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Abstract To understand the chemical behavior of uranyl
complexes in water, a bis-uranyl [(phen)(UO2)(μ2–F)(F)]2
(A; phen=phenanthroline, μ2=doubly bridged) and its hy-
drated form A ·(H2O)n (n=2, 4 and 6) were examined using
scalar relativistic density functional theory. The addition of
water caused the phen ligands to deviate slightly from the
U2(μ2–F)2 plane, and red-shifts the U–F-terminal and U=O
stretching vibrations. Four types of hydrogen bonds are
present in the optimized hydrated A · (H2O)n complexes;
their energies were calculated to fall within the range
4.37–6.77 kcal mol-1, comparable to the typical values of
5.0 kcal mol-1 reported for hydrogen bonds. An aqueous
environment simulated by explicit and/or implicit models
lowers and re-arranges the orbitals of the bis-uranyl
complex.
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Introduction

The early 5f-element uranium has interesting electronic and
structural properties due to the accessibility of its rich s, p, d
and f orbitals for chemical bonding [1, 2]. It reacts with a
variety of organic and inorganic ligands and displays oxida-
tion states from III to VI. In most processing and environ-
mental conditions, the hexavalent UO2

2+ ion is the most
prevalent and most thermodynamically stable form of ura-
nium. This ion is highly soluble and mobile, and eventually
biologically available, causing long-term environmental
risks [3, 4]. Additionally, uranyl ion has been extensively
studied for over half a century because of its utmost impor-
tance in the processing of nuclear fuel and the disposal of
nuclear waste [3].

Due to the strongly covalent nature of axial U=O bonds,
the uranyl ion is extraordinarily chemically robust [5]. This
makes uranyl coordination chemistry much more active in
the equatorial plane [2, 5–7], although its axial chemistry has
been developed recently via uranyl oxo functionalization [8,
9] and cation–cation interactions (uranyl interaction with
actinyl and metal ions) [10–12]. In general, the uranyl ion
is equatorially coordinated by four to six ligands [2, 5].
These ligands are diverse and include halide, THF, pyridine,
polypyridine, pyrrole and polypyrrole (porphyrin, expanded
porphyrin and calixpyrroles) [7, 13–16]. In this respect, we
have recently synthesized a bis(uranyl) complex, labeled A
in this paper (see Chart 1): [(phen)(UO2)(μ2–F)(F)]2 (phen=
phenanthroline, μ2=doubly bridged) using the solvothermal
method [17]. Single crystal X-ray diffraction revealed its
dimeric structure with edge-sharing pentagonal bipyramids,
where F− ions serve as both terminal and bridging ligands to
link uranium centers. In the synthesis, hydrofluoric acid was
used as a major F− source, which has implications for the
mineralization and crystallization of uranyl complexes. Due
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to its simple molecular structure and good solubility in water,
complex A is a good candidate with which to study the
electronic structures and aqueous coordination chemistry of
uranyl species.

With the goal of developing actinyl coordination chem-
istry and providing support for the nuclear processing and
purification strategies, it is essential to explore the structural
and electronic properties of complexes in the aqueous solu-
tion. In this work, we used relativistic density functional
theory (DFT) to study the bis(actinyl) complex A and its
aqueous solvated species. The effects of hydrogen bonds on
geometry and vibrational spectra were addressed. Explicit
and/or implicit solvent environments were taken into ac-
count for accurate electronic structure calculations.

Computational details

Our newly synthesized bis(uranyl) complex, [(phen)
(UVIO2)(μ2–F)(F)]2 (A), was investigated theoretically in this
work. To consider the aqueous environment, three solvent
models were used. The first is an explicit solvent model,
simulated by A (H2O)n (labeled as A nW; n=2, 4 and 6),
where water molecules are placed aroundA and the hydrogen
bonds formed can stabilize the whole molecular system. The
second is an implicit model, where aqueous continuum di-
electric (described below) was taken into account in the cal-
culations of A, denoted by A(sol). Third, both explicit and
implicit solvation were included when calculating A nW with
the aqueous continuum dielectric model. We used A nW(sol)
to stand for this case. And thus, A, A nW, A(sol) and
A nW(sol) represent calculations in the gas phase, the explicit
aqueous solution, the implicit aqueous solution, and the ex-
plicit and implicit aqueous solution, respectively.

