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Actinyls AnO, with An = U, Np, and Pu in an expanded porphyrin, alaskaphyrin (AP), are studied by a
relativistic density-functional method. The electronic structures of bothAen@ AnQAP are investigated

by considering all possible low-lying states. To examine the importance of relativity, nonrelativistic calculations
were also performed. For U@nd NpQ, the ground state is altered by the relativistic effects, but it remains
unchanged for Pu©The nonrelativistic ground states of the AP complexes are all high spin, where the

AP highest occupied molecular orbitajghs singly occupied. At the relativistic level, there are two electrons

in byg. The bonding characteristics in Ap@P are examined by calculations of the AROAP binding energy

and charge distribution on AnOOther properties such as ionization potentials and electron affinities are
also calculated. The predicted spectroscopic constants fop,Nfu@, NpO,AP, and PU@AP would aid in

future spectroscopic studies of these molecules.

1. Introduction This paper comprises a relativistic density-functional study

Actinides (An), particularly uranium and plutonium, are of aqtinyl in an expa_mded porphyrin. As afirs_t step in theoretical
important in the nuclear industry, but their production has studies of this speglal class of meta! porphyrins, we have chosen
generated severe environmental problems with huge quantitiesUrany! alaskaphyrin (UGAP, see Figure 1), as this complex
of radioactive waste. Therefore, considerable efforts have been€Xhibits a nearly planar structutélanar expanded porphyrins
made to develop effective complexing agents that can be used@re interesting and rare; most expanded porphyrins are highly
to extract the actinides from the nuclear waste. One method distorted, far from planarity. More recenttyjt was also found
involves the coordination of actinides with a macrocycle. So that AP could coordinate neptunyl and plutonyl. For comparison
far, the widely studied macrocyclic systems include calixarenes among different actinyls, the calculations also include hpO
and crown ether3In the early 1990s, Sessler etaleveloped AP and PUGAP.

a new class of pyrrole-based aromatic “expanded porphyrins” The theoretical description of actinide compounds poses a
that was capable of complexing uranyl (b)@ffectively. Later, special challenge because the elements are large, with high
a variety of expanded porphyrins were reported by Sessler andnuclear charge, so they must be treated in a relativistic manner.
co-worker§~*2to form stable complexes with actinyls (Ag) An equally difficult problem is caused by the active role of the
they include pentaphyrin, sapphyrin, alaskaphyrin, grandephyrin, 5f orbitals in the bonding. In contrast to the lanthanides where
hexaphyrin, and amethyrin. the open 4f shell is mainly located within the outer valence

Expanded porphyrins, as the name implies, are polypyrrolic orhitals and does not participate in chemical bonding, the 5f
macrocycles that are larger than normal, tetradentate porphyrins orpitals in actinides are more diffuse and can contribute to the
Normal porphyrins (Por) are well-known as excellent complex- bonding!516A great deal of electron correlation in high angular
ation agents for transition metals, which has led to an explosion jomentum shelfé—19 poses another challenge to theoretical
of experimental studies in this field. In contrast, examples of asearch. In addition, the open 5f, 6d, and 7s shells may result
actinide porphyrins are limitéd**[ThPor(acac) MPor(ClL> in a myriad of energetically adjacent electronic states with
(M = Th, U), UPor(CI(THF), MPop, (M = Th, U)] where similar properties. The large size and complexity of AA®
the actinides are too large to sit within the porphyrin core, thus oy es it difficult to use standard ab initio methods. Fortunately,
forming relatively unstable out-of-plane or sandwich complexes. hq refinement of density-functional theory (DFT) methods in

The larger, expanded porphyrins provide a better *fit” for larger oo years has made them a suitable, and sometimes preferable,

meta_l cations and thus appear more attractive as ligands for thealternative to ab initio approaches. There have been a number
specific purpose of actinyl coordination.

A suitabl inid dinati t should th of applications of DFT methods to calculations of actinide
sultable actinide-coordinaling agent should possess .ecompounds (e.g., refs ¥27). Compared to classic, normal
features of capturing the metal, isolating it, and rendering it

insoluble in watet? So the rational design for such macrocycles porphyrins, theoretical studies of expanded porphyrins are very

. . . .~ rare2® The main aims of this work are as follows:
requires a detailed understanding of the complex stability. ) . i o )
Clearly, the ability to predict the strength and nature of the (i) To provide a detailed description of electronic structures
binding between the actinyl and the expanded porphyrin is of of both AnG;and AnQAP (so as to examine the modifications
great importance and has the potential to eliminate costly in the electronic structure of AnGlue to the AP coordination).

experiments on toxic compounds. (i) To investigate the strength of the binding between

AnO?t and AP2,
T Part of the special issue “Fritz Schaefer Festschrift”. . . . . .
* Author to whom correspondence should be addressed. E-mail: (i) To investigate the influence of relativity on the actinide

scheiner@cc.usu.edu. compounds. This is especially interesting since the f and d
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Figure 1. Molecular structures of MP, AP, and AnQTTAP.

orbitals are relativistically expanded and destabilized while the
s orbital is relativistically contracted and stabilized.

