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Relativistic Density Functional Study of the Dinuclear Uranyl Complex
[(UO,)2(n,-OH),Cl,(H,0),] in Its Crystalline Environment

Florian Schlosser,# Sven Kriiger,!?! and Notker Rosch*?l
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The hexavalent dinuclear wuranyl dichloride complex
[(UO,),(p2-OH),ClL,(H,0),4] was studied computationally with
an all-electron scalar relativistic density functional method.
This suggested hydrolysis product of uranyl in the presence
of chlorine ions is one of the few polynuclear uranyl species
for which a crystal structure is known. The calculated gas-
phase structure is similar to the experimental crystal geo-
metry; any major deviations are due to hydrogen bonds in
the crystal. If the eight strongest hydrogen bonds are in-
cluded in a model of the complex's crystalline environment,
the calculated structure improves significantly. Based on this

model, the hydrogen bond lengths and angles were deter-
mined, indicating that they are moderate and strong with an
average binding energy of 39 kJ/mol. These computational
results corroborate earlier suggestions based on experi-
mental results concerning the location and strength of the
hydrogen bonds. In addition, a valuable reference for relativ-
istic quantum chemical methods is provided by the gas-
phase results.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The dinuclear complex [(UO,),(i,-OH),Cl,(H>0)4] (1)
has been discussed as a polynuclear species in the initial
phase of uranyl hydrolysis in the presence of chlorine
ions."?l While structural information about such polynu-
clear actinide complexes is rare, data are available from EX-
AFS studies that refer directly to the species in solution or
from a crystal structure determination if a crystal can be
grown from solution.3~31 X-ray scattering data of a solu-
tion!!l and a crystal structuret determined for 1 from hy-
drolyzed solutions of UO5;*HCI-2H,O0 indicate the presence
of the dimeric unit (UO,),(1,-OH),>", which has also been
reported in other crystal structures.>~> This moiety seems
to be an important structural element of dinuclear uranium
species in the solid state and in solution.

Recent developments in quantum chemistryl® !?! have
rendered relativistic electronic structure calculations feas-
ible for larger compounds of very heavy elements such as
the actinides and have, therefore, opened up a compu-
tational route to many of their properties. Electronic corre-
lation as well as relativistic effects substantially affect the
electronic structure of heavy-element compounds, and
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therefore have to be accounted for in a correct description
of such systems.'3] In addition, the large number of elec-
trons of these elements demands an efficient computational
method, so that one is not restricted to small or highly sym-
metric model species. This renders methods based on den-
sity functional (DF) theory very attractive.

Our first goal was to describe the gas-phase structure of
the title complex 1 using an appropriate all-electron scalar
relativistic DF approach!”-!¥ that combines a geometry op-
timization using a local-density approximation (LDA) of
the exchange-correlation functional and an energy evalu-
ation using a generalized-gradient approximation (GGA,
see Computational Details). In a second step, we modeled
the packing effects in the crystal structure of 1 and com-
pared this model with available experimental data.l’! Be-
cause 1 is neutral, long-range Coulomb interactions be-
tween the different units in the crystal should not be crucial;
rather, one expects that hydrogen bonds comprise the main
crystal packing effects.[’l Therefore, we chose a model ap-
proach which neglects the Madelung field. To the best of
our knowledge, this work is the first attempt to model crys-
tal packing effects of a dinuclear actinide species in a quan-
tum chemistry investigation. Even with its simplifications,
this model study represents a major challenge to the scalar
relativistic DF method applied.

In the next section, we describe details of the crystal
structure and present the models chosen to describe com-
plex 1. We then discuss results for geometry and energetics
of 1 and details of the calculated hydrogen bonds, and com-
pare the different models with experimental data. Finally,
we provide computational details.
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Crystal Structure and Models

Crystals of the diuranyl hydroxide dichloride complex
[(UO»)2(1,-OH),Cl,(H»0),] (1) are monoclinic with a unit
cell containing four formula units and belong to space
group P2,/n (no. 14).2) Complex 1 consists of two linear
uranyl groups linked by two OH bridges, with the bridging
oxygen centers denoted Oy. Both uranium centers are also
surrounded by one chlorine and two further oxygen centers
O, and O, due to coordinating aqua ligands. The index s
designates O centers of aqua ligands located syn relative to
a ClI ligand, while the index a refers to O centers of aqua
ligands located anti, i.e. at the same uranium center, but on
the side opposite to Cl (Figure 1). The two chlorine atoms,
one at each U center, are trans-coordinated. Overall each U
center is locally coordinated as a pentagonal bipyramid,
which is typical for uranyl moieties.!>) The central unit
(UO,),(1,-OH),>" is also present in the dinuclear hydrolysis
product [(UO5),(1o-OH)»(H,0)¢]*?* where the chlorine
atoms are replaced by aqua ligands.['l Although both OH
and O bridges may be possible in the diuranyl species!'®
previous studiest' confirmed the presence of OH bridges
at acidic pH in the initial stage of hydrolysis.
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Figure 1. Schematic structure of the dinuclear complex [(UO,),(p,-
OH),Cl,(H,0)4] (1): top view (left) and side-view (right); the ter-
minal oxygen atoms of the uranyl units are not shown in the top
view