All structural optimizations of A and A nW (n=2, 4 and 6)
were accomplished with the Priroda code [18–20]. Relativistic
DFTwith the Perdew, Burke and Ernzerhof (PBE) functional
[21] was applied in these calculations. All-electron
correlation-consistent double-ς polarized quality Gaussian ba-
sis sets (labeled as L1 in the text) were used for the large
component, accompanied by the corresponding kinetically
balanced basis sets for the small component [19]. A scalar
relativistic all-electron (AE) approach [20] is applied in
Priroda, which makes use of the full Dirac equation but with

spin-orbit projected out and neglected [22]. We performed
frequency calculations to confirm that the obtainable struc-
tures are minimum points on the potential energy surface.
Simultaneously, thermodynamic data and vibrational spectra
of the complexes were obtained. Population-basedMayer [23]
bond orders were calculated based on these PBE calculations.

At the Priroda-optimized geometry, single-point calcula-
tions were performed using the ADF 2010.02 code [24–26] to
obtain electronic structure in gas phase and in solution. The
implicit solvent effects of water were taken into account by the
COSMO model [27] as implemented in ADF. An integration
parameter of 6.0 was applied. Klamt radii were used for atoms
of U=1.70 Å, H=1.30 Å, C=2.00 Å, N=1.83 Å, O=1.72 Å
and F=1.76 Å [28–31]. So we applied the PBE functional,
triple-ς polarized quality (TZP) basis sets and the scalar rela-
tivistic ZORA approach in the calculations.

Results and discussion

Geometry structures

The optimized structures ofA andA nW (n=2, 4 and 6) at the
PBE/L1/AE level are presented in Fig. 1. Selected geometry
parameters and bond orders are listed in Table 1. As seen in
the figure, the parent complex A was calculated to display a
dimeric structure formed by edge-sharing pentagonal bipyra-
mids. This is consistent with the experimentally reported
structure from single crystal X-ray diffraction [17]. All the
calculated dihedral angles of U1-F1-F2-U2, N2-U1-F1-F2
and F3-U1-F2-F1 are 180° (Table 1), indicating that the
phenanthroline and fluorine ligands are located in the equato-
rial plane of the uranyl cations. The two linear uranyl cations
are nearly parallel and approximately perpendicular to the
plane. Calculations on A nW (n=2, 4 and 6) demonstrate that
the addition of water has no effect on the U2(μ2–F)2-core
plane, which still retains the 180° U1-F1-F2-U2 angle. The
terminal-F has a very small distortion, reflected by 177°–180°
F3-U1-F2-F1 angles. In contrast, the phenanthroline ligands
deviate slightly from the U2(μ2–F)2-core plane, with the larg-
est deviation of 11° seen for the solvated A 4W (Table 1).

Compared with A, the introduction of water into A nW
lengthens the U=O and U–F-terminal bonds. The calculated
elongation is less than 0.03 Å. The explicit aqueous solvation
indirectly shortens almost all theU–F-bridging andU–Nbonds
of A nW. Interaction of the hydrogen atoms of water with the
uranyl oxygen and terminal-fluorine of A generates hydrogen
bonds, weakening the U=O and U–F-terminal bonds. Conse-
quently, more electrons from the uranium center originally
involved in the U=O and U–F-terminal bonds is released,
strengthening the equatorial U–F-bridging and U–N bonds.

As shown in Table 1, the calculated U=O bond orders
range from 2.30 to 2.37 for A and A nW (n=2, 4 and 6),
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Chart 1 Structure of [(phen)(UO2)(μ2–F)(F)]2 (A)
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suggesting a partial triple bond character. Upon increasing
the explicit water, the U=O bond orders decrease in se-
quence. In the equatorial plane, one strong single U–F-
terminal bond is formed, and four relatively weak single
bonds include two bridging-F→U and two N→U.