2. Computational Details

The molecular structure of the unsubstituted actinyl alaska-
phyrin (AnGAP) is illustrated in Figure 1b (with the molecular
structure of unsubstituted, normal metal porphyrin in Figure 1la

for comparison). The systems that have been synthesized, actinyl

tetraethyl-tetramethoxy alaskaphyrins ATOAP *12 contain
ethyl and methoxy groups as substituents on the periphery of
the macrocycle ring, as shown in Figure 1c. The X-ray single-
crystal structure of UXTAP reveals that the uranyl is
coordinated to all six nitrogen atoms in a planar fasHitme
maximum deviation from planarity within the macrocycle being
only 0.011 A. A planar structure for WO TAP is attributed to

the rigidity of the phenylene diamine riftgThus, in the
calculations an idealize®,, symmetry was taken for the
molecular structures. For computational economy, the calcula-
tions were carried out mainly on the unsubstituted AfAPs.

To observe the effects of the peripheral substituents on the
molecular properties, results for JOTAP were also calculated.

All calculations were carried out using the Amsterdam
density-functional (ADF) program package (ADF 2000.02)
developed by Baerends and co-work&rs2 The Slater-type
orbital (STO) basis used for the valence shells is of triple-
quality, plus one polarization function for all atoms; single-
STOs are used for core orthogonalization. The frozen core
assigned for the actinides consisted of{%s), (2p-4p), (3d—
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TABLE 1: Calculated Relative Energies €) and An—0
Bond Lengths Ran-o) for Selected Configurations of AnG,

and AnOx?* (An = U, Np, Pu), at Nonrelativistic (Nrel) and
Relativistic (Rel) Levels
configuration term  E(eV) Ran-o(A)
Uo, Nrel  (6,)2 Fy(A) 0 1.776
(0w)H(pu)* 3H, 0.21 1.785
)2 354 (B) 0.75 1.801
(o) (pu)* 3P, 3.71 1.745
Rel  (gg)(#u)* P, 0 1.813
(09*(0u)* Ay 0.06 1.802
0u)? 354 (A) 0.85 1.851
(0 M) 3H, 0.96 1.863
(pu)? 35, (B) 1.25 1.874
(09 > 1.57 1.762
UOZ"  Nrel (ou)? i3, 0 1.693
Rel  (0u)? I3, 0 1.720
NpO;  Nrel  (0)%¢u)! “Dy 0 1.766
(0u)(¢u)? Ay 0.62 1.785
Rel  (0)(0g)t 3y 0 1.776
(B Pu)(og)*  “*Hg 0.01 1.791
(0u)%(u)* “P, 0.04 1.838
(Ppu)¥(0g)* P 0.35 1.806
(0 (¢u)? Ay 0.47 1.858
NpO2* Rel  (pu)t 2, 0 1.717
(0u)* Ay 0.25 1.702
(09)* zy 5.98 1.705
PuG Nrel  (0u)%(¢u)? Y 0 1.772
Rel  (©Ow*(su)? 554 0 1.835
(0 0w (pu)* 5Dy 0.25 1.770
(09)*(Ou) Pu)® Ay 0.71 1.789
PUGZ™ Rel  (00)Y(¢u)* *H, 0 1.703
(0u)? 354 (A) 0.21 1.687
(¢u)? 354 (B) 0.22 1.720
(09 (pu)! 3P, 6.51 1.709
(09)"(0u)* Ay 6.98 1.693
corrections of atomic cores are taken into account at the Birac

Fock level.) In this scalar (one-component) approach,-spin
orbit (SO) coupling is not taken into account. Because SO effects
are mainly atomic in nature, they are not expected to have
significant influence on molecular properti&sexcept metat
ligand binding energie®:1¢ To assess the magnitudes of the
SO effects on the ArO bond length and An©-AP binding
strength, additional calculations including the SO formalism
were also performed. Calculations on open-shell systems were
performed using the spin-unrestricted method.

3. Results and Discussion

3.1. Isolated Actinyls.First reported are calculations on AnO
and AnQ?*, as they represent the core building block of the
coordination complexes. The electronic structure and bonding
of UO,T have been the subject of much theoretical work,
including some very recent calculatiotis?” There have also
been several theoretical studies of neutral,l3$2.25.39.40|n

5d), and 4f. It was suggested that the An 6s and 6p orbitals arecontrast, theoretical studies of other actinyls are relatively

flexible and cannot be considered as core orbffeddFor C/N/O
the [He] core definition was used. Among the various exchange-
correlation potentials available, the density-parametrization form
of Vosko, Wilk, and Nusair (VWN}J2 plus Becke’s gradient
correction for exchange (Bjand Perdew’s gradient correction
for correlation (Pf® were employed. It has been shown that
the combined VWN-B-P functional can provide accurate
bonding energies for both main-groi@nd transition metal
systems.

