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The acid strength of the datively bound X — AlF; complexes (X = HF, HCl, H,S, AsHs, PH3, NF,H, NFH,,
NHs3, and H,0) is evaluated on the basis of theoretical calculations employing ab initio methods.
Significant enhancement of the X acidity upon the formation of X/AIF; compounds is predicted. It is
demonstrated that even the non-acidic molecules X (e.g., H0, NH3) combined with AlF; are expected
to form the X — AlF;3 complexes characterized by the acid strength comparable or larger than that of

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The term "superacid” appeared in the literature for the very first
time in the work of Hall and Conant published in 1927 [1]. A few
decades later it was proposed to define superacids as the com-
pounds whose acidity is stronger than that of 100% sulfuric acid
which means that their Hammett acidity function (Hp) is smaller
than —12 [2,3]. However, the superacid chemistry has only become
a widespread area when Olah and Hogeveen published their
reports on the stability of carbocations [4-9]. These studies trig-
gered the continuing theoretical [10-15] and experimental [16-
23] investigations concerning various superacids’ properties, such
as structures, stabilities and acid strengths. Our group contributed
to these studies by (i) providing the evaluation of the acid strength
of a series of aluminum-based Lewis-Brensted superacids (HF/AlF3
(HA1F4), HF/Ale(; (HA12F7), HF/A13F9 (HA13F10), and HF/A14F12
(HAI4F{3))[24] and the similar superacids containing In, Sn, and
Sb (HIn,Fsp+1, HSNpF 4541, and HSb,Fspiq (n=1-3)) [25], as well as
Ti and Ge (HTi,F4,+1 and HGe,Fy+1 (n = 1-3)) [26]; (ii) determining
that the protonation of superhalogen anions [27-29] might be con-
sidered as the route to superacids’ formation in selected cases
[30,31]; (iii) emphasizing the importance of microsolvation effects
on the acidity of the systems containing the excess of either
Brensted acid component (i.e., nHF/AIF; and nHF/GeF, (n=1-6))
[32] or Lewis acid component (HClO4/n(AlF3) and HCIO4/n(SbFs)
(n=1-3)) [33]; and (iv) demonstrating that certain hydrogenation

* Corresponding author.
E-mail address: piotr.skurski@ug.edu.pl (P. Skurski).

https://doi.org/10.1016/j.cplett.2018.06.059
0009-2614/© 2018 Elsevier B.V. All rights reserved.

reactions (e.g., carbon monoxide hydrogenation yielding formalde-
hyde) might be catalyzed by either HAIF, or HSbFg superacid
[34,35].

The binary Lewis-Brensted superacids are commonly prepared
by mixing Brgnsted acid (B) and strong Lewis acid (L), hence the
structure of the representative building block consists of a pair of
B and L molecules held together by mutual interactions. The most
important feature of such a building block is the presence ofa B —
L dative bond. For example, the structure of HAIF4 should be writ-
ten as HF — AlF; which illustrates that the fluorine electron lone
pair of the HF Brensted acid molecule is being donated to the
empty 3p aluminum orbital of the Lewis acid molecule. Moreover,
the whole HF — AlF; system is additionally stabilized by
the hydrogen bond [36]. The presence of the dative bond in the
Lewis-Brgnsted superacids is crucial as it strongly affects the
resulting distribution of the electron density in the system, namely,
the electron density is moved toward the Lewis acid component
(e.g., AlF3) which usually increases the polarity of the B — L com-
plex. As a consequence, the Brensted acid component (e.g., HF)
exhibits electron density deficit which in turn weakens the H—F
bond and thus increases the acid strength.

