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We report herein a computational study of proton transfer reactions between dithiophosphinic acids (HAs)
and water clusters using B3LYP and MP2 methods. The ground-state and transition-state structures of
HA-(H2O)n (n ) 1, 2, 3) cluster complexes have been calculated. The influence of water molecules on
energy barrier heights of proton transfer reactions has been examined in the gas phase and solution for bis-
[o-(trifluoromethyl)phenyl]- and bis(2,4,4-trimethylpentyl)dithiophosphinic acids (HA1 and HA2, respectively).
Gas-phase calculations indicate that electron-withdrawing substituents and trifluoromethyl groups in the ortho
position favor deprotonation of HA1 when three water molecules are included in the cluster. This suggests
that at least three water molecules are necessary to solvate the abstracted proton in the presence of the anion.
In the case of HA2, the electron-donating groups favor the reverse proton transfer reaction, namely, protonation
of dithiophosphinate anion. Bulk solvent effects have been modeled for aqueous and organic media with the
CPCM model. The calculated results show that polar solvents can lower the activation energy for less
energetically stable transition states that have more localized charges.

Introduction

Owing to the importance and complexity of nuclear waste
management, substantial efforts over the past decades have been
directed to the separation of actinides (An(III)) from spent
nuclear fuel. Effective partitioning of trivalent actinides is
affected by the presence of trivalent lanthanides (Ln(III)), which
have very similar chemistries and thus give rise to selectivity
issues. Among the various extraction systems employed in
solvent extraction, dithiophosphinic acids (HAs) are the most
promising extractants for selective separation of minor actinides
(Am3+, Cm3+) over lanthanides (Eu3+, Gd3+) from aqueous
nitric acid solutions.1 Their selectivity for actinides is most likely
controlled by an increase in the metal-ligand bond covalency,2

on the account of soft-soft interactions between the more
diffuse 5f metal orbitals and sulfur donor atoms. The most
studied3 soft-donor extractant is bis(2,4,4-trimethylpentyl)dithio-
phosphinic acid (commercially available as Cyanex-301). This
reagent can selectively extract Am3+ over several Ln(III)
species, but its susceptibility to chemical decomposition in acidic
media may affect the extraction process.4

Aromatic dithiophosphinic acids are better extractants than
their alkyl counterparts due to the high An(III)/Ln(III) separation
factors5,6 and markedly increased stability7 that prevents prob-
lems associated with radiolytic and hydrolytic degradation.
Several aromatic dithiophosphinic acid derivatives8 have been
isolated at the Idaho National Laboratory. Among these, the
bis[o-(trifluoromethyl)phenyl]dithiophosphinic acid displayed
remarkable stability8a and very high Am3+/Eu3+ separation
factors9 (SF > 105) when phenyl trifluoromethyl sulfone (FS-
13) was used as a diluent. Although several studies have been
published concerning the actinide/lanthanide solvent extraction
with bis(2,4,4-trimethylpentyl)dithiophosphinic acid, the transfer
of ions between the two phases is not fully understood. It has
been recently shown that the liquid-liquid extraction process

requires acid deprotonation and metal complexation according
to the two-phase equilibrium shown in eq 1.10

M3+(aq)+ 3HA(oil)fMA3(oil)+ 3H+(aq) (1)

Regardless of the mechanistic pathway of reaction 1, acid
deprotonation is a key event that is controlled not only by the
thermodynamic difference between the reactants and products,
but also by the energy barrier associated with the transition state.
Quantum mechanical calculations represent a powerful tool in
describing the evolution of a system from reactants to products
across the transition state, which cannot be captured experi-
mentally. For this reason, we have examined the deprotonation
process of HAs from a theoretical perspective using the density
functional (DFT)11 and second-order Møller-Plesset (MP2)12

theories. Since the relative strength of solvation of species
between aqueous and organic solvents is the driving force for
the extraction process, solvent effects that govern the acid
deprotonation must be considered. Among the available meth-
ods, the continuum models13 offer an effective description of
solute-solvent interactions by modeling the solute inside a
cavity surrounded by a polarizable continuum medium. It has
been shown that single-point free energy solvent corrections
using the conductor-like polarizable continuum model (CPCM)14

generated realistic results for activation barriers of several methyl
transfer reactions in aqueous solution.15 While continuum
models are long established in describing the bulk solvent
effects, explicit water solvent molecules are necessary for the
proton transfer reactions in solution where water can act both
as a proton acceptor and/or as a proton donor. This hybrid
supermolecule-continuum approach16 accounts for hydrogen
bonding between the solute and nearby water molecules and
incorporates the long-range electrostatic interactions with the
solvent. Takano et al.17 found that inclusion of explicit water
molecules is necessary for evaluation of activation barriers for
hydrolysis of methyl acetate in aqueous solution. They also
demonstrated the reliability of CPCM for the computation of
the free energy of solvation of organic molecules.
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The aim of the present work is to study the proton transfer
processes in HA-water aggregates by inclusion of up to three
explicit water molecules and examine the different microsol-
vation patterns in terms of structure, thermodynamics, and
proton transfer activation barriers in the gas phase and solution.
Two dithiophosphinic acids are examined, for which significant
experimental work has been carried out: (1) bis[o-(trifluorom-
ethyl)phenyl]dithiophosphinic acid (HA1) and (2) bis(2,4,4-
trimethylpentyl)dithiophosphinic acid (HA2). Since bis[o-(tri-
fluoromethyl)phenyl]dithiophosphinic acid displays higher Am3+/
Eu3+ separation factors than bis(2,4,4-trimethylpentyl)dithio-
phosphinic acid,9 our theoretical work compares the distinct
characteristics of these two extractants with regard to proton
transfer reactions. To assess the role of the solvent, apart from
the aqueous environment, we also consider toluene and FS-13
solvents, as the latter proved to be essential for the extraction
of Am(III) with bis[o-(trifluoromethyl)phenyl]dithiophosphinic
acid.9