Relativistic corrections of the valence electrons were calcu-
lated by the quasi-relativistic (QR) meth&t(The relativistic

scarcel23.24

The partial occupancy of the 5f shell in the actinides may
result in a number of low-lying states. To determine the ground
state for the actinyls, the energetics of possible low-lying states
were computed at both nonrelativistic and relativistic levels.
Geometry optimization was performed for all states of each
species. The relative energies of the various states in,AAn@®
AnO2" with An = U, Np, and Pu are collected in Table 1,
along with the Ar-O bond length of each state. Table 2a
displays the calculated properties (relativistic results) for the
ground state. The ionization potentials (IPs) were calculated by
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TABLE 2: Calculated Properties of AnO, and AnO2%" (An = U, Np, Pu) in Their Ground States (Relativistic Results) and

Gross Mulliken Populations (on the Atomic Orbital An-6p, ..

., An-7s) and Atomic Charges Q) on An

a: Calculated Properties of An@nd AnQ?* 2

Ran-o Kan—o® ®pan—o® Kan—o@®) ®an—o0®) first IP second IP
method A (mdyn/A) (cm™ (mdyn/A) (cm ) (eVv) (eVv)
uo, ADFP 1.813 6.87 853 7.48 948 6.47 14.92
(Cdy) ADF—-SCO 1.803 7.03 863 7.26 934
CASPTZ2 1.806 809 932 6.17 14.36
CCSD/RPP 15.05
B3LYP/RECP 1.794 875 937 6.19 15.25
B3LYP/PP 1.800 874 931 6.27 15.31
exptl 914.8 6.19 15.44+2.6
uo2+ ADF 1.720 9.39 997 9.97 1095
(=) CISD¥ 1.700 1082 1157
CASPT2 1.728
CCSD(T) 1.706
4-CCsSDr 1.696 1040 1168
4-CCSD(TY 1.715 974
B3LYP" 1.706 1041 1147
NpO, ADF 1.773 7.11 868 6.28 869 6.43 15.74
(“=g) ADF-SO 1.778 7.15 870 6.62 892
NpO2* ADF 1.717 8.86 969 9.61 1075
(@)
PuQ ADF 1.833 5.63 772 5.09 781 6.92 16.59
(=) ADF-SO 1.812 5.90 791 6.26 866
PuG?*t ADF 1.703 8.57 953 10.10 1100
(Hg) CISD+Q° 1.677
AQCC 1.670 1005
B3LYP" 1.688 1014 1144
b: Gross Mulliken Populations and Atomic Charges
uo, U2t NpO, NpO2* PuQ PuQ?*
An-6p, e 5.71 5.51 5.62 5.51 5.76 5.46
An-6d, e 1.29 1.21 1.27 1.12 1.03 1.07
An-5f, e 2.94 2.65 4.09 3.78 5.72 491
An-7s, e 0.65 0.00 0.63 0.00 0.00 0.00
Qan, € 1.41 281 1.39 2.76 1.60 2.76

aRan-o is the An—O bond lengthkan—of® is the symmetric AR-O force constantwan—o® is the symmetric Ar-O vibrational frequency;
kan—o® is the antisymmetric ArO force constantwan-o@® is the antisymmetric ArO vibrational frequency; IP is the ionization potential.
b Present ADF calculation§ ADF calculations including spirorbit (SO) coupling? CASPT2 calculation with a large basis set and a large active
space, ref 39& CCSD calculation with relativistic pseudopotential, ref 4B3LYP calculation with relativistic effective core potential, ref 39a.
9B3LYP calculation with pseudopotential (PP), ref 2RReference 25.Reference 43.Reference 45¢ Reference 23.All-electron calculations
adding g-functions, ref 18" Dirac 4-component calculation, ref 224Reference 242 Reference 16?2 Approximate quadratic coupled-cluster

calculation, ref 16.

the so-called\SCF method which carries out separate SCF (self-
consistent field) calculations for the molecule and its ion. The
An—O stretching force constantk)((symmetric and antisym-
metric) and the corresponding vibrational frequencigsviere
determined from amth-order polynomial fit to the energies of

n points fi > m). The results of Mulliken population analysis
are given in Table 2b.

Figure 2 illustrates the valence molecular orbital (MO) energy
levels for the nonrelativistic and relativistic ground states of
the AnQ's, obtained by spin-restricted calculations. Mulliken
populations (contributions) of the An-5f/6d/7s and O-2p orbitals
are indicated in parentheses so as to assist in interpretation.

yielded a §.)}(¢u)* — ®Hg ground state. According to the present,
more accurate ADF calculation, tifely state is about 0.2 eV
higher in energy thafZ,.

