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Relativistic Density Functional Theory Study of Dioxoactinide(VI) and -(V) Complexation
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Formation of complexes of alaskaphyfinbi-pyen2 and bi-tpmd3 ligands with actinyl ions An@*, An =

U, Np, Pu andn = 1, 2, was studied using density functional theory (DFT) within the scalar relativistic
four-component approximation. The alaskaphyrin complexes of the uranyl are predicted to have a bent
conformation, in contrast to the experimentally available X-ray data. This deviation is likely due to crystal
packing effects. Apart from these conformational differences, calculated geometry parameters and vibrational
frequencies are in agreement with the available experimental data. The character of bonding in the complexes
is investigated using bond order analysis and extended transition states (ETS) energy decomposition. Metal-
to-ligand bonds can be described as primarily ionic although substantial charge transfer is observed as well.
Based on ETS analysis, it is shown that steric an@itomisfit requirements of actinyl cations to the ligand
cavities, among the studied complexes, are the most favorable for the bi-pyen2idaschuse its flexibility

allows for optimal metal-to-donor-atom distances. Planarity of the equatorial coordination sphere of the actinide
atom is found to be less important than the ability of a ligand to provide optimal uranium-to-nitrogen bond
lengths. Experimental differences in demetalation rates between similar alaskaphyrin, bi-pyen and bi-tpmd
uranyl complexes are explained as a result of easier protonation of the Schiff-base nitrogen of the latter.
Reduction potentials calculated for the uranium complexes show a good agreement with the experiment, both
in relative and in absolute terms.

Introduction proposed for nuclear waste treatment involves the coordination
of actinide ions with polydentate macrocyclic ligands, thus

exploiting the chelate effect. Moreover, macrocyclic ligands

could potentially be tuned to provide the bédstfor specific

Complexes of the actinides are of both fundamental and
practical interest. Actinides found practical use in the nuclear

?nn;ggéhndlﬁ:g’ovlygﬁgr's aq_ﬂg\r’!;grr:bggge;ega?egqg ﬂfjgsarcations and oxidation states by varying the size of the ligand’s
! PP 9y ! inner cavity, flexibility, etc.

fuel reprocessing and nuclear waste storage have to be ad- » e . .
dressed. In addition, there are other environmental problems In addition to the macrocyclifit/misfitinteractions, the choice

and threats, from contaminated sites of the Cold War to “dirty ©f donor atoms might be another tool in the rational design of
bombs” hazards. actinide separation or sequestering ligands. It is well-known that

Nuclear waste typically contains both actinides (mostly U actinides form somewhat more covalent bonds than lanthanides

Np, Pu, Am) and their fission products (lanthanides, Cs, Tc) in and therefore have slightly better affinities fesft bases such

an aqueous environment. The treatment of nuclear waste®S N-donor ligands. This could potentially be exploited in the

involves either separation of the actinides as useful commodities S€Paration of actinide cations from the lanthanides. So far, much
(for reuse as nuclear fuel, for example) or their immobilization of the attention has focused on comparisons between actinides

for further storage. and lanthanides in the oxidation state of Ill. Experimental data
on the comparative covalency of An(lll) vs Ln(lll) were recently
reviewed by Choppif.lonove discussed the similarities and
differences between An(lll) and Ln(lll) and pointed out that

In aqueous solutions, uranium and neptunium complexes exist
mostly in the form of actinyl cations An®" (with n = 2 for

uranium and 1 for neptunium, correspondingly). Under similar ~"'"="" ' Y .
conditions, for plutonium in solution there is a complicated similarities do exist between the second half of the actinide series

equilibrium of plutonyls(V) and -(VI) and complexes of and the first half of the. lanthanide series. .However, relatively
plutonium(IV). The actinyl moiety is remarkable due to the fact few studies, both experimental and theoretical, have been made
that it is, in contrast to similar d-element compounds, linear On the degree of covalency of the equatorial bonding of the
and has very short metal-to-oxygen bond lengths, suggesting a&ctinyl cations.

strong multiple bond character. Actinyl complexes normally ~ There are many types of macrocyclic ligands known to date.
coordinate 46 monodentate ligands in their equatorial plane. One family of ligands are porphyrins and phthalocyanins. The
The f-elements, in contrast to transition metals, are in general capacity of porphyrin and phthalocyanin to form stable aromatic
hard acids and therefore have the strongest affinithaod O-, complexes with transition metals is well-known. However, 1:1
F-donor ligands. For that reason, there are only a few ligandsin-cavity complexes between porphyrin and f-elements are
that are able to compete with water itself. One of the methods unknown. Only actinide(IV) complexes of this ligand were
obtained, which have the sandwich or 2:1 “double-decker” type,
* Corresponding author. E-mail: schrecke@cc.umanitoba.ca. with the actinide atom residing above the porphyrin ligand plane.
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CHART 1: Alaskaphyrin 1, Bi-pyen 2 and Bi-pytmd 3, N-donor atoms form an almost planar arrangement in the
Neutral H-forms equatorial plane of the uranyl cation.
Ri Ry The same ligand2 and 3 can be obtained as free ligands
without templating metal catiorfayhich opens new possibilities
/N for even more interesting experimental ligand exchange studies
! to form actinyl complexes of these ligands.
Re N N R The articlé contains some data on the stability of the uranyl
complexes ofl—3, based on demetalation by acetic acid. An-
(VI)/An(V) reduction potentials (in CbCl, solution) were
measured as well. The availability of such data makes these
> complexes a valuable test system for the evaluation of theoretical
R, R, methods.
Ry=R,=H H,1 Theoretical studies on the factors determining the stability
R1=CyHs, R;=OCH3 Hxla of complexes between actinyls and expanded porphyrins could
R.=H, R,=OCH; H,1b help in the devglopment of new, more efflcpnt systems.
Re=H. R,=NO, Hoic However, theoretical studies on expande(_j porphyrins and related
1 T2 T Schiff bases themselves as well as their f-element complexes
7\ R are §ti|l rather rare. There are _various complications.arising due
N KQ\ to size of these systems, the importance of correlation and, for
I H |N N| H |N the actinide-containing systems, relativistic effects. Moreover,
[ ] <: :> because many f-element complexes are ionic compounds, and
N 4 N N| H N‘ very often processes under study happen in solution, it is not
| |
W W density functional theory (DFT) is the only practical ap-
proach®1° Recently, serious efforts have been made in improv-
H,2 Ho3 ing computational DFT techniques (see, for instance, ref 11) as
well as in developing reliable yet affordable relativistic
methods?16
: . s : : As was noted above, the most obvious factors influencing
the inner cavity of a porphyrin ligand that is regarded as being the metal-to-ligand bonding are the nature of the ligand donor

too small. o o
ing th decad | d kers h d Iatoms and the shape and flexibility of the macrocyclic ligand.
During the past decade, Sessler and co-workers have develc oy a4 era-Sarrio et Al performed a theoretical study on

oped a new class of N-donor pyrrol-based macrocycles, Ca”eduranium(VI) complexes of the type WD, with a variety of
expanded porphyrinsThey were able to obtain in-cavity 1:1 g0 monodentate ligands L, which included bstft- and
uranyl(V1)* and neptunyl(V) and plutonyl(¥)complexes for — parq qonor atoms. It was shown that the behavior of uranium-
many of these ligands. It was showthat, for the neptunium /)y js somewhat ambivalent. On one hand, the ammonia ligand
and plutonium species, actinyl(V) complexes form, even when p;,qs sjightly stronger than water, and phosphyne stronger than
the actinyl oxidation state in the starting material was (VI). H,S. This can be interpreted as evidence of some “softness” of
Closely related to expanded porphyrins (but not strictly yranyl. On the other hand, a tendency of preference of the
conforming to the definition of the expanded porphyrins because smallest donor atoms was found-(Bver other halide anions,
they contain only two pyrrolic groups), the macrocyclic Schiff- \ater over HS), indicating predominantly ionic bonding. The
base ligand alaskaphyfin (Chart 1) was developed and tested  computational decomposition of the complex formation energy
as an actinyl complexating agent. The uranyl complex of performed in that work showed, in addition to ionic interactions
alaskaphyrin can be made either via ligand exchange or via between ligands and the uranyl cation, some relevance of charge-
template synthesis of alaskaphyrin around the uranyl cation. transfer and polarization effects.
Complexes of neptunium(V) and plutonium(V) were obtafned |n the literature there are few theoretical studies on f-element
using the free ligand. complexes of Schiff-base ligands. Complexation of lanthanide
The alaskaphyrin uranyl complex was the most celebrated cations with texaphyrin was studied using LC-ECPs (large-core
because it is planar according to X-ray data. This could be seeneffective core potentials) in referenteBrynda et al® have
as evidence of optimalit” or covalent bonding (supposing that  studied uranyl complexes of open-chain Schiff-base polydentate
covalent bonds are directed, compared to undirected ionic bondsJigands using the ZORA (zeroth-order regular approximation)
and therefore, in our case, would require an arrangement of theand SC-ECP (small-core ECP) relativistic approaches. They
ligand donor atoms in the equatorial plane of the uranyl). have found that the conformation of the salophene ligand is
To determine whether the planarity is due to internal require- Nonplanar in its uranyl complex due to Schiff-base nitrogen
ments of the uranyl cation or due to the rigidity of the phenylene- “puckering*—despite a conjugate-system of aromatic rings
diamine rings of the ligand, uranyl complexes of the alaska- and imine double bonds. This was explained by steric factors
phyrin analogues 3,6,13,16,21-hexaazapentacyclo[16.2.1.(the uranyl radius is too big for the ligand.)
1811045 0*419docosa-2,4,6,8,10,12,16,18,20-octaene (bi-pyen, Some theoretical calculations using DFT-GGA (generalized
2) and 3,7,13,18,23,24-hexaazapentacyclo[18 2140f5.015.19- gradient approximation) methods were performed on 2:1 transi-
tetracosa-2,7,9,11,13,18,20,22-octaene (bi-tiBnigands (see tion metal complexes df (and?2).2° Not much detail is given,
the structural formulas in Chart 1) were synthesized by Sesslersexcept that the complexes were apparently found to be planar.
group using template synthesis. It was found that the complexes The only theoretical paper on alaskaphyrin actinyl complexes
formed by these ligands possess distorted geometries with apublished to date is an article by Kar and L#d\laskaphyrin
twist-like conformation of the ligand macrocycle; however, the complexes of uranium, neptunium and plutonium(VIl) were

