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The hydricities of d° metal hvdride complexes in aqueous solution were calculated by using density fumetional theoretical
(DFT) calculations ooupled with a Poisson-Boltzmann (PB) solvent model. Hy dr1c1t\ describes the hydride donor
ability of the metal-hydrogen bond, which assists in the study of the mechanism of many catalytic processes and
chemical reactions that involve transition metal hydnides. The calculation scheme produced hydricity values that
were in good agreement with experimental estimation. The inclusion of a water molecule as a weakly bound ligand
to five-coordinate metal complexes gave an improved correlation result,
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Introduction

Hydricity is related to the thermodynamics of the heterolytic
dissociation of the hydride anion from its parent molecule.’ It
has been used in determining the reactivity and the mechanism
of hydride shift reactions™ and hydride abstraction reactions.”
The reduction of carbon dioxide by transition metal hyvdride
complexes is another good example to which the concept can
be applied.” Although the concept of hydricity parallels that of
acidity. the experimental estimation of hvdricity requires a
series of chemical equations. unlike the case of acidity.’ Thus
the accuracy of experimentally calculated values of hvdricities
may be affected by the errors accumulated from each of these
steps. Therefore. it is highly desirable to establish a computa-
tional scheme capable of calculating hyvdricity in a single step.
Theoretical hydricities in acetonitrile solution. which employs
C-PCM solvent model. were reported pne\-'iously.S The accuracy
of the applied computational methods was accessed by com-
paring the calculated Gibbs free energies of reactions involving
the hvdrides with the experimental data.

Recently. Creutz and Chou reported their experimental results
in estimating the hvdricities of d° metal hvdride complexes in
water from the redox properties and acidities. or by equilibrat-
ing them with carbon dioxide/formate ion. ' An aqueous solution
has been recognized as a desirable media for catalysis and so-
lar generation of fuels. However. only a few kinetics and equi-
librium studles on hvdricity in aqueous media have been report-
ed so far”

We perfonmed density functional theoretical (DFT) calcula-
tions on these transition metal hydrides and correlated the
results with the experimental data in an aqueous solution.

Computational Details

The calculation scheme parallels our own previously re-
- : .11 .
ported scheme for pK, evaluation.”™  Summarized below are

the features of the calculation relevant to the discussion of the
data.

The hydricity of a molecule AH in aqueous solution is the
Gibbs free energy of the heterolytic dissociation process (usu-
ally expressed in the unit of V. AGdi 4. which is defined as
follows (See Scheme 1)

AGisag = AGR(AT) + AGu(H) - AGa(AH). (1)

The standard free energy of each species (AH. A", and H)
in water, AGa, can be written by as the sum of the gas-phase
standard free energy AG; and the standard free energy of
solvation in water AGsy :

AGy = AG{ + AGn | )

The standard free energy of each species in the gas phase,
AGY. is obtained by

AG; = Fux + ZPE + AAGo—sx. 3)

The total energy of the molecule at 0 K (%) is calculated at
the geometry optimized with quantum mechanics (QM). Har-
monic oscillator-rigid rotor approximation is applied for the
calculation. The zero-point energy (ZPE) and the vibrational
contribution to the Gibbs energy change from 0 K to 298 K
{AAGo—2uy) are calculated from the frequencies obtained from
the QM calculations. The translational and rotational free
energy contribution is also calculated in the ideal gas approxi-
mation. We take AG (H™) as a fitting parameter to ensure the
best reproduction of the e\penmental data. as used inthe pre-
vious works on pAi calcuations. "

All QM calculations used the Jaguar v5.5 quantum chemistry
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Scheme 1. Thermodynamic cycle used in the calculation of hydricity
values

Table 1. Experimental and Caleulated hydricities (in eV) of hyvdnde
complexes

Hyvdricity AG tee aae

Hydride complex X I T o
expt’  cale”  fitted" cale
| Co(CN)sHS_ 067 040 0.48 =-0.77
2 Ru(tpvibpyviH 096 066 079 12.01
3 RhCp*(bpy)H™ 113 120 144 312
4 Ru(Bz*)(bpv)H" 1.35 1.13 1.38 12.98
5 Col(bpy):HH.0" 1538 139 190 16.33

6 Rhen):(H-OH™ 203 148 1.77 18.34
7 Co(HMD)H(H.0)* 212 175 209 17.24
8 Rhbpy):HH:0)~ 219 183 219 16.65

HMD = 3.7.7.12.14.14-hexamethyl-1.-.8.1 1 -tetraazacyclotetradeca-
4.11-diene. reference [1]. from the calculated results usmg B3LYP/LA-
CVP** with AGy, (H™) giving best fit with a HyO molecule as a weakly
bound ligand to five-coordinated complexes. ‘fitted with the correlation
result in section 3.2, from the calculated results using BALYP/LA-
CVP** with AG;,,; (H™) giving best fit with a H-O molecule as a weakly
bound ligand to tive-coordmated complexes,

software.” To perform the geometry optimization and calculate
the energies of the various molecules, we used the B3 LYP'™""
variation of DFT. which includes the generalized gradient
approximation and a component of the exact Hartree-Fock
exchange. Since calculations of vibration frequencies are gen-
erally quite time-consuming. the small LACVP** basis set was
first used to optimize the geometry and calculate the vibration
frequencies. The munber of imaginary frequencies was monitor-
ed in order to check if the optimized structure of each chemi-
cal species corresponds to true the minimum. Then single-
point calculations with the LACV3P++%* basis set were per-
formed to check the dependence of the results on the inclusion
of the diffuse function.