At the relativistic level, ¢g)'(¢u)! — 3@, is the ground state,
followed by @g)}(0u)* — Au. Now the §,)? — 3%, state lies
0.85 eV above the ground state. Other ClI, CC, and B3LYP
calculations of UQ yield the samé®d,, ground state, but the
orbital energy level diagram obtained with these methods is
similar to our nonrelativistic one wherg is the LUMO+4.25
Another notable feature of UQs that for any given state, the
relativistic bond length is consistently significantly greater than
the nonrelativistic one, in contrast to the bond contraction

Since there have been many theoretical studies of isolatedtypically found for other related compounds. The origin of this
actinyls in the literature, our discussions here focus mainly on anomalous relativistic bond expansion was investigated by van
some special, important aspects of the results. To assess th&Vezenbeek et & who ascribed it to the special semicore nature
accuracy of the present ADF method, some recent theoreticalof the 6p shell in the U atom.

resultd®16.23-25.39 gptained from high-quality CI (configuration
interaction), CC (coupled-cluster), and widely used B3LYP

Our calculated first ionization potential (first IP) of U@
6.47 eV, comparable to the values obtained by the CI, CC, and

density-functional methods, are listed in Table 2a for compari- B3LYP methods. The first IP of gas-phase Y@as previously
son; they are all shown to be in good agreement with our results.measured using electron impact mass spectrometry at high

3.1.1. UQ and UQ2*. Nonrelativistically, the lowest energy
electronic configuration for U@is calculated to bed(,)?, a3,
state. A previous nonrelativistic ADF calculation of WJ@sing
a simple X%, potential, and without adding polarization functions,

temperature, and a value of 5440.1 eV was reportetf: The
same value was also obtained recently by Capone ‘timla
similar experiment. However, as pointed out by Gagliardi et
al. 3% such high-temperature measurements may not give a
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Figure 2. Orbital energy levels of An©@(An = U, Np, Pu) at nonrelativistic (Nrel) and relativistic (Rel) levels.;(&6rresponds to 5f2-y?/5fyx

5f, to 5fe—32/5fy 32y, 5f; to 5f2/5f2, and 6d to 6de 2/6d.)

realistic first IP for this molecule since metastable, excited-state
molecules are present in the vapor. Very recently, Heaven's
group performed accurate determinations of IPs for, @
using resonantly enhanced multiphoton ionization (REMPI) and
mass-analyzed threshold ionization (MATI) techniqtiegiey
obtained 6.19 eV for the first IP. Our calculated value is about
0.3 eV too large. The REMPI spectrum of W@nplies a3d,,
ground state for this molecule. The experimental prediction of
the ground state is supported by the relativistic calculation.
According to the calculation, the first electron is removed from
og, although this orbital is the HOM@L1,; the IP from the
HOMO ¢, is more than 2 eV greater. The second IP was found
to be 14.92 eV, which is quite close to the value calculated by
the CCSD/RPP (RPPE- relativistic pseudopotential) method
(15.05 eV)* The B3LYP calculation®3°yielded a second

IP of 15.3 eV, which is about 0.4 eV larger than our value.
There has been a measurement of the second IP ferttbe

gas phase, and it was estimated to be 15.2.6 eV through

the thermodynamic datd.The experimental uncertainty is too
large to judge the accuracy of the calculated values.

Only the antisymmetric stretching frequency of YJ&n be
compared to the experiment. The infrared value reported by
Zhou et ak® is 915 cntt (for 10). Our calculatedy»s value
comes out too large by about 30 th The inclusion of SO
coupling has an effect 6f14 cnm! and improves the vibrational
frequency.

3.1.2. NpQ and NpQ?*. The nonrelativistic ground state of
NpOy, (0u)%(pu)* — *®,, corresponds to that of Uy addition
of one electron top,. The relativistic effects again strongly
stabilize theoy orbital and change the ground state &)f-
(0g)t — “Zg or (0w (pu) (o)t — *Hg; the latter configuration
lies only 0.01 eV above the former, leaving the identity of the
ground state in some doubt. In fact, the calculated energy of
the ©u)?(¢u)* configuration is also close to that odf)*(og).
Compared to U, the larger nuclear charge in Np stabilizes the
f orbitals so that th&, and ¢, orbitals lie below theyy level.

The Np—O bond length is shorter than that ofH® by 0.04
A. Correspondingly, the NpO force constant is 0.24 mdyn/A
larger than that of the JO analogue. Similar to U9the first
ionization for NpQ also occurs from they orbital, and the
calculated first IP of Np@is nearly the same as that of YO
Concerning the second IP, which arises from a 5f orbital, the
calculated value is larger for Ng@han for UQ. In NpO2*,
the single outermost electron occupiesdh@rbital; an internal
redistribution of electrons takes place after two electrons are
removed from NpQ@

3.1.3. PuQ and PuQ?*. On the basis of the orbital energy
level diagram in Figure 2, the nonrelativistic ground state of
PuQ is clearly 9u)%(¢u)?> — °Zg; there are no other competing
low-lying states. At the relativistic level, there is no change of
the ground state, that is, thg orbital in PuQ is no longer
occupied even though it is strongly stabilized by relativistic
effects. The trend in the electronic configuration from 410
NpO, to PuQ shows a gradual stabilization of the 5f orbitals
as one progresses to the right along the actinide sequence. In
Figure 2 one may note that tlg orbital is located below the
dy and ¢, levels. This placement may be attributed to a good
deal of repulsion of the electrons in the tight 5f orbitals, which
leads to large upward shift of the 5f levels. On the other hand,
the gap between th&, and ¢, levels widens considerably in
PuG.