Iz

always easy to select a tangible model system. For these reasons,

These findings are usually rationalizedmassfit of a cation with
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studied using DFT-GGA methods along with the quasi-
relativistic Pauli Hamiltonia@?=2* They assumed the alaska-
phyrin ligand and its actinyl(VI) complexes to be @f,
symmetry. Binding energies from both neutral Arédd neutral

Shamov and Schreckenbach

optimization and numerical integration criteria were applied
(maximum component of the energy gradient to be less than 1
x 1075, grid accuracy parameter 1 1078, correspondingly).

The performance of relativistic AE-DFT calculations with

diradical alaskaphyrin fragments, as well from the corresponding the Priroda code as applied to the simulation of actinide

dications and dianions were calculated as a measure of the

affinities. The binding energies calculated from neutral frag-
ments decrease along the series Wp > Pu. The correspond-
ing values for ionic fragments were found to be quite similar
for all the actinyls (U=Np = 28.05 eV; Pu= 28.14 eV). Charge
transfer from neutral An@to the neutral ligand was reported
to be about 1 e (Mulliken charges) and the authors concluded
that the actinyl-ligand bonding is “strong and covalent”.
lonization potentials and vertical electron affinities were
calculated for the complexes; for U, unlike Np and Pu, the extra
electron was found not in the metal f-orbital but in an orbital
of the ligandsz-system.

The present work has the following goals. (1) We will test
the performance of existing DFT and relativistic effects methods

using the available experimental data for the uranyl complexes

molecules has not yet been evaluated in the literature in much
detail. Hence, we have performed various test calculations on
small molecules such as actinyl cations, actinide fluorides,
oxides and oxofluorides. In all cases, we found Priroda to be
entirely reliable in that it gives essentially the same results as
other codes (and thus other relativistic methods), provided the
same XC functional was used. We intend to publish a critical
evaluation of different methods as applied to actinide molecules
in a separate papé?.In addition, we have performed a
throughout comparison of Priroda PBE results for hydration
energies and redox potential of actinyls with SC-ECP and ZORA
calculations which again showed that the code is entirely
reliables!

For the comparison of our GGA calculations with hybrid DFT

of alaskaphyrin and related Schiff-base macrocycles. (2) We methods for one case (alaskaphyrin uranyl complex), we also
will investigate the ligand requirements, both sterical and performed some geometry optimizations using the Gaussian03
electronic, for achieving the strongest possible complexation program32 In our Gaussian03 calculations, relativistic effects
with the actinyl complexes. (3) We will explore periodic trends were included by replacing the core of the actinide element with
for the corresponding complexes of uranyl, neptunyl and a small-core ECP according to khle et al'> We are thus
plutonyl. For most of the calculations, model unsubstituted treating 60 electrons as core, and the remainder as part of the

ligands were chosen for alaskaphytinbi-pyen2 and bi-tpmd
3 instead of the experimentally studied, tetraalkyl-substituted

systems. We also considered tetramethoxy and tetranitro deri-

vates for the alaskaphyrihuranyl complexes to determine the
effects of ligand electronic factors. For neptunium and pluto-
nium, only complexes of the unsubstituted ligaddmd?2 were
considered.

Details of the Calculations

Unless otherwise noted, full, unconstrained geometry opti-
mizations were performed using the Priroda progt&:26The
code employs a fast resolution-of-identity method for calculating
both Coulomb and exchangeorrelation integrals with opti-

variational valence space. Recently, it was shown that these
“small-core” ECPs are much more reliable for the thermochem-
istry of uranium fluoride® than “large-core” ECPs (which
replace 78 core electrons for an actinide atom). Likewise, “small-
core” ECPs are superior to “large-core” ECPs in estimating both
hydration energies and redox potentials of actinyl catfdivge

use the actinide basis sets that have been published for the SC-
ECP by Kichle et al'® but with the most diffuse s, p, d, f
functions removed. The 6-31G all-electron basis sets imple-
mented in Gaussian03 program packdgeas used for carbon
and hydrogen atoms; for the ligand atoms connected to the
metal, oxygen and nitrogen, 6-311G(d) basis was used. All
calculations were done with DFT in the form of either the well-

mized fitting Gaussian basis sets. Priroda also applies a scalaestablished hybrid B3LY#3¢ or pure GGA PBE XE€®

four-component relativistic method where all spiorbit terms
are separated from scalar tefhsand are neglected. All
calculations with Priroda were done with the GGA PBE XC
functionaf® and one of the two all-electron Gaussian basis
sets: one of doublé-plus-polarization quality (AE-DZP) and
another of triple plus polarization quality (AE-TZP) for the

functionals. So-called “fine” grids were used in all Gaussian03
DFT calculations for the sake of time economy, due to large
size of calculated systems.

Finally, for the sake of properties, analysis and solvation
methods available, some calculations were performed also with

the scalar relativistic ZOR¥ 14 method as implemented in the

Iargg component, and the corresponding kinetically balanceC.jAmsterdam density functional code ASE2® ZORA is known
basis sets for the small component. Because the AE-TZP balslsto be of similar quality as the other relativistic methods

set was not yet available for either Np or Pu at the time of
production of this work, we have used DZP basis sets for the

AnO,™ species and their complexes, to have a consistent

method for all three elements; for the uranium complexes AE-
TZP basis sets were used except as otherwise noted. It shoul

be noted that, for uranium complexes, both DZP and TZP bases s S 9
was used® A geometry optimization was performed for the

yield very similar results for geometries, formation energies and
the vibrational frequencies. After the major part of this work

employed in this stud§®3! The ADF-ZORA calculations we
performed employed the following all-electron STO standard
basis sets: ZORA-TZP for the uranium and donor atoms
oordinated to it (O, N), ZORA-DZP for C and ZORA-DZ for
atoms of the macrocyclic ligand. The PBE XC functional

alaskaphyrin case. For all the ADF calculations, an integration

was done, a new family of optimized correlation-consistent basis Parameter of 5.5 was employed.

sets of DZP, TZP and QZP quality became available for the
Priroda codeé? we used it to study basis set effects on the
energies (see text and the Supporting Information).

For some systems, we did ETS (Morokun¥iegler) energy
decomposition analysis 42 for the formation energy between
UO,2" and a ligand dianion using single-point calculations with

Harmonic vibrational frequencies were calculated with the the ADF program based on the AE-TZP-optimized geometry.
same program and basis sets to verify the nature of the stationanAs is shown below for the example of the Y@ complex,

points obtained. They were also used for the thermochemistry.

Throughout all the AE-TZP and AE-DZP calculations, strict

reoptimization with ADF does not lead to substantial changes
in energies.
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TABLE 1: Free AnO ™" Speciesn = 1, 2, Geometries, AnQ(VI)/AnO (V) Reduction Energies, Hirshfeld Charges and Spin
Densities on Selected Atoms, and Actinyl Stretching Vibrational Frequencies (PBE, AE-DZP and AE-TZP Methods)

Ran-o, AG(VI-V),

method complex A kcal/mol q(An) q(0O) spin on An Vsymm(ANOy) Vasymn{ANOy)

AE-TZP o, 2* 1.726 2.112 —0.056 0.0 997 1099
uvo,* 1.781 —344.7 1.525 —0.263 1.069 911 987

AE-DZP o, 2* 1.724 2.117 —0.058 0.0 965 1060
uvo,* 1.777 —346.9 1.455 —0.227 1.087 896 969
NpV1O2* 1.723 1.990 0.047 1.098 934 1044
NpYO,* 1.757 —361.6 1.420 —0.210 2.012 883 973
Pu'O2* 1.713 1.923 0.038 2.212 901 1030
PWOs*+ 1.743 —373.8 1.3738 —0.187 3.326 875 969

In the calculation of the reduction potentials of the uranyl pyrrolic hydrogens is as big as 2.933 A. Thus, the nonplanarity
complexes of alaskaphyrin, bi-pyen and bi-tpmd, free energies of the free base cannot be ascribed to the repulsion between
of solvation were calculated by the COSK@® continuum these hydrogens. The dianion of alaskaphyrin is even more bent,
solvation model as implemented in the ADF code. Single-point obviously because of repulsion of the negative charges on the
ADF—COSMO calculations using the basis sets, density pyrrole groups. The tetramethoxy-, tetraethyl-tetramethoxy- and
functional, and scalar ZORA relativistic method described tetranitro-derivativeda, 1b, and1lcare nonplanar in their neutral
above, were performed on AE-TZP optimized geometries. Klamt as well as dianionic forms.
radii*® were used for main-group atoms; the iron and uranium  For ligand2, there are (at least) two conformations possible:
radii were taken as 1.50 and 1.70 A, respectively. To model twist and chair (Figures 2 and 3, respectively). The neutral chair
the dichloromethane solvent used in the experimental work, the and twist forms have almost the same energy (the twist is less

dielectric constant of the solvent was set to 9.1. stable by only 0.3 kcal/mol). For the anionic forms, however,
All the calculations for systems with unpaired electrons were
performed using the unrestricted Keh8ham formalism. G—-“ . 0 o

Results and Discussion '3 : 9

Geometries of Actinyl SourcesBare actinyl species have
been studied extensively by various theoretical metl6ds.
A detailed discussion of actinyls themselves is beyond the scope
of the current paper. There are many excellent works on the )
electronic structure and bonding in actingI$>56We will use i R
bare actinyls only as reference points for calculating the complex
formation energies and for charge comparisons. The structures,
charge and spin density distribution, energies and vibrational |
frequencies of the bare actinyl species AfiCcalculated by a
variety of methods in our earlier wotkare summarized in Table e . _..0'
1.

