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The saturation of the gas phase acidity of nHF/AIF;
and nHF/GeF, (n = 1-6) superacids caused by
increasing the number of surrounding HF
moleculest

Marcin Czapla,® lwona Anusiewicz®® and Piotr Skurski*@®

The acidic strength of selected Bronsted/Lewis superacids is evaluated on the basis of theoretical
calculations carried out at the QCISD/6-311++G(d,p) level. The energies and Gibbs free energies of
deprotonation processes for nHF/AlFs and nHF/GeF, (n = 1-6) are found to depend on the number (n)
of hydrogen fluoride molecules (playing a Brensted acid role) surrounding the AlFs and GeF4 Lewis acids.
The successive attachment of HF molecules to either AlFs or GeF, gradually increases the acidity
strength of the resulting superacid, which leads to the saturation achieved for 5-6 HF molecules
interacting with either one of these Lewis acids. The importance of the microsolvation of the
corresponding anionic species as well as the necessity of considering larger (more structurally complex)
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1. Introduction

Superacids are commonly considered as compounds exhibiting
acidity stronger than 100% sulfuric acid, which means that
their Hammett acidity function (H,) is smaller than —12."2 Even
though this term was used for the very first time in 1927, the
superacid chemistry was developed mainly in the 1960s and
1970s by Olah and Hogeveen, who investigated non-aqueous
HSO3F/SbFs and HF/SbF; systems,*® and by Gillespie."* Since
then, superacids remain the subject of continuing theoret-
ical'*® and experimental™™® investigations concerning their
structure, stability and acidity. Our group contributed to these
studies by addressing the issue of the HAICl, instability,* pre-
dicting the acidic strength of the aluminum-based HF/AIF;
(HAIF,), HF/AL,Fs (HALF,), HF/Al;F, (HAI;F;,), and HF/ALF;,
(HAL,F;3) systems,”* investigating the dissociative excess elec-
tron attachment to the HAIF, superacid®> (whose properties
were earlier determined by the Radom group®??), examining
the strength of the Brgnsted/Lewis superacids containing In,
Sn, and Sb (i.e., HIn,Fs,.q, HSN,F4,.;, and HSb,Fs,.y (n = 1-
3)),* and, most recently, by demonstrating that the protonation
of superhalogen anions®**” might be considered as the route to
superacids' formation in selected cases only,*® despite the fact
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building blocks of superacids while predicting their acidity is indicated and discussed.

that various superhalogens containing heavy metals as central
atoms (e.g., InF,, SbFs, Sb,F;, SnFs, Sn,Fy) were utilized in the
past to create atypical salts and complexes*~* even with noble
gases (Kr and Xe).***°

The Lewis-Bronsted superacids consist of strong Lewis acid
molecules (such as AlF;) interacting with strong Brensted acid
molecules (e.g., HF) and thus their deprotonation process might
be described by the following reaction scheme (that assumes
the excess of a representative Brgnsted acid):

nHF/AIF; — ((n — )HF/AIF,)~ + H".

Clearly, the microsolvation of an anionic species (whose role is
played by the AIF,” in the above scheme) is expected to be
responsible for the change in energy with respect to the neutral
microsolvated species. The Gibbs free energies of the superacid
deprotonation reactions (AG,.q) are commonly utilized while
describing the acidity of superacids. Although estimated only for
the gas phase, the AG,.q values were found useful in designing
novel systems exhibiting significant acidity. It is worth noting
that the strongest superacids proposed thus far were found to
possess their Gibbs free energies of deprotonation in the 249-270
keal mol ™" range.’* Most recently, Srivastava and Misra also re-
ported small AG,.q values (indicating strong acidity) for HBeCl,
(272 kecal mol '), HPFg (281 kecal mol %), and HLiCl, (284 kcal
mol ),"® whereas our group demonstrated that even smaller
Gibbs free deprotonation energies are estimated for HGaCl, (265
kecal mol™"),*® HSnsFy; (244 kecal mol '),>® HAIL,F;; (249 kcal
mol "),** and HSbs;F;¢ (230 kcal mol ").>® In fact, the last
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presented AG,.iq value of 230 kcal mol " predicted for the HF/
Sb;F, 5 represents® the smallest gas phase Gibbs free energy of
deprotonation reported in the literature thus far (including the
corresponding values characterizing F(SOs),H and HSbF4 super-
acids)." Albeit the existence of the HSb;F;4 superacid has not yet
been confirmed experimentally, its deprotonated (i.e., anionic)
form Sb;F;s is a well-known system which was extensively
utilized to create atypical salts and complexes.***?