Earlier studies on many Lewis-Brgnsted superacids revealed
that their acidity (manifested by the Gibbs free energies of the

superacid deprotonation reactions (AG2%)) may vary to span
approximately 230-303 kcal/mol range (where AG>% of 303 kcal/-

acid
mol is the limiting value for superacids as it corresponds to the
Gibbs free deprotonation energy of the sulfuric acid as measured
by Viggiano et al. [37] and confirmed by theoretical calculations

[11]). In particular, the strongest Lewis-Brgnsted superacid
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proposed thus far (HSbsF;e) is characterized by AG2% =230 kcal/
mol [25] while the values predicted for other systems are some-
what larger (e.g., 240 kcal/mol for HAusF;g [31], 265 kcal/mol for
HGacCly [30], 272 kcal/mol for HBeCls [13], 281 kcal/mol for HPFg
[13]). Clearly, the acid strength of the Lewis—Brgnsted superacid
strongly depends on the choice of both L and B components that
a given acid consists of. Despite a large number of superacids
investigated thus far, this issue has not been systematically
addresses yet. Therefore, in this contribution, we describe our
studies on the X/AlIF; (X — AlF3) compounds, where X is the
neutral closed-shell molecule capable of acting as electron lone pair
donor. In order to provide the results covering the cases where the
efficiency of the predicted electron density flow (from X to AlFs) var-
ies, we chose the set of commonly known molecules to act as lone
pair donors whose acidity is either apparent (e.g., HF, HCI, H,S) or
almost negligible (e.g., H,O, NH3). We hope that the results we
provide will help the experimental chemists in designing novel
Lewis-Brensted superacids exhibiting the desired acid strength.

2. Methods

The X/AlF; (X = HF, HCl, H,S, AsHs, PH3, NF,H, NFH,, NH3, and
H,0) closed-shell neutral systems (i.e., complexes consisting of
the AlF; Lewis acid forming dative bond with X molecule) and their
corresponding anions (i.e., negatively charged closed-shell species
formed by deprotonation thereof) were investigated using theoret-
ical quantum chemistry methods. In particular, the equilibrium
geometries and harmonic vibrational frequencies were calculated
using the quadratic configuration interaction method with single
and double excitations (QCISD) [38-40] with the aug-cc-pVDZ
basis set [41] (for H, F, Cl, N, P, As, O, and S) and the aug-cc-pV
(D +d)Z basis set [42] (for Al).

The Gibbs free energies of the deprotonation reactions (AG>%)

acid
concerning the isolated X molecules (HF, HCl, H,S, AsHs, PHs,
NF,H, NFH,, NH3, and H,0) and their complexes with AlF; were
evaluated using the electronic energies, zero-point energy correc-
tions, thermal corrections and entropy contributions (at T=
298.15 K) estimated with the QCISD method and the same basis
sets. In each case the Gibbs free energy of the proton was also
accounted for.

The gas-phase basicity (also called absolute or intrinsic basicity)
of each X molecule (AG% ) was calculated as the negative of the

base

Gibbs free energy change associated with the X + H" — XH" reac-
tion (with the Gibbs free energy of the proton accounted for). Such

defined AG2% values were evaluated using the electronic energies,
zero-point energy corrections, thermal corrections and entropy
contributions (at T =298.15 K) estimated with the QCISD method
and the same aug-cc-pVDZ/aug-cc-pV(D + d)Z basis sets.

In order to verify the reliability of the QCISD/aug-cc-pVDZ the-
ory level applied, we refined our calculations (including geometry
optimizations and harmonic vibrational frequency calculations) for
two X/AlF3; complexes (we chose the most weakly bound and the
most strongly bound systems, namely HCI/AIF; and NHs/AlF3
whose binding energies are equal to 10.5 and 40.7 kcal/mol,
respectively) at the more advanced CCSD(T)/aug-cc-pVTZ level.
We found that the Gibbs free deprotonation energies evaluated
for these two complexes by using the CCSD(T) method and the
aug-cc-pVTZ basis set differ from those predicted by employing
the QCISD method and the aug-cc-pVDZ basis set by less than 1
kcal/mol. Therefore, we are confident that the theory level applied
in this contribution (i.e., QCISD/aug-cc-pVDZ/aug-cc-pV(D + d)Z) is
adequate and reliable.

The partial atomic charges were evaluated by the Natural Bond
Orbital (NBO) analysis scheme [43-45] using the QCISD electron
densities.

All calculations were performed using the GAUSSIAN16 (Rev.
B.01) package [46].

3. Results

The equilibrium structures of the HF/AIFs;, HCI/AlF3;, H,S/AlF;3,
ASH3/A]F3, PH3/A]F3, NFzH/Ang,, NFHz/AlF3, NH3/A1F3, and H20/
AlF; systems and their corresponding deprotonation products are
presented and described in this section whereas the Cartesian
coordinates of all systems studied are provided in the Supporting
Information (see Table S1). All systems analyzed correspond to
energetic minima (as confirmed by frequency analysis).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.cplett.2018.06.059.