Naturally, X-ray scattering data of the crystal structure
do not provide explicit information about the positions of
the hydrogen atoms. However, based on typical distances
and angles found in the crystal structure, Aberg predicted
three types of H bonds, X—H---Y, between adjacent com-
plexes 1 (Figure 2).1”) The four strongest, i.e. shortest, bonds
(A, B), extending in the » direction of the crystal, are as-
sumed to exist between an oxygen center of an OH bridge
and an oxygen center of an anti-coordinated aqua ligand,
OpH—0, (A) and O,—H-0, (B). (Frontier groups of an
adjacent complex 1 are designated in italics.) Aberg pre-
dicted eight additional H bonds oriented mainly in the ¢
direction.?! Each of the first four H bonds (C, D) involves
the same water oxygen center as H bond B and a chlorine
center, O,—H-CI (C) and Cl---H— 0, (D); the second four
H bonds (E, F) involve a bridging oxygen atom and a ter-
minal uranyl oxygen atom, O¢+H—0,, (E) and O,—H--0,
(F) (Figure 2). From a comparison of the corresponding
XY distances with typical values for H bonds!'”! and the
van der Waals radii of the corresponding atoms,!'®! we ex-
pect the bond strengths to decrease from (A, B) to (C, D)
to (E, F).2

To determine the structure of complex 1, we applied two
models with C; symmetry: M1 — a model of the gas-phase
structure, and, to account for packing effects of the crystal,
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Figure 2. Schematic structure of the dinuclear complex [(UO,),(p,-
OH)2C12(H20)4] (1), including the proposed H bonds A, B, C, D,

E, and F in the crystal; see text; top view (left) and side-view
(right); terminal oxygen atoms of the uranyl units are not shown
in the top view; italics indicate frontier groups of neighboring com-
plexes 1 in the crystal

M2 — a model including important features of the crystal-
line environment.

The C; symmetry of M1 does not constrain any degree
of freedom for a geometry optimization of 1. The exper-
imental crystal structure shows slight deviations from C;
symmetry because the local inversion symmetry of 1 is
broken by the arrangement of the neighboring complexes:
equivalent bond lengths scatter on average by 0.02 A.?! In
addition, the crystal structure reveals that complex 1 exhib-
its approximately C,;, symmetry if H atoms are ommited.”
Thus, to reduce the computational effort, we also used a
model MO with overall C,, symmetry to generate a starting
geometry for M1. In model MO, the OH bridges are co-
planar with the U-O,—U—-0O, plane and the coordinated
water molecules are oriented symmetrically to this plane;
these restrictions are released in model M1. To investigate
the effect of the crystal hydrogen bonds on the gas-phase
structure of model M1 we constructed model M2. Here, we
place the gas-phase complex obtained with model M1 into
a model of its crystalline environment and investigate the
relaxation of the complex due to the H bonds. Comparing
the optimized structure of model M2 with the crystal struc-
ture, we can check if the model environment can reproduce
the main effects of crystal packing.

To model the effect of H bonds with neighboring com-
plexes in the crystal, we represented neighboring complexes
1 by those frontier groups involved in the H bonds dis-
cussed above (Figure 2). To keep model M2 neutral, we
chose H,O and HCI molecules as the corresponding
counterparts. Only the heavy atoms (O, Cl) of these model
groups were placed at fixed positions derived from the ex-
perimental crystal structure.l”) Thus, the optimizations rep-
resent a relaxation of 1 in the fixed framework of heavy
frontier atoms of the surrounding species in the molecular
crystal. The locations of the hydrogen centers of the model
groups (hence also the orientations of the H bonds) were
fully optimized, subject to inversion symmetry constraint.
The Mulliken charges of the corresponding centers of O
(—=0.62 ¢) in H,O and CI (—0.24 ¢) in HCl are close to those
of the corresponding atoms of 1 as calculated with reference
model M1, namely —0.54 ¢ for O, and —0.34 e for CL
Therefore, the chemical environment of 1 in model M2
should be sufficiently similar to that of the crystal.
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Our initial, simple model of the environment accounted
only for the strongest H bonds (A, B); as expected, this
yielded improved distances and angles of atoms directly
connected to the simulated bridges but the localized forma-
tion of these selected H bonds distorts other parts of the
complex. Therefore, in model M2 we included both (A, B)
and (C, D) H bonds, still applying C; symmetry, so as to
model the eight strongest out of twelve H bonds assumed
to be present in the crystal. Neglect of the weak E and
F bridges is supported by the good agreement of the UO,
distances with experiment in all our models, indicating only
small effects of these H bonds on the strong UO, bonds.
Rotation of the complex 1 inside the “matrix’ set up by the
H bonds of the environment would result in further H
bonds to the frontier groups of neighboring complexes; to
prevent such artifacts, we constrained the equatorial ligand
atoms of the uranyl groups in a plane, in agreement with
the experimental crystal structure. This approximation was
checked by examining the structure’s relaxation (model
M2’, see below), which led to changes in bond lengths of 1
of < 0.02 A. Therefore, the following discussion will focus
on model M2.