While Ryp-o < Ru-o, Reuw-0 is even larger thaRy—o. The
relatively long Pu-O bond length may be ascribed to the
aforementioned large 5%6f repulsion in Pu@ The trend in
thekan—o's is consistent with that in thBah,—o's. In contrast to
UO, and NpQ, the effect of SO coupling is large for the
antisymmetric force constant of PpOrhe first ionization in
PuG occurs from thep, orbital, while the second ionization
takes place from the lowey, orbital. Thus, Pug# has a §,)*-
(#u)* — °Hg ground state, different from that of the isoelectronic
UQO,. Previous CASSCF and CISD calculations by Hillier et
alZyielded a2y ground state for Pug". More recent Cl and
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d Lengths Ran—om, A) for Selected Configurations of

AnO,AP (An = U, Np, Pu), at Nonrelativistic (Nrel) and Relativistic (Rel) Levels

configuration term E Ran-o Ran—n1 Ran-n2

UO,AP Nrel (1bg) (2a,)t 3By, 0 1.772 2.551 2.865
(1bg) (2bn)* Ba, 0.06 1.772 2.558 2.861

(1bzg)? A4 0.08 1.756 2.517 2.846

(1bzg)*(3u)* By, 0.10 1.782 2.556 2.864

(1hg)Y(bag)* By 1.18 1.757 2.514 2.854

Rel (1hpy)? g 0 1.791 2.464 2.768

(1bg)¥(2byy)? 3Ba, 1.52 1.794 2.463 2.773

(Lpg)*(2a)* 3By 1.95 1.803 2.493 2.795

(1bzg)* (b3t By, 2.07 1.845 2.498 2.803

NpO.AP Nrel (b9 Y(2a1)Y(bsy)* “Big 0 1.768 2.547 2.867
(b2 (2a10) (b1u)* “Bag 0.25 1.751 2.547 2.864

(P2g)*(2an)* A1, 0.60 1.740 2.504 2.857

(b29)%(bau)* B, 0.68 1.762 2.517 2.838

Rel (bg)*(2a)* A1, 0 1.767 2.450 2.785

(b29)*(bau)* B, 0.09 1.786 2.452 2.768

(b2g)*(2byy)* By, 0.09 1.765 2.464 2.776

(b2 (2a10) (b3u)* “Byg 1.29 1.799 2.486 2.802

PUGAP Nrel (bag)H(280) H(2by) (03) A1, 0 1.748 2.544 2.869
(b2g)*(2a10) (bay)* 3Baq 0.85 1.742 2.510 2.859

(b2g)*(2ay) (2buy)t B4 1.23 1.728 2.515 2.860

Rel (pg)*(2ay) (bay)* 3Baq 0 1.765 2.434 2.775

(b2g)?(2ay) (b1u)* 3By 0.28 1.746 2.447 2.786

(b2g)Y(2811)1(2b1y) (st 5A1, 0.72 1.779 2.477 2.788

B3LYP calculations by Maron et &f.and Ismail et af* support

our assignment of Pu®™ as®Hg. The calculated first and second
IPs for PuQ are larger than the corresponding values of BpO
Capone et at? also performed a mass spectrometric measure-
ment for the first IP of Pu@ they obtained 10.1 0.1 eV,

(19 (2ay)t — 3Bou ground state,that is, one electron is located
in an AP orbital and the other resides in a U-5f orbital. The
closed-shell statéA;4 with two electrons in 1} is about 0.1
eV higher in energy. The three 5f-like orbitals,1gads, and
2by,,, which are close in energy, generate three low-lying triplets

more than 3 eV higher than the calculated value of 6.92 eV. in the energy range within 0.1 eV. After taking into account
Such a large difference is unexpected, and more reliable relativistic effects, which strongly destabilize f orbitals, the
experimental measurements are required to confirm the calcu-ground state of UGAP is clearly (1hg? — A4 and second
lated value. Going from the neutral to a dicationic species, there lowest state (14)'(2b.,)* — 3Bs, lies more than 1.5 eV above

is a large shortening of the P® bond length, by 0.13 A. The
An—O bond lengths of Angd* vary in the monotonic order
Ru-0 > Rwp-0 > Reu-o.

3.2. Actinyls within the Expanded Porphyrin. Table 3

presents the relative energies and optimized bond lengths for

selected configurations of the AR@®P species, calculated at
both nonrelativistic and relativistic levels. The geometry of each
state was optimized undeb,, symmetry. The calculated
properties of ground-state An@P are reported in Table 4,
together with the results of UOTAP. The AnQY2t—APY/2-
binding energyEying is defined as

~Eging = E(ANO,AP) — [E(ANO,*") + E(AP*)]

Since the dominant form of actinide in nuclear waste is the
actinyl ion AnG2*,*>we have therefore also evaluated binding
energies between An® and AP~. We believe that the
definition of binding energy as that between two neutral
fragments may give a more realistic measure of the system
stability. In addition to IPs, calculated electron affinities (EAS)
are listed for AnQAP; [they are defined as EA E(X™) —
E(X)].

