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ABSTRACT: The reduction potentials (E°Red versus SHE) of hypercloso boron hydrides
BnHn (n = 6−13) and B12X12 (X = F, Cl, OH, and CH3) in water have been computed using
the Conductor-like Polarizable Continuum Model (CPCM) and the Solvation Model
Density (SMD) method for solvation modeling. The B3LYP/aug-cc-pvtz and M06-2X/aug-
cc-pvtz as well as G4 level of theory were applied to determine the free energies of the first
and second electron attachment (ΔGE.A.) to boron clusters. The solvation free energies
(ΔGsolv) greatly depend on the choice of the cavity set (UAKS, Pauling, or SMD) while the
dependence on the choice of exchange/correlation functional is modest. The SMD cavity
set gives the largest ΔΔGsolv for BnHn

0/− and BnHn
−/2− while the UAKS cavity set gives the

smallest ΔΔGsolv value. The E°Red of BnHn
−/2− (n = 6−12) with the G4/M06-2X(Pauling)

(energy/solvation(cavity)) combination agrees within 0.2 V of experimental values. The
experimental oxidative stability (E1/2) of BnXn

2− (X = F, Cl, OH, and CH3) is usually located
between the values predicted using the B3LYP and M06-2X functionals. The
disproportionation free energies (ΔGdpro) of 2BnHn

− → BnHn + BnHn
2− reveal that the stabilities of BnHn

− (n = 6−13) to
disproportionation decrease in the order B8H8

− > B9H9
− > B11H11

− > B10H10
−. The spin densities in B12X12

− (X = F, Cl, OH, and
CH3) tend to delocalize on the boron atoms rather than on the exterior functional groups. The partitioning of ΔGsolv(BnHn

2−)
over spheres allows a rationalization of the nonlinear correlation between ΔGE.A. and E°Red for B6H6

−/2−, B11H11
−/2−, and

B13H13
−/2−.

■ INTRODUCTION
Experimental studies of the electrochemistry of BnHn

−/2− have
been reported using polarography and cyclic voltammetry.1

However, polymerization or aggregation of boron clusters
during the redox reaction hinder the accurate characterization
of redox species.2 The existence of the assumed radical anions
B11H11

•− and B12H12
•− depends on solvent, but the role of

solvent itself is not well-known.2d For example, it is known that
B10H10

2− and B12H12
2− undergo a stepwise one-electron

oxidation to form B20H19
3− or a two-electron oxidation to

form B20H18
2−, depending on the solvent3 and pH conditions.4

Substitution of the B12H12
2− opens the possible application of

superacidity,5 weakly coordinating systems,6 biological labeling
system,7 and nanoscale pharmaceutical carrier.8 However, the
redox properties of B12X12

0/−/2− (X = F, Cl, OH, CH3, and
OCH3) have been only partially investigated.6a,9 Lee et al.9g

reported E1/2 of B12(OR)12
0/− where 16 different -OR

substituents were considered from -OCH3 to -OCH2C6H5Br,
while the E1/2 of BnHn

0/− and the existence of neutral BnHn is
still not known.2

Many ab initio studies of reduction potentials have been
reported in the past decade.10 Roy et al.10c reported that the
systematic underestimation of redox potentials with the B3LYP
functional could be corrected with a baseline shift. The medium
effect is often treated with implicit solvation models such as
CPCM (Conductor-like Polarizable Continuum Model) which
was successfully applied to the redox potential in aqueous and

nonaqueous solution.10b,e,h The linear relationship between
electron affinity and reduction potential is well-known, and a
strong correlation is reported with various species.10g,11 The
difference between electron affinity and reduction potential
comes from the consideration of the solvation Gibbs free
energy (ΔGsolv) (Scheme 1).
The PCM (polarizable continuum model) method can

successfully be used to compute solvation free energies (ΔGsolv)
with the appropriate the choice of cavity radii.12 Likewise, the
choice of cavity radii (the boundary between solute and
solvent) is critical to determine solvation free energies (ΔGsolv)
of dianions.13 Many implicit solvation models such as the Born,
PCM, and CPCM models have been applied to the calculation
of solvation free energies (ΔGsolv) of dianions.

10f,j,14

If the BnHn
− intermediate is stable, the two-electron

reduction process from BnHn may proceed with successive
one-electron transfer pathways. The successive one-electron
transfers versus a simultaneous two-electron transfer are
governed by the ordering of reduction potentials for the first
(E°1) and second (E°2) electron addition. The monoanion is
unstable with respect to disproportionation to the neutral and
dianion when E°1 − E°2 < 0 (potential inversion).14a,15

However, disproportionation is controlled by solvation, and the
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potential inversion is more often observed in solution rather
than in the gas phase (eq 1).10f,i,14a,15a,16

→ +− −2B H B H B Hn n n n n n
2

(1)

When the difference of two reduction potentials is very small,
the cyclic voltammetry produces a single voltammetric peak for
two-electron transfer. About 98% of this potential compression
is due to solvation, with a minor role from ion pairing.15a,17

Barrier̀e and Geiger18 studied the two-electron transfer in
Ni(S2C2Fc2)2 (Fc = Fe(C5H5)(C5H4)) which can occur either
as successive one-electron transfers or as a single two-electron
transfer depending on the medium. Consideration of the
solvent effect is imperative to understand the multielectron
transfer processes in solution.
The stability of the monoanion radical has been justified by

electron delocalization.14a,19 Mao et al.20 reported that the
extent of unpaired electron delocalization determines the
solvent-dependent properties of paramagnetic organometallic
complexes. In addition, several studies have shown21 that the
stability of mixed-valence ions toward disproportionation
depends on solvent-induced electronic delocalization. However,
electron localization in carotenoid di-ions can minimize
Coulomb repulsion and enhance solvation stabilization, while
electron delocalization reduces interaction with solvent.15b