As indicated above, the theoretical search for novel superacids
that have been carried out during last few years led to proposing
various promising molecular systems whose usefulness as strong
acids is yet to be verified experimentally. In our opinion, however,
one important issue was being neglected while performing those
investigations employing quantum chemistry methods. Namely, it
was preconceived that the number of molecules playing the
Brensted acid role (e.g., HF) is approximately equal to the number
of molecules that play the Lewis acid role (e.g., SbFs, AlF;) in the
mixture that represents a given Lewis-Bronsted superacid. In other
words, it was assumed that these both components are combined
using 1 : 1 ratio. As a consequence, the simplest ‘building block’
that was supposed to exhibit the superacid properties was thought
of as composed of a single Lewis acid molecule interacting with
one Brgnsted acid system. Thus, in this contribution we are going
to address the issue of the Brgnsted/Lewis system acidity in
a different way, namely, we intend to verify whether the acidic
strength of such species depends on the number of Brgnsted acid
molecules surrounding a single Lewis acid moiety. Our decision to
undertake such a study was motivated by the following observa-
tions: (i) the recently reported crystal structures of the HF/AsF;
(HASF,)" and HF/SbFs (HSbFs)"* superacids clearly show the
presence of more than one HF molecule in the vicinity of the Lewis
acid unit (either AsFs or SbFs); (ii) earlier experimental studies
revealed the existence of various ions (i.e., HF', HsF,", SbFs ) in
the liquid HF/SbF; (HSbF,);** and (iii) some superacid prepara-
tion procedures describe the use of the excess of anhydrous
hydrogen fluoride.” Therefore, one might speculate that each
Lewis acid molecule may interact with more than one HF moiety in
the final superacid mixture. In addition, it seems likely that the
mutual interactions among the HF moieties surrounding each
Lewis acid molecule contribute to the system's ability to donate
a proton. Hence, in order to shed more needed light on this
problem, we decided to investigate the gas phase Gibbs free
deprotonation energy dependence on the number of hydrogen
fluoride molecules surrounding two arbitrarily chosen Lewis acids
(i.e., AIF; and GeF,).

2. Methods

The nHF/AIF; and nHF/GeF, (n = 1-6) closed-shell neutral
systems (ie., AlF; and GeF, Lewis acids surrounded by n
hydrogen fluoride molecules) and their corresponding anions
(i.e., negatively charged closed-shell species formed by depro-
tonation) were investigated using theoretical quantum chem-
istry methods. In particular, the equilibrium geometries and
harmonic vibrational frequencies were calculated using Density
Functional Theory (DFT) method with the B3LYP***” functional
and the 6-311++G(d,p)*®* basis sets. The final electronic
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energies of all such determined structures were obtained by
applying the quadratic configuration interaction method with
single and double substitutions (QCISD)**~** together with the
same 6-311++G(d,p) basis set. The predicted error in estimating
deprotonation energy values due to the 6-311++G(d,p) basis set
choice was estimated as not exceeding 2 kcal mol™* (which was
evaluated by comparing the DE values obtained with the 6-
311++G(d,p) and aug-cc-pVTZ basis sets for one representative
superacid).

The random search was performed while exploring the
configuration space of each nHF/AIF; and nHF/GeF, (n = 1-6)
closed-shell neutral as well as ((n — 1)HF/AIF,)” and ((n — 1)HF/
GeFs5)” (n = 1-6) closed-shell anionic system. Namely, in the
case of neutral systems, various possibilities of attaching the HF
molecules to either AlF; or GeF, were examined by treating
them as the starting structures during the independent geom-
etry optimization procedures. In addition, various combina-
tions of mutual interactions among the HF systems were taken
into account. In the case of negatively charged systems, our
search was mostly based on assuming the presence of a central
unit (either AIF, or GeFs) in the structure (as the AIF,~ or GeF5
correspond to very strongly bound anions).

The electronic and Gibbs free energies of the deprotonation
reactions (DE and AG,.q, respectively) were evaluated using the
QCISD electronic energies and the zero-point energy correc-
tions, thermal corrections (at T = 298.15 K) and entropy
contributions estimated with the B3LYP method and 6-
311++G(d,p) basis set (in each case the Gibbs free energy of the
proton was also accounted for). The resulting AG,.q values
correspond to the Gibbs free energies characterizing the
following processes for (n =1 — 6):

nHF/AIF; — ((n — 1)HF/AIF,)” + H*
and

nHF/GeF, — ((n — 1)HF/GeFs)™ + H.

Since the proper evaluation of the thermodynamic proper-
ties might be questionable in the case of weakly bound systems,
we mainly focus on the deprotonation energies (DE) charac-
terizing the species investigated, whereas the presented Gibbs
free deprotonation energies (AG,.iq) should be considered as
less reliable and possibly plagued by errors.

The partial atomic charges (g=°%) were fitted to the electro-
static potential according to the Merz-Singh-Kollman
scheme.>®

All calculations were performed using the GAUSSIAN 09
(Rev. A.02) package.*

3. Results

3.1. The AlF; Lewis acid surrounded by various number of
HF molecules

The lowest energy structures of nHF/AIF; (n = 1-6) systems are
depicted in Fig. 1 whereas the corresponding higher energy
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Fig.1 The structures of the lowest energy isomers of the nHF/AIF5 superacids (n = 1-6). Selected bond lengths are given in A. Dative bonds and

hydrogen bonds are represented by the dotted lines.