Results and Discussion

Geometry

Table 1 summarizes the calculated structures of the three
models studied and compares these results with experiment.
First, we shall discuss the gas-phase reference model M1.
The central dimeric unit (UO,),(OH),>" consists of two
slightly different (A = 0.07 /0\) bonds U—Oy, of the bridging
hydroxy groups between the uranyl units. The OH moieties
show a longer bond U—0Oy, (2.39 A) to the uranyl where
H,O is their neighboring ligand and a shorter bond U—-Oy/
(2.32 A) close to a neighboring CI ligand (Figure 1). The
O,—H bonds are bent 66.6° out of the central
U-0,—U-0, plane. The uranyl moieties of M1 are al-
most linear (176.7°), very close to the linear structure of a

uranyl ion UO,>". The terminal oxygen—uranium distances
U-0; are significantly longer than in the corresponding
gas-phase calculations of the bare uranyl ion U0 (A =
0.08 A) and even slightly longer than calculated for the sol-
vated uranyl ion [UO,(H,O)s]** (A = 0.03 A).I'"1 Such
bond elongation is due to increasing competition with
other, equatorial ligands at the U center which bind more
strongly than water (OH, CI). For the gas-phase structure
of the analogous dinuclear complex (UOz)z(QH)z(H20)62+,
almost equal U—0O, distances (A = —0.01 A) and an in-
creased bending of the uranyl moieties (168.0°) have been
calculated.l'¥]

The U-0,, U-0O, and U—CI bonds are bent out of the
U-0,—U-0y plane by 15.9°, 0.9° and 6.2°, respectively.
Therefore, the pentagonal-bipyramidal coordination of the
U centers, which is typical of monomeric complexes,'! is
slightly distorted. The bonds to the aqua ligands U—-0O,
and U—-0O, (2.49 A) are slightly longer than uranium—water
distances in mononuclear UO,(H,0)s>* (2.42 A) and di-
nuclear!!¥ species (UO,),(OH),(H,0)s>" (2.46 A) due to an
increasing number of more strongly binding ligands. Also,
the U—CI distance (2.63 A) indicates strong ligand bonding
because it is relatively short compared to computational re-
sults for [UO,Cl4>~ where the U—CI distances are elon-
gated due to the competition of four strong bonds (2.68 A).
This latter result is in good agreement with EXAFS data
for this complex in solution (2.67 A)2% while DF GGA
calculations yield longer bonds, from 2.73 to 2.81 A.18I

As there are no experimental data for the gas phase, we
compared the results of model M1 with X-ray data in solu-
tion, to obtain initial indications of solvation and crystal
packing effects on geometry. Aberg has investigated solu-
tions of hydrolyzed uranyl(vi) chloride with constant [U] (3
M) but varying OH/U ratio, i.e. the average number of OH
groups per U atom (0—1.11).1" We choose the ratio 1.11 for
comparison, in agreement with the assumed structure of 1
that exhibits two U centers linked by two OH bridges. The
experimental results correspond to the assumed pentagonal
coordination, including one U—Cl bond [r, = 0.8(1) for