The water solvent was taken into account with the Poisson-
Boltzmann (PB) continuum model™™ at the B3LYP/LACVP**
level. Details for the solvation energy calculation have been
presented elsewhere.'” and so we briefly describe the overall
procedure. The continuum solvent model was applied to the
calculations. The solvation Gibbs free energy was given by the
sum of the non-electrostatic contribution due to the creation of
the solute cavity in the solvent and the electrostatic interaction
between the solute and solvent. The electrostatic part of the
solvation free energy was evaluated by a self-consistent for-
malism that cycles through the QM calculations in the solvent
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Figure 1. Gas phase hyvdricities of transition metal hvdride com-
plexes (a) without and (b} with a H-O molecule as a weakly bound
ligand.

reaction field that involves numerical solution of the PB equa-
tion.'® The non-electrostatic contribution was taken into con-
sideration by a term proportional to the solvent-accessible sur-
face (SAS) area of the solute defined by the surface traced out
by the center of the sphere of probe radius (1 4 A for water) as
it is rolled around the solute. This term is based on the ex-
perimental solvation energy of linear and branched alkanes.™
The atomic radii to determing the van der Waals envelope of
the solute were taken from Marten er af.'*

Results and Discussion

Table 1 lists the chemical structures of the metal complexes
used in this study and compares the calculated thermody namic
quantities with the experimental estimations.

Conrelation with the gas phase results. First, we comrelated
the hydricities of the complexes with the Gibbs energy for the
dissociation of hydride in the gas phase. AGgs.gs. The Gibbs
energy of hydride in the gas phase. AGas (H") is taken as a
fitting parameter chosen to ensure the best correlation. Figure 1
depicts the hydricities. the Gibbs energy change correspond-
ing to the hydride dissociation reaction for the 8 molecules
against the AGdsseas values given in Table 1. The gas phase
hydride dissociation energy. with Co(CN):H" excluded. shows
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Figure 2. Hyduicities of transition metal hydride complexes, (a) without
and (b) with a H-O molecule as a weakly bound ligand.

good agreement with the experimental data (R = 0.90). How-
ever, the inclusion of the data for Co(CN)sH" reduces the
regression coefficient to (R = 0.84). Taking the solvation energy
into consideration gives a much better correlation. as shown
in the next section. which demonstrates that the solvation
energy calculation is essential for making accurate hydricity
evaluations. Calculations with an additional H-O molecule as
aweakly bound ligand (or as a simplest model of explicit solvent
model) did not improve the quality of the correlation. as shown
in Figure Lb).

Inclusion of the single-point energy comrection with a larger
set of LACV3P++** did not improve the quality of the corre-
lation. nor did the inclusion of the geometry optimization with
the LACV3P++%* basis set.

Hydricities. Inclusion of the solvation energies greatly affect-
ed the results (Figure 2a). The improvement was due to the
correct description of the hydricity of Co(CN)sH™ (R = 0.89).
Calculations with an additional H-O molecule as a weakly bind-
ing ligand improved the quality of the correlation further. as
shown in Figure 2(b) (R = 0.93). The scheme greatly improv-
ed the quality of the model. especially for Co(HMD)H(H:O):".
It is conjectured that the planar structure of the HMD ligand
requires the inclusion of a water molecule as a weakly bound
ligand. As in the gas phase thermodynamics. inclusion of a
larger basis did not improve the quality of the correlation.

Bull. Koveann Chem. Sac. 2009. Vol. 30, No. 12 2929

The net charge of the complex. the electronic structure of
the metal center and the electron-donating ability of the ligand
are conjectured to be related to the general trend found for the
variation of the experimentally determined h_vclricities."21 Net
positive charge makes a complex less hydridic. An electron-
richer ligand usually makes a complex more hydridic.”

Summary

In this study. we performed the B3LYP vanation of DFT
calculations coupled with a PB continuum solvent model to
calculate the hydricity of the d” transition metal hydrides in an
aqueous solution. The computational scheme parallels the pX,
calculations. As expected. the gas phase thermodynamics re-
sults did not correlate well with the experimental hydricities.
Inclusion of the solvation energy term improved the calculat-
ed hvdricities to alevel in good agreement with the experimental
measurements. The inclusion of the diffuse function did not
improve the quality of the numerical results. unlike the pre-
vious studies on the acid dissociation constants.™""
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