3.1. Equilibrium structures of the X/AlFs; systems and their
deprotonated forms

While designing our X/AIF; systems we have chosen the set of
structurally simple closed-shell molecules X which contain both
(i) at least one hydrogen atom (needed to assure that the resulting
X/AIF; compound may act as a system capable of donating a pro-
ton) and (ii) electron lone pair that could be donated to the empty
3p Al orbital of AlF; (see the hybrid compositions presented in
Table S2 in the Supporting Information). In addition, while choos-
ing the X molecules we wanted to include the systems whose acid-
ity/basicity varies. Therefore, each of the systems we have chosen
is capable of acting as a proton donor (i.e., Bronsted acid) and as an
electron lone pair donor (i.e., Lewis base).

The equilibrium structures of the NHs/AlF3, (NH;/AIF3)~, H,0/
AlF3, (HO/AIF3)", NFH,/AlFs;, and (NFH/AIF;)~ are presented in
Fig. 1, the structures of PHs/AlF;, (PH,/AlF3)~, NF,H/AIF3, (NF,/
AlF3)~, AsHs/AlF3, and (AsH,/AlF;)~ are shown in Fig. 2, whereas
those of the H,S/AlFs, (HS/AIFs;)~, HCI/AIF3, (Cl/AIFs)~, HF/AIFs,
and (F/AIF;)~ are depicted in Fig. 3 (all structures presented corre-
spond to energetic minima, as confirmed by frequency analysis).

In general, the structures of the neutral X/AlF; systems contain
the non-planar AlF; fragment and the X molecule tethered to it via
the dative bond (see the dashed lines in Figs. 1-3). In most cases
considered, the hydrogen atoms of the X systems form the H-
bonds with the fluorine ligands connected to the Al atom (see
the dotted lines in Figs. 1-3) which provides the additional stabi-
lization. As a consequence, the binding energies (BE) predicted
for the X/AlF; complexes are positive and span the 10.5-40.7
kcal/mol range, see Table 1 (binding energy for each X/AlF3
complex was calculated by subtracting the energies of the isolated
and relaxed (i.e., separately optimized) X and AlF; species from
that of the X/AlF3; compound). The positive values of the Gibbs free
fragmentation energies (with respect to the X/AIF; — X+ AlF3
process) also support the stability of all systems considered, see
Table 1.

As expected, the length of the X — Al dative bond strongly
depends on the choice of the X component, namely, the shortest
separation (1.968 A) was found for H,0O/AIF; whereas the longest
dative bond length (2.613 A) was predicted for AsHs/AlFs. In all
neutral cases the AlF; fragment adopts pyramidal structure (i.e.,
it is deformed from its planar Ds,—symmetry structure exhibited
by the isolated aluminum trifluoride) with the Al—F bond lengths
spanning the relatively narrow 1.653-1.674 A range. The lengths
of the hydrogen bonds in the X/AIF; systems are related to both
(i) the separations between X and AlF; fragments (which in turn
is caused by the differences in atomic radii of N, P, As, O, S, Cl,
and F atoms) and (ii) the mutual orientation of the X and AlF; sub-
units. The shortest H-bonds (i.e., 2.237 A in HF/AIF;, 2.564 A in
HCI/AIF;, 2.603 A in H,0/AlFs5, 2.779 A in NH3/AIF;) are predicted


https://doi.org/10.1016/j.cplett.2018.06.059

490 0. Rybacka et al./Chemical Physics Letters 706 (2018) 488-493

w1.023”1

]
2079 2.021;

o

g'1.672

NH3/AIF; (c3y)
¢
0.969
]

]
2.603 1.968:

s 1.660

‘1.671

H,O/AIF; (cs)

U 1.409
1:027 %

12.056

]

@167 n 9

1.663

NFH,/AIF;5 (cg)

Fig. 1. The structures of the X/AlF; neutral compounds (X = NH3, H,0, NFH;) and
their corresponding deprotonated systems. Selected bond lengths are provided in A.
Dative bonds and hydrogen bonds are represented by the dashed and dotted lines,
respectively. All structures presented correspond to energetic minima.
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for the systems whose X component involves either the first row
atoms or halogen atoms.

