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Abstract: The first definitive high-resolution single-crystal X-ray structure for the coordination of the
1-methylimidazole (Meimid) ligand to UO,(Ac). (Ac = CH3COy) is reported. The crystal structure evidence
is confirmed by IR, Raman, and UV—vis spectroscopic data. Direct participation of the nitrogen atom of
the Meimid ligand in binding to the uranium center is confirmed. Structural analysis at the DFT (B3LYP)
level of theory showed a conformational difference of the Meimid ligand in the free gas-phase complex
versus the solid state due to small energetic differences and crystal packing effects. Energetic analysis at
the MP2 level in the gas phase supported stronger Meimid binding over H,O binding to both UO;(Ac), and
UO,(NOs),. In addition, self-consistent reaction field COSMO calculations were used to assess the aqueous
phase energetics of combination and displacement reactions involving H,O and Meimid ligands to UOzR>
(R = Ac, NO3). For both UO,(NO3), and UO,(Ac),, the displacement of H,O by Meimid was predicted to be
energetically favorable, consistent with experimental results that suggest Meimid may bind uranyl at
physiological pH. Also, log(Knirate/ Kac) calculations supported experimental evidence that the binding
stoichiometry of the Meimid ligand is dependent upon the nature of the reactant uranyl complex. These
results clearly demonstrate that imidazole binds to uranyl and suggest that binding of histidine residues to

uranyl could occur under normal biological conditions.

Introduction

The ability of imidazole and its derivatives to serve as
coordinating ligands to uranyl (U®") is of great interest as a
model for understanding the interactions of biomolecules with
uranium species, particularly for binding at histidine residues
in proteinst In a protein, histidine contains only one site that
could bind to uranyl ions, the pyridine-like nitrogen atom from
the imidazole moiety, and there is some evidence for4his.
is unlikely that binding occurs through the pyrrole-like NH
group?! The predominant chemical form in which uranium will
exist in physiological systems is the linear uranyl dication, which
is ubiquitous under oxic conditions, with ligand binding
occurring in the equatorial region.

There is relatively little known about the molecular interac-
tions involved in the mechanism of uranyl transport and
chemical toxicity in vivo. Uranium species can be transported

proteins, erythrocytes (red blood cells), and other low molecular
mass specie’s® The metal ion binding site of transferrin proteins
is comprised of an oxygen atom from an asparate residue,
oxygen atoms from two deprotonated tyrosine residues, and
nitrogen from a histidine residue. Serum albumins also play a
role in metal ion transport, and some have a nitrogen atom from
a histidine residue at the binding sfteThus, a detailed
understanding of the structural and electronic interactions of
the histidine residue with uranyl is an important element in
developing a better picture of the interactions of uranyl with
proteins.

Most uranyt-amino acid crystal structures in the Protein
Databank (PDB) consist of acidic amino acid complexes, usually
with the free carboxylate terminus binding to urafylhis most
common binding mode is via monodentate and/or bidentate
chelation at uranium through the carboxylate oxygen atoms,

in the blood via associations with blood plasma proteins or red which tend to form strong bonds with the uranyl catfdfijust

blood cell$ as uranyl-carbonate complexes and uranyl
protein—carbonate complexésStudies indicate that U(VI) can
form strong complexes with blood transferrins, human albumin
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as found in inorganic carboxylate structuté€oordination to In methanol, the use of UXNO3), yielded a 2:1 uranyl:ligand
a secondary amine has also been observed in iminodiacetateomplex with both imidazole or 1-methylimidazole, whereas
complexes with urany#? the use of UQ(CH3CO,); yielded 1:1 uranyl:ligand complexés.

A recent review of the literature of imidazole-based moieties The differing modes of complexation were similar to what was
in actinide-containing crystalline lattices as studied by X-ray observed on the basis of IR measureméhtswas concluded
diffraction concluded that most of the structures are based onthat direct coordination of 1-methylimidazole would be likely
imidazolium cations as outer sphere ligands, which do not to occur under physiological conditions where the low pH
directly interact with the uraniurk® Perry et al reported that problem is not an issue and led to hypotheses for uranyl binding
an X-ray crystal structure was refined to contain a;(\®Ds), to histidine residues in proteil%. The NMR analysis was
dimer bridged by two water molecules, although the hydrogen supported by a calorimetric study based on the higher heat for
positions were never identified. It was suggested that two neutral formation of the 1:2 UGINOs)z:imidazole complex in solution
1H-imidazole molecules were present in the unit cell as outer versus the 1:1 UgICH3CO,)2:imidazole complex?
sphere ligands. On the basis of infrared and X-ray photoelectron Quantum chemical studies of actinide ions in both the gas
spectroscopy, i_t was subsequently concluded that the originalphase and the solution phase have provided insight into
structure was incorrect and that the structure actually is a properties that are difficult to measure experimentally, such as
hydroxide bridged dimer with two non-coordinating, 1,3-H- hinging modes and condensed phase thermodyna@f@san-
imidazolium cations in the outer sphefe. tum mechanical and molecular dynamics studies of uranyl:ligand

Evidence for the direct involvement of imidazole and Systems with Oxygen donors are by far the most common,
imidazole-based moieties in bonding in uranyl-containing including those with watetl?? acetaté®2* carbonaté325

complexes is less common. An ion exchange experiment Showe%itrate?&% sulfate?” hydroxide?® and crown ether® Compu-
that a histidine ligand can coordinate to the uranyl ion through tational studies with nitrogen donors are few in number,
the pyridine-like nitrogen from the imidazole moietyA paralleling the dominance of oxygen donor ligands in experi-
uranyk-polypeptide low-resolution X-ray structuré Shows an - menta| studies. One of the few computational examples is a
imidazole coordinated to U with a+N distance of 2.57 & gy 4y of the uranyl porphyrin complé&In addition, quantum
Other experiments including NMRcalorimetry;” conductivity, chemical calculations coupled with continuum dielectric ap-

and infrared (IR)° O.f im_idazole-containin_g ligands to l_Jra_nium proache® have been used to predict the solution structure and
suggest that coordination through the nitrogen atom is likely to behavior of a range of metal cations, including alRatijkaline
be an important binding mode under biological conditions. The earth® transition metab>-3¢ and f-element catior@3

binding stoichiometries and complexation modes of the uranyl ) )
We report here experimental results from single-crystal X-ray

cation depended on the type of uranyl salt. Marzotto et al. | . - :
diffraction and optical spectroscopy for a neutral, mixed-donor

crystallized solid samples of imidazole-containing complexes ot o ]
of UO,(CH5COy), and UQ(NOs), from ethyl acetaté? On the UO,*"/1-methylimidazole complex, UfAc)y(Meimid), (Ac =

basis of IR assignments, they concluded that the nitrate complex
consisted of two bound imidazole ligands (through the N atoms) (20)

and a bidentate and monodentate nitrate. The acetate complex  Martin, M. L. Los Alamos Sci200Q 26, 382. .
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CH3CO,, Meimid = 1-methylimidazole), synthesized and
crystallized in the ionic liquid (IL), 1-butyl-3-methylimidazolium
chloride. A computational investigation was also undertaken to
study the structural and energetic properties of the binding of
water and Meimid molecules to both Y@.c), and UG(NO3),

in the gas phase and in solution. These results clearly demon
strate that imidazole binds to uranyl and suggest that binding
of histidine residues to uranyl could occur under physiological
conditions.