Computational Methods

Geometry optimizations of ground and transition states, vib-
rational frequency, intrinsic reaction coordinate (IRC), and self-
consistent reaction-field (SCRF) calculations have been carried
out with the Gaussian03 suite of programs.18 Analytic calcula-
tions of the energy Hessian confirmed that minimum energy
structures have no imaginary frequencies, while transition states
are characterized by a single imaginary frequency. Transition-
state searches involved the local approach using the Berny
optimization algorithm19 followed by IRC analyses to ensure
that two minima are connected along the reaction path through
the transition state. Given that Pople-type triple-� basis sets are
adequate for both neutral and negatively charged sulfur atoms,20

all calculations have been performed in the gas phase with the
widely used21 B3LYP hybrid density functional22 and 6-311G(d,p)
and 6-311++G(d,p) basis sets. On the basis of a previous
study,23 the 6-311G(d,p) basis offers the best balance between
cost and accuracy for proton transfer in malonaldehyde. To
reduce errors, however, the current study also considered
addition of diffuse functions on hydrogen and heavy atoms as
these greatly improve the accuracy of thermochemical calcula-
tions.24 Furthermore, it has been recently reported25 that Pople-
type triple-� basis sets with polarization and diffuse functions
give the same quality B3LYP results when compared to the
more expensive aug-cc-pVTZ Dunning-type basis26 for a series
of hydronium- and hydroxide-containing water clusters. Con-
cerning the performance of the B3LYP functional, one issue
may arise from the tendency of gradient-corrected functionals
to underestimate reaction barrier heights.21,27 To benchmark the
B3LYP activation energies in the gas phase, single-point
calculations at the MP2/6-311++G(d,p) level have been carried
out as well. The reason for selecting MP2 lies in its superiority

over B3LYP in describing the full range of intermolecular
interactions, including dispersion.28 The geometries and energies
have not been corrected for basis set superposition error (BSSE)
for several reasons: (1) larger basis sets combined with DFT
are expected to generate smaller errors,29 (2) there is no unique
way of correcting the BSSE when more than two fragments
compose the aggregate,30 and (3) the choice of fragments within
the transition-state structure can also lead to ambiguities in
assessment of the counterpoise correction.31 Single-point SCRF
calculations have been performed on the gas-phase-optimized
structures to estimate solvent effects. Solvation corrections to
the free energy in aqueous and organic media were obtained
for the reactants, products, reactant and product hydrated
complexes, and transition structures with the CPCM approach
at the B3LYP/6-311++G(d,p) level. As the free energy of
solvation is highly dependent upon the solute cavity type, we
have employed Pauling radii,32 as implemented in the Gauss-
ian03 package, on the basis of previous results that involved
sulfur-containing species.15,33 For each CPCM single-point
calculation, three solvents have been considered: water, toluene,
and FS-13. While for water and toluene we have employed the
default parameters (water, dielectric constant ε ) 78.39 and
solvent radius r ) 1.385 Å; toluene, dielectric constant ε )
2.379 and solvent radius r ) 2.820 Å), for the nonstandard FS-
13 solvent we have utilized toluene as the predefined solvent
with explicitly defined parameters specific for FS-13 (dielectric
constant ε ) 29.0, solvent radius r ) 3.895 Å, density F )
0.00404 molecule/Å3). All single-point calculations used an SCF
energy convergence criterion of 10-6 au (SCF)TIGHT).

Results and Discussion

1. Gas-Phase Calculations. All transition- and ground-state
geometries have been optimized in the gas phase. The reactant
complex and product complex structures have been located
along the reaction path by performing IRC calculations. Final
IRC geometries have been optimized with B3LYP using both
6-311G(d,p) and 6-311++G(d,p) basis sets. Regardless of the
basis set used, B3LYP generated similar geometries. Therefore,
the subsequent discussions refer to the B3LYP/6-311++G(d,p)-
optimized geometries. To evaluate the microsolvation effect on
the activation barrier and thermodynamics properties, we have
considered the proton transfer reactions of HA in the presence
of water clusters (H2O)n, n ) 1, 2, 3, in accordance with eq 2.
Optimized geometries of reactant complexes (RCs), transition
states (TSs), and product complexes (PCs) with water clusters
are denoted on the basis of the number of water molecules (W1,
W2, and W3).

HA+ (H2O)nfA-+ (H3O
+)(H2O)n-1 (2)

To test the performance of 6-311G(d,p) and 6-311++G(d,p)
basis sets with the B3LYP hybrid functional, we have performed
single-point calculations at the MP2/6-311++G(d,p) level. Our
results indicate that B3LYP/6-311G(d,p) energy barriers are too
low (Tables 2 and 3). Addition of diffuse functions generated
superior results for B3LYP that show activation energies closer
to those from the MP2 calculations, for one-water and two-
water cluster proton transfers. Barrier heights for the three-water
cluster aggregates show a lesser agreement between B3LYP/
6-311++G(d,p) and MP2/6-311++G(d,p) results. In the latter
case, MP2 activation energies are considerably lower than those
obtained with B3LYP (deviations in electronic energies for
HA-W3 activation barriers range from ∼3.5 to 5.5 kcal/mol,
dependent on the acid species and reaction mechanism). This
is presumably attributable to the BSSE extent in the MP2 results,

TABLE 1: Gas-Phase Energetics (kcal/mol) for trans-HA1
Relative to cis-HA1 Using the B3LYP and MP2 Methodsa

level ∆Eel ∆EZPE ∆H(298.15 K) ∆G(298.15 K)

B3LYP/6-311G(d,p) 1.01 1.09 1.00 1.65
B3LYP/6-311++G(d,p) 0.72 0.86 0.75 1.31
MP2/6-311++G(d,p)b 0.78 0.92 0.81 1.37

a Electronic energies (zero-point-exclusive, ∆Eel.), zero-point ene-
rgies (∆EZPE), and thermochemical properties (∆H and ∆G at
298.15 K) are included at different levels of theory. b Single-point
calculations on the optimized structures at the B3LYP/6-311++
G(d,p) level. Thermochemistry corrections are obtained from the
B3LYP/6-311++G(d,p) calculations.
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which is expected to be much larger than BSSE in B3LYP.34

Another reason for this discrepancy may come from the many-
body interactions associated with larger cluster aggregates,35

which are likely to increase the BSSE even more for the MP2

activation energy of proton transfer reactions in HA-W3
aggregates. Consistent with this effect, our MP2 results show
larger deviations from the B3LYP/6-311++G(d,p) results as
the size of the aggregate increases from one to three waters.