It seems important to notice the structural changes in the
X/AlF; compounds upon their deprotonation. First of all, we would
like to point out that each of these deprotonated systems corre-
sponds to the relatively strongly bound anion. One of these anions,
i.e., (AlF4)~, was studied in the past and classified as strongly elec-
tronically bound species having its vertical electron detachment
energy equal to 9.79 eV [47,48] whereas the remaining (HS/AIFs3)",
(CI/AIFs3)~, (NHy/AlF3)~, (HO/AIFs3)~), (AsH,/AlF3)~, (PH,/AlF3),
(NF,/AlF3)~, and (NFH/AIF3)™ anions also represent the negatively
charged systems containing four ligands bound to the central
aluminum atom and thus their excess electron binding energies
are expected to be substantial. Once a proton is detached from
any of the X/AlF; species, the quasi-tetrahedral ligand orientation
around the Al center is adopted, the excess negative charge
becomes delocalized among four ligands and the X—AIF; bond
shortens. Indeed, the N—Al distance shortens by 0.145-160 A,
whereas the O—Al, S—Al, P—Al, and As—Al separations decrease
by 0.194, 0.206, 0.114, and 0.102 A, respectively (see Figs. 1-3).
The most profound shortenings of the X—Al bond lengths (by

PHs/AIF3 (cs3y)
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i

NF,H/AIF5 (c)

‘Rﬁ:u
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Fig. 2. The structures of the X/AlF; neutral compounds (X = PHs, NF,H, AsH3) and
their corresponding deprotonated systems. Selected bond lengths are provided in A.
Dative bonds are represented by the dashed lines. All structures presented
correspond to energetic minima.

0.300-0.334 A) are observed when the HF/AIF; and HCI/AIF; com-
pounds are compared to their deprotonated (F/AlF;)~ and (Cl/AlF3)~
forms. This is caused by the fact that for X=HF and X = HCI the
deprotonation process leads to the anions whose all four ligands
are halogen atoms which allows for an effective delocalization of
the excess electron density. Moreover, due to the fact that the
AlF; system is arbitrarily assumed to play the Lewis acid role in
all X/AIF; complexes investigated, the X=HF case is special
because withdrawing a proton from HF/AIF; produces the anion
whose all four ligands are the same which renders its shape per-
fectly tetrahedral as the excess negative charge is delocalized
evenly among all fluorine atoms surrounding the central Al atom.
As revealed by the earlier studies [49,50], such symmetrical
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Fig. 3. The structures of the X/AlF; neutral compounds (X = H,S, HCl, HF) and their
corresponding deprotonated systems. Selected bond lengths are provided in A.
Dative bonds and hydrogen bonds are represented by the dashed and dotted lines,
respectively. All structures presented correspond to energetic minima.

Table 1
298

structures are favored while various strongly bound anions are
formed, as they assure maximizing their electronic stabilities.
The exceptional character of the HF/AIF; system (among the com-
pounds investigated in this work) due to its very stable anionic
(i.e., deprotonated) form is also important for its acidity which
we discuss in the following section.

3.2. The acidity of the X/AlF; systems

As it was indicated in the preceding section, each X molecule
contains at least one hydrogen atom and an electron lone pair
which makes it capable of acting as both a proton donor (i.e.,
Brensted acid) and an electron lone pair donor (i.e., Lewis base).
Even though the acidity and basicity of X systems might be evalu-

ated independently (by calculating the AG2% and AGZE value,
respectively), it should be stressed that these features of X mole-
cules are coupled with each other when the resulting X/AlF; sys-
tems are concerned. Namely, the acidity of X (i.e., its ability to
donate a proton manifested by the AGZ% value predicted for the
isolated X) changes when X forms a dative bond by donating its
electron lone pair to AlFs. The formation of the X — Al(3p)F; bond
results in the negative charge flow toward the AlF; component and

its efficiency is related to the basicity of the X component (mani-
fested by the AG2® value predicted for the isolated X). The conse-

base
quence of this change in the electron density distribution (due to
the X — AlF; bond formation) is larger acidity of X/AlF; in compar-
ison to X (expressed in terms of Gibbs free deprotonation energies

as AG28(X/AIF3) < AGZE(X)). Hence, the resulting AG2 values
predicted for the X/AlIF; systems should be related to both the acid-
ity and basicity of their corresponding isolated X components.

