 0.004-0.013 —0.009
Type lll  Oi2 0.0 —0.013-0.012 0.002 0.005
O3 0.0 0.001-0.001 0.001 0.0
O3 0.042 0.046 0.051 0.046 0.045

aThe subscripts for the overlapping fragments are:sadlophene
part, 2—uranyl cation, 3-anion (ex: O,s—overlap between the MO of
the uranyl and the complexed anion).

Molecular Orbital Analysis of the Anionic Complexes.
Description of the bonding in the U® ion found in the
literature is somehow inhomogeneous, and many bonding
schemes were proposétiNevertheless, the short+D dis-
tances and the linearity of the ion suggest the presence of
multiple bonding with a contribution from the 6p and 5f orbitals
of the U atom. Different authors pointed out that the complex-
ation and hydrolysis properties of Y& may indicate that the
effective charge on the U atom in the complexes is higher than
formal +2, and possibly exceeds$3, resulting in a strong
polarization of the U-O bonds*! Thus the total—2 charge
supplied by the deprotonated salophene moiety may not fully
compensate the effective charge of $3Q leading to its strong
affinity toward anions. To understand the relation between the
electronic structure of the optimized complexes and their binding
energies, we analyzed the distribution of the Mulliken charges

showing that the gas-phase complexing properties differ sig- (Sé€ Table 5 for KS(ECP) results, and Supporting Information
nificantly from those observed experimentally in the solution. for those of KS (ZORA)). The Mulliken charges using the KS-

Similarly, using an example of calix[4]pyrrole, Blas et!éd.
showed that the high affinity for Fin the gas phase might be

(ZORA) and KS(ECP) methods show similar trends, but the
differences in the charge distribution are less pronounced in

lost in the presence of protic solvents, or the hydrated counterion.the results from the former method. The presence of two
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negatively charged phenoxyl groups in the salophene moiety between the overlap populati@?; (overlap population between
significantly reduces the effective charge on the U atom with the uranyl cation and the complexed anion) for the MO type |
respect to bare U@". The effective charge on the anion binding (Figure 5 and Supporting Information) and the binding energy
site remains, however, positive. The Mulliken charge on U is presented in Table 3 may be noticed. The increase in binding
+1.25e. This result is in agreement with the high affinity of energy is always reflected in an increase of the overlap
US1 for anions and suggests strong contribution from the population between the uranyl center and the complexed anion.
electrostatic interaction to the calculated binding energy. Although it is difficult to quantify this effect, the overall trends

Although the dominant role of the electrostatic term in the are well reproduced. Interestingly, the shape of the molecular
total energy of the complexes was underlined in most studies, orbital of type I in the complex oiS1with the fluoride anion
some authors stressed the importance of the high electron affinitywas found to be significantly distorted, which can be related to
(15 eV) of the uranyl catio®® Thef orbitals of UG2* remain the fact that in this particular complex, an important perturbation
forma”y empty’ and are good potential electron acceptors in of the molecular orbital occurs. Another interesting observation
the charge-transfer complexes. Comparison of data from Tablesconcerns the two most strongly bound ions (i.e., Gitd F),

3 and 5 shows that there is a direct correlation between thefor which the overlap populations between the uranyl cation
charge distribution and the binding energy in @bi—anion  and the salophene ligan@{,) are clearly higher than in the
complexes. The decrease of the positive charge on the uraniunf€maining complexes, suggesting that the strong bonding
atom is accompanied by an increase in the anion binding energy.character is also extended to the urarsélophene bonds.