Table 1. Structure parameters (distances in A, angles in °) of models M0 (C,,), M1 (C)), and M2 (C;) of complex [(UO,),(},-
OH),Cl,(H,0)4] (1) in the gas phase (M0, M1) and in a model of the crystalline environment (M2); also shown are experimental values
and deviations AMn (n = 0, 1, 2) of calculated quantities from the crystal structure; the last line provides the types of H bonds that
directly affect the corresponding distances and angles (for the designations, see Figure 2 and text)

u-u UuU-o, U-O0, U-0,/ U-0, U-O, U-Cl 0~U-0, 0,-U-0, 0,-U-0, O,~U-Cl

MO 3785 1792 2254 2332 2463 2495 2700  168.7 68.8 74.8 70.5
M1 3801 1787 2389 2318 2493 2486  2.626  176.7 72.3 65.7 69.2
M2 3875 1790 2352 2343 2421 2497 2661 1749 68.7 68.4 68.6
Expl@  3.94(0) 1.79(2) 2.40(2) 234(2) 2.39(2) 2.503) 2.75(1) 178.2(9)  67.0(7) 68.8(9) 73.4(8)
Exp®  3.84(1) 1.76(1) 2.40(1) 2.40(1) 2.40(1) 2.40(1) 2892) ~— - - -
A MO —-0.16  0.00 -0.15  —0.01  0.07 0.00 -0.05 -9.5 1.8 6.0 -29
A Ml —-0.14  0.00 -0.01  —0.02 0.10 -001 —0.12 —15 53 -3 —42
A M2 —-0.07  0.00 —-0.05  0.00 0.03 0.00 -0.09 -33 1.7 —0.4 -438
H bonds A,B, A,B, A, B, A, B, A, B,

E,F EF E,F C,D C,D EF E F C, D C, D

[a] Ref[?, crystal structure (average values with respect to the assumed C; symmetry; maximum scattering of 0.04 A for distances and
1.7° for angles); reference for determining the deviations A = X(calc.) — X(exp.). P! Ref.l'); solution (only average value for all equatorial
U—O distances determined by experiment).
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U—Cl, where n, is the number of corresponding bonds per
U atom) and four U—O bonds [, = 4.3(2)], i.e. two bonds
to bridging hydroxy moieties and two bonds to coordinated
water  molecules  (Figure 1). The latter  four
uranium—oxygen bonds U-0O,, U-0,/, U-0O,, and
U—O;s from the first hydration sphere could not be sepa-
rated by experiment!!! so that only an average distance is
available (2.40 A, Table 1).

The U—O, distance of model M1 agrees reasonably well
with the solution data (A = 0.03 A), indicating minimal
solvation effects on the strong U—O, bond. The U—-O, dis-
tance found in solution (1.76 A) is short compared with
other experimental data for UO,2" in solution (1.76—1.78
A);P%211 in fact, one would expect a longer U—O; bond in
M1 because four aqua ligands of a completely solvated ura-
nyl complex are replaced by stronger bound ligands, namely
by two Cl ligands and two OH bridges. The polar U—Cl
bond, Qowever, is notably shorter than in solution (A =
—0.26 A) and may be elongated by screening effects and
possible H bonds in solution. The calculated average dis-
tance (2.42 A) of all equatorial U—O bonds is only 0.02
A longer than the experimental value. The bridging bonds
U—-0, and U-0y’ are significantly shorter than the bonds
U-0, and U-0O; (A = —0.14 A); indicating increased
bond strengths of the linking bridges.

Before judging the gas-phase model M1 against the crys-
tal data, we briefly compare the available experimental solu-
tion and crystal structure data. Overall, they are similar,
with a tendency to longer bonds in the crystal, except for
the U—CI distance. This may be because the H bonds in
solution are more flexible and dynamically changing than
the localized crystal H bonds; thus, the corresponding
bonds are weakened and lengthened in a more pronounced
fashion. The average U—O distance in the crystal is 0.01 A
longer than in solution. The U—U and U—Cl distances
though are noticeably different from solution, with A =
0.10 A and —0.14 A, respectively, indicative of a weakening
of the bridging bonds due to H bonds in the crystal (A and
F in Figure 2). Invoking bond order conservation at the two
uranyl moieties, this weakening would lengthen the U-U
distance and strengthen the other equatorial bonds, includ-
ing the U—CI bond.

Model M1 is in relatively good agreement with the crystal
structure, particularly considering the experimental uncer-
tainties. Only slight deviations are found for the U—0O,
(A = -0.01 A) and U-0y' (A = —0.02 A) distances; also,
the correct order of these two distances is reproduced
(U-0y > U-0y’). However, the U-U distance, which
does not represent an actual bond (3.80 A), is strongly
underestimated (A = —0.14 A), yielding a more compact
complex than the crystal structure; this is probably due to
the stronger bridging bonds. The bonds to the aqua ligands
U-0, and U—-0O, are almost equal in model M1, with a
slightly longer distance U-0, (A = 0.01 1&), whereas the
crystal U—Oy bond is significantly longer, by 0.11 A. The
distance U-0O, (A = 0.10 A) is too long compared to
experiment whereas that of U—Og (A = —0.01 A) agrees
very well. This may be traced to the effects of the H bonds

Eur. J. Inorg. Chem. 2003, 3144—3151 www.eurjic.org

involved, i.e. A, B, C, and D for U-0O, whereas the U—O
bond length is unaffected by any of the postulated H bonds
(Figure 2). The underestimation of the U—Cl distance
(—0.12 A) can be rationalized with the missing weakening
effects due to H bonds C and D. The linearity of the uranyl
moieties is very well reproduced (A = —1.5°) and deviations
of other characteristic angles are small, 3—5° (Table 1).