The acidities of X and X/AlF; systems (represented by their

AGX% values) are gathered in Table 1 while the differences

between AGX5(X) and AG2%(X/AIF;) for each X are depicted in
Fig. 4. As it turns out, the acidity growth upon the formation of
the X/AlF; complex is large when the species X exhibiting very
weak acidity are concerned, i.e.,, NH3, H,O. In these cases, the
acidity increases by 73 and 86 kcal/mol for AGZXE(NHs) vs.
AGX2 (NHs /AIF3) and for AGX: (H,0) vs. AG2E(H,0/AIF3), respec-
tively (see the vertical lines in Fig. 4). The analogous acidity growth
upon the formation of the X/AIF; complex is less profound (yet
substantial, as it spans the 53-66 kcal/mol range) for the remain-

ing X systems excluding HF. Not surprisingly, the difference
between AG>%(X) and AG2%8 (X /AIF) is the largest for X = HF and

acid acid
it equals to 97 kcal/mol, see Table 1 and Fig. 4. As we have already
explained (see the preceding section), the HF/AIF; system differs
from the other compounds investigated in this work due to its very
stable deprotonated (i.e., anionic) form, namely the (AlF4)~ anion,
having four equivalent ligands and thus characterized by the most

effective excess negative charge delocalization.

The Gibbs free deprotonation energies (AG,, in kcal/mol) of X molecules and X/AlF; compounds, intrinsic basicities of X (AG?% in kcal/mol), the binding energies (BE in kcal/mol)

and the Gibbs free fragmentation energies at T =298.15 K (AGj) of X/AIF; systems.

base

X Symmetry Gas-phase basicity Gibbs free deprotonation energy (X/AIF3) Symmetry Gibbs free deprotonation energy BE A(;frf:fg
Ghase X) GaciaX) Gacia X/AIF3)

HF Coov 107.5 362.7 HF/AIF; Cs 265.9 16.6 7.2
HCl Coov 126.8 3264 HCI/AIF; Cs 265.6 10.5 1.9
H,0 Cay 156.3 382.6 H,O0/AlF; G 296.8 30.2 19.3
H,S Cay 161.9 344.1 H,S/AlF; Cs 288.5 18.9 9.0
NF,H Cs 162.2 3529 NF,H/AIF; Cs 2922 20.0 8.4
NFH, G 185.8 374.2 NFH,/AlF; Cs 308.3 30.6 18.8
AsH; Csy 187.2 352.6 AsH;/AlF; Csy 299.2 18.0 7.4
PH; Csy 188.6 361.5 PH;/AlF; Csy 303.3 19.7 6.5
NH3 Csy 208.0 395.7 NH3/AlF; Csy 3226 40.7 29.3
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Fig. 4. The Gibbs free deprotonation energies (AG2% in kcal/mol) of the X (blue
squares) and X/AlF; (green triangles) neutral compounds (X = NH3, H,0, NFH,, PHs,
NF,H, AsHs, H,S, HCl, and HF). The differences in AGX between X and the

corresponding X/AIF; (AG2 (X) — AG22 (X/AlFs)) inserted into the vertical lines are

acid acid

given in kcal/mol. The red horizontal line corresponds to theAG2% (H,SO,) = 303

kcal/mol (Gibbs free deprotonation energy for the sulfuric acid) [11,37]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The values of AGXS predicted for various X/AlF; systems indi-
cate that even the molecules which are not commonly recognized
as acids (although are potentially capable of donating a proton),
i.e.,, NH3 and H,O0, should behave as such when combined with
the strong Lewis acid (AlF3). Namely, the resulting acidity of the