isomers are shown in Fig. 2. The simplest case of the AlF; Lewis
acid interacting with one HF molecule, HF/AIF; (HAIF,), has
already been characterized as a superacid composed of the
hydrogen fluoride donating its fluorine's lone pair to the empty
Al's 3p atomic orbital of AlF; quasi-planar fragment and addi-
tionally stabilized by the FH---F;Al hydrogen bond.*"***®* The DE
of 279-280 kcal mol™" and AG,q of 267-269 kcal mol™*
(depending on the theory level employed)***>*® were predicted
for this superacid, however, in this contribution we assume the
DE = 279 kecal mol™" and AG,q = 267 kecal mol™* values for
consistency with the results presented for the remaining nHF/
AlF; (n = 2-6) systems. The 2HF/AIF; species might be viewed as
formed by the attachment of the second HF molecule to the HF/
AlF; system, hence it resembles the deformed neutral AlF;
molecule with two HF moieties attached, see structure 2HF/AIF;
(1) in Fig. 1. One HF molecule forms a dative HF — AlF; bond
(1.919 A) with the AlF; whereas the other HF fragment is
involved in the formation of two H-bonds. The DE of 278 kcal
mol™" and AG,.q of 264 kcal mol™" were predicted for this
system which indicates the decrease of DE by 1 kcal mol™" and
the decrease of AG,iq by 3 kcal mol " with respect to the HF/
AlF;, see Table 1. In addition, we found two other isomeric
structures of 2HF/AIF; (see 2HF/AIF; (2) and 2HF/AIF; (3) in
Fig. 2) having their energy larger by 6-9 kcal mol™" than the
lowest energy structure 2HF/AIF; (1). Interestingly, the struc-
tures of these higher energy isomers are qualitatively different,
as the isomer 2HF/AIF; (2) contains two HF molecules localized
on the opposite sides of the quasi-planar AlF; fragment which
allows for the formation of two dative bonds (HF — Al(3p) <«

29316 | RSC Adv., 2016, 6, 29314-29325

FH) and two H-bonds between HF and AlF; fragments, whereas
the structure of 2HF/AIF; (3) contains one HF system forming
a dative HF — Al(3p) bond with AlF; and the second one linked
(via the H-bond) to the fluorine atom of the central AlF; unit, see
Fig. 2.

The lowest energy isomer 3HF/AIF; (1) depicted in Fig. 1
resembles the most stable structure of 2HF/AIF; (1) with one
more HF molecule involved in the resulting three member HF-
based bridge whose F-end forms a dative bond with Al's empty
3p atomic orbital while the H-terminus is linked (via H-bond) to
the F atom of the AlF; fragment. It seems important to stress
that the H-F bond lengths in three HF molecules span the
0.968-1.015 A range and the partial atomic charges in each of
these HF units sum up to zero which clearly indicates that the
whole system is correctly described by the 3HF/AIF; formula,
see Fig. 1. The acidity of 3HF/AIF; (1) is slightly stronger than
that of 2HF/AIF; (1) as its DE of 275 kcal mol " is smaller by 3
kcal mol " than the corresponding DE characterizing the 2HF/
AlF; (1), see Table 1 (analogous decrease of AG,.q by 3 kcal
mol " is also observed). We also found two other geometrically
stable structures of 3HF/AIF; (depicted in Fig. 2 as 3HF/AIF; (2)
and 3HF/AIF; (3)) having their electronic energies within 6 kcal
mol " with respect to the global minimum. The structure 3HF/
AlF; (2) resembles the 2HF/AIF; (2) with the additional (third)
HF molecule enabling the H-bond connection to the AlF;
moiety, whereas the structure of 3HF/AIF; (3) clearly corre-
sponds to the 2HF/AIF; (1) with the additional HF molecule H-
bonded to the fluorine atom of the AlF;, see Fig. 1 and 2. Again,
it appears that all three HF fragments in both 3HF/AIF; (2) and

This journal is © The Royal Society of Chemistry 2016
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Fig.2 The structures of the higher energy isomers of the nHF/AlFs superacids (n = 1-6). Selected bond lengths are given in A. Relative energies

(AE) with respect to the corresponding lowest energy isomers are given in kcal mol™. Dative bonds and hydrogen bonds are represented by the
dotted lines.

Table 1 The deprotonation energies (DE) and Gibbs free deprotona- ~ 3HF/AIF; (3) are typical hydrogen fluoride systems with their

tion energies (AG,ciq, for T = 298.15 K) predicted for the lowest energy vanishing net partial atomic charges and 0.932-0.997 A bond
isomers of the nHF/AlF s superacids (for n = 1-6). The TAS term (for T =

298.15 K) is separated from AGg,ciq. All numbers are given in kcal mol~* lengths. . . .
The lowest energy structure of 4HF/AIF; (depicted in Fig. 1 as
Species Symmetry DE TAS AG,iqa 4HF/AIF; (1)) mimics a trigonal bipyramid AlFs having two
elongated (2.013 A) F — Al dative bonds and three shorter
HE/AIF, Gs 279.2 6.3 267.4 (1,669-1.725 A) covalent Al-F bonds (in the planar AlF; frag-
2HF/AIF; Cs 277.8 8.6 264.3 . . ,
SHF/AIF P 2746 9.6 260.8 ment) whose fluorine ligands are connected via the H-bond
4HF/Ale Cz 270.5 12.8 953.1  hetworks. However, taking into account the bond lengths and
5HF/AIF; Cy 268.9 13.4 251.3  partial atomic charges (summing up to zero for each of four HF
6HF/AIF; Cy 270.4 15.3 251.1  fragments), one should consider this system as the AlF; and

four HF molecules assembled together (rather than, for
instance, composed of the AlFs;*>~ dianion and two H,F"