Thus, the rationalization of potential inversion in disproportio-
nation reactions must consider the synergistic effect of solvent
on the spin/charge delocalization in the monoanion radical.
Our ab initio computation with implicit solvation modeling

will present the details of redox energetics (E°Red versus
standard hydrogen electrode (SHE)) of BnHn

0/−/2− (n = 6−13)
and B12X12

0/−/2− (X = F, Cl, OH, and CH3) boron clusters. Our
E°Red values will be compared to experimental oxidative
stabilities (E1/2) where E°red(A) = E1/2(B) in the reaction A
+ e− → B. Our redox energetics include the free energy of
disproportionation (ΔGdpro, 2BnHn

− → BnHn + BnHn
2−) in

aqueous solution and may provide insight into the electron
transfer mechanism for polyborane-containing system. All
experimental E1/2 values and all calculated E°Red values are
relative to SHE in water.

■ COMPUTATIONAL DETAILS
The starting geometries of the boron clusters BnHn

0/−/2− (n = 5−13)
come from previous studies.22 The B3LYP and M06-2X23 exchange/
correlation density functionals with the aug-cc-pvtz basis set were used

to optimize geometries, compute vibrational frequencies, and calculate
solvation free energies (ΔGsolv) (Scheme 1). We also applied the G4
level of theory24 for ΔGE.A. followed by calculation of ΔGsolv with
B3LYP/aug-cc-pvtz and M06-2X/aug-cc-pvtz (G4/B3LYP and G4/
M06-2X). Zero-point energies, thermal energies, and entropy
corrections were computed in the gas phase using vibrational
frequencies without scaling. For ΔGE.A., we used adiabatic electron
affinity calculations. The possibility of Jahn−Teller distortion and
higher multiplicity electronic states of BnHn and BnHn

− were
considered and no electronic state issues were found (Supporting
Information, Table S1). In the gas phase, the second electron binding
energy (negative electron affinity) of small molecules is challenging to
compute. Using a series of dielectric medium conditions (ε = 100, 10,
4, 2, and 1), Puiatti et al.25 extrapolated the negative electron affinities.
We also found that the directly calculated electron affinity of CO3

−

and SO4
− monoanions in the gas phase (ε = 1) gave very similar

results to the extrapolated value.26 This nonadiabatic binding energy
(negative electron affinity) provided reasonable lattice energies of
M2CO3 and M2SO4 salts (M = Li+, Na+, and K+).26 We confirmed that
the electron attachment of B6H6

− in the gas phase also had a very
similar value with the extrapolated result (Supporting Information,
Figure S1).

Among the various implicit solvation models, the CPCM27 with the
UAKS cavity set24 and the Pauling cavity set24 were used in our study
since water has a high dielectric constant (ε = 78.35). The SMD
(solvation model density) method with the SMD cavity set was also
used because it was developed for the “universal” application of
solvation modeling including charged species.28 The UAKS and
Pauling cavity sets with the CPCM method investigate the sensitivity
of solvation free energies to the cavity radii for anion and dianion
species. The solvation free energies with the CPCM method include
cavitation, dispersion, and repulsion energies (keyword = cav, dis, rep).
The solvent excluded surface (keyword = surface = SES) is applied
with average density integration point 10 Å−2. The cavity surface is
smoothed with the keyword “Addsph”. We did not apply any specific
keywords for the SMD solvation modeling. All calculations were
carried out using the Gaussian09 package.24

The absolute value of the SHE has been debated to be between 4.11
and 4.52 V.29 We used 4.28 V since the surface potential of water was
considered.29f,j We note that the absolute potential of SHE in
nonaqueous solution is different from that in water.29g A consideration
of the “liquid junction potential” (LJP) and the correction for
reference electrode are necessary when converting E°Red in different
solvent systems to water.30 For example, the LJP of acetonitrile−water
is 0.093 V.1a,31 However, we did not apply the LJP since the reference
electrode correction for acetonitrile has almost the same value as LJP
but with opposite sign and thus the two almost cancel out.10f The
widely used ion convention, IC (enthalpy of formation of the electron
at nonzero temperatures is equal to the integrated heat capacity of the
electron) is applied for the explicit electron in Scheme 1.32 Electron
attachment energetics in the gas phase (ΔGE.A.) and aqueous solution
(ΔGsol) in Scheme 1 can be summarized as follows (eq 2−4).

Δ = Δ + ΔΔG G Gsol E.A. solv (2)

Δ = −nFEGsol
o

abs (3)

= −E E 4.28o
red

o
abs (4)

The ΔΔGsolv is the difference in the free energy of solvation. The
absolute reduction potential (E°abs) is applied to the standard
reduction potential (E°red) with Faraday constant (F) and number
of moles of electrons transferred per mol of reaction (n). All
experimental oxidative stabilities (E1/2) from the literature are
converted to E°red versus SHE unless explicitly indicated. We note
that the smaller clusters BnHn (n = 6−9) are reported in water while
the larger clusters BnHn (n = 10−12) are reported in acetonitrile.1a

Some experimental oxidative stabilities (E1/2) of B12X12
2− (X = H, F,

Cl)33 are reported with the Fc/Fc+ reference electrode, and we apply a
0.548 V correction to convert to SHE.10f,29a,34

Scheme 1. Thermodynamic Cycle Used to Calculate
Reduction Potential of BnHn Species
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■ RESULTS AND DISCUSSION
Electron Affinities of BnHn (n = 5−13) in the Gas

Phase. The gas-phase electron attachment free energies
(ΔGE.A.) of BnHn

0/−/2− (n = 5−13) are presented in Figure 1

where B12H12 is the only species to give a bound second
electron attachment (B12H12

− + e− → B12H12
2−, ΔGE.A. < 0).