Figure 1. Alaskaphyrinl, free base form, AE-TZP geometry.

L %

As another reference point (see below in the discussion on o H & ‘"‘ = . @
energetics) for studying stabilities of complexes, uranyl(VI) and _ 2 :
-(V) dichlorides were selected. Previously, uranyl(VI) dichloride e : z _Q ﬁ S -
was calculated by Kovacs and Koningsand also by Clav-

aguera-Sarrio et &f.in their comprehensive study on Yo @ c ,__,. c

complexes. The geometry of this molecule, optimized with AE- ) @

TZP, was the following. The molecule h&s, symmetry, with “

U=0 and U-Cl distances of 1.794 and 2.599 A correspond- . ‘

ingly, and an G=U=0 angle of 161.4 The C-U—CI angle d

has a value of 101?8This agrees with the results of the earlier
calculations.

To our knowledge, no previous calculations were made on ¥
UYO,Cl,~. The AE-TZP method gives @,, geometry with the e @
U=0 and U-ClI distances as 1.854 and 2.676 A. The uranyl @ ‘
fragment is more distorted from linearity than for the U(VI) g é @=—c
complex, with an GU=0 bond angle of 1500 The C-U— @ 3 - v
Cl angle is 112.4. Thus, the geometry of uranium(V) dioxo- .
dichloride is shifted toward a tetrahedral configuration as H G_‘\ c
compared to ¥ O,Cl,. The gas-phase free energy of reduction P < @
of the latter is found to be 60.9 kcal/mol. @ . ’_ v

Geometries of the Free Neutral Ligands +3 and Their c ‘q &

Anionic Forms. To our knowledge, there are no experimental .

structural data available for the free-base and anionic forms of i

ligands1—3. We found the free alaskaphyrin ligandHo be 7 ® \@

nonplanar, ofC,, symmetry, with the Schiff nitrogen atoms &

bending out-of plane (Figure 1). The distance between the Figure 3. bi-pyen2, twist conformation, AE-TZP geometry.

Figure 2. bi-pyen2, chair conformation, AE-TZP geometry.

w
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» of experiment, but the equatorial/*N bond lengths given by
ey this method are even longer than those given by PBE.
c, = Interestingly, going from the free anidhto its uranyl(VI)
complex, the Schiff N2=C2 bond length (numeration in Scheme
2) increases from 1.293 to 1.310 A, whereas the-C2 bond
shortens from 1.441 to 1.417 A. The same bond length changes
(relative to the “normal” single and double bond length values)
were noticed in the original experimental work based on the
< = X-ray geometry. This would lead to a somewhat greater degree
g of m-delocalization across the ligand circle.

é Adding the electron donating methoxy groups to the phenyl
Figure 4. Alaskaphyrin complex Ugl, AE-TZP geometry. rings of alaskaphyrin leads to a slight increase of bothNJ
and U-O distances, whereas acceptor nitro groups slightly
the chair is 4.66 kcal/mol more favorable, again because of thedecrease the distances between pyrrolic nitrogens and the
same-charge repulsion. LigaBds chemically similar t; thus uranium atom. There is a slight decrease of the uranyl stretching
we considered only its twist-conformer. frequencies (see below) for complexes @and UQ1b, and
Geometry of the Alaskaphyrin Uranyl(Vl) Complex and an increase for Uglc, as compared to the nonsubstituted
Comparison of Theoretical Methods. According to the X-ray ~ complex UQL. This can be due to the well-known effect of
data availablé, the complex of alaskaphyrin with uranyl is ~COmMPpetition for bonding of equatorial ligands with actinyl
planar. This makes it unique among the other expanded ©XYgens; the ligand with the lowest electron-donating ability
porphyrin complexes. For that reason, earlier calculations on it 1¢destabilizes the uranyl bond to a lesser extent, and vice versa.
have been done assumibg, symmetry2! Here, we performed Geometries of the Bi-pyen and Bi-tpmd Uranyl(VI)
an unconstrained geometry optimization of the l@omplex Complexes.For the complexes of U£2, as well as for its free
using AE-TZP, which lead to a saddle-type distorted structure ligand, there are two possible conformations, twist and chair.
(Figure 4). We also performed optimization for the complex The twist conformer is slightly more stable (0.6 kcal/mol) than
imposing constraints on torsion angles around the imimeNC the chair conformer according to AE-TZP calculations. For the
bonds to keep it planar. The planar structure for the complex free ligand, the difference in stability between the conformers
obtained is 2.88 kcal/mol less stable and has two small negativeis very small (see above). The structure observed in the X-ray
Hessian eigenvalues (second-order saddle point). experiment is the twist conformer; so from now on, we will
Inclusion of the methoxy and alkyl substituents to the model uUse only this one. For the bi-tpmd uranyl complex, we
system does not lead to any significant conformation changes considered only the twist conformer, which again was observed
Complexes U@laand Ule, UOZ].C are as nonp|anar as QD by X-r.ayS.7 Optlmlzed geometries and l.JI’any.I Stl’etChing fre-.
To test the influence of the approximate relativistic method duencies for these complexes are provided in Table 3. As in
used in the calculations, we have performed geometry optimiza- the case of the alaskaphyrin complex, PBE gives slightly longer
tions of the UQ1 complex with the ADF-ZORA and SC-ECP uranyl and equatorial UN bonds than the experiment for_ both,
methods. For the latter, we have used not only the pure GGA U022 and UQ3. For the latter complex, one of the uranium to
density functional PBE but also the hydrid functional B3LYP. Schiff-base nitrogen bonds is elongated to 2.917 A; it might be
It has been show# that pure GGA functionals tend to slightly ewdenc_e that uranium prefers f|v_e- over S|x-coord|nat|pn in the
underbind the equatorial ligands in actinyl complexes as equator_lal plane of the_ uranyl cation, which can be realized with
compared to experiment, whereas hybrid functionals perform the flexible-enough bi-tpmd ligand.
better. Therefore, if the nonplanarity of UDis an artifact of Both alkyl-diamino-based ligands give uranyl(VIl) complexes
the PBE functional, then hybrid functionals should correct it. With longer uranium to pyrrolic nitrogen distances than for the
Resullts of the calculationskey geometry parameters, uranyl  complexes of alaskaphyrin. For the complex2pthe distances
vibrational frequencies and the energy differences between fully between the metal atom and the four Schiff-base nitrogens are
optimized, nonplanar complexes and planarized omes shorter than the corresponding distances in,UO
provided in Table 2. For the SC-ECP calculations (using botn ~ We notice that both the bi-pyen and bi-tomd complexes of
PBE and B3LYP), the minimum is again the bent structure, uranyl(Vl) have a bent structure, with the nitrogen atoms
whereas the planar structures are again second-order saddldistorted from the uranyl equatorial plane. Sessler éthalve
points. An unconstrained ADF-ZORA geometry optimization used a dihedral angle between planar pyrrolic fragments of the
also leads to a bent structure very similar to the AE-TZP one. ring (imine-pyrrrole-imine angle, calculated as the-N¥1—
We did not determine the nature of the latter stationary point N4—NG6 dihedral angle) as an index of the nonplanarity of the
because of the high computational cost of numerical frequency macrocyclic ligand ring. They found this angle to be about zero
calculations in ADF. for UO,1, and 17.8 and 35.7 for UO,2 and UQ3, respectively.
The geometries obtained by these methods can be comparedur AE-TZP calculations show a slightly lower value for the
to the experimental ones, Table 2. One can see that the PBEDiI-pyen complex, 124 For bi-tpmd, there are two values (31.6
method systematically overestimates both the uraryOJto and 38.8) because, as was mentioned above, the calculations
about 0.03 A) and equatorial bond lengths forN1 (pyrrolic yield a nonsymmetrical structure with one uranidnitrogen
nitrogen; see Chart 2). (For any approximate relativistic method bond elongated.
used, the PBE geometries are very close.) Because the experi- Geometry of the Alaskaphyrin, Bi-pyen and Bi-tpmd
mental configuration of the complex is planar, it is better to Uranyl(V) Complexes. The complexes of uranyl(V) with
compare the experimental+N2 (Schiff-base nitrogen) dis- ligands 1—3 have a bent structure similar to those of the
tances against calculated planar structures. If so, there is acomplexes of uranium(VI) described above. Despite the larger
difference of 0.05-0.06 A for any U-N bond. The SC-ECP metal radius, as compared to that of uranium(VI), the alaska-
B3LYP calculation yields B=0 distances within the error bar  phyrin complex of U(V) is still bent. The dihedral angles
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TABLE 2: Optimized and Experimental Bond Lengths, A, Relative Energies (See Text), kcal/mol, and Uranyl Vibrational
Frequencies, cmy, for Calculated Planar and Nonplanar Alaskaphyrin 1 and 1a Dioxouranium(VIl) Complexes