TABLE 2: Energies, Enthalpies, and Gibbs Free Energies (kcal/mol) of the HA1-(H2O)n RCs, TSs, PCs, and Ps Relative to the
Rs at Infinite Separation (BS1:6-311G(d,p), BS2:6-311++G(d,p))

∆Eel ∆H(298.15 K) ∆G(298.15 K)

B3LYP MP2a B3LYP MP2a B3LYP MP2a

BS1 BS2 BS2 BS1 BS2 BS2 BS1 BS2 BS2

cis-HA1-W1
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -9.50 -6.60 -8.02 -7.97 -5.10 -6.52 0.77 3.75 2.33
TS -1.54 2.47 2.16 -2.16 1.65 1.34 9.68 13.47 13.16
PC -10.11 -7.30 -9.06 -8.52 -5.80 -7.56 0.66 3.16 1.4
P -0.16 -0.36 -0.24 -0.14 -0.30 -0.18 0.04 -0.36 -0.24

trans-HA1-W1
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -6.13 -3.31 -5.31 -4.70 -2.01 -4.01 2.76 5.41 3.41
TS 23.80 29.74 30.12 25.24 31.12 31.5 35.88 41.86 42.24
PC -6.53 -3.16 -5.14 -5.02 -1.90 -3.88 3.35 5.09 3.11
P ) R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

HA1-W2
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -14.80 -10.11 -14.15 -13.15 -8.60 -12.64 0.65 3.39 -0.65
TS -10.20 -3.60 -5.89 -10.25 -3.60 -5.89 5.47 10.65 8.36
PC -10.50 -3.74 -6.22 -8.56 -2.10 -4.58 6.90 11.57 9.09
P 109.18 115.68 116.75 109.23 115.48 116.55 112.81 117.73 118.8

HA1-W3a
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -9.04 -5.14 -9.98 -8.10 -3.96 -8.80 2.40 6.50 1.65
TS -6.08 -1.13 -4.94 -7.24 -2.23 -6.04 5.83 11.37 7.56
PC -13.07 -7.76 -11.99 -11.36 -6.02 -10.25 1.99 7.99 3.76
P 98.30 102.41 103.63 98.32 102.61 103.83 96.25 101.92 103.14

HA1-W3b
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -8.19 -6.32 -10.38 -7.27 -5.21 -9.27 2.94 4.60 0.54
TS 15.21 19.96 14.49 16.42 21.33 15.86 29.56 34.82 29.35
PC -8.68 -3.69 -8.10 -7.25 -2.24 -6.65 5.40 11.14 6.73
P 98.30 102.41 103.63 98.32 102.61 103.83 96.25 101.92 103.14

a Single-point calculations on the optimized structures at the B3LYP/6-311++G(d,p) level. Thermochemistry corrections are obtained from
the B3LYP/6-311++G(d,p) calculations.

TABLE 3: Energies, Enthalpies, and Gibbs Free Energies (kcal/mol) of the HA2-(H2O)n RCs, TSs, PCs, and Ps Relative to the
Rs at Infinite Separation (BS1:6-311G(d,p), BS2:6-311++G(d,p))

∆Eel ∆H(298.15 K) ∆G(298.15 K)

B3LYP MP2a B3LYP MP2a B3LYP MP2a

BS1 BS2 BS2 BS1 BS2 BS2 BS1 BS2 BS2

HA2-W1
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -10.68 -7.18 -9.98 -9.22 -5.67 -8.47 0.44 3.48 0.68
TS -2.30 1.83 -0.40 -2.93 1.18 -1.05 9.29 13.46 11.23
PC -10.05 -7.04 -8.96 -8.42 -5.50 -7.42 1.66 3.44 1.52
P 0.16 0.27 0.42 0.10 0.28 0.43 -0.71 -0.70 -0.55

HA2-W2
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -14.82 -10.71 -13.20 -13.35 -9.22 -11.71 -0.01 1.95 -0.54
TS -10.74 -3.71 -5.55 -10.83 -3.53 -5.37 4.88 10.80 8.96
PC -11.06 -3.73 -5.64 -9.20 -2.42 -4.33 6.47 10.96 9.05
P 114.12 122.17 122.53 114.12 121.99 122.35 117.52 124.52 124.88

HA2-W3
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RC -10.97 -6.60 -10.16 -9.74 -5.23 -8.79 0.46 5.31 1.75
TS -9.16 -3.48 -6.90 -9.70 -3.95 -7.37 4.02 10.18 6.76
PC -11.33 -4.94 -8.60 -9.68 -3.19 -6.85 3.43 10.62 6.96
P 103.33 108.90 109.41 103.21 109.12 109.63 100.95 108.71 109.22

a Single-point calculations on the optimized structures at the B3LYP/6-311++G(d,p) level. Thermochemistry corrections are obtained from
the B3LYP/6-311++G(d,p) calculations.
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On the basis of these observations, we expect B3LYP/6-
311++G(d,p) to predict more reliable energies for the systems
studied here, when compared to MP2. Further, the triple-�
quality of the basis set and addition of polarization and diffuse
functions are expected to strongly reduce the BSSE magnitude
within the DFT formalism.36 Thus, in the subsequent discussions
of energy profiles we refer to the B3LYP/6-311++G(d,p)
results.

1.1. Deprotonation of HA1. In Figure 1, the reactant (R)
and product (P) represent the neutral (protonated) and anionic
structures of HA1. Figures 2-4 illustrate the water-assisted
proton transfer processes for HA1. We have considered both
cis and trans conformations of the SPS-H bond, since the cis-
HA1 and trans-HA1 ground-state energies are separated by only

ca. 1 kcal/mol. The relative gas-phase electronic energies (zero-
point-exclusive, ∆Eel, and zero-point-corrected, ∆EZPE), enthal-
pies (∆H), and Gibbs free energies (∆G) between trans and cis
conformations of HA1 at different levels of theory are provided
in Table 1, whereas their geometries (R-cis-HA1 and R,P-trans-
HA1) are shown in Figure 1. The trans-HA1 structure was found
to be slightly higher in energy than the cis-HA1 geometry.
Addition of diffuse functions at the B3LYP level reduces the
energy gap between the trans- and cis-HA1 by approximately
0.3 kcal/mol, this result being consistent with the MP2 energy
difference.