The trend of ΔGE.A. in this study is similar to the reverse trend
of adiabatic ionization potential for BnHn

2− → BnHn
− + e− using

B3LYP/6-311+G(d,p)//B3LYP/6-31G(d).22a Generally, the
B3LYP functional gives similar attachment energies (ΔGE.A.)
to the G4 level of theory for BnHn + e− → BnHn

− while the
M06-2X functional gives attachment energies (ΔGE.A.) similar
to the G4 level of theory for BnHn

− + e− → BnHn
2− (Figure 1

and Supporting Information, Table S3). For the first and
second electron attachment free energies (ΔGE.A.), B3LYP and
M06-2X functional results are both within 5.8 kcal/mol of the
G4 results for BnHn (n = 6−13). The only exception is B13H13 +
e− → B13H13

− with the M06-2X functional which differs by 9.9
kcal/mol from the G4 result (Supporting Information, Table
S3). Pathak et al.35 reported the electron affinity (EA) of
B12H12 as 4.56 eV (105.1 kcal/mol) with B3LYP/6-311+

+G(d,p) while the EA of B12H12 + e− → B12H12
− in our study is

between 4.69 eV (B3LYP/aug-cc-pvtz) and 4.92 eV (G4)
(Figure 1 and Supporting Information, Table S3). B10H10,
B11H11, and B12H12 are superhalogen species, which means the
electron affinity is higher than the value of a halogen atom
(3.0−3.6 eV, corresponding to 69.2−83.0 kcal/mol).36 The
second electron attachment energy of B5H5 by G4 level (62.7
kcal/mol) is quite different from the DFT (density functional
theory) results (41.7 kcal/mol, M06-2X) while the first electron
attachment energies are very similar among the three methods
(Figure 1). For the B5H5 cluster, we used the cc-pvtz basis set
rather than the aug-cc-pvtz basis set (i.e., no diffuse functions)
because diffuse functions can cause artifacts for the unbound
second electron of small dianions. Because of the large
discrepancy of ΔGE.A. by different methods and lack of
literature data for reduction, we do not discuss B5H5 further
(Figure 1). Cederbaum and co-workers discussed the nature of
the second electron binding in B6H6

2−.37 In contrast to B5H5
− +

e− → B5H5
2−, DFT/aug-cc-pvtz and G4 show good agreement

for B6H6
− + e− → B6H6

2− (Figure 1). Electron attachment free
energies of BnHn

− (BnHn
− + e− → BnHn

2−, n = 5−13) become
less positive as the size of the cluster increases (Figure 1).
However, ΔGE.A. of B7H7

− is less positive than those of B8H8
−

and B9H9
− while ΔGE.A. of B10H10

− is less positive than the
ΔGE.A. of B11H11

− (BnHn
− + e− → BnHn

2− in Figure 1). Both
the size and the geometry of the cluster play a role in the
electron attachment process (Table 1). If one normalizes the
ΔGE.A. by the cluster size, B13H13 neutral presents the smallest
free energy gain (ΔGE.A./(BH)n) for the first electron
attachment, which means the least favorable to electron
attachment (Table 1).

Solvation Free Energies of BnHn (n = 5−13). The
solvation free energies (ΔGsolv) of BnHn

0/−/2− (n = 5−13)
depend linearly on cluster size except for neutral B13H13, and
the value of ΔGsolv greatly depends on the choice of cavity set
(Figure 2). The CPCM/UAKS cavity set gives the smallest
ΔGsolv, while the SMD method gives the largest ΔGsolv, and the
CPCM/Pauling cavity set is between the two (Figure 2). The
exception of B13H13 is due to much larger dipole moment (11.5
D with M06-2X(Pauling)) than all other dipole moments of
BnHn (n = 6−12) (1.6, 4.2, 0.0, 0.0, 0.6, 2.2, and 4.2 D with
M06-2X(Pauling), respectively). Because of its polar nature (a
result of the electron description which has a contribution from
B12H12

2− with a capping BH2+ unit), B13H13 has a favorable
solvation free energy in water. The SMD method for B13H13
gives ΔGsolv = −6.7 and −7.3 kcal/mol with B3LYP and M06-
2X, respectively, while the CPCM/UAKS and CPCM/Pauling
give positive values of ΔGsolv (Figure 2). The ΔGsolv of BnHn

−

Figure 1. Electron attachment free energies (ΔGE.A.) of BnHn
0/−/2− (n

= 5−13) hypercloso boron clusters in gas phase obtained at the
B3LYP/aug-cc-pvtz, M06-2X/aug-cc-pvtz, and G4 levels of theory.
The values in the plot are the ΔGE.A. from the G4 level of theory.