Experimental Section

Sample Preparation. UO(Ac),(H.0), was obtained from Alfa
Aesar, Ward Hill, MA, and used as received. Meimid was purchased
from Aldrich Chemicals, Milwaukee, WI, and distilled prior to use.
All other chemicals were of reagent grade, obtained from Aldrich, and
used without further purification. The IL, 1-butyl-3-methylimidazolium
chloride ([Gmim]Cl), was synthesized by combining equimolar
amounts of Meimid and-butyl chloride in a round-bottom flask with
moderate stirring and heating (7€) for 72 h following previous
literature procedure¥.

UO,(Ac)(Meimid), was first isolated from an impure IL containing
excess, unreacted (i.e., incomplete alkylation) 1-methylimidazole to
which solid UQ(Ac)2(H-0), had been added. The complex crystallized
from the IL after heating to 60C followed by slow cooling to 3435
°C. Whereas impurities such as water and chloride ion are often
recognized as problems in using ILs, the presence of trace to high
guantities of unreacted Meimid is often not examined. This has
implications as unreacted Meimid may be a potential interferant in

spectroscopic measurements, for example, of metal ions dissolved

in ILs.

Once the new complex was isolated, a rational, reproducible synthesis
was carried out taking advantage of the unique solvating properties of

the IL37-39 Nine millimoles of UQ(Ac)2(H2-0), was added to a solution

of 37% (w/w) Meimid (0.05 mol) in pure [@nim]Cl followed by

heating to 60°C. Upon slow cooling to 3435 °C, yellow crystals of

the desired product precipitated directly from the IL. The crystals were

filtered, collected, and washed with hexane. Single-crystal X-ray

diffraction analysis (identical unit cell parameters) confirmed the product

from the rational synthesis to be identical to the original compound.
Infrared Spectroscopy.0.06 g of UQ(Ac).(Meimid), was dissolved

in 0.5 g of acetonitrile, a drop of the solution was layered onto a poly-

ethylene IR card, and the solvent was allowed to evaporate. Transmis-

sion spectra (Nicolette Magna-IR 560 FT-IR) were taken together with

a background for 100 scans and processed with Omnic software.
Raman Spectroscopy0.06 g of UQ(Ac)(Meimid), was washed

with hexane to eliminate any impurities, and, after drying, the solid

was placed in an NMR tube that was later used for Raman measure-

ments (utilizing a Jobin-Yvon HR800 UV confocal microscope). The
excitation line of 632.81 nm is from a HeNe laser with approximately

UV —Vis Spectroscopy.A solution of 0.03 M UQ(Ac)(Meimid),
or 2 mM UG,(Ac)2(H20), dissolved in acetonitrile was placed in a
1.00 cm path length cuvette. Spectra were measured on a Varian Optical
Cary 3C U\~visible spectrometer. Prior to recording the spectra, a
baseline of the solvent (acetonitrile) was measured and automatically
subtracted from each spectrum.

Single-Crystal X-ray Crystallography. The data were collected
on a Bruker SMART diffractometer with a CCD area detector using
graphite monochromated Modk(Z. = 0.71073 A) radiation. A single
crystal was mounted on a glass fiber and transferred to the goniometer
for data collection. The crystal was cooled-+d.00 °C under a cold
nitrogen gas stream. The structure was solved using the SHELXTL
software packag®, and the absorption corrections were made with
SADABS* The structure was refined by full-matrix least-squares on
F2. All of the non-hydrogen atoms were readily located, and their
positions were refined anisotropically. Hydrogen atoms were also easily
located and refined isotropically.

Computational Methods. The UQ(Ac)2(R), and UQ(NO3)2(R)a
(n=1and 2) complexes with B H,O and/or Meimid were optimized
using gradient-corrected density functional theory (DFT) with the hybrid
B3LYP exchange-correlation function& All of our DFT geometry
optimizations and frequency calculations were done with the Stuttgart
60 e small core RECPs and the corresponding Stuttgart orbital basis
sets for the U atofd and the TZVP DFT-optimized orbital basis set
for the O, N, C, and H atom¥éfollowing our prior work on uranyl
complexeg3 We eliminated the most diffuse functions in the U basis
set, those with an exponent of 0.005 due to the difficulty in converging
the wave function with such diffuse functions. These diffuse functions
were replaced with diffuse functions with exponents of 0.013, 0.059,
0.026, and 0.067 for the s, p, d, and f functions, respectively, obtained
by geometric extrapolation following our previous wafk/ibrational
analysis was performed to ensure that each structure was a minimum
on the potential energy surface.

Single-point MP2 calculatioi3 at the optimized DFT geometries
were also performed for all of the complexes with the modified Stuttgart
small core basis set on uranium (with added g functions) and
corresponding ECP and the aug-cc-pVTZ basi® setthe light atoms.

We have shown previously that no significant BSSE effects are present
by expanding the size of the basis ¥ MP2 calculations were
performed with the 1s core orbitals frozen on the light atoms and the
5s, 5p, and 5d orbitals frozen on uranium. Thermochemical corrections
to the MP2 energies to obtain the free energies were made by using
the geometries and frequencies obtained at the B3LYP/TZVP tével.
Solvation effects were included at the COSMO (conductor-like screen-
ing model¥® level using the Gaussian 03 implementation and a dielectric
constant of 78.39 for bulk water. Natural bond orbital (NBO) analyses
were performed at the optimized geometries at the B3LYP DFT level
with the program Gaussian 03.

All calculations were performed with the GaussiarP®8uite of

12 mW of power at the sample. The shifts were detected using a PeltierPrograms on the SGI Altix 350 and Cray XD1 at the Alabama

cooled CCD detector.
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hydrogen (H6B) and acetate oxygen (O2) atoms. These interac-
tions are also illustrated in Figure 2.

