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Interaction Behavior Between Hexa-dentate Polypyrrolic Macrocycles
and Actinyl Species: Bonding, Thermodynamic and Spectroscopic Properties
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Abstract: A relativistic density functional theory (DFT) was used to systematically examine a series of uranyl and
transuranyl complexes of N-donor macrocyclic ligands, [(AnO,)(L")]* (labeled as nAn; n=1~3; An=U, Np and Pu).
Further comparison was made with [(UO,)(LY)]* (A) that was experimentally synthesized. Cavities of L' and L
macrocycles are found to match well with actinyl ions, but the one of I’ is a lot larger. Consequently, the I?
complexes have to adopt distorted geometry to energetically stabilize systems. Infrared vibrational spectra
presented that the An=0 stretching frequencies decrease in going from U, Np to Pu. This agrees with the trend of
optimized bond lengths of An=0 and bond orders. Topological analyses of quantum theory of atoms in molecule
(QTAIM) indicate that the An-N bonds have largely ionic character. Depending on different actinyl source, free
energies reacting with various macrocyclic ligands were calculated around 146.4 kJ -mol ™', comparable to the
calculated values of A. Time-dependent DFT calculations on four uranyl complexes well reproduced absorption
spectra of experimentally reported analogue. The absorption bands in the near-IR and visible region have large
contribution from ligand-to-metal charge transfer (LMCT), which is responsible for changes of solution color in the

process of macrocyclic ligand sensing uranyl species.
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Scheme 1  Theoretically designed L', 12 and 1., compared

with experimentally synthesized L.’
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Table 1 Optimized average bond parameters for A and rAn (An=U, Np and Pu) compared with experimental values of A

d(An=0) / nm (Bond order) d(An-N) / nm £.0=An=0/ (°) £ N-An-N/ (°) (£N-An-N)... / (°)

A Caled. 0.180 2(2.39) 0.273 2 178.9 60.5 363.0

Expt. 0.176 0 0.263 0 177.8 61.0 366.0

1U Caled. 0.179 9(2.39) 0.281 3 176.8 59.9 359.9
2U Caled. 0.179 9(2.39) 0.280 7 179.9 60.0 360.0
3U Calcd. 0.180 1(2.38) 0.274 1 179.9 62.7 376.0
INp Calcd. 0.181 6(2.38) 0.282 4 178.9 60.0 360.0
1Pu Calcd. 0.179 7(2.37) 0.285 7 179.1 59.6 357.3
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Table 2 Average QTAIM parameters of the complexes at An-N bond critical points including electron

density (p(r)), Laplacian ( Vp(r)), energy density (H(r)), ellipticity (¢) and interaction energy

(E;y), together with bond orders calculated by different approaches

1U 2U 3U INp 1Pu A
p(r) / au. 0.033 2 0.033 6 0.036 8 0.027 9 0.026 8 0.036 1
Voo(r) / a.u. 0.087 2 0.088 2 0.101 0 0.098 2 0.093 5 0.110 3
H(r)/ au. -0.000 9 -0.000 9 -0.000 8 0.000 9 0.000 9 -0.000 3
V(r) / a.u. -0.023 6 -0.023 9 -0.026 8 -0.022 8 -0.021 5 -0.028 1
G(r) / a.u. 0.022 7 0.023 0 0.026 0 0.023 7 0.022 4 0.027 9
& 0.169 2 0.164 9 0.157 8 0.042 3 0.078 7 0.129 1
E,, / (kJ-mol™) -30.962 -31.380 -35.146 -29.706 —-28.033 -36.819
Mayer” 0.34 0.33 0.35 0.11 0.24 0.24
Wiberg" 0.51 0.51 0.53 0.41 0.51 0.47
Mayer* 0.34 0.41 0.42 0.36 0.33 0.43

* H(r) is the sum of kinetic G(r) and potential V(r) energy density. And interaction energy E,, is equal to 0.5V (r); * Bond

order calculated with QTAIM; © Bond order calculated with the Priroda code.
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Table 3 Formation reactions of actinyl complexes of polypyrrolic macrocycles

Reaction (1)
Reaction (2)
Reaction (3)

HL+AnOApy)a(N(SiH) )+ 2H,0 — [AnO,L+2py+2HN(Si Hy)+2H,07
HL+ AnO(thf)(N(SiH)), ]+ 2H,0 — [AnO,L P+2THF+2HN(SiHy)+2H,0*
HLL"+[AnO,(thf):(N(SiMe3);),]+2H;0 — [AnO,L'P+2THF+2HN(SiMey),+2H,0*

x4 HEHMEEY A F 1An (An=U.Np 1 Pu)7E/K & & &K B H 8
Table 4 Calculated reaction free energies A,G(aq) of A and 1An (An=U, Np and

Pu) in aqueous solution

kJ-mol™

Reaction (1)

Reaction (2) Reaction (3)

A 1473
1U 44.8
1Np -13.4
1Pu -1.7
2U 10.9
2Np -485
2Pu -41.0
3U 146.4
3Np -113

3Pu 97.1

110.0 101.3
36.4 -56.1
-23.4 -116.7
-14.6 -107.9
2.5 -90.0
-58.6 -152.3
-54.4 —-147.7
138.1 45.6
-21.3 -115.1
83.7 -9.6
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Table 5 Absorption wavelength (1), excitation energy (AE) and oscillator strength (f)
of 1U in the aqueous solution calculated at the TD-B3LYP level

A*/ nm A/ nm AE [ eV f Expt.” (¢ / (dm® mol-em™)
Band I 786 786 1.58 0.006 832(81 000)
774 774 1.60 0.015 791(5 600)
Band I 596 596 2.08 0.201
Band Il 452 478 259 0.226 530(330 000)
465 267 0.139
450 2.76 0.226
440 2.82 0501
Band IV 359 359 3.46 0.134
356 348 0.154
352 352 0.109

* Simulated bands; " experimental values from the references

[14-16]
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