Table 1. Free Energies of Electron Attachment per BH Unit (ΔGE.A./(BH)n kcal/mol) of BnHn (n = 6−13) Boron Clustersa

BnHn(g) + e−(g) → BnHn
−(g) BnHn

−(g) + e−(g) → BnHn
2−(g)

B3LYP M06-2X G4/M06-2X B3LYP M06-2X G4/M06-2X

B6H6 −11.6(−18.3) −11.4(−18.4) −12.1(−19.1) 6.9(−17.9) 6.2(−19.1) 6.1(−18.6)
B7H7 −8.0(−13.4) −7.4(−13.0) −8.3(−13.8) 4.9(−15.4) 4.5(−16.1) 4.2(−16.1)
B8H8 −9.3(−13.9) −9.3(−14.0) −9.5(−14.3) 5.4(−11.7) 5.3(−12.2) 5.2(−11.9)
B9H9 −8.5(−12.5) −8.7(−12.9) −8.7(−12.9) 3.9(−11.0) 3.7(−11.5) 3.7(−11.2)
B10H10 −8.7(−12.3) −8.8(−12.6) −9.2(−12.9) 1.5(−11.7) 1.0(−12.4) 1.1(−12.0)
B11H11 −7.6(−10.8) −7.5(−10.8) −8.0(−11.3) 1.8(−9.8) 1.6(−10.2) 1.5(−10.1)
B12H12 −9.0(−11.9) −9.0(−11.9) −9.5(−12.4) −1.4(−12.0) −1.8(−12.5) −1.8(−12.3)
B13H13 −4.3(−5.9) −3.3(−4.9) −4.3(−5.9) 0.9(−8.5) 0.8(−8.7) 0.7(−8.7)

aThe value in parentheses is ΔGsol/(BH)n with the CPCM/Pauling method.
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(n = 6−13) with CPCM/UAKS and CPCM/Pauling cavity sets
are similar while ΔGsolv with the SMD method gives more
negative ΔGsolv values by about 10 kcal/mol compared to
CPCM results (Figure 2). For BnHn

− + e− → BnHn
2− (n = 6−

13), ΔGE.A. values by DFT methods and by G4 level of theory
agree within 5.0 kcal/mol (Figure 1 and Supporting
Information, Table S3) while ΔGsolv values for dianions differ
by more than 20 kcal/mol depending on the size of BnHn (n =
6−13) (Figure 2 and Supporting Information, Table S1). Thus,
the solvation free energy differences (ΔΔGsolv) between BnHn

−

and BnHn
2− become significant factors in deciding the final

E°Red values (eq 2−4).
In a previous study of pKa2 values of diprotic acids (HA

−(aq)
→ H+(aq) + A2−(aq)), the CPCM method with the Pauling
cavity set gave better results than other cavity sets and also
better than the SMD method (with SMD cavity set).13 In
addition, ΔGsolv of dianions with the CPCM/Pauling cavity set
reproduced the dissolution free energies of alkali metal dianion
salts (M2X1).

13,26 Therefore we decided to use the CPCM/
Pauling combination to investigate the redox behavior of
BnHn

0/−/2− and the disproportionation of BnHn
− (n = 6−13).

E°Red of BnHn (n = 6−13). Figure 3 gives E°red values for
BnHn

0/−/2− (n = 6−13) with the CPCM/Pauling cavity set
method. The greatest variation in E°red among the four
methods (B3LYP, M06-2X, G4/B3LYP, G4/M06-2X) is 0.35 V
(for B6H6

− + e− → B6H6
2−). However, the variation among the

methods for all other boron clusters is less than 0.16 V except
for B13H13

0/− where the variation is 0.21 V (Figure 3). The
larger variation of E°Red among methods for B13H13

0/− comes
from the smaller ΔGE.A. predicted by M06-2X relative to
B3LYP and G4 (Supporting Information, Table S3). Klanberg
and Muetterties1c reported the relative order of oxidative
stability (E1/2) as B9H9

2− < B11H11
2− < B10H10

2− < B12H12
2−

from polarographic studies. Our E°red values for BnHn
0/− and

BnHn
−/2− (n = 6−13) follow the same order of experimental

oxidative stabilities (Figure 3). The B7H7 + e− → B7H7
− is

slightly nonspontaneous while B13H13 + e− → B13H13
− is quite

nonspontaneous (E°Red, −0.1 and −0.9 V respectively at G4/

M06-2X(Pauling)) (Figure 3). Our E°Red value for neutral
B13H13 indicates that it is the least electron-accepting boron
cluster in aqueous solution (Figure 3). It is interesting that the
exceptional stability of B13H13 neutral in the gas phase has been
noted previously.22a The B8H8

− + e− → B8H8
2− is the only

slightly nonspontaneous process for second electron attach-
ments of BnHn (n = 6−13) (0.0 V at G4/M06-2X, Figure 3).
For B12H12

− + e− → B12H12
2−, our E°red values are between

1.94 and 2.24 V while 1.67 V and >1.4 V of oxidative stability
(E1/2) have been reported (Figure 4).2a,38 However, a recent
cyclic voltammetry study suggests a value of 2.21 V in liquid
SO2.

33 The E1/2 for B10H10
2− (1.09 V) agrees well with our E°red

predictions (1.11 or 1.03 V, by M06-2X or G4/M06-2X,
respectively, Figure 4 and Supporting Information, Table
S4).1a,38b The polarographic study reported 0.29 V of E1/2 for
B11H11

2− but the redox species was not well characterized.1c,39

Later, a voltammetry study reported E1/2 = 0.49 V for
B11H11

2−.1c,39 Indeed, our E°red values are between 0.41 and
0.63 V. The E1/2 of B9H9

2− is 0.09 V while our E°red values for
B9H9

−/2− are from 0.01 to 0.21 V.1a,d The oxidative stability
(E1/2) for the B9H9

2− cluster is smaller than those of the boron
clusters, B6H6

2− and B8H8
2−. Indeed, the hydrolytic instability

of B9H9
2− has hindered the precise experimental determination

of E1/2.
40

The polarographic study of the oxidative stability (E1/2) of
B6H6

2− has yielded a value of −0.09 V.1a,d However, a more
recent study1e reports a much larger value of 1.06 V in ethanol.
Our predicted E°red values for B6H6

− + e− → B6H6
2− are

between 0.37 and 0.72 V (Figure 4). The oxidative stability
(E1/2 = 1.06) of B6H6

2− is slightly larger than that of B10H10
2−

(E1/2 = 1.03, Figure 4). If we use ethanol as the solvent (rather
than water) with the CPCM/Pauling cavity set, the E°Red values
for B6H6

−/2− are reduced to 0.16 (B3LYP) and 0.49 V (G4/
M06-2X). Thus, we suggest that the experimental E1/2 value of
−0.09 V is too small and the experimental value of 1.06 V is too
large. Previous studies suggested the oxidative stability of

Figure 2. Solvation free energies (ΔGsolv) of BnHn, BnHn
−, and BnHn

2−

(n = 6−13) hypercloso boron clusters obtained with the CPCM/UAKS,
CPCM/Pauling, and SMD solvation modeling.