Before turning to the computational results for model
M2, where H bonds are taken into account, we briefly dis-
cuss results obtained with the highly symmetric gas-phase
model MO of C,, symmetry. Model MO shows surprisingly
good overall agreement with M1 (Table 1); as expected, the
main differences are with the OH bridges which are not
bent due to symmetry restrictions. In addition, the order of
the two distances U—0y, and U—0y’ is reversed (U—-0y <
U-0y"). The reduction in U-0y (A = —0.14 A compared
to model M1) gives a shorter U—U distance (A = —0.02
A) and a weakening of the U—Cl bond (A = 0.07 A) due
to the stronger bridging bonds. Although the U—O, bonds
are only very slightly elongated (A = 0.005 A), the uranyl
units are more strongly bent, 169° compared to 177° in M1,
whereas deviations of other angles range from 1 to 9°.

In model M2, the H bonds A, B, C, and D were simu-
lated to account for the crystalline environment (Figure 3).
Consequently, compared to model M1, most bonds are
elongated. All bond lengths except U—0O,, are improved in
comparison to model M1 (Table 1), with deviations A from
experiment ranging from less than 0.01 A up to 0.09 A;
even the U—U distance is distinctly elongated (A = —0.07
A). Agreement with experimental data for U-O, (A = 0.03
A) and U—-CI (A = —0.09 A) is notably improved whereas
the distance U—O; (JA] < 0.01 A) is hardly affected because
O, is not involved in an H bond. Unlike model M1, the
correct ordering of the lengths of the two types of aqua
ligand bonds U—-0O, and U—Oy is reproduced (U-0, <
U—0O0;). The calculated H bond Cl--+H—0, (D) is distinctly
longer than the experimental bond (see below), which re-
duces the effect on the corresponding U—Cl bond; this may
explain the relatively strong deviation from experiment cal-
culated for the U—CI distance (A = —0.09 A). The effect
of the H bonds A on the Oy atoms is significant: the dis-
tance U—Oy, (A = —0.05 A) changes by 0.04 A, the bending
angle of the O,—H bond is reduced from 66.6° in model

Figure 3. Optimized structure of the dinuclear complex [(UO;),(p,-
OH),Cl,(H,0)4] (1), including simulated H bonds A, B, C, and D
(model M2); also shown are calculated H-+-Y distances [A]
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M1 to 52.9°; the distance U—0," is less affected and
changes by 0.025 A. Both the angle O—U-0O, (A = —3°)
and the remaining angles (A = 1-5°) agree well with
experiment, with deviations of the same order as in model
MI.

We also find very good agreement for the strong U—-O
bonds (A < 0.01 A), in fact for all models M0, M1 and
M2. Thus, the postulated H bonds E and F seem to affect
the uranyl bonding only weakly. This corroborates our de-
cision to neglect these weak bonds in model M2. From pre-
vious results for similar systems,'*l the expected accuracy
of about *£0.02 A for bond lengths was not reached in
model M2 for the U-0O,, U-0,, and U—Cl bonds; how-
ever, inclusion of the most important H bonds in model M2
distinctly improved the results compared to model MI.
Note that the crystal structure differs slightly from the C;
symmetry assumed for the computational models, resulting
in a scattering of the experimental distances by up to +0.04
A; this is of the same order as experimental uncertainties
(0.01—-0.03 A, Table 1). Thus, for most bonds, the remain-
ing deviations are within experimental uncertainty, but may
also partly be caused by the applied symmetry restriction
and the lack of H bonds E and F in model M2.

The crystal structure provides limited information on H
bonds, but from model M2 we can locate the hydrogen
atoms involved and the angles of the simulated H bonds
(Table 2, Figure 3). The calculated H bonds A (A = —0.02
A) and C (A = 0.04 A) are in good agreement with the
X-+Y distances found in the crystal; this is noteworthy as
H bonds are not described with high accuracy with a local-
density approximation of the exchange-correlation func-
tional (see A = 0.07 A for the H bonds B and D).?? The
calculated CI---O, distance of bridge D is too long, which
seems to indicate a weaker H bond in model M2 than ex-
pected from the crystal structure. As a consequence, the cal-
culated U—CI bond is less destabilized and too short (see
above). The agreement of both chemical bond lengths and
X-Y distances of H bonds, calculated for model M2, with
the corresponding data of the crystal structure confirms
that the relaxation of the gas-phase structure of complex 1
(M1) is properly described in the simulated crystalline en-
vironment of model M2.