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 29314-29325 | 29317
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cations). As far as the acidity of the 4HF/AIF; (1) is concerned,
we predicted the DE of 271 kcal mol™" (AGacqa = 253 keal
mol '), which indicates that the acidic strength of this system
should be even larger than the acidity of AlF; surrounded by
a smaller number (from 1 to 3) HF molecules, see Table 1. We
also found one higher energy isomer of this species (depicted in
Fig. 2 as 4HF/AIF; (2)) whose relative energy is larger by only 1
keal mol ", Such a quasi-degeneracy clearly indicates that both
of these structures (i.e., 1 and 2 of 4HF/AIF;) should be present
in the bulk. The isomer 4HF/AIF; (2), however, possesses
a different structure than 4HF/AIF; (1), as it corresponds to the
quasi-planar AlF; unit whose Al atom and F atom are connected
with the (HF), H-bonded linkage (analogously to the global
minimum of 3HF/AIF; where similar (HF); internally H-bonded
linkage is present, see 3HF/AIF; (1) in Fig. 1). In addition, the
conclusion about the presence of the AlF; and four HF units
formulated for the structure 4HF/AIF; (1) (i.e., indicating the
absence of H,F" cations) remains valid also for the competitive
isomer 4HF/AIF; (2), hence justifying its 4HF/AIF; formula.

While investigating the AlF; Lewis acid surrounded by five
HF molecules, 5HF/AIF;, we found the lowest energy structure
5HF/AIF; (1) (depicted in Fig. 1) and three higher energy
isomers (shown in Fig. 2 as isomers 2, 3, and 4). The global
minimum 5HF/AIF; (1) resembles the lowest energy isomer
4HF/AIF; (1) as it also contains a trigonal bipyramid AlFs with
two elongated (1.963-2.033 A) F — Al dative bonds and three
shorter (1.671-1.726 A) covalent Al-F bonds (in the planar AlF;
fragment) whose F ligands are linked via the H-bonded units.
However, as it was observed and discussed for 4HF/AIF; (1) (see
the preceding paragraph), the more proper way of viewing this
system is that consistent with the 5HF/AIF; formula, as neither
AlF5>~ dianion nor H,F" cations are present (as it might have
been expected when distinguishing the AlF5 core as the inde-
pendent fragment of the structure). Such a conclusion is sup-
ported by the typical (0.959-0.985 A) lengths of H-F bonds in all
five HF moieties and their vanishing net atomic partial charges
(i.e., atomic partial charges in each HF fragment sum up to zero
and this is also the case for the remaining AlF; fragment), see
Fig. 1. The DE of 269 kcal mol ' was predicted for 5SHF/AIF; (1)
which means the 2 kcal mol~ ' decrease in comparison to 4HF/
AlF; (1), see Table 1. Certainly, it should result in a slightly
stronger acidity of the former compound, however the reported
DE drop seems rather small. As far as the higher energy isomers
of 5HF/AIF; are concerned, the three remaining isomers shown
in Fig. 2 possess their relative energies within 4-5 kcal mol™*
and thus they might be considered as competitive. The struc-
ture of 5HF/AIF; (2) resembles that of 4HF/AIF; (2) with the
additional HF molecule attached to the different fluorine atom
of AlF; unit, the structure of 5HF/AIF; (3) bears a similar
resemblance to the 4HF/AIF; (1), whereas the structure of 5HF/
AlF; (4) is composed of the AlF; fragment whose only two F
atoms are involved in the connections to the HF molecules
(alike it was observed for 2HF/AIF; (1), 3HF/AIF; (1), and 4HF/
AlF; (2)), however, the (HF), internally H-bonded linkage
consists of five HF molecules in the 5HF/AIF; (4) case, see Fig. 1
and 2.
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Finally, the lowest energy structure of 6HF/AIF; (depicted as
6HF/AIF; (1) in Fig. 1) is similar to the most stable isomer of
5HF/AIF; (1). Namely, the planar AlF; central fragment interacts
with two (HF); internally H-bonded moieties, each of which
forms (using its F-end) the dative F — Al(3p) bond and the
hydrogen H---F-AlF, bond (utilizing its H-terminus) with the
AlF; core. Again, viewing the 6HF/AIF; (1) structure as
composed of negatively charged AlFs>~ core, two H,F' cations
and two neutral HF molecules interacting with one another
seems not justified. Instead, the interatomic distances and the
results of the population analysis clearly indicate that this
system represents the neutral AlF; fragment interacting with six
HF molecules (the mutual interactions among the HF systems
are also present) and thus describing the resulting species by
the 6HF/AIF; formula is adequate. The gas phase acidity of 6HF/
AlF; (1), manifested by DE of 270 kcal mol ™", seems very similar
to that predicted for the system having one HF molecule less
(5HF/AIF; (1)). Namely, the difference in DE for these two
species does not exceed 1.5 kcal mol ™" (see Table 1). We view
this result as very important because it shows that the addition
of the sixth HF molecule to the 5HF/AIF; system does not
change its acidity, and thus the saturation of both DE and
AG,¢iq seems achieved (further discussion of the consequences
of this result is provided in the closing section). We have also
found three higher energy isomers of 6HF/AIF; having their
relative energies in the 6-19 kcal mol " range (with respect to
the global minimum 6HF/AIF; (1)), see structures 6HF/AlF; (2, 3,
and 4) depicted in Fig. 2. However, we believe that only one of
them (6HF/AIF; (2) whose structure resembles that of 5SHF/AIF;
(3) with one more HF unit attached) might be considered as
competitive with 6HF/AIF; (1) because the relative energies of
6HF/AIF; (3) and 6HF/AIF; (4) seem too large (i.e., 9 and 19 kcal
mol ', respectively).