Figure 3. E°red values of BnHn
0/−/2− (n = 6−13) hypercloso boron

clusters computed on the B3LYP/aug-cc-pvtz, M06-2X/aug-cc-pvtz,
and G4 level of theory followed by CPCM/Pauling cavity set method.
The values in plot are the E°red from the G4/M06-2X(Pauling)
method.
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B7H7
−/2− is smaller than that of B6H6

2−.1a,b,d Our computed
E°red value for B7H7

−/2− (0.71 V, G4/M06-2X) is very similar to
B6H6

2− (0.72 V, G4/M06-2X, Figure 3 and Supporting
Information, Table S4).
The difference between the E°red of the neutral and

monoanion boron hydride cluster is related to the stability
toward disproportionation. The E°red value of B7H7 + e− →
B7H7

− is the smallest for the first reductions of BnHn (n = 6−
13) except B13H13 while B8H8

− + e− → B8H8
2− gives the

smallest E°red value for the second reductions of BnHn (n = 6−
13). The E°red values of B7H7

0/− show that the first reduction is
more difficult than the second reduction (−0.10 − 0.71 V < 0.0,
G4/M06-2X, Supporting Information, Table S4), which
indicates potential inversion. However, Klanberg et al.1d

reported that B7H7
2− is the least stable dianion boron cluster

and the most hydrolytically unstable. Except for B13H13, the
E°Red of B7H7 + 2e− → B7H7

2− is the smallest of two electron
attachments (0.31 V, G4/M06-2X, Supporting Information,
Table S4). The computed E°Red value (reduction potential of
monoanion) of B8H8

− is 0.00 V which compares to the
experimental E1/2 (oxidative stability of dianion) of 0.2 V
(Figure 4).1a,d Since the calculated E°red value of B8H8 + e− →
B8H8

− is 0.69 V (G4/M06-2X), B8H8 is predicted to have the
normal ordering of potentials in aqueous solution (0.69−0.00 V
> 0.0). The B3LYP functional generally underestimates the
oxidative stability of BnHn

2− relative to experiment and G4/
M06-2X by more than 0.4 V (Figure 4). Indeed, it has been
reported that B3LYP underestimates the experimental redox
potential of transition metal complexes.10c However, reasonable
E°Red values (within 0.2 V of experiment) can be obtained when
the G4/M06-2X method is applied (Figure 4 and Supporting
Information, Table S4).
The disproportionation free energies (ΔGdpro) of 2BnHn

− →
BnHn + BnHn

2− (n = 6−13) reveal the stability of monoanion
radicals (Figure 5). For example, BnHn (n = 8−11) shows
positive ΔGdpro values with normal ordering of potential while

BnHn (n = 7 and 13) gives negative ΔGdpro values with potential
inversion (E°1 − E°2 < 0 for reduction) (Figure 3 and Figure
5). The ΔGdpro of B6H6 and B12H12 are borderline potential
inversion cases (−0.6 and −0.4 kcal/mol, respectively, G4/
M06-2X). Thus, a positive value of ΔGdpro of BnHn indicates
that the monoanion radical should be observed.
The M06-2X functional always gives the most negative

ΔGdpro values for every disproportionation of BnHn (n = 6−13)
in this study (Figure 5). For example, the ΔGdpro values for
B12H12

2− with B3LYP, G4/B3LYP, and G4/M06-2X are
between −0.4 and −1.1 kcal/mol but the M06-2X functional
result is much more negative (−7.1 kcal/mol). The variation of
ΔGdpro is within 2.5 kcal/mol for BnHn (n = 6−13) for all
methods tested except for the M06-2X functional (Figure 5).
Since the geometric changes of BnHn (n = 6−13) hypercloso

boron clusters are subtle during the reduction process and the
solvation free energy (ΔGsolv) depends linearly on cluster size,
the greatest effect on potential inversion comes from the
electronic nature of BnHn

− (n = 6−13) (Figure 2 and
Supporting Information, Table S1). The best-known monanion
radical is B8H8

− where the fluxional nature is well establish-
ed.34b This situation is different from other anions where
fluxional behavior of the anion can induce potential inversion
(i.e., ΔGdpro < 0).41

Speiser et al.42 reported that the radical monoanion B8Cl8
− is

even more stable against disproportionation than B9Cl9
−. The

stable B8H8
−, B10H10

−, B11H11
−, and B12H12

− intermediates are
used to explain the formation of reduction products in the
literature. Our positive ΔGdpro values by G4/M06-2X
combination for 2BnHn

− → BnHn + BnHn
2− (n = 8, 9, 10, 11)

support the experimental observation of monoanion radicals
(Figure 5).1d,2d,43

Many studies interpret the stability of monoanion radicals
using delocalization of the unpaired electron.1d,15b,19b,20,21b The
most stable monanion to disproportionation is B8H8

− which
shows strong electron delocalization in contrast to B11H11

−

Figure 4. E°Red values of B6H6
−/2−, B8H8

−/2−, B9H9
−/2−, B10H10

−/2−,
B11H11

−/2−, and B12H12
−/2− obtained on the G4/M06-2X(Pauling) and

B3LYP(Pauling) method including experimental oxidative stability
(E1/2) of BnHn

2−.