For HA1-(H2O)n proton transfer reactions, there are three
products (Figure 1), a rearranged cis-HA1, where the proton
was transferred from the acidic sulfur to the thiophosphoryl

Figure 1. Optimized structures of HA1 and A1- at the B3LYP/6-311++G(d,p) level of theory. Selected bond lengths are in angstroms.

Figure 2. Optimized ground- and transition-state structures of RCs, TSs, and PCs in HA1-H2O aggregates using the B3LYP/6-311++G(d,p)
method. Selected bond lengths are in angstroms.
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sulfur (P-cis-HA1), a trans-HA1 in which the proton was
exchanged, but its structure is identical to the reactant structure
(R,P-trans-HA1), and a deprotonated anionic species (P-A1-).
When compared to R-cis-HA1, the P-cis-HA1 conformer has a
slightly different geometry due to the presence of o-(trifluo-
romethyl)phenyl groups. The steric effects induce an asymmetric
orientation of these two groups, which, in turn, gives rise to
minor structural and energetic differences between H-SPS and
SPS-H conformers.

1.1.1. HA1-H2O. In the case of one-water cluster models,
the proton transfer reactions reveal merely a proton exchange
between H2O and HA1. The transition state involves a double
proton transfer reaction, where water simultaneously acts both
as a proton acceptor and as a proton donor by mediating two
concerted proton transfers. The reaction pathway RC-cis-
HA1-W1f TS-cis-HA1-W1f PC-cis-HA1-W1 shows the
breaking of the S-H bond with formation of the H3O+ ion at
the transition state and passing on a proton by the H3O+ ion to
the other sulfur atom (Figure 2). The TS-cis-HA1-W1 has a
coplanar six-membered ring arrangement with short S-H
hydrogen bonds (1.809 and 1.832 Å). For the RC-trans-
HA1-W1 f TS-trans-HA1-W1 f PC-trans-HA1-W1 pro-
ton transfer reaction (Figure 2), the acidic sulfur is both a proton
donor and a proton acceptor, forming a coplanar four-membered
ring with the H3O+ ion at the transition state. This transition
state is additionally stabilized by one short hydrogen bond (1.714
Å) between fluorine and the H3O+ ion. The S · · ·H hydrogen
bonds are about 0.3 Å longer in TS-trans-HA1-W1 compared
to TS-cis-HA1-W1. It is worth mentioning that both one-water
proton transfer reaction pathways do not result in HA1 depro-
tonation, but only reflect proton exchange processes.

1.1.2. HA1-(H2O)2. Calculations for the two-water complex
HA1-W2 indicate that the proton is transferred to the water
cluster. In this case, the transition state TS-HA1-W2 (Figure
3) has only been found for the cis-HA1 reactant conformation.
The reaction pathway RC-HA1-W2 f TS-HA1-W2 f PC-
HA1-W2 shows the breaking of the S-H bond with formation
of the H3O+ ion at the transition state (Figure 3). The
TS-HA1-W2 geometry indicates a late transition state in which
both sulfur atoms hydrogen bond to the H3O+ ion while the
second water molecule acts as a bridge between the H3O+ ion
and the non-H-bearing sulfur atom. While the two-water cluster
forms two hydrogen bonds with the acid in the RC-HA1-W2
complex, generating an eight-membered ring association, the
TS-HA1-W2 and PC-HA1-W2 complexes are each stabilized
by three hydrogen bonds, forming two six-membered rings, as
shown in Figure 3. Furthermore, the product complex PC-
HA1-W2 structure reveals short hydrogen bonds (1.894, 2.058,
and 2.529 Å) between the A1- anion and H5O2

+ cation,

suggesting a strongly bound complex whose geometric arrange-
ment may hinder the metal access in the vicinity of sulfur atoms.
The ideal structure of the H5O2

+ ion is the “Zundel” cation in
which the proton is centered between two water molecules.
In the PC-HA1-W2 complex, the H5O2

+ ion has a geometry
in which the proton is not equally shared by two waters, but is
preferentially bound to the water that abstracts the acidic proton
from HA1. Hence, the proton is asymmetrically positioned
between a water molecule and the A1- anion.

1.1.3. HA1-(H2O)3. Two mechanisms (designated a and b)
have been found for the deprotonation of HA1 in the presence
of the three-water cluster. The reaction pathways are illustrated
by the RC-HA1-W3af TS-HA1-W3af PC-HA1-W3a and
RC-HA1-W3bf TS-HA1-W3bf PC-HA1-W3b sequences
(Figure 4). The reactant complexes and transition-state geom-
etries RC-HA1-W3a, TS-HA1-W3a and RC-HA1-W3b, TS-
HA1-W3b (Figure 4) show SPS-H bonds between the cis-
and trans-HA1 conformations. We have also searched for
transition states of the cis-HA1-W3 conformation, but several
attempts finalized at global minima (i.e., no imaginary frequen-
cies). For both mechanisms, the breaking of the S-H bond
occurs at the same time with formation of the H7O3