Having discussed the structures and acidities of the nHF/
AlF; (n = 1-6) systems (including their isomers possessing
relative energies within 20 kcal mol '), we present the lowest
energy anionic structures of ((n — 1)HF/AIF,)™ (n = 1-6) that are
the resulting compounds of the nHF/AIF; deprotonation. The
equilibrium anionic structures are depicted in Fig. 3. One may
notice that the AlF, structural unit can be distinguished in all of
these negatively charged systems, moreover, the population
analysis and tetrahedral-like geometry of that AlF, fragment
indicate that the entire excess electron density is delocalized
over its fluorine ligands. Thus, each ((n — 1)HF/AIF,)™ anion (n
= 1-6) is in fact composed of the quasi-tetrahedral AlF,” core
and a certain number of HF molecules bound to its F ligands via
the H-bonds. The symmetry of the resulting structures seems
enforced by the number of the HF molecules attached, namely,
the T4-symmetry corresponds to the AlF, surrounded by either
zero or four HF moieties, C3,-symmetry is achieved for either
one or three HF molecules, whereas the C,,-symmetry anionic
structure is observed when two HF systems are coordinated.
Clearly, the presence of four electronegative ligands in the AlF,
anion indicates that this negatively charged species can be
maximally stabilized by four HF molecules whereas the fifth
hydrogen fluoride system remains outside this first coordina-
tion sphere (compare the structures of (4HF/AIF,)” and (5HF/

This journal is © The Royal Society of Chemistry 2016
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AlF,)” anions in Fig. 3). Thus the lowest value of deprotonation
energy (DE = 268.9 kcal mol™", see Table 1) for the nHF/AIF;
superacids (n = 1-6) corresponds to the 5HF/AIF; system while
the effect of attaching an additional HF molecule is nearly
marginal. Such an observation indicates the key role of micro-
solvation of an anionic species in the deprotonation process
and its influence on the change in energy (with respect to the
neutral microsolvated system).

3.2. The GeF, Lewis acid surrounded by various number of
HF molecules

The lowest energy structures of nHF/GeF, (n = 1-6) systems and
the corresponding higher energy isomers are depicted in Fig. 4
and 5, respectively. The structurally simplest HF/GeF, system
(i.e., the GeF, Lewis acid interacting with one hydrogen fluoride
molecule) has already been characterized as a promising
superacid consisting of the HF fragment donating its F's lone
pair to the empty germanium's 4p atomic orbital of the GeF,
quasi-tetrahedral unit.?® The DE of 295 kcal mol™ " and AG,.iq of
285 keal mol " predicted for HF/GeF, (see Table 2) are in good
agreement with the earlier estimations obtained at a different
theory level.”® The lowest energy structure of 2HF/GeF, is
assembled in a similar way, with one additional HF molecule
attached, which results in the formation of two hydrogen bonds
and in the shortening (by 0.22 A) of the HF — Ge(4p) dative
bond (in comparison to the HF/GeF,), see Fig. 4. The deproto-
nation energy estimated for the 2HF/GeF, is smaller by 8 kcal
mol ' than that predicted for HF/GeF,, see Table 2, which
indicates considerably stronger acidity of the former species. It
seems important to notice that the DE drop observed for HF/
GeF, upon the second HF molecule addition is much larger

This journal is © The Royal Society of Chemistry 2016

than the analogous DE decrease noted for the HF/AIF;, see the
preceding section. We also found another isomeric structure of
2HF/GeF, (see 2HF/GeF, (2) in Fig. 5) whose energy is larger by
only 4 kcal mol ™" than the energy of global minimum 2HF/GeF,
(1). Similarly to the higher energy isomer of 2HF/AIF; (2) (see
Fig. 2), the structure of 2HF/GeF, (2) might be described as two
HF molecules attached to the opposite sides of the GeF, central
unit which allows for the formation of one dative bond (HF —
Ge(4p)) and one hydrogen bond between HF and GeF, frag-
ments, see Fig. 5.

The lowest energy structures of GeF, interacting with three
(3HF/GeF, (1)), four (4HF/GeF, (1)), five (5SHF/GeF, (1)), and six
(6HF/GeF, (1)) hydrogen fluoride molecules follow the same
general pattern, see Fig. 4. Namely, in each of these systems, the
internally H-bonded HF-chain ((HF),) acts as a molecular
“clasp” having two different ends - one of them (F-terminus) is
involved in the (HF),, — Ge(4p) dative bond formation while the
other (H-terminus) forms a hydrogen bond with one of the
fluorine ligands the central tetrahedral-like GeF, unit is deco-
rated with. In the case of the 6HF/GeF, (1), however, the (HF)s
clasp is long enough to attach its H-end to the fluorine ligand
localized on the opposite side of the GeF, fragment (with
respect to the dative bond), see Fig. 4, which in turn allows for
additional stabilization coming from the interaction of another
F ligand with the hydrogen atoms of the (HF)s chain. In each of
the nHF/GeF, (1) (n = 1-6) structures one may easily distinguish
the central GeF, unit having its four fluorine atoms localized in
a quasi-tetrahedral manner around the Ge atom. On the other
hand, it might be tempting to consider these structures as
consisting of the GeFs unit (forming a deformed trigonal
bipyramid) - if such a view were applied, however, it would have