Figure 5. Disproportionation free energies (ΔGdpro) of BnHn
− (n = 6−

13) hypercloso boron clusters computed on the B3LYP/aug-cc-pvtz,
M06-2X/aug-cc-pvtz, and G4 levels of theory followed by the CPCM/
Pauling cavity set method. The values in the plot are the ΔGdpro from
the G4/M06-2X method.
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(Figure 6). The monoanion radicals B7H7
−, B12H12

−, and
B13H13

− show a normal ordering of potential (ΔGdpro < 0)

which indicates that the monoanion radical should dispropor-
tionate to the neutral and dianion species (Figure 5). We
interpret that the stability of B11H11

− for disproportionation
without electron delocalization comes from the smaller
formation enthalpy (ΔHf at 0 K, G4 level of theory) for
B11H11

2− (−4.6 kcal/mol) than those of B10H10
2− (−5.6 kcal/

mol) and B12H12
2− (−77.8 kcal/mol) (Supporting Information,

Table S8).
The free energy changes per BH unit (ΔGE.A./(BH)n and

ΔGsol/(BH)n) for BnHn
0/− and BnHn

−/2− (n = 6−13) are
presented in Table 1. The stabilization by the first electron
attachment of B8H8 in aqueous solution (−14.3 kcal/mol with
G4/M06-2X) is more negative than those of BnHn (n = 9−13)
but less negative than B6H6 (−19.1 kcal/mol, Table 1).
The values of E°Red in solution and ΔGE.A. in the gas phase

for the first electron attachment (BnHn + e− → BnHn
− (n = 6−

12)) shows a linear relationship as found in the literatur-
e.11a,c−h,15a The value of E°Red for B13H13

0/− (−0.94 V, G4/
M06−2X) is about 0.2 V less than a value expected from a
linear relationship (−0.7 V, Figure 7). More favorable solvation
of B13H13 than those of other neutral BnHn clusters induces this
nonlinearity (Figure 2 and 7).
The correlation between E°Red and ΔGE.A. for the second

electron attachment (BnHn
− + e− → BnHn

2− (n = 6−12)) is
given in Figure 8. Beyond the overall linear relationship, there
are large deviations for several clusters, in particular BnHn

− (n =
6 and 11). To understand the deviations, the decomposition of
ΔGsolv (keyword = externaliteration) is useful. As noted
previously, values of ΔGsolv for dianions are much larger than
monoanions or neutral species so we limit our analysis to the
dianions. As the size of the cluster increases, the contribution of
hydrogen atoms (ΔGsolv(H)) to the total ΔGsolv of BnHn

2− (n =
6−13) increases (Figure 9). The contribution of the non-
electrostatic terms (cavity and dispersion energy,
ΔGsolv(nonelec)) slowly increases as the size of cluster
increases while the ΔGsolv(B) exponentially decreases as the
exposure of boron atoms in BnHn

2− to solvent decreases
(Figure 9). The ΔGsolv(B) in B6H6

2− (−44.6 kcal/mol) is more
than two times ΔGsolv(B) in B7H7

2− (−21.0 kcal/mol, Figure
9). This is caused by the significant increase in accessibility of
boron atoms to solvent (Figure 9). For BnHn

2− (n = 6−8), the
ΔGsolv(B) contributes substantially to the total ΔGsolv of

dianion while ΔGsolv(B) of BnHn
2− (n = 9−13) is relatively

negligible. The deviation of B11H11
2− from linearity (Figure 9)

is due to the ΔGsolv(H) of the hydrogen attached to the seven-
coordinate boron atom in B11H11

2− which is about 3 kcal/mol
less than ΔGsolv(H) from other hydrogen atoms (Supporting
Information, Table S7). The smaller ΔGsolv of the dianion leads
to a smaller E°Red value than expected (Figure 8).

E°Red of B12X12 (X = H, F, Cl, OH, and CH3). The
experimental redox chemistry of the persubstituted dodeca-
borates B12X12 has been reported.1a,5,9a,c,g,33,44 The E°Red of
B12X12

−/2− (X = H, F, Cl, OH, and CH3, Table 2) is in the
order B12Cll2

2− > B12F12
2− > B12H12

2− > B12(CH3)12
2− >

Figure 6. Spin densities of BnHn
− (n = 6−13) boron clusters obtained

from the M06-2X/aug-cc-pvtz level of theory (0.08 au isodensity).

Figure 7. Correlation between gaseous electron attachment free
energy (ΔGE.A. by G4) and reduction potential (E°Red by G4/M06-
2X(Pauling)) in aqueous solution for BnHn + e− → BnHn

−.

