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Abstract. A cost-effective computational methodology designed to study astatine (At) chemistry in
aqueous solution has been established. It is based on two-component spin-orbit density functional
theory calculations and solvation calculations using the conductor-like polarizable continuum
model in conjunction with specific astatine cavities. Theoretical calculations are confronted with
experimental data measured for complexation reactions between metallic forms of astatine (At*
and AtO™) and inorganic ligands (CI-, Br- and SCN"). For each reaction, both 1:1 and 1:2
complexes are evidenced. The experimental trends regarding the thermodynamic constants (K) can
be reproduced qualitatively and quantitatively. The mean signed error on computed Log K values
is -0.4, which corresponds to a mean signed error smaller than 1 kcal mol™!' on free energies of
reaction. Theoretical investigations show that the reactivity of cationic species of astatine is highly
sensitive to spin-orbit coupling and solvent effects. At the moment, the presented computational
methodology appears to be the only tool to gain an insight into astatine chemistry at a molecular

level.

Introduction

Astatine (At) is the heaviest halogen (element 85), found
below iodine in the periodic table of the elements. One of its
isotopes, At-211, is a promising candidate as a therapeutic
agent in nuclear medicine."> 2 It is a 100% alpha emitter, with
a half life of 7.2 h. Sufficiently high energy X-rays
accompany these characteristic alpha emissions, allowing
external At-211 distribution imaging.> Monitoring the X-ray
emissions provides useful concerning the dosimetry, tumor
accumulation and normal tissue deposition of At-211-labeled
radiopharmaceuticals. Two recent reviews summarize the use
of astatine as a radiotherapeutic agent.* 3 Although much of
the chemistry described for halogens is applicable to astatine,
the chemical similarities between astatine and its nearest
halogen neighbor, iodine, is not always obvious. Indeed, At
chemistry in aqueous solution is not well understood. Astatine
is one of the most difficult elements to investigate from a
chemist’s point of view: it is a rare element since there is no
stable isotope of astatine (production is with accelerators
capable of accelerating alpha particles to high energies), with
its longest-lived isotope having a half-life of 8.3 h. It can be
considered as an invisible element since all investigations
were derived from radiochemical studies at ultra-trace
concentrations (typically smaller than 107 mol/L) and no
spectroscopic tools can be used to evaluate astatine chemistry
at the molecular level.

From a theoretical point of view, atomic astatine and few
small species containing astatine were mainly studied as
simple model systems to investigate the reliability of quantum
chemistry methods.%?° There is currently a growing interest in
using relativistic methods for higher-accuracy calculations.
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The most accurate approach to incorporate relativity would be
to perform four-component (4c) calculations based on the
exact relativistic Hamiltonian. The straightforward way to
construct the relativistic many-electron Hamiltonian is to
augment the one-electron Dirac operator with the Coulomb or
Breit operator as a two-electron term. Hartree—Fock founded
(DHF) and Kohn-Sham (DKS) methods with a four-
component Hamiltonian have become familiar?!-?* but they
have an intrinsically big computational cost and their use is
still limited to small molecules, mostly for benchmarking
purposes. While there has been considerable progress in
reducing the cost of such calculations,'® 2* the applicability of
the four-component theory to large molecular systems is
hindered mainly by the comparatively early stage of
development of the relevant algorithms and codes.?> As an
alternative  approach, two-component  (2c¢)
quasirelativistic approximations have been proposed and
applied to chemically interesting systems containing heavy
elements. Accurate descriptions of relativistic effects could be
obtained with the familiar Douglas—Kroll (DK#n) approach,
involving a transformation to the nth order of the Dirac
Hamiltonian,'?- 26 or using the nth order regular approximation
(ZORA, FORA) of the exact relativistic Hamiltonian.?”- 28 For
large molecular systems, the most appealing quasirelativistic
approach is to switch to relativistic effective core potentials
(RECPs) or pseudopotentials (PPs). Approximate calculations
based on RECPs or PPs are known to successfully yield
results that are very close to the all-electron results without
introducing any empirical parameters.'> 16 20, 29 30 n this
context, several theoretical studies on At, HAt and Atz species
have been conducted, in order to check various relativistic and
quasirelativistic computational methods. The theoretical
interest in astatine and its compounds is related to the fact that

several
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these species are subject to large relativistic effects, notably
spin-orbit (SO) coupling (c¢f. Table S1 in Supplementary
Information). High level calculations predict that the SO
interactions reduce by one third the astatine’s electron affinity
(EA) and the dissociation energy (D.) of HAt. In the case of
Atz, the SO coupling contribution to D. is greater than the
value of the dissociation energy; the vibrational harmonic
frequency (w.) is also strongly affected (almost 50 %
reduction).