method structure Ru=o Ru-n1 Ru-n2 E — E(planar) Vsymn(U=0) Vasymn(U=0)
AE-TZP, PBE, planar U'0,1 1.801 2.457 2.771 0.0 841.5 929.7
scalar four-component
bent U'0,1 1.804 2.467 2.712 —2.88 834.5 922.2
ADF PBE, scalar ZORA planar\Uo,1 1.790 2.462 2,777 0.0
bent U'0,1 1.793 2.473 2.714 —4.29
GO03 PBE, SC RECPs planaM®,1 1.788 2.467 2.787 0.0 842.8 931.7
bent U'0,1 1.792 2.474 2.716 —3.65 834.5 924.0
GO03 B3LYP, SC RECPs planaM®,1 1.770 2.469 2.790 0.0 883.7 974.5
bent U'0,1 1.773 2.477 2.734 —2.56 879.9 968.5;
971.0
AE-TZP, PBE, bent U'O.1a 1.806 2.470; 2.717 828.7 917.9
scalar four-component 2.468
experimerft planar U'O,l1a 1.770(6) 2.418(7) 2.733(7); 910
2.748(7)
aReference 6.
CHART 2: Numeration of the Ligand Atoms Used in has been shown that these population-based bond orders provide
This Work reasonable results for actinide compoufef.
I In addition to complexes and free neutral ligands, ligand
KL_'(\:LCZ dianions were also calculated by us as one of the possible
l\|16 1 N reference points for estimating the complex stabilities. It shall
be noted that the GGA-DFT has some trouble describing anions
in general: although the exact Koh®ham DFT is supposed
N5 3 to work well, all approximate functionals are known to give

‘ f‘(l nonbound states for the anions (provided that a complete basis
\ set is used). For dianions, obviously this situation would be even
worse. However, it must be said that in practical calculations
between the pyrrolic and imine nitrogens for the bi-pyen and using finite basis sets thg DFT deficiency is somewhat_canceled.
bi-tpmd complexes become lower, but they are still quite far 't Was found® that PBE is a rather good functional with only
from zero (10.4 for UO,2-, and 27.9 and 27.8 for UO,3" ). moderate errors for.electron affinities. Morepver, the errors seem
The uranium-oxygen and uraniumnitrogen bonds of the to b(_e smaller for_b|gger systems. We dec_lded to calculate the
uranyl(V) complexes are longer than for the corresponding dianions of our ligands des_plt(_a the mentioned problems; the
uranium(VI) compounds, Table 2. Interestingly, although the performance of.our methogl is dlscusged below. Selected rgsults
calculated B=0 bond lengths are similar for all the complexes for partial atomic charges in the species and bond orders in the
of uranyl(VI), for uranium(V), there is an increase in bond COmMPplexes are provided in Table 4.
lengths from1 to 2 to 3. This can be, rather speculatively, The dianions of the Schiff-base macrocycles, especially those
explained by a better degree of delocalization of the extra based on aliphatic diamines (ligan2iand3), do not delocalize
electron in the conjugated alaskaphyrin ligangystem, and ~ the negative charge very effectively; the charge is mostly
therefore lesser destabilization of uranyl. Equatorial urarium localized on the pyrrolic nitrogens. It is not surprising that, in
nitrogen bond lengths are also longer for the complexes of U(V) complexes of uranyl(V1), the charge on the ligand donor atoms
than for U(VI); the distances between uranium and the pyrrolic decreases as compared to the free ligand dianions. The pyrrolic
nitrogens increase strongly when we go from uranium(VI) to nitrogens in these complexes still bear more negative charge
uranium(V) complexes a3 > 2 > 1. than the Schiff-base ones. Charges on the latter in the free
We observe the same change in-@12 and C2N2 bond ligands, anion forms and complexes are closer to each other
lengths for U(V) complexes as for U(VI) ones: Schiff-base<C2  than the charges on pyrrolic nitrgens that change strongly. The
N2 bonds are elongating, whereas pyrrol to Schiff-base carbonsum of the Hirshfeld charges on the uranyl(V1) fragment is close

C1—C2 bonds are shortening as compared to free ligand. to zero (about 0.020.03). This indicates that there is significant
Charge Distribution and Bond Orders of the Alaskaphy- charge transfer due to polarization of the ligand dianion by the

rin, Bi-pyen and Bi-tpmd Uranyl(V,VI) Complexes. Liao et uranyl dication; this was also noticed by Liao et&llaking

al2t used Mulliken charges on the actinyl fragment to draw into account the character of the charge changes on nitrogens,

conclusions about the covalent character of the mdigand mentioned above, we can conclude that charge transfer happens

bonding. In this work we will look in more detail into the mostly between pyrroles and uranyl, and less between Schiff-

charges and bonding. base nitrogens. Comparing the charges on the uranium and

We have chosen Hirshfeld char§eso analyze the charge  0xygen atoms with the ones in free uranyl, provided in Table
and spin density distribution in our complexes. Previously, it 1, one can see that the uranyl oxygens in the complex bear a
was showP® that these charges change reasonably with mo- larger negative charge and, even though the uranyl fragment
lecular structure changes. It should be noted that Hirshfeld has a total charge of about zero, the metal atom still bears some
charges are usually “smaller” than charges calculated by otherpositive charge.
methods. We also analyze the bonding in our uranyl complexes Introduction of the electron-donor methoxy or electron-
using Mayer’s population-based bond orders (see ref 60 andwithdrawing nitro substituents into the alaskaphyrin phenyl rings
references herein). Previous experience shows that, despite theichanges the partial charges on the ligand donor atoms accord-
basis-set dependence, population bond orders are a useful toaingly: For the tetranitro-derivatéc, there is a decrease of partial
in the coordination chemistry of d-elemefit$? Recently, it negative charges on the ligand donor atoms as compared to
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TABLE 3: Optimized (AE-TZP) and Experimental Bond Lengths, A, and Uranyl Vibrational Frequencies, cm™2, for Calculated
Dioxouranium(VI) and -(V) Complexes and Their Experimental Analogs, Where Available

complex U=0 U-N1 U-N2 U-N3 U-N4 U-N5/01 U-N6 Veymm  Vasymm
Uv0o,1 calc 1.804 2.467 2.712 2.712 2.467 2.712 2.712 8345  922.2
expf  1.770(6)  2.418(7)  2.733(7)  2.733(7)  2.418(7) 2.740(5) 2.740(5) 910
UV0,db  calc 1.804 2.468 2.721 2.719 2.468 2.721 2.719 833 923
UV0,dc  calc 1.800 2.464 2.722 2.715 2.464 2.723 2.714 843 929
U102 calc 1.807 2.483 2.696 2.696 2.483 2.696 2.696 830.8  916.1
expP  1.774(3)  2.456(3)  2.6608 2.6569 2.456(3) 2.656(3) 2.6521 897
uvo,3 calc 1.804 2.473 2.731 2.917 2.481 2.740 2.725 8285  916.0
expb  1.777(2)  2.444(3) 2.660(2) 897
Uvo,1- calc 1.817 2.481 2.729 2.762 2.481 2.729 2.762 781.0  895.6
Uv0,2- calc 1.837 2.513 2.713 2.723 2.509 2.723 2.696 750.8  858.3
UV0,3" calc 1.842 2.540 2.819 3.042 2.541 2.800 2.840 736.8  851.1

aReference 6° Reference 7.

TABLE 4: Hirshfeld Charges on Ligand Donor Atoms in property between the metal and a ligand always refers to “the
Fr%e Ne“”f’" and A”'OQ and $0mplexateg Ligand Fgrms bond between the metal and the ligand within a given ligand
and Uranyl Moiety, and Population-Based U-X Bon environment” or, in other words, a bond property between the
Orders, AE-TZP . . L

metal and all the ligands around it. This is a very general fact,

© N1, N4 N2-N5, N6 and actinyls, despite being very stable moieties, are no excep-
u bond bond bond tion: One can see that actinide-oxygen bond lengths, bond
complex charge charge order charge order charge order orders and vibrational frequencies indeed do change significantly
H,1 —0.018 —0.145 with varying equatorial ligands (see Table 3).
1> —0.190 —0.143 Although there is no established quantitative index of

UYO,1  0.638 —0.313 221 -0.126 0.55 -0.093 0.34 covalency for coordination bonds (at least to our knowledge),

UvO,1~ 0.589 —-0.349 2.16 —0.136 0.55 —0.108 0.35 “ ; E—
H,1b 0,046 0,140 the concept of “degree of covalency in a complex” is still useful

162~ ~0.189 —-0.142 (and has been widely discussed, with respect to spectroscopy,
UV'O,1b 0.636 —0.314 2.20 —0.128 0.55 —0.094 0.34 see, e.g., ref 66). Here, we will try to employ population-based
H.lc —0.043 -0.132 bond orders as such an index. Though basis set dependent,
1‘\7/2; —0.178 —0.128 population based bond orders can be used for a qualitative
g 2021° 0656 ~-0303 221 :8'(1)4213 055 :8'(132613 0.33 description of the bonding in the complexes, in the sense that
e ~0.189 ~0.145 they show the amount of density “between bonded atoms” which

Uv0,2  0.622 —0.319 2.19 —0.127 0.56 —0.091 0.36 can be crudely linked to the degree of ionicity/covalency of
Uv¥O,2~ 0.519 —0.379 2.12 —0.134 0.50 —0.106 0.36 the corresponding bond: the stronger the polarization, the more