7— interactions between the N1 atoms (3.690(7) A) on the
two imidazole rings oriented diagonally along the sara€) (
plane may also be important in the crystal packing. TheNJ
bond distance (2.528(3) A) is slightly shorter than the same
distance in the UGINOs)(Py), (2.543(13) A2 (Py = pyridine)
and UQ(Ac)a(4,4-bipy) (2.636(7) A) (4,4bipy = 4,4-bipy-
ridine) complexe$§3 This shows a stronger interaction between
the metal center and the Meimid nitrogen, consistent with the
higher basicity of Meimid (K. = 7.20p* as compared to Py
(pKa = 5.23F% and 4,4-bipy (pKa = 4.82)%6 This distance is
also shorter than the same type of N interaction determined
Figure 1. (Left) ORTEP (50% probability ellipsoids) diagram of WO from a 1.6 A resolution protein X-ray structure (2.57 ¥)with
(AC)z(ll\I/IZism;itgze ?’?gvvyi?n% :eé;grOEn;)l b(ig?/rﬁglgalti%?ggjetrgsabﬁg;:f;mlé?l}r . the advantage that our model offers not only the precision of a
gfs ﬁeOz(Ac)z(Meimid)z at the B3LYP/'%ZVP/gtuttgart gIeve’I). Note the small molecule fslngle-cr.ystrlall structure d?te.rmmathn’ but also
difference in the orientations of the Meimid groups. more structural information into the uramyimidazole interac-

tion. The U=0, U—0O,, C—0O4, and C-C, distances are
Supercomputer Center, and the NWChem suite of prograomsthe consistent to within 0.040.02 A with other hexagonal-
massively parallel 1980 processor HP Linux cluster in the Molecular bipyramidal uranyt-acetate complexes as determined by Xetay
Science Computing Facility in the William R. Wiley Environmental and neutropf diffraction and EXAFS$® solution studies.
Molecular Sciences laboratory at the Pacific Northwest National  |nfrared, Raman, and UV —Vis SpectroscopyInfrared and
Laboratory. Raman spectroscopy have been extensively used to investigate
Results and Discussion the coordination modes of numerous uranyl compoGhésOn

the basis of a correlation between calculated and experimental

Crystal Structure. The crystal structure of UfDAC).- results for a wide range of U@ stretching frequencies, the
(Meimid), (Figure 1) shows that the complex resides on a | rany| stretching frequencies (and the associated force constants)
crystallographic inversion center with overall hexagonal bipy- ¢hould decrease as the number of equatorial ligands to uranyl
ramidal geometry around the uranium center. The hexagonali, reased2 The (COO) stretching frequencies can be used to
plane of uranium (consisting of four oxygen and two nitrogen yetermine whether the binding mode of carboxylate anions are
atoms) is planar to within 0.091 A.The axiaFJ=0 fragment monodentate or bidenta#&Two frequencies have been previ-
is collinear by symmetry with a 80 distance of 1.775(3) ¢ q)y reported fow(O=U=0) in UOy(Ac),: 8522 and 841
A. The two trans acetate ligands are bidentate with nearly cmL.82We find v(O=U=0) at 840 cm in the title compound
identical U-Ogcetatedistances of 2.492(3) and 2.493(3) A. The o, the Raman spectrum (Table 1 and Supporting Information),

two trans Meimid molecules are coordinated through nitrogen ,nsistent with both values. Thus, the binding of Meimid does
with a unique U-N bond distance of 2.528(3) A. Each |y (o change the basic structure of the ¥@x), core. The

heterocycle ring is oriented nearly perpendicula_r to the uranyl |p spectrum (Table 1 and Supporting Information) shows an
equatorial planed = 83.4(3}), referenced to the dihedral angle  jnense band at 916 crh for the asymmetric uranyl stretch,

Oa—U—N=C,. The uranium atom resides 0.204(9) A out of close to the value of 928 cr for UOx(Ac),62 and 910 cm

each imidazole plane so that the two imidazole rings deviate reported by Marzotto for the complex of uranyl acetate with

from coplanarity with each other by 0.407(16) A. imidazolate and watég The IR data indicate that acetate binds
The UOy(Ac),(Meimid), complexes pack along the crystal- 45 5 pidentate ligand (with the symmetiigCOO) and the
lographica axis in the same orientation with alternating regions
of Meimid and uranyl acetate along tleaxis. There are two (52) Pennington, M.; Alcock, N. W.; Flanders, D.Acta. Crystallogr.1988
types of arrangemems in the Iattlc_e. Down tﬂG_iXIS, the_ (53) %ﬁ:ﬁclk(?el\él‘: W.; Flanders, D. J.; Brown, Malton Trans.1985 1001.
molecules form columns (Supporting Information), which (54) Schoefield, KHetero-aromatic Nitrogen Compound&enum Press: New

: W : : P York, 1967; p 146.
consist of hydrogen-bonded “infinite one-dimensional chains”. (55) CRC Handhook of Chemistry and Physigéth ed.; Lide, D. R., Ed.; CRC

This is illustrated more explicitly in Figure 2, which shows that o I;ress %%DBOC& _Ratoné FL, 20952?%6- - A Solut
the hydrogen atom (H6A) from the methyl groups of Meimid () Eeffin. D bDissociation Sonstants of Organic Bases in Aqueous Solutions

interacts with the axial oxygen (O1) of uranyl from an adjacent (57) (a) Templeton, D. H.; Zalkin, A.; Ruben, H.; Templeton, L. Kcta
Crystallogr. 1985 C41, 1439. (b) Zalkin, A.; Ruben, H.; Templeton,

UO,(Ac)z(Meimid), molecule with an ©-H close contact of D. H. Acta. Crystallogr, Sect. BL982 38, 610. (c) Gutowski, K. E.; Bridges,
~2.6 A indicative of a weak €H---O=U hydrogen bond. The N. J.; Rogers, R. D. IThe Chemistry of the Actinide and Transactinide

. . . . Elements3rd ed.; Morss, L. R., Edelstein, N., Fuger, J., Eds.; Springer:
columns interact diagonally in thalf) plane via acetate methyl Berlin, 2006; Chapter 22.

hydrogen atom (H8A) and acetate oxygen (O3) short contacts. (58) 2‘965/5% %Ig 4Czharpin, P.; Vigner, D.; Heger, &ta. Crystallogr., Sect. C

The adjacent columns along thexis interact diagonally along  (59) (a) Denecke, M. A.; Reich, T.; Bubner, M.: Pompe, S.; Heise, K. H.;
H Nitsche, H.; Allen, P. G.; Bucher, J. J.; Edelstein, N. M.; Shuh, D. K.

the @c) plane through short contacts between imidazole methyl 3. Alloys Compd1998 271273 123, (b) Jiang, J.. Rao, L.: Di Bernardo,

P.; Zanonato, P. L.; Bismondo, A. Chem. Soc., Dalton Tran3002 1832.

(50) Frisch, M. J.; et alGaussian O3revision B.05; Gaussian, Inc.: Wallingford, (60) Kakihana, M.; Nagumo, T.; Okamoto, M.; Kakihana, H.Phys. Chem.

CT, 2004. 1987 91, 6128.

(51) (a) Apra, E.; et aNWChem, Version 4, William R. Wiley Environmental (61) Gal, M.; Goggin, P. L.; Mink, JJ. Mol. Struct.1984 114, 459.

Molecular Sciences Laboratory, Pacific Northwest National Laboratory, (62) Quiles, F.; Burneau, AVib. Spectrosc1998 18, 61.

Richland, WA, 2005. (b) Kendall, R. A.; et aComput. Phys. Commun. (63) Nguyen-Trung, C.; Begun, G. M.; Palmer, D. lhorg. Chem.1992 31,

200Q 128 260. 5280.
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Figure 2. Crystallographic close contacts (dashed lines) between methyl (&hi@nd methyl (H)/Qcetare illustrating infinite chains and diagonal interactions

respectively.