RSC Adv., 2016, 6, 29314-29325 | 29319
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required the presence of at least one H,F (likely cationic) moiety
in the remaining fragment. As we verified (by analyzing the
interatomic distances and partial atomic charges), such
a treatment is not justified, mainly because all the H-F bond
lengths are typical for HF molecules (0.93-0.99 A), one F atom
forms a significantly elongated bond with the Ge atom, and the
partial atomic charges sum up to approximately zero for each
HF fragment in the nHF/GeF, (1) (n = 1-6) structures, see Fig. 4.
Hence, we conclude that these lowest energy isomeric struc-
tures consist of the GeF, (rather than GeFs or GeFy) tetrahedral-
like unit and the HF molecules attached, whereas the H,F"
fragments are absent.

The description of the nHF/GeF, (n = 3-6) systems would not
be complete if the higher energy isomeric structures were
neglected. Hence, in Fig. 5 we present two additional isomers of
3HF/GeF,, one higher energy isomer of 4HF/GeF,, three
isomeric structures of 5HF/GeF,, and three higher energy
isomers of 6HF/GeF,. The relative energies of 3HF/GeF, (2) and
3HF/GeF, (3) (calculated as equal to 5 and 18 kcal mol ",
respectively) indicate that only the isomer 2 may compete with
the 3HF/GeF, (1) global minimum. The structure of 3HF/GeF,
(2) resembles that of 2HF/GeF, (1) with the additional HF
molecule attached to the opposite side of the GeF,, whereas the
higher energy isomer 3HF/GeF, (3) contains the quasi-planar
GeF, fragment (whose atypical structure is likely caused by
the formation of two (instead of one) dative bonds), see Fig. 5. It
seems also important to note that each of three HF molecules
attached to this GeF, fragment in 3HF/GeF, (3) remains nearly

29320 | RSC Adv., 2016, 6, 29314-29325

intact. The attachment of four HF molecules to GeF, leads to
only one higher energy isomer (within 20 kcal mol ") depicted
in Fig. 5 (4HF/GeF, (2)). The structure of 4HF/GeF, (2) contains
a quasi-planar GeF, fragment forming two dative bonds and two
hydrogen bonds with two (HF), clasps that link the ligands on
the opposite sides, however, its energy is 12 kcal mol " higher
than that of 4HF/GeF, (1) and thus the formation of 4HF/GeF,
(2) isomer is not likely at low temperatures. The situation is
different for the 5HF/GeF, systems, namely, the relative ener-
gies of all three higher energy isomers (i.e., 5SHF/GeF, (2, 3, and
4)) are rather small (not exceeding 8 keal mol ") with respect to
the global minimum 1, hence they may compete with the lowest
energy isomer. The structures of 5HF/GeF, consist of either
a quasi-tetrahedral (2 and 3) or quasi-planar (4) GeF, unit sur-
rounded by five HF molecules in various ways, see Fig. 5. Finally,
the relative energies of two (2 and 3) higher energy isomers of
6HF/GeF, are small enough (3-6 kcal mol ") to allow for their
presence at low temperatures, while the energy of 6HF/GeF, (4)
was calculated to be 11 kcal mol ™" larger than that of 6HF/GeF,
(1). The structures of 6HF/GeF, (3) and 6HF/GeF, (4) contain
a quasi-planar GeF, fragment allowing for the formation of two
dative bonds whereas the structure of 6HF/GeF, (2) consists of
a tetrahedral-like GeF, moiety linked via one dative bond with
the HF molecule localized nearby, see Fig. 5. Even though the
structures of 6HF/GeF, (3) and 6HF/GeF, (4) might suggest the
presence of the GeF¢>~ fragment (which in turn would enforce
the presence of two H,F" fragments), we verified that such
a supposition is not justified. As it was already discussed for the

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra02199a

Open Access Article. Published on 15 March 2016. Downloaded on 12/4/2025 10:03:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
0.926
e 0‘9%‘1.571 n
; &/ 0934
2704 2430 g6

1.712 1.710

1822
1.767
@ © 1749

View Article Online

RSC Advances

1461

0.98% 4
@ 1 0.962

2.051

1.749 1.584

1.739
2.193 @
1.836 153 o.:;j /(g, : o P
0.928 0.929 o 9
ZHF/GeF;Kq, 3HF/GeF, &\b 3HF/GeF, @ 4HF/GeF,
Cs (2) AE=4 Cs (2) AE=5 Cs (3) AE=18 Coh (2) AE=12
1501, . RS 1373 "%'975
11578 m% g .
‘JO:SO @ 1.486
1612 201 '@/o%s‘ .
> 1809 @
< 1.822
1614 7 é‘l : e
1.813 0.95& 22'080
@ o SHF/GeFy Joos SHF/GeF, vies @2 SHF/GeF,
C1(2) AE=2 Ci1(3) AE=4 Ci1 (4) AE=8
@3% 1% 10.955 s
1.536 1.380 & 0974 1325 -
1.549 &% y 1.024]* i
f 1.487 .
%‘954 : w / 0951 %
2023 : o
1.567 .”.‘ﬁgg e ‘®° 936
‘ 1815 1.536 : @
@00 17 1.747 Dul510 1.807 1734
: 15% @ Tas 16247 1738 o +1
1.653 o'i?i 2023 ; P
.. ’ ﬁ/ 2077
1487 G\() ,.@ﬁ% s ;
o " 6HF/GeF, 0o Wi T 6HF/GeF, 1a0a @ 6HF/GeF,
C1(2) AE=3 Ci (3) AE=6 Ci(4) AE=11