Apart from these fundamental studies, no theoretical
investigation has been reported concerning one of the few
astatine compounds that are experimentally evidenced.?!-*°
There is an actual need for a very cost-effective method that
enables to study medium size species without neglecting the
important SO effects specific to astatine. In this work, we first
present experimental results on the complexation properties of
the cationic forms of astatine in solution. Recently, At" and
AtO* species (jointly referred to as At(x)") have been
identified as the major chemical forms of astatine in acidic
aqueous solution.*’ Both species were mixed with inorganic
ligands, namely CI~ and Br-, and the complexation constants
were measured using a competition method. These findings,
and those of a previous study of At(x)* reactions with SCN-
species,*! were used in a second step to support an original
computational methodology designed to study the astatine
chemistry solution. The theoretical approach has
particularly low computational demand because it involves (i)
two-component quasirelativistic density functional
calculations performed in gas phase, (ii) solvation calculations
based on a efficient continuum model, and (iii) all
calculations use a relativistic pseudopotential for At atom.

in

Materials and experimental methodology
Reagents and production of astatine-211

All reagents were of analytical grade or better. The solutions
were prepared using Milli-Q water and all experiments were
conducted air-conditioned laboratories. At-211 was
produced via the 2Bi(a, 2n)?''At nuclear reaction at the
cyclotron CEMTHI in Orleans, France. A bismuth target is
irradiated for two hours by a 28 MeV alpha external beam.*?
After irradiation of the target, At-211 is isolated using a ‘wet’
process developed by Alliot et al.*® resulting in a 500 uL
solution of 0.1 mol/L NaOH with a specific volume activity
close to 1 MBg/mL. The sample’s purity was verified and
quantified by gamma ray spectroscopy with a high purity
germanium (HPGe) detector. The activity of the stock astatine
solution was determined using the X-rays from both Po-211
and At-211, as well as the 687.0 keV y-rays from At-211.4

in

Competition method

At" was prepared in 0.1 mol/L HCIO4 and NaClO4 solution
(pH=1 and E ~0.6 V vs. NHE) and AtO" with a mixture of
5103 mol/L K2Cr207, 0.1 mol/L HCIOs and 0.1 mol/L
NaClOs (pH=1 and E~1V vs. NHE).**The stability
constants between inorganic ligands (Cl-, Br") and cationic
species of astatine (At(x)") were determined using a
competition method proposed by Champion et al*' and
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previously used with the SCN™ anion. The method consists in
studying the distribution of astatine between aqueous phase
and toluene as a function of ligand concentration. The system
(5 mL of organic phase and 5 mL of aqueous phase were
brought into contact in Pyrex tubes) is first equilibrated before
astatine addition. Two hours of shaking were sufficient to
achieve distribution equilibrium of At(x)" between the phases.
After phase separation, an aliquot of aqueous and organic
phases were withdrawn to derive the distribution coefficient
D:

_ Vorg X AOrg M

Via x4y
where Vorg and Vaq represent the volume of the given phase,
and Aorg and Aaq define the isotope’s activities in the organic
and aqueous phases, respectively. These activities were
measured using liquid scintillation counting with a Packard
2550 TR/AB Liquid Scintillation analyzer with the Ultima
Gold LLT scintillation liquid.*® Uncertainties associated with
D values were calculated according to the following equation:

2
T4 Oa  Oh, O
O'DZD ==

2

At least three experiments were performed in parallel under
the chosen experimental conditions. The average values are
given with uncertainties corresponding to a 95% confidence
interval.