Both nonrelativistic and relativistic ground-state electronic
structures of UQ@AP are illustrated in Figure 3, together with
the electronic structure of UDTARP for the sake of comparison.
The corresponding electronic structures of NA® and PuG-

AP are presented in Figure 4. For actinyl in the expanded
porphyrin, the An-5f atomic orbitals split into the pb2a, 2by,
and by, orbitals.

3.2.1. UGAP. Although the gap between the jjband

2a, orbitals is large, the nonrelativistic calculation yields a

A4 For a given configuration, the relativistictD bond is
longer than the nonrelativistic one. The trend is similar to that
found for UG, or UG2". In contrast, the YN bonds are
significantly contracted by relativistic effects.

Considering the calculated properties of 4® in its ground
state (Table 4) more thoroughly, the—® bond length is
reduced by only 0.02 A when UGs coordinated with AP. If
one considers UG" as coordinated with AP, thenRy—o in
UO,AP is expanded by 0.07 A. From the Mulliken population
analysis, 1.03 e is transferred from Y@ AP, much less than
2 e, suggesting substantial GOAP covalent character. The
symmetric U-O force constants in UPand UQAP are
comparable, that is, the small deceas®ino does not result
in an increase iy-o®. However ky—_o®@9)in UO,AP is notably
smaller than in U@ The experimental value ofy—o@is also
available for UQTTAP* which is 910 cmt, agreeing very well
with the calculated values (915 cifor UOAP and 916 cm?
for UO,TTAP).

The UG—AP binding energy is estimated to be 10.3 eV,
where spir-orbit (SO) coupling effects contribute about 0.2
eV to Eping. The large interaction between Ja@nd AP is con-
sistent with the high stability of the complex: W&P undergoes
no apparent decomposition or demetalation up to 3006
When considering the U®"—AP?~ interaction, the calculated
binding energy of this definition is as large as 28.1 eV.

The calculated first and second IPs are 6.45 and 9.75 eV,
respectively, both emanating from the HOMO ,dbThe
calculated EA is quite negative;1.95 eV, indicating a strong
attraction of an electron for the complex. The orbital that accepts
the additional electron is the AP antibonding,kalthough the
latter is the LUMOt4 in the (relativistic) orbital energy level
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TABLE 4: Calculated Properties of AnO,AP (An = U, Np, Pu) and UQ,TTAP in Their Ground States (relativistic results)?

UO,AP UO,TTAP NpOAP PUuQAP
[(1b29)%] [(1b29)7] [(b2g)*(2a1)'] [(b2g)*(2a1) " (P10)"]
Ran-o0, A 1.791 1.790 (1.776) 1.767 1.765
Ran-n1, A 2.464 2.499 (2.418) 2.450 2.434
Ran-nz, A 2.768 2.742 (2.740) 2.785 2.775
Kan—o®), mdyn/A 6.80 6.82 6.84 6.72
wan-o®, cm 't 849 850 852 844
Kan—0®@), mdyn/A 6.97 6.98 8.25 8.05
wan-0@), et 915 916 (910) 996 982
Epind(ANO,—AP), eV 10.04 9.85 9.37 8.33
Epin>(ANO,—AP), eV 10.25 10.03 9.54 8.59
Epind(ANO2*—AP27), eV 28.05 30.47 28.05 28.14
first IP, eV 6.45(1hyg) 5.54(1hbyg) 6.40 () 6.38(bzg)
6.90 (2a,) 7.09 (2a,)
7.47 (k)
second IP, eV 9.75(1byg) 8.47 (1byg) 9.64(byg) 9.69(byg)
10.19 (1a) 9.23 (1lay) 9.98 (2a,) 10.31 (2ay)
10.66 (fu)
EA, eV —1.95(sg) —1.63(bsg) —2.06(2by) —2.40(2yy)
—1.67 (2hy) —1.34(2k,) —1.92 (k) —1.89 (kg
—1.22 (2ay) —0.90 (2ay) —1.90 (kg —1.40 (2ay)
—0.93 (k) —0.64 (k) —0.58 (2ay) —0.78 (k)
An-6p, e 5.43 5.42 5.35 5.29
An-6d, e 1.64 1.67 1.56 1.46
An-5f, e 2.56 2.57 3.72 4.83
An-7s, e 0.00 0.00 0.00 0.00
Qan, € 2.49 2.49 2.45 2.50
Qanoz, € 1.03 1.02 1.03 1.09

2 Ran-0, Ran-n1, @andRan-n2 are the Ar-O, An—N1, and An-N2 bond lengths, respectivelit,-o® is the symmetric ArO force constant;
wan-o® is the symmetric Ar-O vibrational frequencykan—o@ is the antisymmetric ArO force constantian—o@ is the antisymmetric ArO
vibrational frequencyEsind( AnNO,—AP) is the binding energy between Ap@nd AP;Epins®(AnO,—AP) is the binding energy after spirorbit
(SO) correctionEping(ANO2T—AP?7) is the binding energy between AR and AP~; IP is the ionization potential; EA is the electron affinity;
An-6p, ..., An-7s is the gross Mulliken population on the atomic orb@al; is the Mulliken charge on AnQanoz is the Mulliken charge on An®
bValues in parentheses are experimental data from ref 4.
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Figure 3. Orbital energy levels of UGAP at nonrelativistic (Nrel)
and relativistic (Rel) levels, as well as the free-base AP and substituted
UO,TTAP. (5fx = 5fx(x273y2), 5fy = 5fy(3x27y2), and 5f = 5fz(x27y2).)
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diagram of UQAP. Addition of an electron to any of the lower-

lying 5f-like orbitals (., 2ay., or 2hby) yields a smaller EA.
3.2.2. Effects of SubstitueniBhe actinyl alaskaphyrins that
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Figure 4. Orbital energy levels of Npg\P and Pu@AP at nonrela-
tivistic (Nrel) and relativistic (Rel) levels. (bf= 5fy,2-32, 5f, =