Table 1. Geometric and Vibrational Frequency Comparison of
X-ray and Predicted Gas-Phase Structures for UO2(Ac)2(Meimid),

parameter experiment gas phase | (Cy) gas phase Il (C)?

u=0 (A) 1.775(3) 1.774 1.783
U—OxcetareA) 2.492(3) 2.521 2.513
U—Cacetate(A) 2.844(4) 2911 2.900
U—Nimidazole (A) 2.528(3) 2.699 2.600
O—C—0 (deg) 122.1(3) 119.3 119.5
Oac—U—N=C; (deg) 83.4(3 23.00 89.1
veym(UO22T) (cm?) 840 893 87%
Vasyr(UO2T) (cm™?) 916 979 957

aSecond-order saddle poirftDue to the presence of the two rings, one
of the dihedral angles is positive and the other is negatiGalculated
value in anhydrous UCH3CO,),: 906 cntl. dCalculated value in
anhydrous UQCH3COy),: 990 cnrl.,

antisymmetricv(COO) carboxylate stretching modes at 1468
and 1538 cm?, respectively) rather than a monodentate ligand,
consistent with our previously calculated values fory(A2),.23
The Raman measurements are also consisté80) stretch at
955 cntl) with bidentate acetate binding to urasyl.

The UV—-vis spectra of UQAC)2(H20), and UQ(Ac),-
(Meimid), dissolved in CHCN (Supporting Information) show

absorption centered at 430 nm is consistent with other spectra
for uranyl-containing complexe¥.

Calculated Structures. The optimized gas-phase structures
of Meimid and HO complexes with both UgAc), and UQ-
(NO3), were calculated using DFT to study the energetics of
ligand exchange following our previous stufylable 2 contains
the calculated geometric and vibrational parameters for the
acetate and nitrate complexes with varying Meimid an®H
compositions, including U&R),(H20),, UO(R)(Meimid),,
and UQ(R)z(H20)(Meimid), wheren = 0, 1, or 2 and R=
CH3CO; or NOs. Binding of two acetate or nitrate ligands to
the bare uranyl ion results in an elongation of the@ bond
by 0.068 and 0.059 A, respectively, to 1.769 and 1.760 A. This
is consistent with more charge transfer in the acetate (0.76 €)
complex versus the nitrate complex (0.73 e) and was also
observed in a previous study using the local (SVWN) DFT
method?®

The binding of one or two water molecules to these diacetate
or dinitrate complexes results in a further increase in theCU
bond length, consistent with additional ligand-to-metal charge

no significant differences in peak shapes, suggesting equivalentﬁﬁ“) Feldman, 1., Koval, Linorg. Chem.1963 2, 145

coordination environments in both cases. Also, the visible
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Table 2. Optimized B3LYP Geometric and Vibrational Parameters (Including NBO Uranyl Group Charges) for Uranyl Nitrate and Acetate
Complexes with H,O and Meimid Ligands

NBO bond distances (A) UO?* str. (cm™)
complex charge U=0 U-0 U-OH, U~Nyeimid Veym Vasym
U022+ +2.00 1.701 1041 1141
UO,(Ac)2 +1.24 1.769 2.394 906 990
UO,(Ac)2(H20) +1.20 1.776 2.395 2.537 894 977
2.460
UO,(Ac)2(H20), +1.15 1.774 2.478 2.561 894 977
UO,(Ac)2(Meimid) +1.22 1.774 2410 2.564 895 978
2.482
UO,(Ac)2(Meimid), +1.19 1.774 2.521 2.699 893 975
UO,(Ac)2(Meimid)(H20) +1.19 1.773 2.511 2.588 2.648 895 979
UO,(NO3); +1.27 1.760 2.420 925 1011
UO,(NO3)2(H20) +1.22 1.767 2.42%5 2.505 912 996
2.46%F
UO,(NO3)2(H20)2 +1.16 1.768 2.484 2.552 910 995
UO,(NO3)2(Meimid) +1.20 1.772 2.4438 2.498 903 985
2.47P
UO2(NO3)2(Meimid), +1.14 1.773 2.525 2.596 895 978
UO3(NO3)(Meimid)(H,0) +1.16 1.770 2.509 2.583 2.566 903 987

aDistal to ligand, avgP Proximal to ligand, avg.

transfer?® In the acetate mono- and di-aquo complexes, 0.80 (a)
and 0.85 e are transferred, respectively, with averag®Wond
lengths of 1.776 and 1.774 A. In the analogous nitrate
complexes, 0.78 and 0.84 e are transferred, respectively, and
the U=0 bond lengths are 1.767 and 1.768 A, slightly shorter
than in the acetate complexes.

Interestingly, the W-OH, bond in the mono-aquo acetate
complex is~0.03 A longer than that in the nitrate structure.
This is due to a much closer-©H contact (between the acetate
oxygen and water hydrogen) in the acetate complex (2.546 A)
than in the nitrate complex (3.361 A), causing the QH, to
elongate in the latter due to their distinctly different optimal
structures (see the Supporting Information for structures). In
the acetate complex, the water molecule is approximately in
the equatorial planeQs symmetry), whereas in the nitrate, the
water is perpendicular to this plane and rotated toward a single
nitrate ligand C; symmetry).

In the di-aquo complexes (Figure 3), the-OH, bond lengths
are nearly identical, at 2.561 and 2.552 A, respectively, with
comparably short ©-H contacts in both cases (2.352 and 2.428
A, respectively). In Table 3, we compare the experimental data
for UO(NO3)2(H20), obtained from neutron and X-ray dif-  Figure 3. Optimized gas-phase structures of (a) A0&)z(H20). and
fraction with our computational resul§.6® The average  (P) UOANOs)(HzO) at the B3LYP/TZVP/Stuttgart level.
experimental (overall structures standard deviation) 0,

U—Ghirae and U-OH, bond distances are 1.7420.029, 2.501 ring into and out of the equatorial plane of the uranyl. For
+ 0.022, and 2.43% 0.026 A, respectively. The calculated example, the optimal UAc),(Meimid) and UQ(NOs)2-
U=0 and U-Oniyae (2.484 A) distances are within the (Meimid) structures are markedly different (see the Supporting
experimental error bars, but the average @H, distance is Information for structures) in this respect. In the acetate
noticeably longer than the average experimental value by 0.113complex, two local minima were located, one withsymmetry

A. This is consistent with our previous doreacceptor studies  in which the plane of the imidazole ring was perpendicular to
with water binding to the uranyl dicatid® Inclusion of second  the uranyl axis, and one wit@s symmetry in which the ring
sphere water molecules or a continuum solvation model rectifies was parallel to the uranyl axis. TI@ structure was 0.9 kcal/
this discrepancy leading to a shorter-OH, bond. mol lower in electronic energy than th@s structure. In the

The binding of the Meimid ligand to uranyl exhibits interest- itrate complex, analogou; andCs structures were optimized,

ing characteristics with respect to rotation of the heterocyclic but the electronic energy of thes complex was 0.6 kcal/mol
lower than that of th€; complex. This difference is consistent