Hydrogen bonds

Four types of hydrogen bonds, H⋯F-terminal, H⋯Oyl

(uranyl oxo), H⋯Ow (water oxo) and Hphen⋯Ow (phen
hydrogen), are present in the hydrated A nW (n=2, 4 and
6). The calculated distances are given in Table 2, associated
with the number of each type of hydrogen bond in A nW.
The shortest hydrogen bond, which is formed between water
molecules (H⋯Ow) in A 6W, was calculated to be 1.84 Å.
The calculated H⋯F-terminal distances fall within 1.91 and
2.10 Å. As the majority of valence electrons of uranyl
oxygen are involved in the U=O bonding, its weak basicity
leads to relatively long H⋯Oyl bond lengths ranging from

1.99 to 2.42 Å. We also calculated the Hphen⋯Ow bond at
2.06 Å in A 6W, showing weaker bonding strength than
H⋯Ow but being similar to H⋯Oyl.

Given that hydrogen bonds occur in A nW (n=2, 4 and 6),
their hydrated energies (ΔE) can be calculated as follows:

ΔE ¼ E Að Þ þ nE H2Oð Þ � E A � nWð Þ ð1Þ

where E(A), E(H2O) and E(A nW) correspond to total ener-
gies of A, H2O and A nWat their respective optimized geom-
etries. According to Eq. (1), greater ΔE denotes stronger
hydrogen bonds. As shown in Table 2, the ΔE of A nW
(n=2, 4 and 6) were calculated to be 19.54, 39.59 and
73.18 kcal mol-1, respectively.

Regarding the H⋯F-terminal, H⋯Oyl, H⋯Ow and
Hphen⋯Ow hydrogen bonds, each type has some common
nature. This allows us to assume that the energy of each type
of hydrogen bond [E(type)] is approximately inversely pro-
portional to its bond length (r in angstrom), see Eq. (2).

Fig. 1 Optimized structures of
the parent complex
[(phen)(UO2)(μ2–F)(F)]2 (A)
and its solvated form A ·(H2O)n
(A nW; n=2, 4 and 6). A 6W is
depicted in face-on view and
side-on view to show hydrogen
bonds clearly

Table 1 Optimized geometry
parameters and bond orders
(in parentheses) for
[(phen)(UO2)(μ2–F)(F)]2 (A)
and its solvated form A ·(H2O)n
(A nW; n=2, 4 and 6), compared
with experimental values from
single crystal X-ray diffraction
(distances in Ångstroms and an-
gles in degrees)

aExperimental and calculated
values from [17]

A a A∙2W A∙4W A∙6W

Calculated Experimental Calculated Calculated Calculated

U1=O 1.808 (2.37) 1.781 1.808 (2.34) 1.818 (2.31) 1.818 (2.30)

U1-F1 2.363 (0.54) 2.353 2.351 (0.55) 2.351 (0.56) 2.335 (0.55)

U1-F2 2.329 (0.55) 2.334 2.329 (0.55) 2.305 (0.59) 2.311 (0.60)

U1-F3 2.126 (1.13) 2.132 2.150 (1.05) 2.137 (1.09) 2.157 (1.03)

U1-N1 2.650 (0.31) 2.588 2.633 (0.32) 2.628 (0.33) 2.604 (0.35)

U1-N2 2.684 (0.31) 2.626 2.668 (0.32) 2.652 (0.34) 2.634 (0.36)

U1···U2 3.911 (0.06) 3.929 3.907 (0.06) 3.883 (0.06) 3.890 (0.07)

O=U=O 172.6 175.2 173.3 176.8 174.4

O-U1-U2 91.7 90.7 91.8 90.4 91.1

F1-U1-F2 67.1 66.1 66.8 67.0 66.3

U1-F1-U2 112.9 113.9 113.2 113.0 113.7

U1-F1-F2-U2 180.0 180.0 180.0 180.0 180.0

N2-U1-F1-F2 180.0 179.9 178.9 169.1 174.3

F3-U1-F2-F1 180.0 180.0 179.7 176.6 176.8
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Thus each type of hydrogen bond has an identical propor-
tional coefficient c(type). Associated with the number of
each type of hydrogen bond [N(type)], we are able to
construct Eq. (3):

E typeð Þ ¼ c typeð Þ
r

ð2Þ

X

type

N typeð ÞE typeð Þ ¼
X

type

N typeð Þc typeð Þ
r

¼ ΔE ð3Þ

According to Table 2, three equations with four c(type)
parameters were built. We further assume that the Hphen⋯Ow

and H⋯Oyl bonds have approximately identical c(type)
values, i.e., showing identical bonding strength in unit
distance.