H23 —0.048 —0.138; covalent the character of the bond would be, and a correspond-
. 0,200 :8&%‘;- ingly higher population bond order would have to be expected.
) 0145 An example_ for an actinyl complex that is nearly “ionic” in
UV0,3  0.656 —0.314 2.19 —0.129 0.58 —0.089; 0.36: that sense might be the complex of 18-crown-6 (a neutral
—0.090 0.26 aliphatic ligand with “hard” donor atoms, ether oxygens, without
Uv¥O.3~ 0.532 —0.391 2.09 —0.132 0.46 —0.097; 0.28; anything as easily polarizable as for example-gystem) with

—0.116 0.22 uranyl(V1), which has U-O(eq) bond orders of 0.33 (ref 67
calculated with the same AE-TZP method as applied in the

unsubstituted ligand in both the free anion form and the uranyl-  present work).
(VI) complex, especially for the pyrrolic nitrogens. For the  population-based uranyl bond orders (Table 4) show that
tetramethoxy-derivateb, there is slightly more negative charge yranyl bonds have a bond order higher than 2, in good agreement
on the nitrogens in the uranyl complex. with the generally accepted view that these bonds possess partial

When we go from uranium(VI) to uranium(V), there is a triple bond character. Reduction of the uranyls(VI) to -(V)
decrease of positive charge on the uranium atom, increase ofdecreases the corresponding bond orders because the extra
negative charge on the uranyl oxygens, and increase of negativeslectron should go to a nonbonding f-orbital of the metal,
charges on the ligand nitrogens as compared to the uranyl(VI) although there is still some triple bond character left.
complex. Interestingly, the differences are smaller for complexes  Bond orders for bonds between uranium and the equatorial
of 1 than those of and3. This can be explained in terms of a  ligands are substantially less than 1, with higher orders for the

better ability of the conjugated cyclicat-system of1 to  pyrrolic nitrogens than for the Schiff-base ones. Together with
delocalize the extra electron. (See also the respective discussiofihe charge distribution (see above), this can be interpreted as
of bond lengths above.) an evidence of an essentially ionic character of the equatorial

It should be noted that the definitions of “ionic” and uranium to Schiff nitrogen bonds in our complexes. (Uranium
“covalent” bonds for a coordination compound are necessarily to pyrrolic nitrogen bonds having higher bond orders are to be
qualitative. Although there are some pure (i.e., nonpolar) treated as “more covalent”.) The values of the bond orders
covalent bonds known, a pure “ionic” situation is not. This is between uranium and the Schiff-base nitrogens (0836,
because there is always some amount of polarization of the anionTable 3) are very close to the ones for the “noncovalent” 18-
by the cation in the ionic bond, which leads to some covalent crown-6 complex mentioned above, suggesting the view that
character (and thus a nonzero bond order). these bonds can be described as “ionic”.

In this connection, we need to mention one other issue. In  The equatorial bond orders change differently upon uranyl
coordination compounds, all the metal-to-ligand coordination reduction for the complexes of alaskaphytiand bi-pyen, bi-
bonds are always delocaliz&€4Therefore, speaking of a bond tpmd2 and3: Although for the former there is no substantial
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TABLE 5: Dioxouranium(VI) and -(V) and Ligand Anion Formation Energies and Its Morokuma/ETS Decomposition, kcal/
mol, AE-TZP(Priroda) and ADF-ZORA, PBE 2

[Edef [Edef

complex E(2) Iigand“* Uo," Eprep Eint Eint (ADF) Epaui Eeistat Eorp AH295(4)
UvV'o.1 —638.7 17.7 7.1 248 —663.4 —662.5 182.7 —553.8 —291.4 —28.1
UV'O,1(ADF) —635.8 19.7 6.6 26.3 —662.0 —659.5 180.9 —551.3 —289.1
planar U'O,1 —633.4 20.3 6.2 26,5 —659.8 —660.2 1735 —554.7 —279.0
planar U'O,1(ADF) —629.1 23.2 5.7 28.9 —658.0 —657.6 171.2 —-552.8 —-276.1
UV'O.1b —634.6 23.2 5.7 28.9 —657.9 —668.3 180.5 —555.7 —293.1 —28.4
Uv'O,1c —575.9 16.9 6.5 235 -—599.3 —602.7 180.4 —486.9 —296.2 —25.4
UvV'oz2 —668.6 12.6 7.6 20.1 -—688.7 —693.8 1844 —587.8 —290.3 —33.2
uvio,3 —642.2 23.5 7.2 30.7 —672.9 —678.7 176.7 —576.8 —278.5 —20.9
UVO,1 —335.7 17.2 15 18.7 —354.4 —379.0 1715 —-376.2 —1744 —13.3
Uv0o,2 —351.8 10.9 3.3 14.2 —365.9 —368.6 168.5 —357.0 —180.1 —4.9
UvV0.3 —327.6 14.7 3.8 18.6 —346.1 —350.8 139.6 —350.7 —139.7 5.4

a See text for details.

change, for the two latter there is a significant decrease in the (Table S2) and note that the same qualitative picture as for the
bond orders of the (pyrrolic) UN1 and U-N4 bonds for2. ligand dianions is observed.

Likewise, all U-N bond orders decrease f8r The reason for In any case, the energy of reaction 1 allows for an easy
this could be the different flexibility of the ligandghe more comparison between An(V) and -(VI) and can be analyzed
flexible the ligand is, the easier it adapts to the bigger uranyl- further in terms of the interactions between actinyl and ligand
(V) cation by increasing the YN distances, and the lower the  fragments, so we calculated the corresponding values. Formation
population bond orders will become (because of a decrease inenergies of the uranyl(VI) and -(V) complexes of alaskaphyrins,
overlap for longer bonds.) bi-pyen and bi-tpmd, defined as Eq(1), are summarized in Table

Energetics and ETS Analysis for the U(V) and U(VI) 5.

Complexes.Selection of a meaningful model is not an easy = The UW'O,2 complex has the most negative formation energy.
task for actinide coordination chemistry. The straightforward The complex of3 has a somewhat higher formation energy that
calculation of the free energy corresponding to the real ligand- is, however, still more negative than that of the uranium(VI)
exchange process is not possible due to problems arising fromcomplex of the unsubstituted alaskaphytirFor the uranium-
accounting for many possible reagents’ and products’ forms, (V) case, the complex of bi-pyen has again a significantly more
as well as bulk solvation effects. Therefore, one has to choosenegative formation energy than the complexes of either bi-tpmd
a model that could adequately describe some key factors in the3 or alaskaphyrinl. (The latter is now more stable than the
real process, but would be simple enough to deal with. former, though.)

One of the simplest quantities to analyze is the complex To further explore the bonding in these complexes, we
formation energy between a central atom or group (in our case employed an analysis of the ligand-to-uranyl formation energy
the actinyl ion) and the ligands. The Hirshfeld charges on using the ETS energy decomposition schéfié? In this
uranium atom that are considerably positive, and the bond ordersscheme, the dissociation energy of a molecule into some
between uranium and nitrogen atoms well below unity show fragments [in our case, the energy of reaction 1 because we
that the bonding in the alaskaphyrin, bi-pyen and bi-tmpd decided to use charged uranyl and ligand anion fragments] is
complexes, at least for Schiff-base nitrogens, can be describedseparated into two components,
as ionic. Therefore, although the energy with respect to the
neutral fragments radical in the gas phase will certainly be lower E(1) = AE
(ref 21 and see also Table S2 in the Supporting Information),
for the modeling of complexes in solution the ionic dissociation Here AEpep is the energy of promotion of the fragments from
(asineq 1) is in our opinion more relevant. As was noted above, their equilibrium geometry to the geometry they will have in

the complex (there will be no change in the electronic state in
An02n+ + L% — AnOZL("_Z) Q) our case), and\E; is the energy of interaction between the
fragments in the complex. The latter term in the ETS scheme
however, that scheme leads to a problem with describing ligand can be divided as
dianions. DFT calculated anions give higher occupied molecular
orbitals with positive energy; electrons are not leaving to AE: = Epaui T Ezistat T Eorp )
continuum only because finite basis sets are employed. There-
fore, the calculated energy of (1) might depend heavily on the HereEp,yigives the energy of the four-electron Pauli repulsive
basis set; and it is not clear whether the error associated withinteraction between occupied orbitals of the fragmentsEang:
the anion energy is the same for the different ligands that we is the electrostatic interaction energy of the fragments that are
compare against each other. In the Supporting Information we calculated with a “frozen” electron density distribution. Finally,
evaluate this using the recently published correlation-consistentEqy is the rest, comprising the relaxation energy of the “frozen”
family of basis sets for the Priroda co#fdn summary, although  orbitals into their final form in the complex. The latter term
there indeed is some basis-set influence on the energies of (1)can be roughly identified with charge polarization and covalent
and the corresponding changes in the energy of (1) are biggerinteractions. The applicability of the ETS scheme to the main
for ligand 2 than for1, the magnitude of the difference is of a group donoracceptor and transition metal complexes was
few kcal/mol and never changes the qualitative picture of recently reviewed and discussed by Frenking ef®and
preference of ligan@ over ligandl. We have also calculated  Atanasov et af!
energies for the formation of uranyl complexes of alaskaphyrin ~ The fragments can be selected as either neutral open shell
and bi-pyen from uranyl(IV) and free radical ligand fragments dioxouranium(IV) and ligand diradical or cationic for uranyl