+ ion. The
HA1-W3a mechanism involves a double concerted proton
transfer. At TS-HA1-W3a, the acidic SH proton is transferred
to the first water molecule, which shuttles its proton toward the
second water molecule. All three complexes RC-HA1-W3a,
TS-HA1-W3a, and PC-HA1-W3a are characterized by eight-
membered ring arrangements with short hydrogen bonds.
Structural changes between these complexes are small, sug-
gesting low barrier heights for both forward and reverse
reactions. In the PC-HA1-W3a complex, the H3O+ ion
coordinates to the HA1 conjugate base and two water molecules.
The structural arrangement of the H3O+(H2O)2 protonated water
cluster is similar to that of the well-known “Eigen” cation in
which H3O+ forms two short hydrogen bonds (1.571 and 1.585
Å) with the two neighboring water molecules and a third
hydrogen bond with the conjugate base of HA1. The HA1-W3b
mechanism involves only a single proton transfer. The acidic
SH proton is first abstracted by the water molecule that hydrogen
bonds to the fluorine atom and then is transferred to the
neighboring water molecule, thereby producing a H3O+ ion
coordinated to two water molecules. Transition from RC-
HA1-W3b to TS-HA1-W3b involves rotation of the water
molecule that initially abstracts the acidic proton, while transition
from TS-HA1-W3b to PC-HA1-W3b involves rotation of the
next water molecule to which the proton is eventually trans-
ferred. In the RC-HA1-W3b complex, there are two hydrogen
bonds (1.858 and 2.338 Å) between HA1 and the three-water
cluster, generating a 10-membered ring arrangement. Structural

Figure 3. Optimized ground- and transition-state structures of RCs, TSs, and PCs in HA1-(H2O)2 aggregates using the B3LYP/6-311++G(d,p)
method. Selected bond lengths are in angstroms.
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changes from RC-HA1-W3b to TS-HA1-W3b show that one
inside hydrogen bond (1.762 Å) belonging to the water cluster
is broken and two new hydrogen bonds (1.771 and 1.848 Å)
are formed, producing a distorted eight-membered ring and an
outer water molecule that hydrogen bonds to the fluorine atom.
The PC-HA1-W3b complex holds one eight-membered ring
and one six-membered ring. Structural changes indicate that one
hydrogen bond (2.232 Å) is broken and two new hydrogen
bonds (1.942 and 2.549 Å) are formed in the product complex.
The structural changes within the HA1-W3b mechanism reflect
an increase of the number of hydrogen bonds from two to three
in the transition state, which can be attributed to the presence
of the fluorine atom near the acidic proton. This means that the
o-trifluoromethyl substituent is favorably located so that it par-
ticipates in transition-state stabilization. Thus, in addition to its
electron-withdrawing feature, the o-trifluoromethyl group fa-
cilitates the deprotonation of the HA1 acid by hydrogen bonding.
Also, the optimized geometry of the product complex suggests
that adequate space exists for a metal cation to coordinate to
the sulfur atoms.

Noteworthy, for both the HA1-W3a and HA1-W3b mech-
anisms, the geometrical arrangement of the H3O+(H2O)2 ion in
the product complex (hydronium ion coordinated to two water
molecules) is similar to that previously reported37 to be the
lowest energy conformation.

1.1.4. Gas-Phase Energies. The energies of the HA1-(H2O)n

RCs, TSs, and PCs relative to the Rs are listed in Table 2. The
electronic energy (zero-point-exclusive), ∆Eel, enthalpy, ∆H,
at 298.15 K, and Gibbs free energy, ∆G, at 298.15 K, have
been included. Although our discussions will mostly refer to
∆G, its value is strongly dependent on the calculated vibrational
frequency values, thereby being less accurate than ∆H or ∆E.

For this reason, all three values need to be considered when
the results are interpreted. In the gas phase all water-assisted
proton transfer reactions go through the formation of the RC
and PC, whose enthalpies are lower than the sum of the
enthalpies of the reactants, but whose free energies are higher
relative to those of the reactants. The activation barriers for cis-
HA1-W1, HA1-W2, and HA1-W3a reactions are much lower
than the activation barriers for trans-HA1-W1 and HA1-W3b
reactions. This is consistent with the extent of transition-state
stabilization by hydrogen bonding between the negatively
charged sulfur atoms and water molecules. Stronger hydrogen
bonds at the transition state result in lower activation energies.

As mentioned above, we discuss the results obtained with
the B3LYP/6-311++G(d,p) level of theory. The calculated
activation barrier for the one-water-assisted proton transfer
between the two sulfur atoms of cis-HA1-W1 (Table 2) is fairly
low (∆Gq ) 13.16 kcal/mol). This suggests a rapid equilibrium
between the reactants and products and, thus, contrasts with
the free energy activation barrier for trans-HA1-W1 single-water
proton transfer, which is significantly higher (∆Gq) 41.86 kcal/
mol). This is likely caused by cis-HA1 passing through a nearly
coplanar six-membered ring transition state, while trans-HA1
involves a four-membered ring transition state that is expected
to be less energetically favored due to the large angle strain.

The two-water-cluster-assisted proton transfer reaction (Table
2, cis-HA1-W2) is highly endothermic in the gas phase and
has a calculated free energy barrier of only 10.65 kcal/mol. The
reason for this low barrier height lies in the structure of the
transition state, which is stabilized by a larger number of
solute-solvent hydrogen bonds than the reactant complex.
Surprisingly, the free energy of the product complex is slightly
higher than that of the transition state by 0.92 kcal/mol, whereas

Figure 4. Optimized ground- and transition-state structures of RCs, TSs, and PCs in HA1-(H2O)3 aggregates using the B3LYP/6-311++G(d,p)
method. Selected bond lengths are in angstroms.
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the reactant complex rests 7.26 kcal/mol lower than the transition
state. This result could be attributed to the optimization
algorithm, which searches for stationary points on the basis of
electronic energies rather than free energies. Nevertheless, the
electronic energy of the product complex is only 0.14 kcal/mol
lower than that of the transition state, but still significantly higher
than that of the reactant complex by 6.37 kcal/mol. Thus, the
two-water cluster deprotonation of HA1 results in a short-lived
product complex species, since the reverse reaction is essentially
barrierless and overall equilibrium would rather proceed toward
the reactants.

The free energy barriers for the three-water-cluster-assisted
proton transfer are 11.37 and 34.82 kcal/mol for the HA1-W3a
and HA1-W3b mechanisms, respectively (Table 2). While these
barriers are higher than that associated with the two-water cluster
(by 0.72 and 24.17 kcal/mol, respectively), the product complex
is significantly lower in energy than the transition state in both
cases. This is because the hydronium ion, as discussed above,
is solvated by two water molecules and the anion-H7O3

+ ion
pair is better stabilized through hydrogen bonding. The dis-
sociation reaction is still highly endothermic, but the structure
and favorable energy of the product complex indicate that

deprotonation of HA1 is feasible in the presence of three-water
clusters. The high activation energy (34.82 kcal/mol) for the
HA1-W3b mechanism is consistent with the large structural
changes at the transition state, and although this barrier is higher
than that for the HA1-W3a mechanism, we need to consider
the HA1-W3b mechanism as a possible reaction pathway in
solution.