Determination of the stability constants

Considering the pKa values of HCI and HBr,*® dissolved NaCl
and NaBr salts yield in the experimental conditions Cl~ and
Br species which interact with At(x)* as follows:

P
Atx)" +mX = A(x)XL" (3)
with X~ corresponding to Cl- or Brand At(x)X'" to the
complex formed with a 1:m stoichiometry. The stability
constant associated to the formation of the complex, [, is
given by:

(A)X5™)
B, = ANCX, ) @
(At(x)")(X")
where the data in parenthesis represent the activities of the
species at equilibrium. Without any ligand in solution,

astatine distribution Do can be expressed by:

|

_ 5
[ 41(x)"] ©)

0

where 47(x)* represents astatine species in organic solution
and A#(x)* the species in aqueous solution. In the presence of
X~ ligands in solution, the distribution of astatine varies and
depends on the concentration of the formed complexes:
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Several complexes with 1:n stoichiometry can be present in
aqueous solution. Thus, the astatine distribution between
aqueous and organic phases can be expressed as a function of
the ligand concentration in aqueous solution:

D

D=0 @)
1+ B, [X ]

The number and the nature of the formed complexes together
with the stability constants were derived by a fitting procedure
of titration curves, i.e. by analyzing the dependence of D
values on X~ concentration. We used the same procedure as
described by Champion et al.,*' the modeling involving the
CHESS calculation code.*® All the thermodynamic constants
are given for 298.15K, 1 mol/L standard state and
extrapolated at null ionic strength using the Truncated Davies
equation.’?

Computational methodology
SODFT method and basis sets

The application of density functional theory (DFT) appears
particularly attractive for heavy-element systems due to the
computational expediency and the implicit inclusion of
electron correlation effects. However, relativistic effects
become as important as electron correlation effects for heavy-
elements and should be treated on the same footing. One may
distinguish between electron spin-independent (scalar) and
spin-dependent effects. The leading spin-dependent effect is
the coupling between electron spin and orbital momentum
(SO coupling), which in particular for heavy p-elements may
be of similar size as scalar relativistic effects. The spin-orbit
DFT (SODFT) approach implemented in the NWChem
programs package®' has been successfully used to investigate
relativistic effects on molecules containing halogen
elements.3% 5253 This approach takes advantage of RECPs and
PPs, which replace inner-core electrons and introduce scalar
and, optionally, spin-orbit terms into the variational treatment
of the one-electron spin-orbit operator, to include SO effects.
Furthermore, the non-relativistic formalism operating with
orbitals represented by real numbers is extended to a two-
component formalism with complex orbitals (spinors). There
can be many variations in the form of RECPs and PPs, the
present PPs are expressed by the following form:

Z, ' :
VPP(r):_Tﬂ-'_ZBlI/\' exp(—ﬂ;rz)P,j ®)

ik

where Ze is the charge of the inner-core. The sum runs over a
Gaussian expansion (index k) of semi-local short-range radial
potentials which are different for different orbital angular-
momentum quantum numbers / and, for a given /, for the two
total one-electron angular-momentum quantum numbers
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j=1+1/2 (P; is the projector onto the complete space of
functions with angular symmetry /, j around the core under
study). The parameters Bjx and fjx are adjusted so that Vpp in
two-component valence-only atomic calculations reproduces,
as closely as possible, a set of all-electron reference energies.
We have selected for our calculations the widely used
B3LYP*7 density functional. Relativistic effects were
introduced using the (small-core) scalar or spin-dependent
ECP60MDF pseudopotential generated by the
Stuttgart/Cologne group for At atom.'? At first, we opted to
the aug-cc-pVDZ-PP (AVDZ) basis set!? to describe the 25
valence electrons. However, this basis set has been optimized
using one-component approach and is not appropriate to
describe the SO coupling, in particular on the 5p and 5d inner-
shells. As previously demonstrated for other basis sets,!”
adding only few functions with exponents in the range of the
inner-shells was sufficient to allow for the splitting of the
inner p-shell to an energetically lower lying more compact pi.2
and a higher lying less compact p32 subshell, and similarly
that of the d-shell to ds and dsn. The resulting basis set is
termed mAVDZ (c¢f. Supplementary Information). The
performance of the two-component B3LYP calculations in
conjunction with ECP60MDF and mAVDZ basis set have
been tested on the case of At, HAt and At> reference species.
Calculated spectroscopic constants are presented in Table 1
and compared to the results of high level calculations. We
define the spin-orbit effects (ASO) as the difference between
scalar and quasirelativistic values calculated B3LYP/mAVDZ
level of theory. Considering all the studied properties (and the

Table 1 Spectroscopic constants of At, HAt and At, species calculated at
B3LYP/mAVDZ level of theory