Our computational results for H bonds can also be com-
pared to typical datal'”! for H-Y distances and X—H-Y
angles (Table 2). Such comparison allows us to classify the
H bonds A and B as relatively strong, both resulting in
almost linear bonds with O,—H--O, angles of 173°
(Table 2). For the H bonds C and D typical weak-to-moder-
ate bonds are indicated, with elongated distances and
0O,—H--Cl angles of 171 and 156°, respectively. Charge ex-
change from individual H bonds to the corresponding ac-
ceptor atoms in the complex is small; the total electronic
charge donation of all eight H bonds is ca. 0.4 e compared
to the gas-phase model M1. According to a Mulliken popu-
lation analysis, there is a slight charge donation to centers
Oy, (0.04 ¢) and C1 (0.03 e) from the H bonds A and D and
also from H bonds B and C to both H atoms in H,O, (0.03
and 0.06 e, respectively). The calculated charge donation of
ca. 0.4 ¢ is a deficiency of our model because the molecular
crystal contains neutral units of 1. A net donation of elec-
tron charge should usually result in an elongation of bonds.
However, compared to experiment, the deviations of calcu-
lated bond lengths in model M2 are the same size as found
for the dinuclear species (UO,),(OH),(H,0)¢>".['4 Thus,
we are confident that potential artifacts due to a net charge
of complex 1 are small.

In the additional models M2" and M2'" we also investi-
gated relaxation effects of complex 1 that occur on remov-
ing the constraint that all equatorial ligand atoms of the
uranyl moieties be confined to one plane (see above). As
the crystal structure provides no evidence for H bonds to
syn-aqua ligands, there is no predefined orientation of the
corresponding hydrogen atoms, in contrast to those of the
anti-aqua ligands (Figure 2). Therefore, while maintaining
overall C; symmetry during relaxation of the constraint, two
isomers are possible. In the first model (M2’), the hydrogen
atoms of the syn-aqua ligands are oriented as in model M2
(Figure 3); in the second model (M2'"), these ligands are
rotated by about 180° around the U—O, bond.

Table 3 gives the geometries of the two structures M2’
and M2’ compared with that of model M2. At first sight,
the structures of the three models are very similar. Devi-
ations between the three models are generally < 0.02 A for
distances and < 3° for angles. The most prominent geo-

Table 2. Bond lengths [A], angles [°], and binding energies (BE) [kJ/mol] of modeled H bonds A, B, C, and D of model M2 in comparison
with the crystal structure (in parentheses) and typical values for H bonds of various strengths; frontier groups of adjacent complexes

[(UO3)1(12-OH),ClL(H,0)4] (1) are designated in italics

XoeYlal HeY X—H-Y BEI®!
M2 A 0,—H~O, 2.630 (2.65) 1.632 173.2 84
B 0,—H-0, 2.648 (2.58) 1.615 173.3 113
C 0,—H-Cl 3.177 (3.14) 2.197 171.1 14
D 0,—H-Cl 3.233 (3.16) 2.310 156.0 27
Typical values® strong 22-2.5 1.2—-1.5 175—180 60—170
moderate 2.5-32 1.5-22 130—180 20—70
weak 3.2-4.0 2.2-32 90—180 <20

[al Experimental values (ref!?) of crystal structure in parentheses. ! Binding energies calculated from 1 (M2) — 1 (M2 — 2X) + 2X,
X = H,O0 for A, B, D and X = HCl for C (see text). [ Ref.['”), typical values from various compounds.
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Table 3. Selected structure parameters (distances in A) and stability
AE (relative to M2, in kJ/mol) of C;-symmetric models M2, M2’
and M2’ (see text) of complex [(UO;),(n,-OH),Cl,(H,0),4] (1), in a
model of the crystalline environment; also shown are experimental
values of the structure parameters (for the designations, see Fig-
ure 2 and text)

u-u UuU-0, U-0, U-0, U-0O, U-Cl AE
M2 3.875 2352 2343 2421 2497 2661 —
M2’ 3.883 2353 2348 2406 2499 2.665 —7
M2 3880 2337 2363 2411 2486 2.668 12
Exp.ltl 3.94(0) 2.40(2) 2.34(2) 2.39(2) 2.50(3) 2.75(1)

[al Refl?, crystal structure (average values with respect to the as-
sumed C; symmetry; maximum scattering of 0.04 A for distances
and 1.7° for angles).

metrical difference relates to the U—0O and U—-0,’ dis-
tances. Model M2’ agrees very well with model M2, con-
cerning both length of the two bridges and their ordering
(U-0, > U—-0y'). A major improvement compared to
experiment is the shortening of U—-0O, by 0.02 A (Table 3).
Conversely, in model M2, U-0O, decreases by 0.02 A
whereas U—0,’ increases by 0.02 A compared to model
M2; therefore the ordering of the two bridges disagrees with
experiment: U-0O, < U—0,’. Thus, also taking into ac-
count small energy disadvantages of AE = 12 and 19 kJ/
mol over M2 and M2’, respectively, we rule out model
M2’ (Table 3).