1.2. Deprotonation of HA2. In Figure 5, R and product P
represent the neutral (protonated) and anionic structures of HA2.
Water-assisted proton transfer processes for HA2 are illustrated
in Figures 6-8. Similar to the previous section, HA2-(H2O)n

aggregates relevant to the reaction coordinate have been op-
timized, and selected bond distances obtained at the B3LYP/
6-311++G(d,p) level are given in the figures.

1.2.1. HA2-H2O and HA2-(H2O)2. The one-water- and two-
water-assisted proton transfer reactions, denoted RC-HA2-W1
f TS-HA2-W1 f PC-HA2-W1 (Figure 6) and RC-
HA2-W2 f TS-HA2-W2 f PC-HA2-W2 (Figure 7),
respectively, show structural patterns very similar to those seen
for HA1. However, due to the presence of the branched alkyl
chains, only the cis conformation of HA2 is accessible. The
one-water-assisted proton transfer reaction reveals a concerted

Figure 5. Optimized structures of HA2 and A2- at the B3LYP/6-311++G(d,p) level of theory. Selected bond lengths are in angstroms.

Figure 6. Optimized ground- and transition-state structures of HA2-H2O aggregates using the B3LYP/6-311++G(d,p) method. Selected bond
lengths are in angstroms.
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double proton exchange between the water molecule and the
two sulfur atoms by passing through a six-membered ring
transition state (Figure 6) as seen in HA1. Again, this reaction
does not deprotonate HA2, but only exchanges the proton with
water. Addition of a second water leads to a reaction pathway
in which the proton shuttles back and forth between the acidic
sulfur and one of the water molecules. The two-water cluster
transition state TS-HA2-W2 upholds the six-membered ring
arrangement with further hydrogen bonding between the non-
H-bearing sulfur and the second water molecule. Similar to the
HA1-W2 mechanism, after the HA2 proton is transferred to
the first water molecule, the protonated water cluster H5O2

+

does not reach the energetically favored conformation where
the proton is equally shared by two water molecules. Instead,
the well-defined H3O+ moiety of the H5O2

+ cluster forms
hydrogen bonds with the dithiophosphinate anion and the second
water molecule (Figure 7).

1.2.2. HA2-(H2O)3. While proton transfers to one-water and
two-water clusters in HA2 aggregates display pathways very
similar to those calculated for HA1, this is not the case with
the three-water cluster. The corresponding reaction pathway RC-
HA2-W3f TS-HA2-W3f PC-HA2-W3 is given in Figure
8. In contrast with the results obtained for HA1, the transition
state of HA2 with the three-water cluster (TS-HA2-W3) is
predominantly the transition state of HA2 with the two-water
cluster (TS-HA2-W2) that adds in an extra water molecule.
Hence, the hydronium ion is strongly bound to the A2- anion

in both the transition state and product complex, preventing
proton migration inside the water cluster. In essence, all three
transition states TS-HA2-W1, TS-HA2-W2, and TS-HA2-W3
are dominated by short hydrogen bonds between the acid anion
and H3O+ unit. Our attempt to solvate the proton to form an
Eigen cation, by modeling the four-water-assisted proton
transfer, resulted in a transition state with the same pattern; i.e.,
the H3O+ ion coordinates to the two sulfur atoms, and the proton
does not migrate to the next water molecule. This can be
explained by an increased negative charge on the sulfur centers
in the anion due to the presence of electron-donating substituents
(two 2,4,4-trimethylpentyl groups). As a consequence, the H3O+

cation will interact stronger with the A2- anion than with the
water cluster. A more detailed comparative analysis concerning
microsolvation of HA1 and HA2 by a three-water cluster is
provided in a separate section below.

1.2.3. Gas-Phase Energies. To test the validity of our energy
computations, we have employed the same three levels of theory,
B3LYP/6-311G(d,p), B3LYP/6-311++G(d,p), and MP2/6-
311++G(d,p), as for HA1-water aggregates (vide supra). The
energies for calculated stationary points relative to reactants are
summarized in Table 3. On the basis of considerations men-
tioned earlier, B3LYP/6-311++G(d,p) results are preferred for
chemical systems of this type. The calculated free energy
activation barriers for the proton transfer in HA2-water
aggregates are low, and little variation occurs with respect to
the water cluster size (∆Gq ranges from 13.46 to 10.18 kcal/

Figure 7. Optimized ground- and transition-state structures of HA2-(H2O)2 aggregates using the B3LYP/6-311++G(d,p) method. Selected bond
lengths are in angstroms.

Figure 8. Optimized ground- and transition-state structures of HA2-(H2O)3 aggregates using the B3LYP/6-311++G(d,p) method. Selected bond
lengths are in angstroms.
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mol at the B3LYP/6-311++G(d,p) level). These low barriers
are consistent with gas-phase transition-state geometries, which
show formation of short cyclic hydrogen bonds connecting
charged fragments (Figures 5-7). Comparing the energies for
one-water and two-water cluster proton transfers, the barrier
height is reduced by 2.66 kcal/mol by the presence of the second
water molecule. However, inclusion of a third water molecule
has a negligible effect relative to that of the two-water cluster,
lowering the free activation energy by only 0.62 kcal/mol. This
is because the transition-state structures TS-HA2-W2 and TS-
HA2-W3 are very similar, both involving single proton
transfers with similar hydrogen-bonding patterns between the
acid anion and H3O+ ion, as already explained.