(66) Taylor, J. C.; Mueller, M. HActa. Crystallogr.1965 19, 536. with the differences in the UNjmig and O--H distances. The
(67) Hughes, K.-A.; Burns, P. QActa. Crystallogr., Sect. @003 59, i7. N i ; ; ;

(68) Shuvalov, R. R.; Burns, P. @cta. Crystallogr., Sect. @003 59, i71. U_ Nimig d'_s’tar_]ce is 2.564 A in th? acetate and 2'498 Alin _the
(69) Eller, P. G.; Penneman, R. Morg. Chem.1976 15, 2439. nitrate. This difference of 0.07 A is due to the steric repulsion
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Table 3. Geometric (A, deg) Comparison of Experimental and Calculated Structures for UO(NO3)2(H20),

structure

U=0

U—Oniate

U=Owyo

O—N—Obound

UO2(NO3)2(H20), (B3LYP)
UO2(NO3)2(H20); (neutrony

UO2(NO3z)2(H20)4H:0 (neutrony
UO,(NO3)2(H20)2H20 (X-rayy

UO,(NOs)z(H20)2H20 (X-ray)y

UO2(NO3)2(H20)22H,0-18C6 (X-ray}

1.768
1.754(4), 1.763(5)

1.770(7), 1.749(7)
1.738(6), 1.745(6)

1.738(6), 1.778(6)

1.693(6)

2.484

2.513(5), 2.508(4),
2.491(5), 2.477(5)

2.504(5), 2.547(6)

2.490(7), 2.485(7),
2.539(6), 2.473(7)

2.482(5), 2.494(4),
2.509(4), 2.516(4)

2.482(6), 2.486(6)

2.552
2.457(4), 2.446(4)

2.397(3)
2.453(6), 2.440(7)

2.450(5), 2.481(4)

2.434(5)

113.6
115.3(3), 114.4(3)

114.6(5), 115.6(5)
117.1,113.6

114.6,113.9

114.7(7)

aFrom two crystallographically unique uranium sites, ref BReference 66° From two crystallographically unique uranium sites, ref 6Reference
68. ¢ Reference 69, 18C& 18-crown-6.

complex (0.86 €). The YN bond distances are 2.699 and 2.596
A, respectively, in the acetate and nitrate. The considerable
lengthening of this bond in the acetate is due to two factors:
strain and H-bonding. The greater-@—O acetate bite angle
induces more steric repulsion with the imidazole ligands, which
pushes the rings away from the2@)Additionally, this larger
angle allows for greater H-bonding to occur, thus causing the
ring to rotate to maximize these interactions. The smaller
O—N-—0 angle results in the same type of interactions, but to
a lesser extent; @H contacts in the acetate are 2.224 and 2.302
A, and are noticeably longer in the nitrate, at 2.566 and
2.615 A.

The calculated results can be compared to the crystal structure
data in Table 1 and by comparing the structures shown in Figure
1. In the optimized B3LYP structure, the imidazole rings lie
(£)23° out of the equatorial plane. In the solid-state crystal
structure, the imidazole rings are nearly parallel to the uranyl
encountered by the Meimid ligand in the equatorial plane due @IS, being £)83.4(3J out of the equatorial plane. A compari-
to interactions of the C2 and C4 ring hydrogen atoms with the SON of the X-ray structure and the opt!mlzed structyre (gas phase
acetate oxygen atoms (note the short-B distances of 2.342 ) reveals that the 5-O and U—Oacetated|stan9es are in excellent
and 2.446 A, respectively). In the nitrate complex, the orientation @greement (0.001 and 0.029 _A, respectively). However, the
of the ring allows for a much strongerN interaction, and  calculated U-Nimaazoredistance is too long by 0.171 A. This is
O---H contacts are not important in this case4(A). This is due to Fhe steric and I_—I-bondlng factors described above_, which
also evident in the greater degree of charge transfer ig-UO Tesult in an elongation of the N bond when the ring
(NO3)2(Meimid), and a considerably longertD bond length ~ @Pproaches the equatorial plane.
with respect to UG(NO3),. However, the small energy differ- A structure constrained wit@; symmetry (with the imidazole
ences at the B3LYP level for th@&, and Cs structures in both  rings nearly parallel to the uranyl axis) was optimized at the
the acetate and the nitrate complexes suggest that the barrier tgame level of theory, and the results are given in Table 1 under
rotation is very low and an average of both would be observed gas phase Il. This structure was a second-order saddle point,
in solution. On the Gibbs free energy surface at 298 K,Ghe ~ With the two imaginary frequencies—@1.0, —19.5 cn?)
structure is favored in both cases, by 0.4 for the acetate complexcorresponding to a rotation of the rings toward the equatorial
and 1.2 kcal/mol for the nitrate complex. plane, and is 2.6 kcal/mol higher in energy. The@ lengthens

Complexation of two Meimid ligands results in distinct —only slightly as compared to gas phase I (by 0.009 A), but the
similarities between the acetate and nitrate (Figures 1 and 4).U—OacetatedNd U=NimidazoleDONdS shorten and are now in better
Less charge transfer occurs as the imidazole ring rotates intoagreement with the experimental results differing from experi-
the equatorial plane due to greater steric interactions betweenment by only 0.021 and 0.072 A, respectively. The latter value
the ring hydrogen atoms and the acetate or nitrate oxygen atomsis shortened by nearly 0.1 A.

In UOy(Ac)2(Meimid),, the G-N—U—0Ox dihedral angle is The differences in the experimental and gas-phase structures

Figure 4. Optimized gas-phase structures of 4l0s),(Meimid); at the
B3LYP/TZVP/Stuttgart level.

(£)23.C°, whereas in UINOs);(Meimid),, the same angles are
(£)44.6, indicating that in the former complex, the rings are
rotated to a greater extent away from the parallel uranyl axis
and into the equatorial plane.

The difference in structure leads to differences in the NBO
charges, U-N distances, and ®@H contacts. Less charge

can be explained by considering the rotation barrier for the
imidazole ring. At the B3LYP level, the electronic energy

difference between structures | and I, corresponding to
simultaneous rotation of both imidazole rings, is 2.6 kcal/mol.
This small torsional barrier can easily be overcome in both
solution and the solid state, especially if the rings do not rotate

transfer occurs in the acetate complex (0.81 e) versus the nitratesimultaneously. In the solid-state crystal structure, as shown in
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Figure 2, a short contact exists between a methyl hydrogen atomcm™?, respectively. The calculated symmetric (910¢jrand
(from Meimid) and a uranyl oxo ligand~2.6 A), as well as asymmetric (995 cmt) uranyl stretching frequencies for Yo
between a methyl hydrogen atom and an acetate oxygen aton(NOs),(H,0), are overestimated by35—55 cnt! as compared
(~2.6 A). These weak interactions in the lattice could easily to experimen (vem = 874 cn! and vasym = 948 cnr? for

be responsible for the observed differences in the X-ray and UO,(NO3)2(H20)4H,0; vsym = 864 cnt and vagym = 941
isolated gas-phase structures, enabling the rotation barrier tocm™ for UOx(NOs)2(H20).-H,0), consistent with the fact that
be overcome by lattice packing interactions. the calculations are in the harmonic oscillator approximation

The geometries of mixed 4/Meimid uranyl acetate and as well as additional missing solvent effects and the use of an
nitrate complexes were also optimized to study ligand exchangeapproximate exchange-correlation functional.
energetics. The 0, U—Ogcetate and U=Oniyrare distances are Calculated Energetics.A series of combination (A- B —
nearly identical to the structures described above, which have AB) and displacement (AB- C— AC + B) reactions involving
hexagonal bipyramidal coordination around the uranium, with UO2(R)2 (R = Ac or NOs) with H,O and Meimid were
equal or slightly lower degrees of charge transfer. TheQlH, investigated at the B3LYP and MP2 levels. The combination
distances are-0.03 A greater than those in the analogous di- (1—6) and displacement (7 and 8) reactions that were studied
aquo complexes, probably due to the steric influence of the for the uranyl acetates and nitrates are shown below.
bulkier Meimid substituents.