Fig.5 The structures of the higher energy isomers of the nHF/GeF, superacids (n = 1-6). Selected bond lengths are given in A. Relative energies
(AE) with respect to the corresponding lowest energy isomers are given in kcal mol™. Dative bonds and hydrogen bonds are represented by the

dotted lines.

Table 2 The deprotonation energies (DE) and Gibbs free deprotona-
tion energies (AG,iq, for T = 298.15 K) predicted for the lowest energy
isomers of the nHF/GeF, superacids (for n = 1-6). The TAS term (for T
= 298.15 K) is separated from AG,q. All numbers are given in kcal
mol~*

Species Symmetry DE TAS AGacid
HF/GeF, Cs 294.8 4.1 285.0
2HF/GeF, Cs 286.9 7.4 273.7
3HF/GeF, C, 281.4 8.5 267.2
4HF/GeF, (ol 278.1 9.7 262.7
5HF/GeF, C; 276.1 10.8 259.8
6HF/GeF, C; 277.6 13.6 259.5

This journal is © The Royal Society of Chemistry 2016

other structures, the interatomic distances in 6HF/GeF, (3) and
6HF/GeF, (4) indicate that all HF fragments resemble typical
hydrogen fluoride molecules (with their H-F bond lengths
spanning the 0.94-1.02 A range) involved in the formation of
various H-bonded structures rather than the cationic H,F"
fragments (such a conclusion is also additionally supported by
the results of the population analysis showing approximately
zero net charges on each HF molecule).

According to the nHF/AIF; (n = 1-6) description provided in
the preceding section, we briefly comment on the anionic
structures of the nHF/GeF, (n = 1-6) superacids (i.e., the corre-
sponding anionic systems that result from deprotonation of
those compounds). As for the ((n — 1)HF/AIF,)” anions (n = 1-6),
we limit our discussion to the lowest energy anionic isomers ((rn —
1)HF/GeFs)” anions (n = 1-6), while their excess electron

RSC Adv., 2016, 6, 29314-29325 | 29321
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detachment energies are not considered here (although we veri-
fied that all the presented anions are electronically stable
systems). The lowest energy ((n — 1)HF/GeFs) ™ anionic structures
are depicted in Fig. 6. In each case, the GeFs structural unit can
be distinguished with five F ligands forming a trigonal bipyramid
around the germanium atom. The population analysis indicate
that the GeF5 fragment holds the entire excess electron density in
these anions (more precisely, the excess negative charge is delo-
calized over five fluorine ligands in GeFs). Thus, each of these
negatively charged systems (i.e., (n — 1)HF/GeFs)~) should be
considered as the GeF5 anion with the (n — 1) hydrogen fluoride
molecules attached. As depicted in Fig. 6, in all cases except (5HF/
GeFs5), the HF molecules are tethered to different fluorine
ligands of GeFs . Similarly to the ((n — 1)HF/AIF,)” species (n =
1-6) described in the preceding section, it turns out that the
number of ligands in the GeFs  anion (whose presence as
a central unit was confirmed in all ((n — 1)HF/GeFs)~ cases) is
crucial regarding its possible microsolvation by HF molecules.
Namely, for the increasing value of n, the HF moieties are
successively attached to different fluorine atoms that the GeFs~
central unit consists of (with the only exception of (SHF/GeFs)~ in
which one F ligand is not involved, see Fig. 6). Again, this
confirms the crucial role of microsolvation of an anionic species
in the overall deprotonation process which manifests itself by the
lowest values of deprotonation energy found for the 5HF/GeF,
and 6HF/GeF, systems, see Table 2.

As far as the DE and AG,jq values of the nHF/GeF, (n = 3-6)
species are concerned, a gradual decrease of the deprotonation

1.626
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*.944
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<

¢
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View Article Online
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energy (accompanied by the Gibbs free deprotonation energy
change) is observed when n develops from 3 to 5, see Table 2.
The addition of the third HF molecule (resulting in the forma-
tion of 3HF/GeF, (1)) leads to the DE = 281 kcal mol ™, while
introducing fourth and fifth HF fragment lowers DE by another
3 and 2 kcal mol™*, respectively. Finally, we observe that the
addition of the sixth hydrogen fluoride molecule has an oppo-
site (although rather small) impact on the acidity, as it causes
the deprotonation energy to increase by 1.5 kcal mol . As
indicated in the preceding paragraph, the described DE (and
thus AG,.q) decrease is mainly caused by the ability of the
central GeFs ™ unit to utilize its ligands to successively attach the
HF molecules. The consequences of these findings are dis-
cussed in the following section.