prep + AEint (2)
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and dianionic fragment for the ligand. It was shé&Wthat for form prefer nonplana€,, configurations. However, not only
Werner-type complexes of the d-elements ionic fragments makethe deformation energy favors this configuration of the complex
more sense, whereas for organometallics neutral radical frag-but E;,; does also. The differences H between the planar
ments can be more meaningful. Koenigs and Ko¥aasyued and nonplanar form of the alaskaphyrin complexes are mainly
that neutral fragments have to be employed for the &ifd due toEow,. The Pauli repulsion term is slightly more favorable
UO,F, cases. We, however, note that for these compounds bondfor the planar structures, which is clearly due to its longer metal-
orders are high (larger than unit})) Geometrical differences  to-nitrogen bondsEg Stays almost the same (actually, it is
between bi-pyen, bi-tpmd and alaskaphyrin complexes are slightly more favorable for the planar one.) It seems that the
mainly related to uraniumSchiff-base nitrogen distances, and nonplanarity, which allows for shorter U-to-Schiff-N bonds, thus
the corresponding bonds have small bond orders. Moreover,favors polarization and covalent interactions.
charges on the Schiff-base nitrogens do not change so much as Introducing electron-withdrawing nitro-groups 1 giving
on pyrrolic ones for neutral ligand, dianion and complex cases, 1c, leads to a drastic decrease of its affinity to uranyl, again
so we believe that “polarization” of the fragment taken as ionic due to a decrease in the absolute valu€Egf: (This result
happens mostly on the latter. Thus we have chosen iofiic L goes along with “chemical intuition”. Thus, it illustrates to some
and UQ" fragments. degree that the energy decomposition scheme we use is
Results of the ETS fragment calculations for our complexes meaningful.) Tetra-methoxy substituted alaskaphyirhas a
are summarized in Table 5. Because we have used AE-TZPslightly more negative internal formation energy than the
calculations to optimize geometries, th&yepterms have been  unsubstituted specidsdue toEgisiae However, the deformation
calculated with the AE-TZP method as well, i.e., as differences energyEprep for it is higher as well, so there is no significant
between the energies of optimized ions and their correspondingincrease of the formation to the uranyl due to these substituents.
fragments calculated with AE-TZP. Then, ADF-ZORA PBE The behavior of the electrostatic energy contributiia: for
single-point fragment calculations were performed, &g the uranyl complexes df, 1b and1cis in agreement with the
is a result of these ADF calculations. values of the Hirshfeld charges for the corresponding free ligand
First of all, we have to justify our scheme of using ADF anions (Table 4ythe more negative the charges are, the higher
fragment calculation on AE-TZP optimized geometries by 'S the absolute value offgar
comparing the results with fully ADF-optimized structures, using ~ AS we mentioned above, ligand® and 3 have more
the example of both planar and bent ki@omplexes. One can  exothermic complex formation energiegl) than alaskaphyrin
see that at least for the uranium(V1) complexes the differences 1. The reason for this is mainly found in a more negafiy@a
introduced by re-optimization are not drastic, the trends in for the former two ligands. The atomic charges on the free bi-
general remain the same, and the absolute valuesggf as tpmd anion (Table 4) do not differ strongly, so the increase in
well as its components are pretty close for the results of both the absolute value of the electrostatic energy for this ligand must
procedures, Table 5. (The only exception for that is the result from shorter uranium to Schiff-base nitrogen bonds in
alaskaphyrin uranyl(V) complex, for which the total formation the [UG:2]"™ complexes (Table 3).
energy calculated by ADF differs froln; as obtained by AE- The differences betweeB and 3 can be rationalized as
TZP by more than 20 kcal/mol. This might be a result of some follows. The deformation energidse,are optimal for the bi-
pecularities of the ETS analysis procedure of the ADF code, pyen ligand2, considerably lower than f@& (and slightly lower
which cannot presently handle unrestricted fragments. For thatthan for1.) As was mentioned above, the complex of the bi-
reason, the open-shell uranyl fragments were calculated in antpmd ligand 3 has one of the six nitrogen donor atoms
averaged, closed-shell approximation. Then their occupationsuncoordinated. This explains both the lower Pauli repulsion and
were modified to correspond to UHF solutions. There is no other the less negative orbital interaction terms for it, as compared to
way in ADF to perform ETS energy decompositions on open- the complex of2. The electrostatic interaction energy of the
shell complexes. However, because the “UHF” orbitals that were uranyl(VI) complex of3 could be lower than that d¢f (despite
obtained in this manner are not self-consistent, this might lead the more negative charges on the nitrogens of the free ligand
to some amount of error.) anion of the former), in part at least, for the same reason

As one can see, thEEIstat Components are by far the most there are Only five N-donor atoms coordinated.
important contribution to the attractive interaction between the ~ One can see that for all the uranyl(V1) alaskaphyrin complexes
fragments for our decomposition scheme (i.e., ligand dianion 1, 1b, 1c, the Pauli repulsion energy is almost the same, Table
and uranyl cation as fragments). The electrostatic energy gets5. The uranyl(VI) complexes ¢t and3 have only slightly less
significantly lower for the complexes of uranium(V) than for Epauithan those ofl. At the same time, for the complexes of
the ones of uranium(VI)Eo, decreases as well (which reflects  uranyl(V), there is a strong decreaseEfyiin a row of 1 >
a lesser degree of ligand polarization inflicted by the less 2 > 3. This follows directly from the geometry changes
positively charged uranyl(V)) but the overdtksia{Eorp ratio discussed above.
remains high. The prevalence of electrostatic term in the Interestingly, the relative order of tHexsi absolute value
fragments interaction energy is indeed constructed by our initial changes, fron2 > 3 > 1 for U(VI) to 1 > 2 > 3 for U(V)
selection of ionic fragments. However, for really covalent complexes.
organometallic compounds (like ferrocene, for example) the  As was discussed above, there are some difficulties with
contribution fromEon, is substantially higher than that, even  cajculating complex formation energies using reaction 1 due to
for ionic fragments. the problematic treatment of dianions with DFT. In addition to

The ETS analysis can be employed to understand the reasonshat, there is another important factor, the acidity of neutral
for the nonplanarity of the alaskaphyrin complex. First, the forms of the ligands. Highly unstable anions such2&s and
deformation energ¥prepfor the bent and planar complexes is 32, which have very high affinities to the uranyls, may have
slightly (1.7 kcal/mol) less for the bent conformation than for higher affinities for the protons as well. Therefore, it is useful
the planar one. This should be expected because, as we havéo also consider the process starting from the neutral ligand form
seen earlier, both the free alaskaphyrin ligand and its dianion and releasing ligand proton in some form. One of the possible
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model gas-phase reactions is eq 4: uranyl dichloride is selectedof a ligand nitrogen atom as a first step. For the octacoordinated
because it is one of the real sources of uranyl in the synthesisuranium we have in our uranyl complexes of hexadentate
of expanded porphyrin complexes. (Of course, the choice of a ligands, the mechanism should be expected to be dissociative.
uranyl-containing source for the relative comparison of ligands The nonsymmetric, almost five-coordinated, structure o£8/0
1-3 can be arbitrary; any other uranyl complex could be taken predicted by our gas-phase calculations might allow this process
without influencing the results.) Comparing affinities to the to proceed more easily than the alaskaphyrin and bi-pyen uranyl
ligand of uranium(V) with uranium(VI) is not that straightfor-  complexes, where all six nitrogens are strongly bound to the
ward as in the model eq 1. To achieve this comparison, we uranium, and therefore nitrogen protonation in that case (which
take an anion YO.Cl,~ as the source compound. effectively requires breaking one of the-NJ bonds) would
require more energy, leading to a higher activation barrier of
LH2 + U02C|2n_ - LUOzn_ + 2HCI n= O, 1 (4) the process.

To test that hypothesis, proton affinities corresponding to
protonation of either pyrrolic or Schiff nitrogen atom were
calculated for the uranyl(VI) complexes df-3. Structures of
the Schiff-base protonated form of Y®are provided in Figure

Corresponding calculated reaction enthalpies are provided in
the last column of Table 5. Differences betwegr2 and3 are
now much smaller than for reaction 1 as expected. For the

u[]arr]ilgnjr(r\l/ig Cgssyalkg-ntpr\?viﬁsthgo;v (Lecislaft?:r?gbb(lsggiglﬂ?(fvﬁ; 8. In the case of protonation of a pyrrolic nitrogen, calculated
phyrin. 9 9 P proton affinities were very close for all three complexe228.5,

basic chaactr o te gan darion for et The bayen 2 S gy el bty
Piex . . ) 915t the Schiff-base nitrogen-protonated product with respect to
of reaction 4 for methoxy- and nitro-substituted alaskaphyrins

1b and1cvary similarly to the energies of eq 1: for the former the pyrrolic-protonated one differs. For the alaskaphyrin com-

it is slightly more negative, and for the latter less negative than Eg;/r:clnls ri'grlgcggg}gl lgisn saﬁta?clﬁ’ t\évgizia?nfgru?gﬁyfgéglﬁ&3
for the unsubstituted ligand still, ligand 2 is more favorable : Y, P y PIex,

than anv of thel derivates the Schiff-base protonation product lies 9.3 kcal/mol below the
For tKe complexes of .uranium(V) the trend of energies pyrrolic one, which means significantly easier protonation than

according to eq 4 is different: the most stable is the complex for compl_exes ofl. and 2'_ ]
of alaskaphyrin, and the least the one of bi-tpmd. Neptunium and Plutonium Complexes.Calculations for the

Let us briefly summarize and conclude the preceding sections "eptunium and plutonium complexes of alaskaphyrand bi-
as follows. The ETS analysis, performed under the assumptionPyen2 were performed with the DZP basis sets available for
of the ionic fragments, allows us to explain the differences in these elements in the Priroda program; for compatibility,
affinities according to the eq 1 between alaskaphyrin and bi- Uranium complexes were recalculated using the same basis.
pyen, bi-tpmd ligands by better electrostatic interactions for the There is no significant loss of quality as compared to the (older)
two latter. Because the interaction is not directional (as opposed TZP basis, because the DZP basis sets are highly optimized.
to covalent one), puckering of the ligand donor atoms from the  With these settings, we have investigated the geometries,
equatorial plane of the uranyl cation does not lead to significant formation energies according to eq 1, bond orders, charge and
losses in their bonding ability. The ligand affinity as defined spin distributions for all the An@*™ complexes ofl and 2.
by eq 1 is, indeed, not the only factor; this is shown by the Moreover, we have also calculated the An(VI)/An(V) reduction
calculations using eq 4. However, it will play some role if the potentials, to be discussed in the next section.
other conditions are kept the same. _ ~ Geometric parameters for the complexes along with the
The most important conclusion is that there is no point in corresponding population bond orders are provided in the Table
trying to design macrocyclic ligands forming planar complexes. ¢ |n general, the conformation of the neptunyl and plutonyl

Instead, an optimal ligand might have to be flexible enough to complexes is similar to that for uranyhonplanar saddle-
be able to provide the necessary deformations that result ingjstorted for ligandl and twist for ligand2.