Both ethyl and methoxy are electron-donating groups, acting
to shift the orbital energies up. These shifts are nearly uniform

have been synthesized actually contain four ethyl and four for the valence MOs, so the electronic structure of,UDAP
methoxy groups (see Figure 1) at the periphery of the macro- is qualitatively similar to that of UgAP. The U-O bond length
cycle ring. To examine the effects of such peripheral substituentsand force constant remain nearly unchanged frompAFRDto

on the molecular properties, a more realistic WOAP system

UO,TTAP. In contrast, the changes in the-t bond lengths

was examined explicitly. A comparison between the results for are about 0.03 A. The calculatedH® and U-N2 bond lengths

UO,AP and UQTTAP is provided by Figure 3 and Table 4.

in UO,TTAP are very close to the X-ray crystal structure values.
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A relatively large deviation of 0.08 A is noted between the
calculated and experimentaHN1 bond lengths. The substit-
uents weaken the interaction of the actinyl with the macrocycle
ring by 0.2 eV but do not influence the charge distribution on
U and UQ. Corresponding to the upshift of the valence MOs,
the calculated IPs of U TAP are somewhat smaller than those
of UO,AP. The EA is diminished by 0.3 eV by the presence of
the substituents.

3.2.3. NpQAP. It may be noted from Table 3 that, at the
nonrelativistic level, the AP-Q orbital of NpQAP is singly
occupied, similar to the case of UBP; the other two outermost
electrons occupy the 5f-like 2aand ky, orbitals, respectively.
Relativistic effects destabilize the f orbitals and render one 5f
electron transfer to the lower-lying AProrbital. NpGAP has
a (lpg?(2au)* — 2A1uground state, followed by the states arising
from the (Rg)%(bs)! and (3g)%(2by)! configurations; the latter
two states are degenerate an@.1 eV higher than the ground
state.

Although there is 1.03 e charge transfer from Ng® AP,
the Np—O bond length in Np@AP is nearly equal to that in
NpO,, the difference being less than 0.01 A. However the-Rp
force constant is 0.3 mdyn/A smaller in Np&P than in NpQ,

Liao et al.

TABLE 5: Calculated Bond Lengths (R, A) and Binding
Energies Eping, €V) in UO,P, MP, and MAP (M = Ni, Zn)

P2 Ap2 UOP NiP  ZnP NiAP ZnAP

Ru-o 1.826

Rv-n1 2.073 (CtN) 2.311 (CtN1) 2.253 1.969 2.062 2.075 2.094
RNz 2.921 (CtN2) 2.990 2.982
Epind® 7.88 10.13 652 6.05 3.85

2 The distances between the center of the macrocycle ring (Ct) and
the nitrogen atoms in P and AP (with no hydrogens in the cage) are
also listed for compariso®.The binding energy is defined as the
following: for UO,P, —Epinga = E(UO,P) — [E(UO,) + E(P)]; for MP,
—Epina = E(MP) — [E(M) + E(P)]; for MAP, —Eying = E(MAP) —
[E(M) + E(AP)].

attributed to a poor match between the cation size and the
macrocyclic cavity diameter. On the other hand, d-block
transition metals show less tendency to form complexes with
expanded porphyrins (except for some special ¢dse%o
investigate the specific effects of the ring size and macrocycle
rigidity on the metat-porphyrin bonding, calculations were
performed for hypothetical U (P= porphine) and MAP (M

= Ni, Zn) which contain smaller metals. The results are
presented in Table 5, together with data for NiP and ZnP for

in apparent contradiction to the bond length change. The first comparison.

ionization arises from the APpalthough the HOMO 24 lies
some 0.8 eV higher. lonization from Raequires 0.5 eV more
than that from by. The second ionization occurs from thgyb
orbital as well. It is no wonder then that the calculated IPs for
NpO,AP are comparable to those of Y&P. When one electron

is added to Np@AP, it goes into a 5f-like 2}y orbital, different
from the case of UGAP, likely due to the higher nuclear charge
in Np (as compared to U) which lowers the energies of the 5f
orbitals.