80

Reference values” B3LYP/mAVDZ

At IE (eV) 9.21 9.37
ASO -0.82 -0.74

EA (eV) 2.30 2.43
ASO -0.80 -0.76

HAt D, (eV) 2.36 2.37
A4S0 -0.71 -0.70

w, (cm™) 1962 1945
ASO -194 -151

R. (A) 1.74 1.75
A4S0 0.03 0.03

Aty D, (eV) 0.63 0.62
A4S0 -1.07 -0.98

w, (cm™) 107 104
ASO -44 -45

R, (4) 3.06 3.09
A4S0 0.17 0.17

¢ Average values calculated from results of high level calculations
reported in literature (Ref. 8, 9, 13, 14, 16, 52, 61, 62). * aug-cc-pVDZ
basis set was used for H atom (Ref. 58, 59).
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magnitude of the SO effects) for At, HAt and Atz species, the
overall BALYP/mAVDZ results is in remarkable agreement
with the reference values. The agreement is especially good
for the diatomic species: in the case of Atz, the computed De,
we and R. values are, respectively, 0.62 eV, 104 cm™! and
3.09 A while the results of reference high level calculations
are centered around 0.63 eV, 107 cm’! and 3.06 A. This is
very encouraging in view of building a cost-effective
methodology to study astatine chemistry.

In the following study of At(x)*", X~ and At(x)X." (X=Cl,
Br and SCN) species, the mAVDZ basis set was used in
conjunction with the aug-cc-pVDZ-PP basis set for Br atom!?
and the aug-cc-pVDZ basis sets for Cl, C, O, S and N
atoms.*3-%° The bromine (1s-2p) inner-cores were replaced by
the energy-consistent ECP10MDF pseudopotential.'? Despite
the fact that relatively small basis sets were selected, our
computational methodology makes use of error cancellation
approaches and high-quality results are obtained (see section
Computation of equilibrium constants for ligand exchange
reactions). Gas phase free energies of At(x)", X~ and
At(x)X!"  species were estimated at 7=298.15K and
p=1atm through the computation of their energy and
geometry by means of the gradient technique. Harmonic
vibrational frequencies were evaluated using either analytical
second derivative (scalar relativistic level of theory) or by
two-sided finite differences of analytical gradients
(quasirelativistic level of theory). In the case of At(x)X."
species that exhibit several isomers, their Gibbs free energies
have been evaluated using a Boltzmann distribution according
to the relation:

G{‘;\} =—RTIn 2 e O /RT

ie{A}

©

where {A} emphasizes calculation over the population of all
isomers of A.

Solvation and cavity models

Gibbs free energies of aqueous solvation were computed for
all species using the polarizable continuum model (PCM)
implemented in the Gaussian 03 program package.®> While
this model does not account for SO effects, the (larger)
contribution of the solute geometry relaxation to the solvation
free energies could be evaluated by geometry optimization
within the solvent model at scalar relativistic level of theory.
We selected the conductor-like formulation, CPCM,%* 65 since
this model, when used in conjunction with the UAHF and
UAKS cavity models, yields accurate solvation free energies
at a very low computational cost.®® UAHF and UAKS cavities
were built up using the united atom topological model applied
on optimized atomic spheres.®® ¢7 The spheres’ radii depend
on the nature of the element and its molecular environment
(basically hybridization, formal charge and first neighbor
inductive effect). However, at present no parameters for
astatine are included in these cavity models. Recently, we
proposed to use for At a basic radius (R°) of 2.41 A coherent
with the rest of the radii included in the UAHF (and UAKS)
model.*® Because At(x)" and At(x)X!™ species display
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structures where the At atom bears a positive charge, this
leads us to define as well a charge factor (y,) for astatine as
described in UAHF and UAKS models. We propose to
estimate y; by use of the experimental value of the At*/At
standard redox potential: £°=0.36 +0.01 V (vs. NHE).*’ As
it will be explained using the thermodynamic cycle displayed
in Scheme 1, the 7, . radius is the only parameter that needed
to be adjusted in order to reproduce the £° value.