Although model M2’ is calculated to be slightly more
stable than M2 (by 7 kJ/mol; Table 3), the H bond structure
favors M2 over M2'. In model M2’, the X--;Y distances of
the weak-to-moderate bonds C (A = 0.21 A) and D (A =
0.19 A) are significantly longer than in experiment; they are
also overestimated in model M2 (C: A = 0.04 A; D: A =
0.07 A), but to a considerably smaller extent. The XY
distances of the strong H bonds (A: A = —0.02 A;B: A =
—0.04 A) remain similar to model M2 (see above), and the
angles X—H---Y are only slightly affected, with changes be-
low 2°. Yet, the structural relaxation of model M2’, where
the equatorial ligands bend slightly out of the equatorial
plane, results in notable changes in H bond lengths and
removes the good agreement of the H bond network calcu-
lated for model M2 with the crystal structure.

In summary, we favor model M2 and M2’, and exclude
model M2'’ based on structure and energy arguments. M2
and M2’ are very similar if one considers the internal struc-
ture of 1. We note that the H bonds of model M2’ fit the
experiment less well. These bonds are rather flexible and
thus they change strongly with small geometry alterations
of the central complex. Nevertheless the differences between
models M2 and M2’ should not be over-interpreted, keep-
ing in mind the approximate modeling of the crystalline en-
vironment of 1.

Energetics

To compare the relative energies of our models, we chose
the low symmetry gas-phase model M1 (C; symmetry) as
reference. Model MO, where out-of-plane bending of the
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OH bridges is prevented by the imposed C,, symmetry, is
47 kJ/mol less stable. Contrary to this relatively small en-
ergy change, model M2 is 315 kJ/mol more stable due to
the simulated eight H bonds. This calculated stabilization
energy was based on the reaction 1 (M1) + 6 H,O + 2 HCI
— 1:6H,O-2HCI (M2). With respect to the eight H bonds
formed, this energy translates into an average binding en-
ergy of 39 kJ/mol per H bond, which falls in the range
20—70 kJ/mol that is typical for moderately strong H
bonds,[!”) thus corroborating the previously discussed struc-
tural evidence concerning their strength.

To estimate the strengths of individual H bonds, we re-
moved the corresponding frontier groups from model M2
and considered the model reaction 1 (M2) - 1 (M2 — 2
X) + 2 X where X = H,O for the H bonds A, B, and D
and X = HCI for H bond C. No structure relaxation was
allowed. The energies of the H bonds A, B, C, and D thus
estimated are 84, 113, 14, and 27 kJ/mol, respectively
(Table 2). These calculated energies confirm the previous
classification of the H bonds based on structural evidence:
H bonds A and B, with average binding energies of about
99 kJ/mol, represent typical strong H bonds (60—170 kJ/
mol)[!”) whereas H bonds C and D are significantly weaker,
with average binding energies of about 21 kJ/mol. Together
with the good overall agreement of the detailed geometry
of model M2 with the crystal structure, these energy results
confirm that the simulated H bonds represent the main
crystal packing effects.

Conclusion

A scalar relativistic density functional method as im-
plemented in the parallel code PARAGAUSS was employed
to study the structure of the hexavalent dinuclear uranyl
chloride complex [(UO,),(1,-OH),Cl,(H,0),] (1) in the gas
phase as well as in its crystalline environment. A local-den-
sity approximation of the exchange-correlation functional
was used for the geometry optimization; energies were de-
termined with a generalized-gradient approximation (see
below).

We applied different models to describe both the gas-
phase structure and packing effects in the molecular crystal.
The gas-phase reference model agrees reasonably well with
the experimental structure; major deviations are due to the
neglect of H bonds of the crystal environment. Notable de-
viations occur for U—O distances of an aqua ligand (too
long by 0.10 A) and U—Cl bonds (too short by 0.12 A).
We also found surprisingly good agreement for an initial
high-symmetry model which enforced coplanarity of the
OH bridges.