NHs/AIF; (322.6 kcal/mol) is substantial and much larger than
the acidity of pure hydrogen fluoride (whose AG>% is larger by

acid

ca. 40 kcal/mol, see Table 1) whereas the acidity of H,O/AlF3
(296.8 kcal/mol) exceeds that of 100% sulfuric acid. In general,

the AG2® values of most systems studied (HF/AIFs, HCI/AIFs,
HzS/A1F3, ASH3/AIF3, PH3/A1F3, NFzH/A1F3, and HzO/A1F3) are
smaller than 303 kcal/mol (AG2% of H,SO4 [11,37]) and hence

these compounds might be classified as superacids, whereas the
AG*®'s of two remaining NFH,/AIF; and NHs/AIF; systems are

acid
small enough to treat these compounds as relatively strong acids.
Since we expected that the ability of the X system to donate its

electron lone pair to AlF; should be related to the intrinsic basicity

of X (AGE (X)), we estimated the AG2® values of all X molecules

base base
considered and compared them to the corresponding

AG*8 (X /AIF5) values, see Table 1 and Fig. 5. Indeed, the data points

acid

plotted in Fig. 5 reveal a satisfactory correlation between these

quantities. Namely, nearly linear dependence of AG23 (X /AIF3) on

AGEB (X) can be noticed, as the correlation coefficient of 0.95707

was found during the linear regression procedure employed.
Hence, the analysis of the results presented in Fig. 5 indicates that

the X compounds characterized by small AG.2 values are expected
to form strong acids when combined with AlFs.

Finally, we would like to point out that all systems investigated
in this contribution (i.e., HF/AIF;, HCI/AlF;, H,S/AlIF;, AsHs/AlFs,
PHg/Ang, NFzH/A]F?,, NFH2/A1F3, NH3/A1F3, and HzO/AlF?,) and
designed by combining the neutral closed-shell X molecule (con-
taining at least one H atom and capable of donating an electron
lone pair) with the strong Lewis acid (AlFs) represent the datively
bound X — Al(3p)F; compounds exhibiting substantial acid
strength. Hence, the molecules whose acidity in isolated form is
not substantial (e.g., H,O, H,S, AsH3, NF,H) may still play the
Brgnsted acid role in binary Lewis-Bronsted superacids.

o NHy/AIF
320 - HEE
_g 310+ NFH,/AIF; o
E e PH/AIF;
£ 300+ o AsH,/AIF
= H,O/AIF; ® SHs/AlFs
o NF,H/AIF;
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%% 280 -
a
270 {HF/AIF,
| o ® HCI/AIF,
260 T T T T )
100 125 150 175 200 225

AG?® (X) [kcal/mol]

base

Fig. 5. The dependence of the Gibbs free deprotonation energy of the X/AlF;
compound (AG?Z{; (X/AlF3)) on the intrinsic basicity of X (AGX% (X)). The correlation

base
coefficient corresponding to the linear regression approximation applied (see the

solid line) was calculated to be 0.95707.

4. Conclusions

On the basis of our quantum chemical calculations performed
with the QCISD method and the aug-cc-pVDZ (for H, F, Cl, N, P,
As, O, and S) and aug-cc-pV(D +d)Z (for Al) basis sets for the
X/A1F3 (X= HEF, HCl, st, ASH3, PHs, NF;H, NFH,, NHs, and Hzo)
and their corresponding anions (i.e., negatively charged systems
formed by deprotonation of the X/AIF; systems) we formulated
the following conclusions:

(i) The minimum energy X/AlF; structures correspond to the
datively bound X — AlF; complexes additionally stabilized
by the hydrogen bonds whereas their deprotonated forms
are stable negatively charged systems adopting quasi-
tetrahedral arrangement of four ligands around the Al atom.

(ii) The acid strength of X molecules is significantly enhanced
upon the formation of the X/AIF; compounds which is man-
ifested by the decrease of the Gibbs free deprotonation

energy (AGZS(X/AIF3) < AGEE(X)).

(iii) The acidity increase caused by the formation of the X/AIF;
compounds is large enough to turn even the non-acidic
molecules X (such as H,O or NH3) into very strong acids
X/AIF3 characterized by the acid strength comparable or
larger than that of 100% H,SO4.

(iv) The acidity of the X/AlF3 compounds studied (most of which
correspond to the binary Lewis-Brgnsted superacids) mani-

fested by their Gibbs free deprotonation energy
(AG2E (X /AIF3)) is related to both the acidity of X (given by
the Gibbs free deprotonation energy of X (AGXS(X)) and

the intrinsic basicity of X (given by AGZS (X)).
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