The Gibbs free energies of the At" reduction reaction,
AG!, is related to the absolute standard reduction potential

via the Nernst equation:
(10

where n is the number of electrons transferred (n =2 in this
case) and F is the Faraday constant (96485 C/mol). In
addition, AG; can be calculated from the free energy of the
gas-phase reaction, AG,, according to the relation:

AG; =AG; +AG., (A7) - AG,, (At") (1)

where AG;,(At’) and AG,,(At") are respectively the
solvation free energies of At and At" in water. AG; is
estimated using the electron affinity (£4 =2.30eV) and
ionization energy (/E = 9.21 eV) obtained from reference high
level calculations done on astatine (see Table 1). For the free
electron, we have followed the electron convention based on
Boltzmann statistics (the absolute value of the standard
reduction potential of NHE is 4.28 V in this convention).
AG;,/(At') and AG],(At") are determined by CPCM
calculations  at  scalar-relativistic = HF/mAVDZ  and
B3LYP/mAVDZ levels of theory. These quantities rely on
r, and r, . radii, respectively. The r, _ value is not free, it
must be 0.3 A shorter than the At basic radius in UAHF and
UAKS cavity models (therefore, r, =2.11 A). AG; and
AG;,(At’) values are then fixed. The r,.

adjusted in order to yield a value for AG;,(At") that allows
us to reproduce, using relation (10) and (11), the experimental
value of E°. The best agreement is obtained with
r. =154 A, corresponding to y,=-0.87 A for an astatine
atom with a positive charge. Note that in the CPCM model,
the solvation free energy is partitioned in different terms. The
most important one is the electrostatic term. Some other terms
are usually negligible®® while the dispersion and repulsion
terms are unavailable for astatine. Furthermore, the sum of
non-electrostatic terms is generally weak with respect to the
electrostatic term, especially for charged species, due to the

radius was

AG;
At(g)+2e(g) ——— = At(g)
AGE (AL) AG*(At)
AG*
At'(aq) +2e(g) ——— = At(aq)
Scheme 1
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Table 2 Thermodynamic constants of the equilibria considered for modelling astatine behaviour in presence of Cl-, Br™ (this work) and SCN™ (Ref. 41)

At AtO"
Equilibrium
Cl Br SCN Cl Br SCN
Log 3
+ RN 1.9+0.2 3.0+0.2 3.8+0.2 25+0.2 2.7+0.2 28+0.2
At(x)" + X7 = At(x)X
Log 5,
Atx)" +2X = At(X)X; 23+0.1 4.1+0.3 59+03 3.0+0.3 5.0+0.2 53+0.2
102 102
——— . o
10" 4 10 4 =
A A
D D
100 - 100
A o
107 1071 | B Br
108 107 106 105 104 103 102 10! 108 107 10 105 10* 103 102 10
[X7] in mol/L [X] (in mol/L)

Fig. 1 AtO" interaction with Cl" and Br™ in a biphasic aqueous-toluene

s system. The distribution coefficient (D) is plotted as a function of ligand
concentration: Cl™ (triangles) and Br~ (squares). The curves correspond to
modeling performed with CHESS using the parameters given in Table 2
(grey dashed line for AtO/Cl™ system and black solid line for AtO*/Br~
system).

cancellation of different contributions.®® This could be

exemplified on the case of the studied inorganic ligands: CI-,
Br~ and SCN™. The sum of non-electrostatic terms contributes
2 around 1% of the total solvation free energy. Hence, for all
studied species we only retained the electrostatic term in
CPCM computations and we expect that some error
cancellations will occur.
For At(x)", X- and At(x)X.” species, the solvation free
25 energies were first determined by CPCM-UAKS calculations
at the B3LYP/mAVDZ level of theory (scalar ECP10MDF
and ECP60MDF pseudopotentials were used for Br and At
atoms, respectively). Geometries of the molecular species
were optimized in gas-phase and in presence of the solvent. A
s second scheme was also used to determine solvation free
energies based on CPCM-UAHF calculations. In this case,
only single point HF/mAVDZ energy computations were
performed on previously optimized geometries at the
B3LYP/mAVDZ level of theory and in presence of the
35 solvent.