Finally, the energy of each hydrogen bond was calculated
(listed in Table 2). The H⋯Ow bond has the largest energy of
6.77 kcal mol-1, whereas the smallest energy of 4.37 kcal mol-1

belongs to the H⋯Oyl bond. These values correspond to
hydrogen bond distances of 1.84 and 2.42 Å, respectively.
The calculated energies of hydrogen bonds involved in
A nW (n=2, 4 and 6) all agree well with the reported typical
5.0 kcal mol-1 energy of hydrogen bonds in water [32]. When
further considering the zero-point vibration energy (ZPVE),
frequency calculations gave total energy containing ZPVE
(ΔE0) at 15.53, 31.08 and 59.12 kcal mol-1 for A nW (n=2,
4 and 6), respectively (Table 2). Using the same equation and
approximation, their bonding energies were calculated to be
within 3.39 and 6.07 kcal mol-1.

Vibrational spectra

Building on frequency calculations, vibrational spectra of A
and A nW (n=2, 4 and 6) were simulated in Fig. 2 using
Lorentzian broadening. A and A nW (n=2, 4 and 6) can be
seen to have a similar general pattern of vibrational spectra.
Moreover, these theoretically simulated spectra are compa-
rable to experimentally measured infrared (IR) spectra [17].

With respect to A, two strong bands calculated at 824 and
906 cm−1 were assigned to the U=O symmetric and asym-
metric stretching modes, respectively. They remain
unchanged in A 2W, but are red-shifted to 801 and
885 cm−1 in A 4W and A 6W. This is related to the weak-
ening of U=O bonds due to the interaction of additional
hydrogen bonds. Note that the calculated wave numbers of
characteristic U=O vibration bands are lower than the ex-
perimental values of 850 and 916 cm−1. The GGA func-
tionals is known to slightly underestimate bond strengths
and corresponding stretching frequencies [17, 29–31]. On
the other hand, the experimental IR spectra were measured
in the solid state, while only gas-phase or solvated com-
plexes were considered in the calculations. These different
molecular environments may be one of the factors generat-
ing the discrepancy.

Compared with the vibrational modes of A, stretching
vibration of the terminal-F–U bond in A nW (n=2, 4 and 6)
is found in the lower-energy region. The explicit aqueous
solvation weakens the bonding strength and leads to a large
red-shift of 25–40 cm−1. The bridging-F–U vibration of
A nW (n=2, 4 and 6) was calculated to be 370 cm−1 (mean
value), close to 374 cm−1 of A. It is further evident that no
bridging-F atom participates in the hydrogen bonds men-
tioned above. Additionally, the theoretical 717 cm−1 of A

Table 2 Calculated energies
(kcal mol-1) of hydration and
hydrogen bond of A, associated
with the number of each type of
hydrogen bond

aΔE and ΔE0 denote the total
energy excluding and including
zero-point vibration energy
(ZPVE) in the hydrated process
of A, respectively
bThe fluorine atom is the termi-
nal one
cCalculated energy of hydrogen
bond (E(type)) from ΔE
dCalculated energy of hydrogen
bond (E(type)) from ΔE0
eOptimized distance of hydrogen
bond in Å

A∙2W A∙4W A∙6W

Hydration energy (kcal mol-1) of A

ΔE/ΔE0
a 19.54/15.53 39.59/31.08 73.18/59.12

Energy (kcal mol-1) and distance (Å) of hydrogen bond

(H···F)1
b 5.25 c/4.26 d (1.912) e 5.18/4.20 (1.939) 5.13/4.16 (1.959)

(H···F)2
b – – 4.79/3.88 (2.097)

(H···Oyl)1 4.52/3.50 (2.343) 4.44/3.44 (2.385) 4.37/3.39 (2.421)

(H···Oyl)2 – 5.10/3.95 (2.077) 5.07/3.93 (2.087)

(H···Oyl)3 – 5.08/3.94 (2.083) 5.32/4.13 (1.990)

(H···Ow) – – 6.77/6.07 (1.839)

(Hphen···Ow) – – 5.14/3.99 (2.058)

Number of hydrogen bonds

N(H···F) b 2 2 4

N(H···Oyl) 2 6 6

N(H···Ow) – – 2

N(Hphen···Ow) – – 2

3328 J Mol Model (2013) 19:3325–3332



and A nW corresponds to the experimental peak at
725 cm−1, being characteristic of phenanthroline.