1.3. Comparison between Aggregates of HA1 and HA2 with
(H2O)3. As far as the differences between HA1-(H2O)3 and
HA2-(H2O)3 are concerned, TS-HA2-W3 (Figure 8) is
dominated by a larger number of hydrogen bonds than TS-
HA1-W3a or TS-HA1-W3b (Figure 4). The bulky 2,4,4-
trimethylpentyl substituents of HA2 constrain the arrangement
of water molecules around the sulfur atoms. Also, the electron-
donating effect of the alkyl group increases the negative partial
charge on the sulfurs (natural charges are given in the Supporting
Information), which in turn strengthens the hydrogen bonding
between the anion and protonated water cluster. TS-HA2-W3,
where the H3O+ ion is strongly bound to the dithiophosphinate
A2- anion, is energetically stabilized by hydrogen bonding
(Figure 8), preventing further proton transfer to the next water
molecule inside the water cluster and thus favoring the reverse
reaction. In contrast with the HA2-(H2O)3 aggregate, the two
pathways for HA1-(H2O)3 proton transfer lead to formation
of a stable protonated water cluster (H3O+ bonded to two water
molecules, Figure 4). The reaction pathway for TS-HA1-W3a
involves a concerted double proton transfer. Once the acidic
proton is transferred from HA1 to a neighboring water molecule,
this molecule generates a short hydrogen bond to the second
water molecule and shuttles its hydrogen-bonded proton to the
middle water to form a stable H7O3

+ protonated water cluster.
On the other hand, TS-HA1-W3b shows a single proton transfer
that leads to rotation of the first water molecule inside the cluster.
This water molecule abstracts the acidic proton and rotates to
form a hydrogen bond with the fluorine. Additionally, the
rotation of the first water in the cluster facilitates the further
transfer of the acidic proton to the second water molecule,
leading to a stable H7O3

+ protonated water cluster. The larger
structural changes and longer distance covered by the acidic
proton along the HA1-W3b reaction pathway are reflected in
the higher energy of activation (Table 2).

To extend the present calculations to include more explicit
water molecules is beyond the scope of this study, as it would
require an in-depth analysis, mostly because of the conforma-
tional diversity of HA1-(H2O)n aggregates (n > 3). Neverthe-
less, the effect of bulk solvation can be estimated using a
continuum model. Typically, the hybrid cluster-continuum
approaches represent an improvement over the continuum
models for prediction of free energies of solvation.16,38 Hence,
we have employed this approach to examine the solvent effects
on the proton transfer in dithiophosphinic acid-water clusters.

2. Solvent-Phase Calculations. The CPCM single-point
calculations have been applied at the B3LYP/6-311++G(d,p)
level to all ground- and transition-state geometries listed in
Tables 2 and 3. The free energies in solution for reactants,
reactant complexes, transition states, product complexes, and
products relative to reactants in the gas phase have been es-
timated as the sum of the gas-phase free energies relative to

those of the reactants and the solvation contribution to the free
energy for each chemical species. To better exploit the CPCM
formalism, we have included both electrostatic and nonelectro-
static components of the free energy of solvation. Solvent-
corrected free energies of stationary points relevant to depro-
tonation of HA1 and HA2 in water, toluene, and FS-13 are given
in Table 4. The free energies of activation (∆Gq) and free
energies of reaction (∆Grxn) in the gas phase and solution are
also estimated.

In the case of one-water-assisted proton transfer, all three
solvents increase the activation barriers for both cis-HA1-W1
and HA2-W1 species compared to the gas-phase results (Table
4). This is due to the reactants being more strongly solvated
than the transition states. The calculated results suggest that
using toluene could lead to slightly lower barriers than using
water or FS-13 solvents, corresponding to a less solvated
reactant in toluene. Interestingly, solvent-corrected activation
energies for cis-HA1-W1 are approximately 2-3 kcal/mol
lower than those for HA2-W1 (∆∆Gq differences in water,
toluene, and FS-13 are 3.1, 1.7, and 2.9 kcal/mol, respectively),
even though the gas-phase barrier heights are the same (∆Gq

) 13.5 kcal/mol). This is presumably caused by the large
differences between HA1 and HA2 in terms of their solvation
energies. For the trans-HA1-W1 proton transfer, the solvent-
corrected activation barriers in water, toluene, and FS-13 are
still dominated by the large gas-phase barrier height (∆Gq )
41.9 kcal/mol), but are lower than in the gas phase by ca. 2-6
kcal/mol. In this case the transition state is more strongly
solvated than the reactants. It appears that structural arrangement
of the transition state TS-trans-HA1-W1 (Figure 2), in which
only one of the two sulfur atoms hydrogen bonds to the H3O+

ion, leads to more negative solvation energy, especially in polar
solvents, i.e., water and FS-13. This is consistent with gas-phase
natural charges, which show a significant variance between the
two sulfur atoms (natural charges are -0.5 for the hydrogen-
bonded sulfur and -0.7 for the other) and hence indicate that
the excess of negative charge is stabilized by a polar solvent.

The two-water-assisted proton transfer energy barriers for
HA1-W2 and HA2-W2 (Table 4) show almost identical
values, most likely due to very similar structural patterns of
the transition states. The solvent-corrected activation energies
are higher than the gas-phase energies as a result of better
solvated reactants than transition states. Similar to the one-water
results, the lowest barrier height is obtained in toluene on
account of the less favorable solvation energy for reactants in
toluene compared to water or FS-13.

In the case of three-water deprotonation of HA1 according
to the HA1-W3a mechanism, applying solvent correction
increases the activation barrier (Table 4) due to the same reason
stated above: reactants are more strongly solvated than the
transition state. Solvent effects for deprotonation of HA1 in the
presence of three-water clusters according to the HA1-W3b
mechanism have little influence on barrier heights because of
comparable solvation energies of the reactants and transition
state (Table 4). However, the FS-13 solvent yields a lower
energy barrier than toluene by 3.1 kcal/mol. In this case, it
appears that FS-13 provides the most favorable energy balance
between the reactants and transition state, by solvating the
transition state more strongly than the reactants. For HA2
deprotonation in the presence of a three-water cluster, we have
found one mechanism. Since the three-water deprotonation of
HA2 follows a pattern very similar to that of the two-water
deprotonation, barrier heights are almost identical in both the
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gas phase and solution, but the three-water cluster gives slightly
lower barriers by ca. 0.5 kcal/mol (HA2-W3, Table 4).