Results and discussion
Experimental results

Fig. 1 displays the distribution of the AtO" species in a
biphasic aqueous—toluene solution as a function of Cl~ and Br~
40 ligand concentrations. The grey dashed and black solid lines
are based on modeling using the parameters (complexation
constants) gathered in Table 2. Ligand concentrations lower
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Fig. 2 At" interaction with CI" and Br in a biphasic aqueous-toluene
system. The distribution coefficient (D) is plotted as a function of ligand
concentration: Cl” (triangles) and Br~ (squares). The curves correspond to
modeling performed with CHESS using the parameters given in Table 2
(grey dashed line for AtO*/CIl™ system and black solid line for AtO"/Br~
system).

than 10" mol/L do not affect astatine's distribution
coefficients D. The decrease of D value for [X~] > 10~ mol/L
is an evidence of AtO" complexation by X~ in aqueous
solution. Analyzing the dependence of D values on X~
concentration yields the number and speciation of the species
formed as well as their stability constants.*! The simulation
and associated curves of Fig.1 demonstrate that the
interaction of AtO" with CI~ and Br~ involve the formation of
both 1:1 and 1:2 complexes. The thermodynamic constants, 1
and f», describing this interaction are reported in Table 2. The
interaction constants between AtO" and Br- agree with the
published data of Dreyer et al.’° obtained by electromobility
measurements. They found a value of Log K> equal to 2.4 for
the reaction:

AtOBr + Br~ —== AtOBr, (12)
which is equal, within experimental errors, to the one
calculated from g1 and f2, i.e. Log K2 =2.3 £ 0.4.

Table 2 also includes the thermodynamic constants deduced
for the interaction of the At" species with ClI- and Br.
Experimental data and simulation curves are displayed in
Fig. 2. Similar results are obtained: experimental results and
modeling agree when we consider the formation of a mixture
of AtBr and AtBr, species. Thus, interactions between the
cationic At(x)" species with small inorganic ligands result in
the formation of two complexes with 1:1 and 1:2

This journal is © The Royal Society of Chemistry [year]
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stoichiometries. This phenomena was previously observed
with thiocyanate ligand (Table 2).#! From the gathered results
in Table 2, it appears that the efficiency of the At(x)*
interaction with the inorganic ligands increases in the order

s CI" < Br- < SCN-, regardless of the considered stoichiometry.
According to the HSAB theory (Hard and Soft Acids and
Bases), the astatine metallic species can be considered as soft
acids.

Quantum calculations

10 Computation of equilibrium constants for ligand exchange
reactions

As it could be expected, the attempt to compute equilibrium
constants for complexation reactions as described by equation
(3) between At(x)" and ligands (Cl, Br- or SCN") were
1s unsuccessful. The theoretical predictions appear randomly
qualitatively and/or quantitatively inaccurate for the
complexation reaction studied (cf. Table S2 in Supplementary
Information). A more promising alternative approach for
studying astatine chemistry is to consider reactions that
20 correspond to an exchange of ligands (X~ and Y") as follows:

[;H(X
Atx)" +mX = At(x)X,"
/}m\/

At(x)" +mY = At(X)Y, " (13)

Ko
AtX)X, " +mY = At(X)Y, " + mX"

The equilibrium constant of the exchange reactions can be
obtained from the experimental constants of complexation
reactions: Kexc = fny/ Pmx. In addition, Kexc can be calculated
»s from the computed standard free energy change of reaction
(13) in solution, AAG.. As Scheme 2 shows, AAG. can be
calculated from its components by introducing a
thermodynamic cycle:
AAG] = AAG; + AG;

sol

(AGOY™ )+ mAG, (X7) y
~AGL, (ACOXL ")~ mAGL, () (9

3 where AAG, is the change of free energy in the gas-phase;
AG,, (AWX, "),  AGL(AWXY,"), AG,(X) and
AG, Y’) are, respectively, the solvation free energies of
Atx)X", At(x)Y.™, X" and Y- species in water. Therefore
the prediction of AAG. could benefit from:

35 1 bond-by-bond errors in electron correlation/relativistic

contributions which partially cancel in the computed gas-

phase free energy, AAG, .

AAG?
AX)" () + mY(g) ——®=  AX)Y,"(@)+ mX(g)

m m

1-m

AGH(At(x)X,") mAG*(Y") AG* (At(X)Y}™) mAG* (X))

. AAG*
At(x)Xm' (aq) + mY-(aqQ) ———— = At(x)Y,";”' (aq) + mX(aq)

40 Scheme 2

2 cancellations of systematic errors (including the neglect of
non-electrostatic and SO contributions) associated with
the calculations of solvation free energies, AG.,, for ionic
species and for neutral species.