Figure 8. Correlation between gaseous electron attachment free
energy (ΔGE.A. by G4) and reduction potential (E°Red by G4/M06-
2X(Pauling)) in aqueous solution for BnHn

− + e− → BnHn
2−.
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B12(OH)12
2− with B3LYP and M06-2X functional (G4/M06-

2X calculations could not be carried out for X≠H). Ivanov et
al.9a reported about 1.9−2.0 V for the oxidative stability (E1/2)
of B12F12

2− in ethylene carbonate:dimethyl carbonate (50:50 in
volume) solution and suggested the salts of the radical
monoanion B12F12

− might be isolable. Our positive ΔGdpro

for 2B12F12
− → B12F12 + B12F12

2− (14.4 kcal/mol, M06-2X)
supports the possibility of B12F12

− isolation (Table 3).
However, a more recent study of B12X12

2− (X = H, F, Cl, Br,

and I) in liquid SO2 solution gives an oxidative stabilitity of 2.3
V for B12F12

2−, which is similar to the result with the M06-2X
functional (Table 2).33 The oxidative stability (E1/2) of
B12(CH3)12

2− has been reported as 0.44 V (and corrected to
SHE as 0.6 V)9c,45 which can be compared to 0.39 V (B3LYP)
or 0.67 V (M06-2X) (Table 2). The value of ΔGdpro (18.9 kcal/
mol) with the M06-2X functional supports the well-known
stability of the B12(CH3)12

− monoanion radical (Table 3).9c

The reported oxidative stability (E1/2) of B12Cl12
2−, (2.34 V,

corrected to SHE as 2.6 V), can be compared to our E°Red
values of 2.54/2.98 V for B12Cl12

−/2−(B3LYP/M06-2X, Table
2).1a,44 A recent cyclic voltammetry study in liquid SO2 solution
reported 2.15 V with the ferrocene/ferrocenium reference
electrode (and corrected to SHE as 2.70 V), which is between
B3LYP and M06-2X functional results (Table 2).33 The first
one-electron reduction E°Red value from the neutral B12Cl12 +
e− → B12Cl12

− with the B3LYP and M06-2X functional gives
2.92 and 3.41 V, respectively, which can be compared to
(corrected) the cyclic voltammetry value of 3.1 V (Table 2).33

The identification of B12Cl12 was done by NMR and UV/vis
spectra.33,46 The E°Red values of B12X12 (X = H, F, Cl, and CH3)
are between 1.20 and 3.41 V by M06-2X functional (Table 2).

Figure 9. Partitioning of solvation free energies (ΔGsolv) of BnHn
2− (n

= 6−13) boron clusters obtained from the M06-2X/Pauling cavity set
method (keyword = externaliteration) (ΔGsolv(B) = solvation free
energy by all boron atoms, ΔGsolv(H) = solvation free energy by all
hydrogen atoms, ΔGsolv(nonelec) = solvation free energy by dispersion
and cavitation, and ΔGsolv(Addsph) = solvation free energy by
smoothed surface for the cavity volume).

Table 2. E°red Values of B12X12
0/−/2− (X = H, F, Cl, OH, and CH3) Boron Clusters with the DFT/CPCM(Pauling) Method

reduction (E°Red, V) B3LYPa M06-2Xa E1/2 (V) σp
c

B12(OH)12 + e− → B12(OH)12
− 0.79(−79.3) 1.20(−88.0) −0.37

B12(CH3)12 + e− → B12(CH3)12
− 1.52(−101.5) 1.80(−107.6) −0.17

B12H12 + e− → B12H12
− 1.93(−108.3) 2.12(−107.6) 0.00

B12F12 + e− → B12F12
− 2.64(−129.6) 3.09(−139.2) 0.06

B12Cl12 + e− → B12Cl12
− 2.92(−135.5) 3.41(−146.0) (about 3.1)b 0.23

B12(OH)12
− + e− → B12(OH)12

2− 0.39(5.1) 0.63(1.0) 1.3 −0.37
B12(CH3)12

− + e− → B12(CH3)12
2− 0.39(−11.0) 0.98(−24.3) 0.6 −0.17

B12H12
− + e− → B12H12

2− 2.24(−16.6) 2.14(−22.0) 1.7(2.2)b 0.00
B12F12

− + e− → B12F12
2− 2.03(−31.7) 2.47(−40.1) 2.0(2.3)b 0.06

B12Cl12
− + e− → B12Cl12

2− 2.54(−57.9) 2.98(−67.3) 2.6(2.7)b 0.23

B12(OH)12 + 2e− → B12(OH)12
2− 0.59(−74.2) 0.92(−87.0) −0.37

B12(CH3)12 + 2e− → B12(CH3)12
2− 0.96(−112.5) 1.40(−131.9) −0.17

B12H12 + 2e− → B12H12
2− 2.09(−124.9) 2.13(−129.6) 0.00

B12F12 + 2e− → B12F12
2− 2.34(−161.3) 2.78(−179.3) 0.06

B12Cl12 + 2e− → B12Cl12
2− 2.73(−193.4) 3.20(−213.3) 0.23

aThe ΔGE.A. and ΔGsolv of B12X12
0/−/2− are calculated with B3LYP and M06-2X functional. The value in parentheses is ΔGE.A. obtained with DFT

functionals. Because of the computational expense, G4 level of theory is not applied to B12X12 systems.
bThe value in parentheses is obtained from

the measurement in liquid SO2 solution, see ref 41.
cThe Hammett σp parameter comes from March, J. Advanced Organic Chemsitry; John & Wiley:

New York, 1985.

Table 3. Disproportionation Free Energies in Gasa with
DFT Functionals (B3LYP and M06-2X) and in Aqueous
Solutionb of B12X12 (X = H, F, Cl, OH, and CH3) hypercloso
Boron Clusters with CPCM(Pauling) Solvation Modeling

B12X12

ΔGgas
c

B3LYP
ΔGgas

c

M06-2X
ΔGdpro
B3LYP

ΔGdpro
M06-2X

B12H12 91.7 85.7 −1.1 −7.1
B12F12 97.9 99.1 14.0 14.4
B12Cl12 77.6 78.6 8.8 10.0
B12(OH)12 84.4 89.0 9.2 13.2
B12(CH3)12 90.5 83.3 26.1 18.9

aΔGgas, 2BnXn
−(g) → BnXn(g) + BnXn

2−(g). bΔGdpro, 2B12X12
−(aq) →

B12X12(aq) + B12X12
2−(aq). cG4 level of theory is not applied because

of the computational expense.
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Knoth et al.38b reported the oxidative stability decreased
whenever the hydroxyl group replaced the hydride of B12H12