8?2?o%ngc':i‘rgg?iviogf;i‘f& dt'j;[g?ﬁsz (g]hggngr;tﬁnzase Actinide—oxygen bond lengths decrease for both actinyl(V)
y 9 ', and -(VI) with the increase of the actinide atomic number.

are about 2.52 A). Among the Schiff-base macrocyclic ligands . . X
: . - ' Despite that, the corresponding bond orders slightly decrease
the bi-pyen ligand? has the strongest affinity to uranyl(V), as well, as a result of the actinide contraction. This trend is

for the very reasons described above. Alaskaphyria less imil hat has b b d earlier for th vl
favorable in comparison because of the rigidity of its phenylene similar to what has been observed earlier for the actiny| water
complexes [AnQ(H,0)s]"+.31.70

rings.
Although we now understand the formation energy of the [N general, Ar-N bond lengths and orders for Np and Pu

ligand anions to the uranyl cations, the connection of it to the follow trends described above for uranyl complexes. For the

experimentally observed kinetic and thermodynamic stabilities AN(VI) complexes, the actinidepyrrolic nitrogen distances

of the complexes is not that straightforward because many otherdecrease for both And and AnG2 complexes in the row U

factors might influence the latter. However, some conclusion > NP > Pu. However, in the case of the An(V) complexes,

can be drawn even from the data we have. Experimental datathis distance increases. Accordingly, the bond orders for An-

are available on the demetalation of the uranyl(VI1) complexes (V)—N decrease in the row & Np > Pu, whereas for An(VI)

of 1—3 by acetic acid. Although the first two are stable for up ~ they stay the same or even slightly increase.

to 72 h, the last gets demetalated rather fast. Because the X-ray For the alaskaphyrin complexes, metal-to-Schiff-base-nitrogen

structures of the uranyl complexes of bi-py2and bi-tpmd3 distances decrease along the actinide seriesNp-Pu) for
reported in that work appear to be very similar structurally, this the actinide(VI) complexes but increase for the actinides(V).
difference needs an explanation. For the bi-pyen complexes, all these distances increase, but for

It is widely acceptetf that demetalation (i.e., substitution of the actinide(V) species the effect is more pronounced. The
the macrocyclic ligand by solvent molecules in the metallo- corresponding bond orders change accordingly, decreasing more
complex) proceeds via a mechanism that includes protonationstrongly for the An(V) species.
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TABLE 6: Selected Bond Lengths, A, and Bond Orders for AnQ"*, n = 1, 2, Complexes with Ligands 1 and 2; PBE, AE-DZP
O N1 N2 N3 N4 N5 N6

bond bond bond bond bond bond bond bond bond bond bond bond bond bond
complex length order length order length order length order length order length order length order

uv'o,1 1.799 2.38 2.473 0.52 2.714 0.37 2.713 0.37 2.473 0.52 2.713 0.37 2.713 0.37
Uvo,1- 1.808 2.38 2.481 0.53 2.724 0.39 2.754 0.37 2.481 0.53 2.723 0.39 2.753 0.37
Np"'O,1 1.780 2.37 2.459 0.52 2.703 0.37 2.703 0.36 2.459 0.52 2.703 0.37 2.703 0.36
NpYO,1~  1.806 2.36 2.486 0.49 2.774 0.32 2.736 0.34 2.486 0.49 2.774 0.32 2.735 0.34
PU'0,1 1777 2.34 2.452 0.52 2.709 0.36 2.708 0.36 2.452 0.52 2.719 0.34 2.719 0.34
PWO,1~ 1.806 2.34 2.503 0.42 2.764 0.29 2.769 0.29 2.478 0.46 2.769 0.29 2.764 0.29
uvo,2 1.801 2.38 2.484 0.53 2.687 0.39 2.688 0.4 2.484 0.53 2.688 0.4 2.688 0.4

UV0,2- 1.830 2.37 2.508 0.51 2.710 0.4 2.701 0.4 2.514 0.5 2.701 0.4 2.710 0.4

Np"'022 1.782 2.37 2.470 0.53 2.689 0.39 2.689 0.39 2.470 0.53 2.689 0.39 2.689 0.39
NpYO,2-  1.828 2.36 2.520 0.44 2.729 0.33 2.722 0.34 2.521 0.44 2.722 0.34 2.729 0.33
PUW'0,2 1.780 2.33 2.460 0.54 2.691 0.37 2.691 0.37 2.460 0.54 2.691 0.37 2.690 0.37
PWO,2~ 1.821 2.34 2.522 0.4 2.735 0.29 2.736 0.29 2.522 0.4 2.736 0.29 2.736 0.29

TABLE 7: AnO 22" and Ligand Anion Formation Energies, AnO,(V)/AnO,(VI) Reduction Energies, Hirshfield Charges and
Spin Densities on Selected Atoms, and Actinyl Stretching Vibrational Frequencies (cr). PBE, AE-DZP

E(2), AG(VI-V), change in change in spin
complex kcal/mol kcal/mol g(An)  g(O) q(AnOy) spin An  q(AnOy)(VI—V) onAnVI=V  vsm(ANO2)  vasymn(ANOy)
UvV'o.1 —651.6 0.375 —0.282 —0.190  0.000 832 913
UVO,1- —345.2 —-41.01 0.332 —-0.309 -0.285 0.173 —0.095 0.173 788 896
Np“'0,1  —645.5 0.302 —-0.257 -0.213  1.133 825 924
NpVO,1~ —329.4 —46.79 0.203 —0.313 -0.423 1671 -0.211 0.538 760 874
PW0O,1  —643.4 0.249 —-0.229 -0.210 2.358 795 910
PWO,1~ —323.0 —54.02 0.109 —0.312 -0.514 3.041 —0.304 0.683 742 852
Uv'oz2 —693.4 0.402 —-0.291 -0.181  0.000 829 908
UvV0,2- —369.9 —25.54 0.296 —0.347 -0.397 0.476 —0.216 0.476 743 857
Np“'0,2  —686.1 0.337 —0.263 -—-0.188 1.102 824 915
NpYO,2- —358.6 —36.09 0.169 —0.352 —0.536 1.945 —0.348 0.843 724 836
PuW0O2  —683.8 0.287 —0.232 -0.177 2.281 800 906
PW0O,2~ —355.5 —46.60 0.094 —0.342 -0.591  3.213 —0.414 0.932 743 823

This picture is difficult to rationalize because many factors  The extra electron added upon reduction of the An(VI) species
might have an influence on it: First, the cyclic, elliptical-shaped decreases the positive charge on the actinide atom and increases
structure of the macrocyclic ligand, especially for the less the negative charge on the oxygen atoms; in the row Np
flexible alaskaphyrinl, would require the An-to-Schiff-N > Pu the increase of the negative charge on the actinyl fragment
distances to increase with the increase of the An-to-pyrrol-N gets stronger. The changes in the spin density on the actinide
distances (and vice versa). Second, the atomic radii for the atom also follow this trend: Although for uranium only a
metals considered decrease due to the actinide contraction. Théraction of the extra electron is located on the metal atom, for
ability of the metal orbitals, especially f-orbitals, to participate the plutonium complexes d@ the extra spin density goes to
in covalent bonding would decrease as well. the metal almost entirely. This might be evidence of decreasing

The energies of reaction 1 for the actinyl complexes, provided f-orbital participation in the bonding and therefore greater
in Table 7, show a decrease with increasing actinide atomic localization of the f-electrons of actinide atoms for the higher
number for both actinyls(V) and -(VI1). The same explanation actinides Np, Pu as compared to uranium.
as discussed above applies here as well. As was mentioned above for the uranium (AE-TZP) results,

It is interesting to look at charge and spin distributions as a ligand 2 has a smaller ability of delocalizing electrons than
function of the actinide atom number; the corresponding For that reason the changes in the actinyl charge and spin density
Hirshfield values are provided in Table 7. For the complexes on the actinide atom during the reduction reaction eq 5 are more
of neptunium and plutonium, the absolute values of the chargespronounced for the former than for the latter.
on An and oxygen atoms decrease as compared to the uranium Actinyl Vibrational Frequencies. Uranyl vibrational fre-
complexes. l.e., there is less charge separation in actinyls forquencies, calculated for the alaskaphyrin dioxouranium(VI)
the heavier metals. It can be explained by the lowering of the complex by a variety of methods (Table 2) shows that all PBE
f-orbitals of the metal atom due to the actinide contraction, calculations, AE-TZP, ADF ZORA and SC-ECP, are very close.
which makes them closer in the energy to the p-orbitals of the Asymmetric uranyl(VI) stretching frequencies, available from
oxygens, therefore reducing charge transfer from the former to the experiment, are reproduced better by PBE calculations than
the latter. by hybrid B3LYP ones; the latter shows strong overbinding.