4s More similar are the X~ and Y~ ligands, more the cancellations
of errors will act and better will be the resulting prediction.
Table 3 reports experimental and calculated values of

Log Kexc for eight reactions corresponding to an exchange of

ligands (X~, Y- =CI, Br and SCN-, m = 1, 2). First are given
so the Log Kexe values that correspond to exchange reactions in
gas phase, AAG, being computed at the scalar-relativistic
B3LYP/mAVDZ level of theory. The effects of the solvent on
these reactions and Log Kexe values are next introduced
through CPCM-UAHF computations of solvation free
energies. The final results include the contribution of SO
coupling, computed at quasirelativistic BBELYP/mAVDZ level
of theory, in the AAG; component. This separation of
contributions allows for the demonstration of the following:

1 the astatine affinity with the studied ligands is totally

60 reversed between the gas phase and the aqueous phase.
For example, the trend predicted in gas phase for the
formation of 1:1 complexes with At™ is SCN™ < Br < Cl~
while the observed trend in water is CI- < Br < SCN".

2 solvent effects hardly modify the Log Kexc values and
65 almost always allow us to recover experimental trends: in
the case of AtBr, +2SCN™ reaction, the reaction direction
get better and the computed Log Kexc value changes from
-10.4 to 1.0 (which is close to the experimental value of
1.8 £0.6).
besides the inclusion of spin-independent relativistic
effects, the contribution of SO coupling must be taken into
account during the evaluation of AAG, in order to reach a
quantitative agreement with experimental Log Kexc values.

5

b

703

7

P

Table 3 Computed values of Log K., based on B3LYP/mAVDZ and
CPCM-UAHF calculations

AX+Y = AtY + X7 AtOX +Y = AtOY + X7

Log Kexe XY Cl'/Br Br/SCN Cl'/Br Br/SCN
Gas phase” -0.5 -7.4 -1.3 12.5
Aqueous phase” 3.2 1.3 0.9 -0.2
Inclu. SO¢ 2.0 1.0 0.3 -0.1
Experiment 1.1+£0.4 0.8+04 02+04 0.1£04
ALK, +2Y° 2 ALY, +2X° AtOX; +2Y" = AtOY; +2X°

Log Kexe X7Y Cl'/Br Br/SCN Cl'/Br Br/SCN
Gas phase” -3.7 -10.4 -4.6 -13.7
Aqueous phase” 22 1.0 1.1 -1.4
Inclu. SO¢ 1.7 1.1 0.8 -2.0
Experiment 1.8+0.4 1.8+£0.6 2.0+0.5 03+04

¢ Exchange reactions in gas phase; AAG; values based on scalar-
relativistic BBLYP/mAVDZ calculations. ® Exchange reactions in water;
solvation free energies based on CPCM-UAHEF calculations. ¢ Exchange

so reactions in water; AAG; values based on quasirelativistic
B3LYP/mAVDZ calculations.
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The best examples are AtCl+ Br~ and AtOCIl+ Br-
reactions for which Log Kexe values are improved by 1.2
and 0.6, respectively.

Finally, we observe that only quasirelativistic
s BBLYP/mAVDZ calculations coupled with CPCM-UAHF
solvation calculations can reproduce satisfactorily the

equilibrium constants of the exchange reaction. For the eight
reactions studied, the mean unsigned error (MUE, calculated
as the unsigned differences between the Log Kerw values
o obtained using the experimental stability constants gathered in
Table 2 and the Log Kexc values obtained using quantum
computations) on Log Kexc values is 0.7, which corresponds to
a MUE smaller than 1kcal mol! on AAG,, and the mean
signed error (MSE, calculated as the differences between the
s Log Kexe values obtained using the experimental stability
constants gathered in Table 2 and the Log Kexc values obtained
using quantum computations) on Log Kexc values is -0.4. Two
results need nevertheless more attention. In the Br/SCN-
exchange reactions with AtO* and for both the 1:1 and 1:2
o complexes, the exchange reactions seem predicted in the
wrong direction (AtO" will have a better affinity for Br~ than
for SCN™). The Log Kexc values obtained from experiment, 0.1
and 0.3 respectively, show very balanced reactions between
reactants (AtBr™" +mSCN™) and products
s (AtSCN!™" +mBr™ ). Moreover, in the case of the exchange
between the 1:1 complexes, the computed value of -0.1 is
the experimental Log Kex uncertainty range,
[-0.3;+0.5]. The exchange reaction between the 1:2 complexes
contrasts with the previous one, making the disagreement
between experiment and theory obvious: experimental and
computed Log Kexe values differ by 2.3 (which contributes by
32% and 64% to the MUE and MSE on Log Kex,
respectively). In this case, the theoretical predictions are
likely to suffer from the deficiencies of the solvation models
s used.
Solvent and spin-orbit effects
The LogKexe values predicted by quasirelativistic
B3LYP/mAVDZ calculations coupled with CPCM-UAKS
solvation calculations (¢f. Table S3 in Supplementary
o Information) are in lesser agreement with the experiment: the
MUE and MSE on Log Kexc values increase to 1.5 and -1.1,
respectively. This observation highlights the importance of the
solvent model and CPCM-UAHF calcultations appear
recommend for the computation of the solvation free energies
s of astatine species in water.