Electronic structures

In this work, the electronic structures of A and A nW (n=2,
4 and 6) were calculated at the PBE/TZP/ZORA level while
excluding and including the COSMO solvent model. Energy
levels of frontier molecular orbitals of A in the gas-phase
and aqueous environments are presented in Figure S1 of the
Supplementary Material. The corresponding values of HO-
MO and LUMO as well as their gaps are given in Table 3. In
the gas phase, the HOMO/LUMO energies of A were cal-
culated to be −5.86/−3.21 eV with a 2.64 eVenergy gap. By
comparison, the addition of explicit water stabilizes the
overall orbitals of A nW (n=2, 4 and 6). The lowering of
HOMOs of A nW greater than LUMOs permits narrowing
of all the HOMO–LUMO gaps. Moreover, these H–L gaps
decrease in sequence upon increasing the number of explicit
water molecules. A similar case is found in A(sol) and
A nW(sol) while including the implicit COSMO solvation.
For example, A(sol) presents a smaller gap of 2.09 eV than
the 2.64 eV of A.

To provide an insight into the structural properties and
chemical behaviors of uranyl complexes, detailed composi-
tions of the frontier orbitals of A, A nW, A(sol) and
A nW(sol) (n=2, 4 and 6) are presented in Table 4, Table
S1 and Table S2. Building on these results, unoccupied
orbitals of all the complexes are featured with U( f ) character.
Explicit and/or implicit aqueous solvation does not change
their order and character, albeit their energies are lowered.

However, the order and character of occupied orbitals are
sensitive to the choice of solvent model. As shown in
Table 4, HOMO and H-1 of A in the gas phase are contrib-
uted by σ(U=O) bonding, followed by four lower-energy
phen-based orbitals. With respect to A(sol), implicit solva-
tion raises the phen-based orbitals to form HOMO–H-4,
while energies of σ(U=O) bonding orbitals are lowered
,yielding H-4 and H-5. Regarding A 2W, the explicit model
introduces the contribution of water, constituting HOMO
and H-1. Simultaneously, orbitals with σ(U=O) and phen
combined character are present. When considering
A 2W(sol), the basic order of orbitals of A(sol) is retained,
but with H2O orbitals inserted between orbitals of higher-
energy phen and lower-energy σ(U=O). In Fig. 3, we have
depicted intuitively the energy levels of orbitals, character
and electron-density diagrams for the complexes discussed
above. Explicit and/or implicit solvation was found to re-
arrange occupied orbitals, and lower their energies, espe-
cially for σ(U=O) orbitals.

Finally, let us focus on the characteristic orbitals of A nW
andA nW(sol) (n=0, 2, 4 and 6) such as occupied orbitals with
the character of σ(U=O), π(phen) and H2O as well as LUMO
with U(fz

2
y, fy(3x

2
−y

2
)). Asmore than one filled orbital hasσ(U=

O), π(phen) and H2O composition, we will address only the
highest-energy one. Energy differences between each charac-
teristic occupied orbital and LUMO (Table 3) represent possi-
ble electronic excitation transitions, providing an implication
for the absorption and emission of the complex. In the gas
phase, A displays a σ(U=O)→U(f) (LUMO) transition at
2.64 eVand π(phen)→U(f) at 3.18 eV. The featured transition
of H2O→U(f) becomes lowest-energy inA nW (n=2, 4 and 6).
Upon introducing implicit solvation into A and A nW (n=2, 4
and 6), the π(phen)→U(f) transition turns out to be the lowest-
energy one. It is worth noting that all the σ(U=O)→U(f)

Fig. 2 Simulated vibrational spectra of bis-uranyl A and its solvated
form A nW (n=2, 4 and 6), together with experimental infrared (IR)
measurements

Table 3 Energies (eV) of HO-
MO, LUMO and their gaps in
A nW and A nW(sol) (n=0, 2, 4
and 6), together with energies of
transition from characteristic or-
bitals [σ(U=O), π(phen) and
H2O] to LUMO [U(fz

2
y,

fy(3x
2
−y

2
))]