Conclusions

We have examined the role of microsolvation on energy
barriers for the deprotonation of two dithiophosphinic acids,
HA1 and HA2, and explored the bulk solvent effects of water,
toluene, and FS-13. A series of quantum mechanical calculations
have been carried out based on the hybrid supermolecule-
continuum approach, in which up to three solvent water
molecules are explicitly included in the supermolecular reaction
coordinate calculations and the bulk solvent is modeled as a
polarizable dielectric continuum. We have found that adding
explicit waters from one to two molecules lowers the activation
energy for both HA1 and HA2 deprotonation processes by ca.
3 kcal/mol, while adding a third molecule generates different
trends between HA1 and HA2. For HA1 deprotonation, addition
of a third water molecule raises the barrier height by ca. 1 or
24 kcal/mol in the gas phase, depending on the reaction pathway.
For HA2 deprotonation, addition of a third water molecule
lowers the barrier height by ca. 1 kcal/mol. These results are
consistent with the extent of hydrogen bonding at the transition
state. Stronger hydrogen bonds between solute and water
molecules lower the activation energies as a result of stabiliza-
tion of charges.

It is worth mentioning that our results suggest that at least
three water molecules are needed to completely deprotonate
HA1, which leads to formation of a stable protonated water

cluster. Two reaction pathways, HA1-W3a and HA1-W3b,
have been found for HA1-(H2O)3 proton transfer. While the
barrier for the HA1-W3b pathway is less favorable than for
the HA1-W3a pathway by ca. 23 kcal/mol, this higher barrier
is still feasible, particularly when we consider the structural
arrangement of the transition state that would provide enough
room for a metal cation to bind to the negatively charged sulfur
atoms. It is likely that the presence of a metal cation in the
vicinity of sulfur atoms would counterbalance their negative
charge and thus lower the proton transfer barrier height
associated with the HA1-W3b pathway. Furthermore, depro-
tonation of HA1 in the presence of a three-water cluster results
in energetically stable product complexes for both pathways.
In the case of three-water-assisted deprotonation of HA2, the
barrier height is very low (∆Gq ) 10.18 kcal/mol), but the
product complex is energetically unstable relative to the tran-
sition state, suggesting the deprotonated species is short-lived.

Accounting for bulk solvent effects seems more important
when the gas-phase barrier heights are low, and more negative
solvation energies of the reactants substantially contribute to
raising the activation energies. For higher gas-phase activation
barriers, including bulk solvent effects is less important due to
similar solvation energies of the reactants and transition states.
Nevertheless, polar solvents, such as water and FS-13, stabilize
the transition states more than the reactants when charges are
more delocalized (HA1-W3b and trans-HA1-W1 pathways).

TABLE 4: Gas-Phase and Solvent-Correcteda Gibbs Free Energies (kcal/mol) of the Rs, RCs, TSs, PCs, and Ps Relative to the
Reactants in the Gas Phase, Calculated with B3LYP/6-311++G(d,p)b

HA1 HA2

gas phase water toluene FS-13 gas phase water toluene FS-13

cis-HA1-W1 HA2-W1
R 0.00 -11.26 -3.08 -5.55 0.00 12.51 14.56 14.47
RC 3.75 -0.39 4.83 4.57 3.48 25.43 23.83 26.67
TS 13.47 5.74 12.49 11.15 13.46 32.56 31.83 34.05
PC 3.16 -0.83 4.41 4.15 3.44 24.24 22.97 25.63
P -0.12 -11.74 -3.40 -5.77 -0.70 11.27 13.49 13.21
∆Gq 13.47 17.00 15.57 16.70 13.46 20.05 17.27 19.58
∆Grxn -0.12 -0.48 -0.32 -0.22 -0.70 -1.24 -1.07 -1.26

HA1-W2 HA2-W2
R 0.00 -16.51 -5.72 -10.14 0.00 7.26 11.92 9.88
RC 3.39 -0.39 5.32 4.60 1.95 20.21 20.64 21.95
TS 10.65 4.71 11.32 10.51 10.80 29.12 29.37 31.47
PC 11.57 4.87 12.03 10.92 10.96 28.94 29.27 31.37
P 117.73 -6.20 50.21 3.59 124.52 20.47 72.65 28.32
∆Gq 10.65 21.22 17.04 20.65 10.80 21.86 17.45 21.59
∆Grxn 117.73 10.31 55.93 13.73 124.52 13.21 60.73 18.44

HA1-W3a HA2-W3
R 0.00 -14.99 -4.79 -8.37 0.00 8.78 12.85 11.65
RC 6.50 1.06 8.87 7.16 5.31 24.78 25.30 26.71
TS 11.37 3.39 11.79 9.37 10.18 29.60 29.76 31.60
PC 7.99 0.78 8.75 6.81 10.62 28.52 29.41 30.89
P 101.92 -12.40 40.35 -1.74 108.71 14.27 62.79 22.99
∆Gq 11.37 18.38 16.58 17.74 10.18 20.82 16.91 19.95
∆Grxn 101.92 2.59 45.14 6.63 108.71 5.49 49.94 11.34

HA1-W3b trans-HA1-W1
R 0.00 -14.99 -4.79 -8.37 0.00 -11.52 -3.11 -5.75
RC 4.60 -1.73 6.29 3.91 5.41 0.15 6.50 5.50
TS 34.82 18.16 30.98 24.27 41.86 24.77 37.02 31.18
PC 11.14 2.74 11.42 8.71 5.09 -0.04 6.38 5.30
P 101.92 -12.40 40.35 -1.74 0.00 -11.52 -3.11 -5.75
∆Gq 34.82 33.15 35.77 32.64 41.86 36.29 40.13 36.93
∆Grxn 101.92 2.59 45.14 6.63 0.00 0.00 0.00 0.00

a Single-point CPCM-B3LYP/6-311++G(d,p) calculations on the optimized structures at the B3LYP/6-311++G(d,p) level. b Free energy
activation barriers and reaction free energies are given for both the gas and solvent phases.
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