The highest reduction of the charge on U is observed for the
two most strongly bound ions (i.e.; and OH). The decrease

of the positive charge on the U atom is accompanied by the Quantum chemistry calculations on the uranyl ion and its
increase of the negative charge on the axial oxygen atoms. Thushinary (uranyl salophen&lS1) and ternary (uranyl salophene
part of the electron density donated to the U atom by an anion anion,US1—anion) complexes, although complicated and time-
in the equatorial plane passes to the axial oxygen atoms of theconsuming, due to the elevated number of electrons in the
uranyl moiety (Table 5). uranium atom, seem to be a promising tool in the elucidation

No correlation was found between the binding energies and of the electronic structure and thus the binding properties of
the charge distribution on the nitrogen or phenolic oxygen atoms. the uranyl compounds. The calculated structur&/8 agrees
The latter is almost unaffected by the complexed ion, while the Well with the X-ray geometry. Moreover, the calculated
charge on the nitrogen is reduced for all the complexes from structures of the anionic (Cland HPQO,”) complexes oUS1
—0.50e to about-0.46e. The effect is probably related to the @lso show good agreement with the solid-state structures.
increase of the U@-N distance upon anion complexation. The Therefore, we believe that the structures of NCF~, HSQ,™,

U—N distance increases upon anion complexation by 6-162 and OH" complexes, for which the experimental data are not
0.216 A, and no direct correlation between this elongation and available, provide a reasonable prediction. A good agreement
binding energy can be seen (see Table 2). The negative charg®etween the experimentdfC chemical shifts in the NMR

of the guestmolecule weakens the interaction with the free spectrum and those calculated for the optimized geometry of

electron pairs of K=C and moves the uranyl moiety out of the US1suggests that the structure calculated in this work is also
semi-cavity center. representative of that in the liquid phase.

For all studied anions, the KS(ZORA) and KS(ECP) anion
binding energies calculated in the gas phase are very similar.
Except for the phosphate ion, they correlate well with the
experimental stability constants in solution. The highest values
of binding energy were obtained for Rnd OH complexes.

Conclusions

The selected molecular orbitals 0fS1 and its complexes
with H,PO,~ and HSQ™ ions are presented in Figure 5. The
MOs for other complexes described in this paper can be found
in the Supporting Information. The analysis of the electronic

structure of the optimized complexes shows that the molecular . 4 .
b b The noticeable discrepancy between the Gibbs free energy of

orbitals involved in the bonding in different ionic complexes S . - .
exhibit a rather complex shape. Nevertheless, some importantcomplexatlon in solution and the gas-phase binding energy in

information can be extracted from the shape and the charac-the case of the #PQ complt_exatlon stems probably from the
teristics of different molecular orbitals of the studied species. solver_lt effects. In our opinion, the differences of _solvanon
By detailed analysis of the shape of the MOs, their energy, and energies betvyeen free anql complexed phosphate |onsiplay a
the overlap populations between the different fragments in the decisive role in understanding the thermochemistry s

studied complexes, three characteristic types of bonding orbitalsCom.plexa1t|0n bySiin SOIUt'.On' In _the structures prppose_d in
may be noticed. We label them as type I, II, and IIl. Type I is the literature, the phosphate ions, either in monomeric or dimeric

: ; : . : - form, are surrounded by two molecules of the uranyl salophene.
a hybrid bonding orbital with a major contribution from the S o
5fy(z{_x2) orbital ogf uranium and an ajdmixture of tipeorbitals Due to such a shielding, the hydrophilic dihydrogenphosphate
of O and N atoms of the salophene. Its shape reveals a noticeabl on may be SepaTated from_ t_he organic sqlvent. We postulate
electronic density between the uranyl moiety and surrounding hat this may prov!de an additional stablllz_at!on for the complex,
oxvaen and nitrogen atoms of the salophene. Tvpes Il and Il reflected in the high value of the association constant for the

Y9 nrogen . saop - LYpes 1 US1-H,PO,~ complex in the condensed phase.

are the bonding hybrid orbitals arising from the modifigd
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(US1) complexes with anions optimized using KS(ZORA)
method. Calculate#fC chemical shifts with the corresponding
shielding tensors. Molecular orbitals for uramgalophene

complexes. The Cartesian coordinates for the optimized struc-
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