A A∙2W A∙4W A∙6W A(sol) A∙2W(sol) A∙4W(sol) A∙6W(sol)

HOMO −5.86 −5.94 −6.08 −6.06 −6.38 −6.38 −6.38 −6.41

LUMO −3.21 −3.67 −4.07 −4.34 −4.30 −4.44 −4.60 −4.71

H-L Gap 2.64 2.27 2.00 1.71 2.09 1.94 1.78 1.70

σ(U=O)→U(f) 2.64 2.67 2.68 2.70 2.73 2.74 2.66 2.71

π(phen)→U(f) 3.18 3.19 2.47 2.32 2.09 1.94 1.78 1.70

H2O→U(f) – 2.27 2.00 1.71 – 2.56 2.42 2.35

J Mol Model (2013) 19:3325–3332 3329



T
ab

le
4

C
al
cu
la
te
d
pa
rt
ia
l
m
ol
ec
ul
ar

or
bi
ta
l
co
nt
ri
bu

tio
ns

(%
)
an
d
or
bi
ta
l
en
er
gy

(e
V
)
of

A
,
A
(s
ol
),
A
2W

an
d
A
2W

(s
ol
)

A
A
(s
ol
)

A
∙2
W

A
∙2
W
(s
ol
)

O
rb
ita
ls

E
ne
rg
y

C
om

po
si
tio

n
E
ne
rg
y

C
om

po
si
tio

n
E
ne
rg
y

C
om

po
si
tio

n
E
ne
rg
y

C
om

po
si
tio

n

L
+
5

−
3.
05

4
91

%
U
( f
z3
,
f z
(x
2
-y
2
),
f z
2
x
)

−
4.
05

3
93

%
U
(f
x
y
z,
f z
2
y,
f y
(3
x
2
−
y
2
))

−
3.
45

7
88

%
U
(f
x
y
z,
f z
2
y,
f y
(3
x
2
−
y
2
))

−
4.
22

0
96

%
U
(f
x
y
z,
f z
2
y,
f y
(3
x
2
−
y
2
))

L
+
4

−
3.
08

9
75

%
ph

en
,
15

%
U
(f
x
y
z)

−
4.
10

0
89

%
U
(f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

−
3.
52

4
91

%
U
(f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

−
4.
25

8
90

%
U
(f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

L
+
3

−
3.
12

8
55

%
U
(f
x
y
z)
,
38

%
ph

en
−
4.
17

2
94

%
U
(f
x
y
z)

−
3.
57

2
90

%
U
(f
x
y
z)

−
4.
33

9
94

%
U
(f
x
y
z)

L
+
2

−
3.
14

8
87

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
),
f x
y
z)

−
4.
22

1
97

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
),
f x
y
z)

−
3.
60

0
95

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
),
f x
y
z)

−
4.
36

5
95

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
),
f x
y
z)

L
+
1

−
3.
19

5
93

%
U
( f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

−
4.
23

9
93

%
U
(f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

−
3.
66

1
91

%
U
(f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

−
4.
39

2
89

%
U
(f
z3
,
f z
(x
2
−y

2
),
f z
2
x
)

L
U
M
O

−
3.
21

4
92

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
))

−
4.
29

7
97

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
))

−
3.
67

4
96

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
))

−
4.
44

4
98

%
U
(f
z2
y,
f y
(3
x
2
−
y
2
))

H
O
M
O

−
5.
85

7
45

%
U
(f
y
(3
x
2
−
y
2
),
f z
2
y,
p y
),

35
%

O
(p

y
),
16

%
F
(p

y
)

−
6.
38

4
90

%
ph

en
−
5.
94

3
91

%
H
2
O

−
6.
38

0
89

%
ph

en

H
-1

−
6.
00

0
45

%
U
(f
y
(3
x
2
−
y
2
),
p y
,
f z
2
y
),

35
%

O
(p

y
),
12

%
F
(p

y
)

−
6.
38

4
90

%
ph

en
−
5.
94

4
91

%
H
2
O

−
6.
38

1
89

%
ph

en

H
-2

−
6.
39

5
92

%
ph

en
−
6.
76

6
92

%
ph

en
−
6.
34

6
44

%
U
(f
y
(3
x
2
−
y
2
),
f z
2
y,
p y
),

34
%

O
(p

y
),
14

%
F
(p

y
)