The AtOBr~ + SCN™ reaction illustrates well the influence
of solvent and SO effects on astatine chemistry. Among the
possible products, the most important ones are NCSAtO,
SCNAtO, NCSOAt and SCNOAt as displayed in Fig. 3.

o Table 4 reports the population of each species evaluated using
a Boltzmann distribution according to the relation 15:

within

Fig. 3 Molecular structures of NCSAtO, SCNAtO, NCSOAt and
s SCNOAL species (from left to right).

Table 4 Relative Boltzmann population (%) of NCSAtO, SCNAtO,
NCSOAt and SCNOAL species computed at different levels of theory

100

Species NCSAtO SCNAtO NCSOAt SCNOAt
Gas phase® 0 0 100 0
Aqueous phase” 75 25 0 0
Inclu. SO¢ 9 91 0 0

¢ Based on gas phase free energies computed at the scalar-relativistic
B3LYP/mAVDZ level of theory. * Based on free energies corrected from
solvent effects contribution (CPCM-UAHF calculations). ¢ Gas phase free
energies include SO effects computed at the quasirelativistic
B3LYP/mAVDZ level of theory.

o G/RT

>
1€

The NCSOAt species is predicted by scalar-relativistic
B3LYP/mAVDZ calculations as the predominant isomer in
gas phase, its relative population approaching 100%. Solvent
effects on the distribution of the four isomers is huge. If the
solvation free energies are estimated from CPCM-UAHF
calculations, the NCSOAL species vanishes while the SCNAtO
and NCSAtO isomers rise to a population of 25% and 75%,
respectively. The final results include the contribution of SO
coupling, computed at the quasirelativistic B3LYP/mAVDZ
level of theory, in the estimation of the free energy of the four
isomers. In conjunction with CPCM-UAHF calculations, the
inclusion of SO effects reverses the relative populations of
SCNAtO and NCSAtO species: astatine appears to have a
better affinity for the N atom than for the S atom. The
predominant species is then SCNAtO, with a predicted
relative population of 91%, while NCSAtO represents 9% of
the isomers distribution (the remaining two species are
negligible). These results show how the solvent and the
relativistic effects due to spin-orbit coupling strongly
influence the elemental astatine chemistry at a molecular
level.

pi= (15)

-G, /RT

Conclusions

The stability constants in water between inorganic ligands
(CI, Br- and SCN") and At" and AtO" species were measured
using a competition method. For each reaction, both 1:1 and
1:2 complexes are evidenced. The two astatine forms exhibit a
better affinity for SCN™ than Br-, with Cl~ being the weakest
ligand. The experimental trends regarding the thermodynamic
constants can be reproduced qualitatively and quantitatively
using an especially cost-effective computational methodology.
Besides the treatment of the scalar relativistic effects, the
leading spin-dependent effect, i.e. the spin-orbit coupling,
must be taken into account at least within the one-electron
approximation. The presented methodology is based on (i)
two-component B3LYP calculations using a small-core
pseudopotential together with an enhanced valence double
zeta basis set for At, and (ii) solvation calculations using the
CPCM continuum model in conjunction with specific astatine
cavities. The MUE and MSE on computed Log K values are
0.7 and -0.4, respectively. The obtained agreement validates

This journal is © The Royal Society of Chemistry [year]
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the theoretical calculations and strengthens the reliability of
the experimental methodology. Theoretical investigations
have shown that the astatine chemistry is largely modified by
spin-orbit coupling and solvent effects. We believe that the
presented computational methodology is accurate enough to
gain an insight into the astatine reactions at a molecular level.
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