2−.
Recently, Van et al.9f reported the value of E1/2 as 0.45 V for
B12(OH)12

2− in CH3CN and 0.75 V in water versus the
ferrocenium/ferrocene reference electrode couple (1.00 V in
CH3CN and 1.30 V in water versus SHE47). Our E°Red values of
B12(OH)12

−/2− in water (using any cavity set) are much smaller
than 1.00 V (Supporting Information, Table S4). The largest
calculated E°Red value of B12(OH)12

−/2− (0.63 V) comes from
the M06-2X functional which is 0.67 V smaller than the
experimental value (1.30 V in water versus SHE, Table 2). All
of the other experimental oxidative stabilities (E1/2) are
between B3LYP and M06-2X functional results (Table 2).
Therefore, we recommend a redetermination of E1/2 for
B12(OH)12

2−.
McKee22b reported that the order of Hammett (σp)

parameter for B12X12
2− agreed with the order of gaseous

stability for B12H12
n− + 12HX → B12X12

n− + 12H2 (n = 0, 1, 2;
X = H, F, OH, and CH3), B12F12

2− > B12H12
2− > B12(CH3)12

2−

> B12(OH)12
2−. The trend of E°Red value in this study also

agrees well with the order of the Hammett (σp) parameter
(Table 2). The positive ΔGdpro of B12X12

− (X = F, Cl, OH, and
CH3) in our study supports the stability of monoanion radical
B12X12

− (X = F, Cl, OH, and CH3) in experiment (Table
3).9a−c,f,33,44,46 The unpaired spin density of B12X12

− (X = F, Cl,
OH, and CH3) shows strong delocalization which is like that of
B12H12

− (Figure 6 and Figure 9). The unpaired electron tends
to locate on the boron atoms of the cluster rather than on the
functional groups of B12X12

− (X = F, Cl, OH, and CH3), in
agreement with the observations from previous studies (Figure
10).9c,f,33

■ CONCLUSIONS
The reduction potentials (E°Red) of hypercloso boron hydrides
BnHn (n = 6−13) and persubstitiuted dodecaboron hydrides
B12X12 (X = F, Cl, OH, and CH3) have been studied by G4
level of theory and DFT methods with implicit solvation
modeling. The E°Red with G4/M06-2X provides the best
agreement with experimental oxidative stability (E1/2) of
BnHn

2− (n = 6−12). The experimental oxidative stability
(E1/2) of B12X12

2− (X = F, Cl, OH, and CH3) is usually located
between the B3LYP and M06-2X values of E°Red. Our oxidative
stabilities of B6H6

2− and B12(OH)12
2− deviate more than

expected from the experimental values and we suggest that
more experiments may be needed. The B3LYP functional tends
to underestimate E°Red values while the M06-2X functional
tends to overestimate E°Red values. The ΔGsolv depends greatly
on the choice of the cavity radii set while the dependence on
density functional is modest. The CPCM/UAKS cavity set
gives the smallest ΔGsolv and the SMD method gives the largest
ΔGsolv of BnHn

0/−/2− (n = 6−13). The stability of monoanion

radicals of BnHn (n = 6−13) to disproportionation (2BnHn
− →

BnHn + BnHn
2−) decreases in the order B8H8

− > B9H9
− >

B11H11
− > B10H10

− while B7H7
− and B13H13

− give very
spontaneous disproportionation because of potential inversion.
The delocalization of spin density in the BnHn

− radical anions
explains their stability but B11H11

− gives a positive ΔGdpro
without distinct delocalization of spin density. A good
correlation between ΔGE.A. and E°Red is established for the
first electron attachments of BnHn (n = 6−13) but the
correlation for second electron attachments of BnHn (n = 6−
13) deviates from a linear relationship in the case of B6H6,
B11H11, and B13H13. The solvation free energy differences
(ΔΔGsolv) between BnHn

− and BnHn
2− are significant factors in

determining E°Red or E1/2 in aqueous solution. The partitioning
of solvation free energies reveals why the correlation between
ΔGE.A. and E°Red for BnHn

−/2− (n = 6, 7, and 11) deviates from
general a linear relationship.

■ ASSOCIATED CONTENT
*S Supporting Information
Thermodynamic values are given for BnHn

0/−/2− and
B12X12

0/−/2− (n = 5−13 and X = F, Cl, OH, and CH3) in
Table S1. Table S2 presents the electronic energies, enthalpies,
and free energies of BnHn

0/−/2− at the G4 level of theory. Table
S3 presents the free energies of electron attachment (ΔGE.A.).
The E°Red values with different DFT functionals and cavity sets
are summarized in Table S4. The disproportionation free
energies (ΔGdpro) with the UAKS, Pauling, and SMD cavity sets
are presented in Table S5. Table S6 summarizes the solvation
free energy differences (ΔΔGsolv) of BnHn

0/− and BnHn
−/2−.

Table S7 presents the partitioning of solvation free energies
(ΔGsolv) for BnHn

2− (n = 6−12) with the M06-2X(Pauling).
Table S8 gives heat of formation (ΔHf at 0K) of BnHn

0/−/2− (n
= 5−13) at the G4 level of theory. The geometries of
BnHn

0/−/2− (n = 5−13) and BnXn
0/−/2− (X = F, Cl, OH, and

CH3) with the B3LYP functional are presented in Table S9.
Figure S1 presents the electron affinity of B6H6

− in a series of
dielectric media. This material is available free of charge via the
Internet at http://pubs.acs.org.
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