In the acetate complex, the Meimid ligand is completely UO,(R), + H,0 = UO,(R),(H;0) (1)
rotated into the equatorial plane {Q—U—0Oxc = 1°), yet the
U—N bond length is 0.05 A shorter than in the lowest energy
structure for the di-Meimid complex. In the mixed complex,
the smaller HO ligand allows for less equatorial crowding, and
the imidazole ring can more easily approach the U center. In
the nitrate complex, the CN—U—Oirate dihedral angle is
+35°. The fact that the imidazole ring does not rotate entirely
into the plane is due to a balance of factors between attaining UO,(R),(Meimid) + H,O — UO,(R),(Meimid)(H,0)  (5)
a short U-N distance (2.566 A) and ring rotation for H-bond
stabilization. The ©-H contacts in the acetates and nitrates
are ~2.2 and~2.4 A, respectively. The structures for these UO(R),(H;0) + Meimid — UO,(R),(Meimid)(H,0)  (6)
complexes are given in the Supporting Information.

Calculated Vibrational Frequencies.Symmetric and asym- imid —
metric uranyl vibrational freqquencies fo)r/ all of the acetai/e and UOAR)(H;0), *+ Meimid o
nitrate complexes are also listed in Table 2. Formation of the UO,(R)(H0)(Meimid) + H,0 (7)
diacetate and dinitrate complexes from the bare uranyl ion results o Lo
in a lowering of the symmetric stretch by 135 and 116&m UO,(R),(H,0)(Meimid) + Meimid o
respectively, and the asymmetric stretch by 151 and 129.cm UO,(R),(Meimid), + H,O (8)
respectively, consistent with the amount of charge transfer to
the uranium center and elongation of the=O bond. This is
also consistent with our previous work, which showed that this
effect is more dramatic in the acetates than in the nitrates (for
the mono-and di-ligand complexe8)in the acetates, formation
of the O and Meimid complexes results in lowering of the
symmetric and asymmetric stretches by a value-@2 cnt?!
irrespective of the number of ligands.

UO,(R),(H,0) + H,0 — UO,(R),(H,0), )
UOL(R), + Meimid — UO,(R),(Meimid) 3)

UO,(R),(Meimid) + Meimid — UO,(R),(Meimid), ~ (4)

The energy and enthalpy changes in the gas phase for reactions
1-8 for acetate and nitrate are provided in the Supporting
Information, and the gas-phase free energy changes are in
Table 4.

The B3LYP/TZVP/Stuttgart calculations were used to obtain
the optimized structures, vibrations, and thermochemical cor-
rections used in the higher-level MP2 calculations. We have
shown previously that MP2 calculations involving large aug-

The calculated uranyl symmetric and asymmetric stretches . .
. . cc-pVnZ (n=T or Q) basis sets for light atoms and the Stuttgart
(Table 1) in structure gas phase | are 53 and 59 chigher small core RECP and basis set (with g functions) on uranium

than the experimental values. In structure gas phase Il, thesem actinide-containing systems can adequately describe the
differences are reduced to 35 and 41énrespectively, and g sy q y

L . . . binding energetics of the uranyWater exchange reaction, and
the remaining differences will be due to neglect of anharmonic that BSSE corrections can be neglec&d@he B3LYP results

and long-range (second sphere) solvent effects as well as . .
otential effects due to the functional that was used. This is are consistently more positive than the MP2 results, between
P ) ~4 and 10 kcal/mol for the acetates and betweehand 12

consistent with earlier observations that binding of the ligand keal/mol for the nitrates, analogous to what was observed in

does little tq affect the basic Lihc), core. . _our water binding stud$? As a result, the B3LYP reaction
For the nitrates, the degree of symmetric and asymmetric g rgies, particularly the free energies, were not used for the
stretch lowering (with respect to UMOs)z) has a small 51y ati0n analysis and are included only for comparison.

dependence on thg ligand. F.ormation of the mono- and di-aquo e mp2 gas-phase reaction enthalpy chandeyég) for the
complexes results in a lowering of these stretches by 14 and 15, yition of a single water molecule to W@c); is quite negative

-1 i imi i o - :
cm™, respectively. In the UGNOs)(Meimid) and mixed 51 4 kcal/mol). The positive entropy contribution resulting
complexes, this lowering amounts to 22 and 25 &mespec-  fom the formation of a single molecule from two reactant
tively. Finally, in the UQ(NOs)z(Meimid), complex, the
symmetric and asymmetric stretch lowering was 30 and 33 (70) McGlynn, S. P.; Smith, J. K.; Neely, W. G. Chem. Phys1961, 35, 105.
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Table 4. Gas-Phase and Solution Reaction Free Energies
(kcal/mol) in Aqueous Solution and Methanol for UO3(R).
Complexes at 298 K?

AGso\n lOQ(K) AGsoln |Og(K)
n AGgs H,0 H,0 MeOH MeOH
R=Ac

(1) —-12.9 —13.4 9.8 —10.6 7.8
%) 6.9 -6.3 4.6 -35 2.6
(3) —24.9 -20.7 15.2 —-20.5 15.0
4 -7.7 —45 3.3 -4.0 2.9
(5) -2.0 -1.2 0.9 1.7 -1.2

(6) —-14.0 -85 6.2 -8.2 6.0
) -7.1 -2.2 1.6 -4.7 3.4
(8) -5.7 -3.3 2.4 -57 4.2

R =NOs

(1) —-17.4 —-17.2 12.6 —-14.1 10.3
%) —11.2 -95 7.0 —-6.9 5.1
3) —34.0 —26.3 19.3 —26.1 19.1
4) —18.5 —15.6 114 —15.6 114
(5) -85 -8.9 6.5 -6.1 45
(6) -25.1 -17.9 13.1 -18.0 13.2
(@) —13.9 —8.4 6.2 —-11.1 8.1
) -10.0 6.7 49 -95 7.0

a|ndividual contributions to water and methanol solution energies
provided in the Supporting Information.

molecules yields aAGygg of —12.9 kcal/mol. Addition of a
second water is also very exothermitHygg = —17.7 kcal/
mol), and the—TAS contribution (10.8 kcal/mol) is larger,
makingAGgyog relatively less favorable at6.9 kcal/mol. In this
second reaction, the TAS contribution is comparable to the
gas-phase equivalent for a single freegCHmolecule of 13.5
kcal/mol. Thus, there is a minor entropy effect for the binding
of a second KD molecule to UGAc),, and the only significant
contribution is the loss of entropy of the free water molecule.
Thus, UQ(Ac)2(H20) and UQ(Ac)2(H20), have comparable
flexibility.