3.3. Deprotonation energies of the nHF/AIF; and nHF/GeF,

Although the energies of the deprotonation process for each
investigated superacid were already briefly mentioned in the
previous sections, we would like to summarize these results and
formulate some important conclusions concerning the acidic
strength. In general, the DE values calculated for the nHF/AIF;
and nHF/GeF, (n = 1-6) gathered in Tables 1 and 2 indicate that
the acidity strength increases with the increasing number (n) of
HF molecules involved. It is manifested by the drop of the DE
values (by 9 kcal mol ™" for nHF/AIF; and by 19 kcal mol " for
nHF/GeF,) with n developing from 1 to 5. In both cases, the
attachment of the sixth HF molecule does not lead to the further
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Fig. 6 The structures of the lowest energy isomers of the ((n — 1)HF/GeFs)~ anions (n = 1-6). Selected bond lengths are given in A. Hydrogen

bonds are represented by the dotted lines.
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acidity increase. The estimated deprotonation energies (depic-
ted in Fig. 7) seem to converge to some limiting values of ca.
269-270 keal mol " (for nHF/AIF;) and 276-277 kcal mol * (for
nHF/GeF,), see Tables 1 and 2. These deprotonation energy
changes are accompanied by the similar AG,.iq changes whose
values converge to 251 kcal mol " (for 6HF/AIF;) and 260 kcal
mol ' (for 6HF/GeF).

The results described above suggest that the successive
attachment of HF molecules to either AIF; or GeF, results in
a gradual increase of the acidity strength. This acidity strength
increase is less and less visible for growing number of HF
molecules which leads to the saturation of the DE and AGgiq
values. The saturation of deprotonation energy for both nHF/
AlF; and nHF/GeF, superacids is likely caused by the limited
ability of the AIF,~ and GeFs anions to attach HF molecules
while forming their first coordination spheres. Taking into
account that the number of HF molecules introduced (i.e., up to
6) is larger than the number of electronegative sites in either
AlIF,” and GeFs; anion, we believe that such a saturation is
achieved for both the nHF/AIF; and nHF/GeF, series (n = 1-6).
Certainly, the slower DE saturation process for nHF/GeF, than
for nHF/AIF; is caused by the larger number of accessible
fluorine ligands in GeF5s~ where the surrounding HF molecules
can be attached to. Hence, we speculate that our final limiting
DE and AG,.iq values (DE = 269-270 kcal mol ™", AG.ciq = 251
keal mol ™" for nHF/AIF; and DE = 276-277 kcal mol ™!, AG,ciq =
260 kcal mol™! for nHF/GeF,) are reasonable and reliable
approximations of the true gas phase deprotonation energies of
these superacids (assuming that such superacids are prepared
by combining either AlF; or GeF, Lewis acid with the excess of
anhydrous hydrogen fluoride).
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Fig.7 Deprotonation energies (top) and the Gibbs free deprotonation
energies (bottom) (in kcal mol™) for nHF/AIF5 (black squares) and nHF/
GeF, (red circles) superacids (n = 1-6).
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4. Conclusions

On the basis of our quantum chemical calculations performed
at the QCISD/6-311++G(d,p)//B3LYP/6-311++G(d,p) level for the
nHF/AIF; and nHF/GeF, (n = 1-6) neutral superacids (i.e., AlF;
and GeF, Lewis acids surrounded by n hydrogen fluoride
(Bronsted acid) molecules) and their corresponding anions (i.e.,
negatively charged systems formed by deprotonation of the
nHF/AIF; and nHF/GeF,) we formulated the following
conclusions:

(i) The acidic strength of the Brensted/Lewis superacids
(approximated here by the deprotonation energies, DE)
prepared by combining the Lewis acid with the excess of
Bronsted acid should not be estimated by assuming a single
Lewis acid molecule interacting with one Brgnsted acid mole-
cule as a building block.

(ii) Each Lewis acid moiety is capable of interacting (dative
bond and hydrogen bond formation) with more than one
Bronsted acid molecule, as verified for AlF; and GeF, Lewis
acids surrounded by various number (from 1 to 6) hydrogen
fluoride molecules.

(iii) The successive attachment of HF molecules to either AlF;
or GeF, gradually increases their acidity strength (manifested by
the DE decrease) which leads to the saturation of the DE value
achieved for the nHF/AIF; and nHF/GeF, superacids for n = 5-6.

(iv) The microsolvation of an anionic species generated in
the course of a deprotonation reaction (i.e., either AlF,~ or
GeF5 ) plays a key role in the process as it influences the change
in energy with respect to the neutral microsolvated species.

(v) The final values of the deprotonation energies estimated
here for the Brgnsted/Lewis superacids prepared by combining
either AlF; or GeF, Lewis acids with the excess of anhydrous
hydrogen fluoride are equal to 269-270 kcal mol " and 276-277
keal mol ', respectively.

Although our conclusions were formulated by investigating
only two arbitrarily chosen Brgnsted/Lewis superacids we believe
they should be more general in a sense that they might be
extended to cover all such superacids prepared in the similar way.
Thus the future theoretical predictions of the gas phase acidity of
Brensted/Lewis superacids cannot be limited to evaluating the
properties of a building block assumed as a single Lewis acid
molecule interacting with one Brgnsted acid molecule.
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