3.2.4. PUGAP. Similar to UQAP and NpQAP, the non-
relativistic ground state of PWAP is also high spin, where the
AP b4 orbital is singly occupied. At the relativistic level, a
pair of electrons occupy.k and the lowest energy configuration
is calculated to be @Q%(2a)}(bsy)?, a Bsy State. The state
arising from (Bg)%(2a)'(bw)? is 0.3 eV higher in energy.
Compared to Pug) the Pu-O bond length in the coordinated
complex is shortened significantly, by 0.08 Rs,—o in PuQ-
AP is intermediate between those of B@d PuG*". Mulliken
population analysis indicates 1.09 e charge transfer fromp,PuO
to AP. Consistent with the bond shortening, the-Ruforce
constant is greater in Py@®P than in Pu@, somewhat different
from the situations for Ar= U and Np.

Like UOAP and NpQAP, the first and second ionizations
in PUQAP take place from theJg orbital. The IPs from the
5f-like orbitals in PUGAP are even larger than those in NpO
AP, owing to a greater stabilization of the 5f orbitals in Pu than
in Np. For the same reason, the calculated EA of JARIs
significantly larger than that of NpP. This result is consistent
with the experimental observation that \Pwcan easily be
reduced to Pliby accepting one electrdd.On the other hand,
it is easier to reduce the Npcomplex than to reduce the
corresponding ¥ species? While the equatorial AN bond
lengths are similar in the three actinyl expanded porphyrins,
there is a clear trend of decreasing ARAP binding energy
in the order An= U > Np > Pu. It is interesting to note that
when considering the interaction between AfiOand AP,
the calculatedEping values are nearly the same among the three
metals.

3.3. Hypothetical UG,P and MAP (M = Ni, Zn). As
pointed out in the Introduction, actinides do not form in-plane
complexes with normal, tetradentate porphyrins, which is

The data indicate that the core size (indicated by the cehter
distanceRci—n) in free-base porphyrin P (with no hydrogens in
the cage) is about 2.07 A. The central core of the hexaaza AP
(Ree-ni = 2.31 A, Reronz = 2.92 A) is more than 12% larger
than the tetraaza core of P. When P coordinates, it® core
expands to 2.25 A, indicating a considerable strain on the P
ligand. The UQ—P binding energy is calculated to be 7.88 eV,
much smaller than that of US-AP. The change in macrocycle
size also affects the YO bond lengthRy—o in UO,P is~0.04
A longer than that in U@AP. In the case of the transition metals
in AP, however, the expanded porphyrin provides a much
weaker ligand field than does the normal porphyrin. The ionic
radii of the transition metals are too small for them to form
stable complexes with the large cyclic ligand.

Since the size of the porphinato core plays a pivotal role in
controlling the spin state of transition metal porphyrins, the
electronic structure of NiAP would be of interest and deserves
a description here. The ground-state orbital energy level diagram
of NiAP is illustrated in Figure 5, together with that of NiP for
comparison. In NiP, the relatively small core size of P results
in a largeo-donor interaction that elevates the metal @ orbital
greatly; NiP hence has an unambiguoug)®t.,)* closed-
shell ground state. Upon replacement of P by AP, tke
level is greatly lowered and the separations among the metal d
orbitals in NiAP become small. In this case, one electrongn d
goes into ¢-y2, and thus NiAP presents open shells.

4. Conclusions

Owing to large relativistic stabilization of the 7s-like orbital
g, UOz and NpQ have ¢g)}(¢u)t — @y and Pu)X(og)* — “Zg
ground states, respectively. Without relativistic correction, the
oy orbital is unoccupied due to its very high energy. In BuO
however, the four outermost electrons all occupy 5f-like orbitals,
yielding a 0u)(#u)? — °Z4 ground state. This result is attributed
to a higher nuclear charge of Pu, which contracts the f orbitals
more and lowers their energies. The nonrelativistic ground states
of the AnGAP complexes are all high spin, where the AP
HOMO by is singly occupied. At the relativistic level, there
are two electrons inj, and the ground states ared — A,
(b2g)?(2au,)t — ?A1y, and (Bg?(2aw) (bsy)t — 3Bsg for UOLAP,
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Figure 5. Orbital energy levels of free porphine (P) (on the left, with
no H atoms in the porphyrin cage), NiP, and NiAP.

NpGAP, and PU@AP, respectively. Relativistic bond expansion
of An—0O is also found in An@AP but is less pronounced than
in AnO,.

The bond of An@—AP in the complex is characterized as
strong and covalent. There is about1101 e charge transfer
from AnGQ, to AP. The U-O and Np-O bond lengths are not
influenced much by the AP coordination, but a relatively large
bond shortening of PuO occurs when Pufs coordinated with
AP. The binding strength between Ap@nd AP decreases in
monotonic order U@-AP > NpO,—AP > PuG—AP.

Both first and second ionizations of each A#® occur from
the ring b orbital, and so the calculated IPs are similar and

independent of the metal. In the case of reduction, the situations

are somewhat different for various systems. For, AP, the
electron adds to the AP antibonding, brbital whereas the site
of electron addition is a metal 5f-like orbital for the two heavier
complexes. The calculated EA increases in the ordesAFO
< NpGAP < PUGAP, which indicates an increasing stability
of AnV versus AN' along the actinide series.

Finally the predicted spectroscopic constants for NG,
NpGAP, and PU@AP would aid in future spectroscopic studies
of these molecules.
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