The addition of a single Meimid ligand to UWQAc), is
considerably more exothermic than that of0{ with AHzgs =
—36.0 kcal/mol, a difference of 14.6 kcal/mol. This is a result
of the higher Lewis basicity of the Meimid ligand as compared
to H,O, on the basis of the gas-phase proton affinities of 229.3
and 165.0 kcal/mol! as well as H-bonding stabilizing effects,
The —TAS contribution of 11.1 kcal/mol for this reaction is
roughly one-half that of the calculatedTAS for the free
Meimid ligand (22.2 kcal/mol), resulting in a reaction free
energy of—24.9 kcal/mol. However, the addition of a second
heterocyclic ligand is comparatively less exothermic, with a
AHzggVvalue of only—17.3 kcal/mol, primarily due to the steric
factors described above in the geometric analysis, which
lengthens the BN bond (weakens the interaction). ThREFAS
contribution for this reaction is 9.6 kcal/mol, resulting in a
reaction free energy of 7.7 kcal/mol. In the Meimid combina-

mol. However, the addition of Meimid to UfAc)2(H20) is
quite favorable, with a reaction free energy-0£4.0 kcal/mol.
This is due to the higher Lewis basicity of the Meimid ligand
and is consistent with what was observed for reactiond.1
The —TAS contributions in these reactions are also consistent
with previous results. The TAS contribution (10 kcal/mol) for
the water reactions approaches the gas-phakasS value for
H,0 at 298 K, whereas the greater conformational flexibility
of the Meimid product results in aTAS contribution (12.7
kcal/mol) comparable to that of the water reaction.

The displacement reactions (7 and 8) are shown with respect
to water displacement by the Meimid ligand. Understanding and
accurately quantifying the energetics of these reactions in the
gas phase is critical to assessing the solution-phase behavior.
The free energy change of the first reaction, in which a bound
H>O molecule is displaced by a Meimid ligand from the di-
aquo complex, is-7.1 kcal/mol. Interestingly, the subsequent
reaction, in which the remaining water molecule is displaced,
is favorable by—5.7 kcal/mol, an amount comparable to the
single water displacement. The free energy difference between
the two reactions of only-1.4 kcal/mol is quite small and is
consistent with what was found for the combination reactions.
The small difference is attributable to the steric factors involved
with binding a second Meimid ligand. The difference between
AHz9s andAGygs for these two reactions i51.9 and—0.4 kcal/
mol, respectively, indicating that the reaction energetics are
dominated by the reaction enthalpy exothermicity, consistent
with the fact that there is no net change in the number of free
particles. If one compareAEegec and AHsgg for the reactions,
there is no difference, meaning that the change in electronic
energy is the driving force for the reaction.

The reaction energetics for the Y@Os), complexes involv-
ing H,O and Meimid are also listed in Table 4 and the
Supporting Information. The individual reactions here warrant
little additional discussion, as the conclusions are essentially
the same as those found for the acetates. For all of the
combination and displacement reactions studies, the reaction
enthalpies and free energies are significantly negative, indicating
that they are favored in the gas phase as was observed for the
acetates. However, it is important to note that in all of the
reactions, the free energy changes for the nitrates are signifi-
cantly more negative than those for the acetates, in the range
of —4.3 to —11.1 kcal/mol. The reason for this is due to the
slightly greater electron-donating character of the acetate ligand
to the uranyl over the nitrate ligand, thus allowing for a greater
Lewis acid-base interaction with the 4 and Meimid ligands
in the nitrate complexes. The equatorial bulkiness of the nitrate
is less than that of the acetate (indicated by a smaller bite angle
and absence of methyl group), thus allowing equatorial Lewis

tion reactions (3 and 4), there is a relatively greater amount of base ligands to interact more strongly due to smaller steric

conformational flexibility in the products as compared to the
H,O-containing products, as evidenced by the smdallAS
contributions, which are comparable to the water reactions.
The remaining two combination reactions (5 and 6) involving
the formation of mixed ligand complexes show distinctly

different reaction energetics depending on the reactant ligand.

The addition of an KO molecule to UQ(Ac)(Meimid) is
slightly favorable, with a reaction free energy of ori®.0 kcal/

(71) Hunter, L. P.; Lias, S. Gl. Phys. Chem. Ref. Datt998 27, 413.
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constraints.

Quantum chemical continuum solvation models can be used
to study the solution energetics of the binding of uranyl to
imidazole and related compounds. The continuum-based sol-
vation model used in this study partitions the sotutelvent
environment into two distinct regimes, one of which is a cavity
containing the solute molecule, and the other is the solvent
medium surrounding the cavity defined solely by its dielectric
constant. Induced charges on the surface of the cavity due to
solute-solvent polarization allow one to obtain the free energy
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of solution of the solute under study. To obtain solution
energetics, accurate calculations in the gas phase are require

defined a®dAG = AG(b) — AG(a) (for (a,b)) for the reaction
pairs (1,3), (2,6), and (5,4) for R Ac are —7.3, —2.2, and

as the solvation corrections are in addition to the gas-phase free—3.3 kcal/mol, respectively, with the reaction with Meimid

energies?!

Table 4 contains the COSMO solvation free energy contribu-
tions to the solution free energy for the uranyl acetate and nitrate
reactions 18 described previously. The solvation energy
corrections, both electrostatic and nonelectrostatic (included
separately in the Supporting Information), were applied to the

being favored in each case.

In solution, although there may be competition between the
ligands, the binding of Meimid is favorable in each case and
will ultimately be the thermodynamic product. L&Q(values
were calculated for the reactions using l8g= —AGs/
(2.30RT). For the reactions pairs (1,3), (2,6), and (5,4) for R

MP2 gas-phase reaction free energies. The electrostatic contri= Ac, the ratios of the lod{y/Ks) values were determined to

butions for nearly all of the reactions (except the final displace-
ment reaction) are small, positive values. In the combination
reactions, this is due to the differential solvation of two smaller
reactant molecules over one larger product molecule. In the

be 5.4, 1.6, and 2.4, respectively. Assuming that reaction pair
(5,4) for R= Ac is the observed set of competing reactions in
solution, it would be expected that the di-Meimid product would
be the favored product over the mixed ligand complex in

displacement reactions, the electrostatic solvation free energysolution by a ratio of log{) values of 2.4. The displacement

contribution is very small, and in fact almost negligible, due to
the stoichiometry of the reaction, in which the same number of
particles is maintained on each side. The final displacement

reactions 7 and 8 for R= Ac for the substitution of KO by
Meimid also favor the Meimid-substituted products, bg.2
and —3.3 kcal/mol, for the single and double displacement

reaction for both the acetate and the nitrate has a negativereactions, respectively. Of course, &g and logKs) can be

electrostatic contribution to the solution free energy, likely due
to better solvation of the smaller free,® molecule. It is
important to note that in all of the reactions for the acetates
and nitrates, the nonelectrostatic contribution to the solution free
energy appears quite small, in the rangetdf1 to—2.0 kcal/
mol. However, for some reactions, this contribution is actually

obtained from log{¢/K2) and logKs/K;), respectively.