We described H bonds in the crystal environment via
model H,O and HCI moieties that mimic the effect of fron-
tier groups of neighboring complexes 1. In this model, the
calculated structure is significantly improved. Average devi-
ations from experiment are reduced from 0.04 to 0.03 A for
bond lengths (maximum deviation 0.09 A for U—-Cl) and
from 3.5 to 2.6° for angles (maximum deviation 5°). One
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can imagine a still further improved model that includes all
postulated H bonds.

Based on this model, the lengths and angles of the hydro-
gen bonds were determined, indicating moderate and strong
H bonds with an average binding energy of 39 kJ/mol.
These computational results corroborate earlier sugges-
tions, based on experimental results, concerning the lo-
cation and strength of H bonds. The good agreement of
both geometry and H bonds with the crystal structure con-
firms the correct orientation of the complex in the simu-
lated crystalline environment and justifies our model ap-
proach.

Computational Details

Scalar relativistic all-electron calculations were carried
out by the LCGTO-FF-DF method!®?! (linear combination
of Gaussian-type orbitals fitting function density func-
tional) as implemented in the parallel code PARAGAUSS.[?#25]
The relativistic density functional method applied is based
on the second-order Douglas-Kroll-Hess (DKH) ap-
proach!?¢-27! to the Dirac-Kohn-Sham problem.[”->8! Besides
the standard scalar relativistic variant, a two-component
version is available that includes spin-orbit interaction self-
consistently.””! Due to the closed-shell electronic structure
of the UYT species examined we refrained from including
spin-orbit interaction.

We employed two exchange-correlation functionals: the
local-density approximation (LDA) in the parameterization
of Vosko, Wilk, and Nusair (VWN),[? and the gradient-
corrected functional (generalized gradient approximation,
GGA) suggested by Becke and Perdew (BP).3!:32 Struc-
tures were optimized at the LDA level, invoking a quasi-
Newton algorithm and analytical forces.[?33 The LDA
often yields more accurate results for molecular geometries,
whereas gradient-corrected functionals perform better for
binding energies.’>3¢ Therefore, we applied the BP func-
tional self-consistently to calculate binding energies at the
structures optimized with the VWN functional.

The Kohn-Sham orbitals were represented by flexible
Gaussian-type basis sets, contracted in a generalized fa-
shion using atomic eigenvectors. For U, we used a basis set
of the size (24s, 19p, 16d, 11£),B7! contracted to [10s, 7p, 7d,
4f]. The light atoms (Cl, O, H) were described by standard
basis sets:[*81 (125, 9p, 1d) — [6s, 5p, 1d] for CI, (9s, 5p, 1d)
— [5s, 4p, 1d] for O, and (6s, 1p) — [4s, 1p] for H. To evalu-
ate the classical Coulomb contribution to the electron-elec-
tron interaction in the LCGTO-FF-DF method, the elec-
tron density is represented with the help of an auxiliary
basis set.[>31 The exponents of the corresponding s- and -
type fitting functions were generated from the orbital basis
by a standard procedure;>¥! in addition, we chose p-, d- and
f-type “polarization exponents’” as geometric series with a
factor 2.5, starting with 0.1, 0.2 and 0.3 for p-, d- and f-
type exponents, respectively. Thus, for U, the auxiliary
charge density basis set was of the size (24s, 912, 5p, 5d, 5f);
the auxiliary basis sets for Cl, O, and H were (12s, 972, 5p,

3150 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5d), (9s, 5¢%, 5p, 5d), and (6s, 112, 5p), respectively. Recently,
we checked the quality of the auxiliary basis sets for uranyl;
comparison with other DF calculations confirmed the accu-
racy of the current FF approach for actinide complexes.*”!

In the geometry optimizations, the total energy and ele-
ments of the density matrix were required to converge to
107 au; for the largest component of the displacement
gradient vector and the update step length, the convergence
criteria were set to 107¢ au. For model M1, the grid“" for
the numeric integration of the exchange-correlation func-
tional consisted of about 26200, 16000, 10000, and 8900
points for U, CI, O, and H centers, respectively.

Previous studies of various hexavalent actinide com-
pounds,?” including the dinuclear uranium species
[(UO,),(OH),(H,0),J** and [(UO,),0,(H,0).] (x = 0, 2, 4,
6),l'Y showed that the computational strategy just described
yields very satisfactory results. The LDA (VWN) functional
provided accurate bond lengths and vibrational frequencies.
Results obtained with uncontracted and contracted basis
sets agreed rather well; for the dinuclear species'* bond
lengths differed by at most 0.002 A, angles by at most 0.2°
and binding energies by at most 2 kJ/mol; for mononuclear
compounds,*?! deviations of distances were less than
0.0006 A.
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