The overall charge on the actinyl fragment (Table 7) gets Inclusion of the methoxy substituents lowers the uranyl frequen-
substantially more negative in the seriess"WNp > Pu for the cies and makes the agreement with experiment for PBE AE-
complexes of An(V), but not for the An(VI) complexes where TZP as good as within 8 cm difference. One can see that the
differences are smaller and the charge on the Np is the mostAE-DZP values for uranium complexes provided in Table 7
negative. The decrease of the actinide charge is a third factor,are close to those by AE-TZP in Tables 2 and 3. A similar
which makes the electrostatic attraction between the metal andpattern of agreement between the experimental (IR/Raman) and
equatorial nitrogen atoms weaker and the nitrogeitrogen theoretical (AE-DZP and AE-TZP with PBE; Gaussian03-SC-
repulsion stronger, favoring more “sparse” structures of the ECP with PBE or B3LYP) uranyl stretching frequencies was
complex. observed for the actinyl aguo-complexes in our previous Wbrk.
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TABLE 8: Reduction Potentials for the Uranyl Complexes of Alaskaphyrin 1, Bi-pyen 2 and Bi-tpmd 3

complex AG(VI—V)2 AAGso? AG(VI—V)sow red/ox vs FC ++Hay correctiof experimerft
Uv'o,1 —45.3 —41.5 —86.8 -1.20 —0.89 —0.85
uvo,2 —31.2 —45.0 —76.2 —1.66 —-1.35 -1.02
uv'o,3 -32.7 —45.9 —78.6 —1.55 —-1.24 —0.96

a AE-DZP.? ADF Cosmo.° The ferrocene (FECpFet/CpFe) half-reaction potential is calculated to .96 eV under the same conditions.
4 —0.31 eV, taken from ref 70.Reference 7.

Figure 5. Complex UQ2, AE-TZP geometry. ™

Values for complexes of different ligands, provided in Table Figure 6. Complex UQ3, AE-TZP geometry.
3, show that vibrational frequencies are slightly overestimated
by the AE-TZP PBE method, but the experimental trend in the
uranyl asymmetric stretch values, LID> UO,2 = UQO,3 is -0.80
reproduced correctly. >

(We note that observed agreement between calculated gas @
phase frequencies and experimental frequencies in real medicg -1.00 1
might be in part fortuitous due to errors of the PBE method E
compensating matrix effects. Moreover, frequencies are calcu- @ -1.20 -
lated in the harmonic approximation, and to be completely strict §
in comparing with experimental frequencies, anharmonic cor- g
rections should be estimated. The anharmonic effects usually:€ .1 49 |
lower frequencies as compared to harmonic ones. However, itg
was shownr! that for bare uranyl dication stretches, the effect g
is rather small, about 10 cth So the agreement is still & -1.60
reasonably good.)

Frequencies for actinyls(V) are systematically lower than
those for actinyls(VI) (Tables 3 and 7). For the actinide(V) -1.80 . .

complexes the uranyl stretching frequencies are decreasing in 1 2 3
the row U> Np > Pu; actinide-oxygen bond lengths decrease .
as well, so bonds become shorter and weaker, as a result of the Ligand

actinide contraction. For actinides(VI) there is not such a clear Figure 7. Calculated (without (blue) and with (violet) “Hay correc-
picture; wavenumbers for the uranyl stretches are slightly lower tion”) and experimental (yellow) reduction potentials of the uranyl
than the ones for neptunyl. complexes of ligand$—3, relative to the ferrocene couple. ADF ZORA
Reduction Potentials of Actinyl ComplexesSessler et al. COSMOJAE-TZP, CHCI, solution.
provide experimental electrochemical data, which gives us an
opportunity to further test our methodology. Results of the
calculations are provided in Table 8.
First, because we have optimized geometries for both uranyl-
(V) and -(VI) complexes, we can readily calculate readily gas-

to -system delocalization of the extra electron; this also leads
to a smaller solvation free energy difference. The experimental
trend of2 > 3 > 1 is adequately reproduced by the scalar
relativistic calculation.

phase free energies for the reduction half- reaction As has been shown for actinyl aquocomple¥e¥, ap-
proximate single-reference DFT methods cannot describe the
ANO,L +e& — AnO,L~ (5) An(VI)/An(V) reduction potentials properly because of the

importance of nondynamic correlation and sporbit effects.
Then, effects of the dichloromethane solvent on the energiesHowever, comparison of trends is still worthwhile because, at
were estimated using the COSMO solvation model (see the least for the weak ligand field case, these effects are localized
computational details section). Because reduction of neutral in the nonbonding f-electron space of the metal. Moreover, they
uranyl(V1) complexes leads to negatively charged complexes can be crudely estimated by applying a simple ad-hoc correction

of uranyl(V), which are solvated more stronglxAGso are obtained for bare plutonyl with different numbers of f-
negative. One can see that both gas-ph&&eand solvation electrons’
effects are pretty much the same for complexe® ahd3. The Inclusion of these ad-hoc correctiGhg¢termed “Hay correc-

alaskaphyrin ligand stabilizes uranium(V) more strongly due tions” in Table 8) to account for spirorbit and multiplet effects,
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" of the ligand seems to be unfavorable because of too short
@ c Q\9 uranium to pyrrolic nitrogens distances, and too long uranium
= to Schiff-base nitrogens distances. The saddle-type distortion
2 G
c _d\ PR o of the ligand in the uranyl complex reflects. that.
®- . P The uranyl complexes of bi-tpm8| according to our scalar
four-component relativistic calculations, show a five-coordina-
U tion mode instead of the more symmetric six-coordinated mode
e o | |
given by the X-ray experiments. However, our observation
g allows us to explain the existing experimental data on the
demetalation of uranyl complexes (namely, differences in

& demetalation rates between the uranyl complexe arid 3).
C® This might be a hint that the solution geometry of 43@nust
@ c be closer to our gas-phase results than to that of the crystal-
= c I packed structure.
[ - e % Our calculations show that among the ligands studied, the

nonplanar, twist-shaped bi-pyen ligaltias the largest affinity
‘ ‘ to uranyl(VI) with respect to both reactions 1 and 2. The ETS
b energy analysis, made under the assumption of ligand and uranyl
ionic fragments, explains that by the better electrostatic interac-
tion term for2. The flexibility of ligands2 and3, which allows
for uranyl complex distortion from planarity and concomitant
which for the uranyl half reaction were estimated-é&31 eV, shortening of the metal to the Schiff-base nitrogens distances,
+ makes the electrostatic interaction term more negative. Devia-

shifts the results in the right direction and leads to almost ',
quantitative agreement between theory and experiment, Tablelions (at least reasonably small ones) from the planar arrange-
ment of the ligand donor atoms in the uranyl equatorial plane

8. The resulting reduction potentials, calculated and experimen- . 7
tal, are provided in Figure 7. The good agreement in both trends We€re found to have no substantial negative impact on the
formation energy.

and absolute values obtained by our procedure is encouraging. . . .
Therefore, it is worth trying to calculate reduction energies for It shall be noted that (with the exception of the geometric
the rest of actinyl complexes, i.e., those of neptunium and Parameters affected by the differences in conforma_ltlon) the
plutonium: Even if we cannot describe spiarbit effects ~ 9eometries of all the complexes, as well as their uranyl
correctly, the procedure we use seems to be able to correctlyViPrational frequencies, show good agreement with the experi-
describe the role and influence of the ligand. ment. Moreover, calculateq red_uctlon potent@ls for the uranyl
It is known from the literaturethat, regardless of the initial ~ complexes of alaskaphyrin, bi-pyen and bi-tpmd correctly
state of Np and Pu, they do form complexes with alaskaphyrin reproduce the experimental trends as well as the absolute values.
(as well as other expanded porphyrin ligands) in the form of ~ For the first time, we have investigated the complexes of
actinyl(V). In Table 7 we provide gas-phase free energies of uranyl, neptunyl and plutonyl, both (V) and (VI), with both the
the reduction half-reaction. One can see (Table 7) that for the alaskaphyrin and bi-pyen ligands using accurate quantum-
gas-phase energies of the reduction, changes in the redp- chemical methods. The affinities of these ligands to the metals
Pu are bigger for the bi-pyen complexes than for the alaska- iS found to decrease in the rowJNp > Pu for both oxidation
phyrin one. At the same time, the values for the latter are more states of the actinyl cations. We believe that this is a direct
negative. Therefore, the choice of ligand can possibly be result of the actinide contraction. The gas-phase reduction
important in stabilizing a particular complex with a particular €nergies calculated for these complexes show that though the

oxidation state, although there is no simple set of rules that alaskaphyrin ligand favors the oxidation state (V) stronger than
would follow from our investigations. the bi-pyen ligand, the change in the reduction energy in the

row U > Np > Pu is more pronounced for the latter ligand.

Figure 8. Complex UQ3H*, Schiff nitrogen protonated form, AE-
TZP geometry.

Conclusions
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In this study, we have used different modern quantum-
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