A comparison of the\Gsq, values for the nitrate and acetate
systems shows that the former are always more negative than
the latter by—3.4 to —11.6 kcal/mol. ThedAGgq, values for
reaction pairs (1,3), (2,6), and (5,4) for R NO3z are —9.1,
—8.4, and —6.7 kcal/mol, respectively, considerably more

a large percentage of the electrostatic energy and must befaygrable than the analogous acetate reactions. Here, the log-

included for completeness. The total solvation contribution to
the solution free energy is listed aAGgo(total) in the
Supporting Information. For all of the reactions, the total
solvation contribution is positive, ranging from 0.0 to 7.4 kcal/
mol for the acetates and 0.8 to 9.6 kcal/mol for the nitrates.
Also included in the Supporting Information is a standard
state free energy correctiodGs s) needed to appropriately
describe the aqueous solution chemistry. Sumnti@y.s and
AGgq(total) yields the solution free energy change that is
appropriate only for the hypothetical gas-phase concentration
of 1 M atP =1 atm andTl = 298.15 K. If a different standard
state is used, corresponding to solution concentrations of Meimid
and HO of 1 M (P = 24.5 atm) and 55 MR = 1354 atm),

(Ky/Kg) equilibrium values are 6.7, 6.2, and 4.9, respectively.

It has been noted previously by both Marzotto and Koztow-
skil® and Dawidowicz-Rozniatowskafrom experimental mea-
surements, primarily in methanol, that uranyl acetate and uranyl
nitrate exhibit differing coordination preferences for imidazole
or 1-methylimidazole. It was observed that the 1:1XX2),:
ligand and 1:2 UQ@NOs),:ligand complexes formed under
otherwise similar conditions. These observations are directly
supported by our solvation calculations. The reaction free
energies in solution for reaction 3 for both=R Ac and NG
are both very exothermic, indicating that they are thermody-
namically favorable in solution. However, reaction 4 for=R
Ac is far less favorable than reaction 4 for=RNO; for the

respectively, at 298.15 K, then the free energies must be adjusteqq mation of the disubstituted Meimid acetate and nitrate

accordingly’? In the combination reactions, where there are
Meimid and HO molecules as free reactant entities, this
amounts to a reduction in the reaction free energies b

and—4.3 kcal/mol, respectively. In the displacement reactions

the differential free energy adjustment due to the presence of

H,O products and Meimid reactants results in an adjustment in
the reaction free energies by2.4 kcal/mol.

The resulting corrected reaction free energies in aqueous
solution, AGsqin, are also shown in Table AGsq, is found to
be negative for all of the acetate and nitrate combination and
displacement reactions, indicating that the studied reactions
should be spontaneous (favorable) in solution from a thermo-
dynamic standpoint. For the acetate combination reactions, it
is interesting to compare the free energy differences between
reactions,0AGsein, in which Meimid and HO competitively
bind to the same uranyl reactant compl&¥AGson values

(72) (a) Asthagiri, D.; Pratt, L. R.; Ashbaugh, H. 5.Chem. Phys2003 119,
2702. (b) Ben-Naim, A.; Marcus, Yl. Chem. Phys1984 81, 2016. (c)
Marcus, Y.Biophys. Chem1994 51, 111. (d) Hummer, G.; Pratt, L. R.;
Garca, A. E.J. Phys. Chem1996 100, 1206. (e) Martin, R. L.; Hay,
P. J.; Pratt, L. RJ. Phys. Chem. A998 102, 3565.

complexes, respectively, by 11.1 kcal/mol. The KgfadKac)
value for this reaction is 8.1, suggesting that the,(NDs),-
(Meimid), complex would be distinctly favored in a solution
containing both uranyl reactants. Displacement reaction 8 for
oth R = Ac and NG forming the disubstituted Meimid
complexes from a mixed ligand complex also shows the same
trend. The reaction free energy in solution for reaction 8 for R
= NOs is more negative than that of reaction 8 fo=RAc by

3.4 kcal/mol. In addition, the lo&(iraidKac) value for (8) is
2.5, suggesting the equilibrium preference for the disubstituted
nitrate complex over the acetate complex.

These results suggest that Meimid will directly participate
in binding to the uranyl cation in solution at neutral pH and
will also displace water molecules in the first hydration sphere.
This has implications for the complexation of the uranyl ion
with histidine residues in proteins in biological systems. At
physiological pH, it is highly likely that the nitrogen of the
imidazole side chain in histidine may directly bind the uranyl
cation, and the energetics of binding will be dependent upon
the ligand substitution pattern around the uranyl. This is
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consistent with experimental studies in methanol, which have with respect to HO/Meimid ligand exchange. Our calculations
concluded that imidazole may be involved in ¥¥Obinding at indicate that Meimid will displace O molecules in the first
histidine side chains in proteins under conditions in which the coordination sphere of both U@\c), and UQ(NOs), com-
imidazole is not protonated and may play an important role in plexes in the gas phase and in agueous solution. The predicted
bioinorganic complexes. log(KniraidKac) ratios support the experimental evidence, which
Table 4 and the Supporting Information also contain COSMO shows that the Meimid complexation stoichiometries depend
results using a dielectric constant for that of methanol (MeOH) on ligand type (Ac or N@). Also, Meimid complexation was
for reactions 8. The results observed for,8 and MeOH more favorable than ¥ complexation due to differences in
solvents are very similar as the large magnitudes of the dielectricthe Lewis basicity of the ligands.
constants (78.39 for #0 and 32.53 for MeOH¥ result in nearly Our results strongly suggest that Meimid will directly
negligible differences in the electrostatic contributions. The cqordinate to the uranyl cation at pH’s where the imidazole is
largest differences between,® and MeOH are the individual ot protonated, for example, at physiological pH. Thus, it is
nonelectrostatic contributions, which cancel in the reactions, yery |ikely that the imidazole moiety in histidine residues of

similar to the reactions i.n W_ater. Standard state _corrections areproteins will directly coordinate to the uranyl cation. The actual
affected by solvent choice in the cases of reactions 1, 2, 5, 7, gnergetics of binding will depend exactly on the environment
and 8 due to different effective concentrations in solution. The ¢ the ligands around the uranyl core. In addition to the
experimental conclusions in MeOH are also7 likely to be true pinchemical implications, our results also suggest that unreacted
for H,0, supporting the original hypothes¥s. Meimid can be a potential interferant in applications, for

Li et gl. reported equilibrium constaiit§ ior the biridiiig of example, spectroscopic, involving metal ions dissolved in ILs.
UO2* (in the form of a chloride) to histidine and histidine
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