−
6.
75

9
88

%
ph

en

H
-3

−
6.
40

3
91

%
ph

en
−
6.
76

7
92

%
ph

en
−
6.
46

8
38

%
ph

en
,
27

%
U
(f
y
(3
x
2
−
y
2
),

f z
2
y,
p y
),
20

%
O
(p

y
),
4
%

F
(p

y
)

−
6.
75

9
82

%
ph

en

H
-4

−
6.
74

0
88

%
ph

en
−
7.
02

6
44

%
U
(f
y
(3
x
2
−
y
2
),
f z
2
y
),

35
%

O
(2
p y
),
17

%
F
(p

y
)

−
6.
53

6
85

%
ph

en
−
7.
00

4
87

%
H
2
O

H
-5

−
6.
74

5
89

%
ph

en
−
7.
18

3
45

%
U
(f
y
(3
x
2
−
y
2
),
f z
2
y
),

35
%

O
(2
p y
),
13

%
F
(p

y
)

−
6.
58

9
45

%
ph

en
,
21

%
U
(f
y
(3
x
2
−
y
2
),

f z
2
y,
p y
),
16

%
O
(p

y
),
7
%

F
(p

y
)

−
7.
00

5
85

%
H
2
O

H
-6

−
6.
85

9
91

%
ph

en
−
7.
18

8
45

%
U
(f
y
(3
x
2
−
y
2
),
f z
2
y,
p y
),

35
%

O
(p

y
),
15

%
F
(p

y
)

H
-7

−
6.
86

1
91

%
ph

en
−
7.
36

3
47

%
U
(f
y
(3
x
2
−
y
2
),
f z
2
y,
p y
),

35
%

O
(p

y
),
11

%
F
(p

y
)

3330 J Mol Model (2013) 19:3325–3332



transition of A, whether in the gas phase or in solution, has
energy close to within 2.64–2.74 eV (in Table 3). This reveals
that the σ(U=O)→U(f) transitions (absorption and emission)
are intrinsic to the uranyl complex. These featured transitions
are independent of its environment (gas phase, solution and
even solid state).

Conclusions

In the work, the bis-uranyl complex A and its solvated form
A nW (n=2, 4 and 6) were examined using scalar relativistic
DFT. The hydrogen bonds generated and their relationship
with vibrational spectra, geometrical and electronic struc-
tures were explored. The following conclusions have been
drawn:

Full optimizations demonstrate that the addition of water
causes phen ligands to deviate slightly from the U2(μ2-F)2
core plane. The generated hydrogen bonds lengthen the U=
O and U-F-terminal distances. As a result, partial valance
electron of the uranium center originally involved in such
bonds is released. This eventually shortens the U–F-

bridging e and U–N bond lengths. Compared with those of
A, the U–F-terminal and U=O stretching vibrations of
A ·nW (n=2, 4 and 6) are red-shifted by hydrogen bonds.
It is also evidenced by the elongation of U–F-terminal and
U=O bonds. Because there is no direct hydrogen bonding
interaction with bridging-F atoms, a negligible spectral shift
is found for U–F-bridging vibrations.

Building on their type, bond length and number, energies
of hydrogen bonds (H⋯F, H⋯Oyl, H⋯Ow and Hphen⋯Ow)
were calculated to fall within 4.37–6.77 kcal mol-1. These
results agree well with typical values of reported hydrogen
bonds. When including ZPVE, smaller bonding energies
ranging from 3.39 to 6.07 kcal mol-1 were obtained.

Finally, the effects of explicit and/or implicit aqueous
environment on the electronic structures of A were investi-
gated. It was shown that solvation should be taken into
account for accurate electronic structure calculations. Com-
pared with those of A in the gas phase, aqueous solvation
lowers energy levels of orbitals and re-orders molecular
orbitals. The present study also reveals that the bis-uranyl
A has an intrinsic σ(U=O)→U( f ) transition, whose excita-
tion energy is insensitive to molecular environment.

Fig. 3 Energy levels of frontier
molecular orbitals and electron
density diagrams of typical
U(f), π(phen), σ(U=O) and
H2O orbitals for A, A 2W,
A(sol) and A 2W(sol)
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