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ABSTRACT: This study systematically examines the interactions
of the tetrafluoroborate anion (BF,”) with up to four water
molecules (BF,”(H,0),_;,34). Full geometry optimizations and
subsequent harmonic vibrational frequency computations are
performed using a variety of density functional theory (DFT)
methods (B3LYP, B3LYP-D3BJ, and M06-2X) and the MP2 ab
initio method with a triple-{ correlation consistent basis set
augmented with diffuse functions on all non-hydrogen atoms (cc-
pVTZ for H and aug-cc-pVTZ for B, O, and F; denoted as haTZ).
Optimized structures and harmonic vibrational frequencies were
also obtained with the CCSD(T) ab initio method and the haTZ
basis set for the mono- and dihydrate (n = 1, 2) structures. The 2-
body:Many-body (2b:Mb) technique, in which CCSD(T)
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computations capture the 1- and 2-body contributions to the interactions and MP2 computations recover all higher-order
contributions, was used to extend these demanding computations to the tri- and tetrahydrate (n = 3, 4) systems. Four, five, and eight
new stationary points have been identified for the di-, tri-, and tetrahydrate systems, respectively. The global minimum of the
monohydrate adopts a symmetric double ionic hydrogen bond motif with C,, symmetry and an electronic dissociation energy of
13.17 keal mol™" at the CCSD(T)/haTZ level of theory. This strong solvent-solute interaction, however, competes with solute:--
solute interactions in the lowest-energy BF,”(H,0),_, ; , minima that are not seen in the other di-, tri-, or tetrahydrate minima. The
latter interactions help increase the 2b:Mb dissociation energies to more than 26, 41, and S1 kcal mol™! for n = 2, 3, and 4,
respectively. Structures that form hydrogen bonds between the solvating water molecules also exhibit the largest shifts in the
harmonic OH stretching frequencies for the waters of hydration. These shifts can exceed —280 cm™" relative to an isolated H,O

molecule at the 2b:Mb/haTZ level of theory.

Bl INTRODUCTION

The tetrafluoroborate anion (BF,”) is popular in stable, room-
temperature ionic liquids (RTILs)." A variety of practical
applications using RTILs were suggested such as use in solar
and fuel cells, capacitors, and batteries.” ® The ionic nature of
RTILs makes them hygroscopic.” The presence of water as an
impurity or as a cosolvent can effect the physical properties of
RTILs such as viscosity, solubility, electrical conductivity, or
even reactivity. '® Owing to the varying effects of water, the
interactions between water and BF, -containing RTILs have
been the focus of different experimental and theoretical
studies.®'"7%°

BF, -containing RTILs have been shown to exhibit weak
associations with water, but not as weak as those containing
the larger SbFs~ and PF~ moieties.'” Infrared (IR)
spectroscopic measurements indicate OH stretching frequen-
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cies in the water interacting with the RTIL shift to lower
energy (i.e., redshift) with respect to water vapor. The OH
antisymmetric stretching mode, v;, and symmetric stretching
mode, v}, in water vapor were reported to be 3756 and 3657
2122 The OH shifts in water toward lower
energy for these modes (Av; and Av,, respectively) were
larger with BF,” (Avy = —116 cm™" and Av; = =97 cm™)
compared with their SbFs~ (Avy = =93 cm™ and Ay, = =77

cm™!, respectively.
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Figure 1. CCSD(T)/haTZ-optimized stationary points of BF,”(H,0); with select intermolecular R(H-+-F) distances in A.

?-—J,, 213 213 Jﬁ?

T 2
200 J 200
¥ o ‘\: ~J
(a) C, DI,

,,,,,, 2.06
./'2.96, a }
N J206
2.06
(c) Dyq DI,

. L8 ‘
J 201 I 9
2.04 ", .

d 201

(d) ¢, DI, B,

Figure 2. CCSD(T)/haTZ-optimized stationary points of BF,”(H,0), with select intermolecular R(H--F) and R(H---O) distances in A. The
2b:Mb/haTZ-optimized intermolecular R(H:-F) and R(H-+O) distances are identical to (or within 0.01 A) the corresponding CCSD(T) values.

cm™') and PFg” (Av; = —84 cm™! and Av, = —62 cm™)
counterparts and were unusually large overall.'” Corresponding
measurements in the same study using singly deuterated water
(HDO), a useful probe of ion hydration, confirmed these
results. Computational ab initio molecular dynamics (AIMD)
simulations™ of aqueous BF,” and PF,~ probed these
unusually large shifts in the absence of a cation. Smiechowski
reported OH stretching frequency shifts (Avpy) to higher
energy (i.e., blueshift) of +264 cm™ for the BF,” solute and
+306 cm™! for the PF¢~ solute when compared with the
computed bulk water OH stretching mode of 3320 cm™".

In ion hydration, when a water molecule binds to small
atomic anions, the water generally adopts an asymmetric,
single ionic hydrogen bond (SIHB) motif where one hydrogen
is attached to the ion and the other hydrogen is free.”*"** For
larger systems and molecular anions with extended charge
distributions, the symmetric configuration is favored, in which
the water molecule binds along the axis of symmetry and
adopts a double ionic hydrogen bond (DIHB) motif.””**~*’
The transition from SIHB to DIHB occurs when the hydrogen
bond acceptors are separated by about 2.2 A.** The C,, DI,
structure (Figure 1a) is a monohydrate BF,” anion where the
one (1) water molecule is consistent with the DIHB motif,
hence labeled DI;.
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A previous study characterized microsolvated
PF¢"(H,0),.,, conformers with quantum mechanical wave
function theory (WFT) and density functional theory (DFT)
and examined the OH vibrational shifts of individual H,O
molecules allowing for the exploration of not only solute--
solvent influences but also solvent---solvent influences on the
hydration of this fluorinated anion.”® For the four PF¢~
dihydrate minima that only exhibit solvent:-solute DIHB
contacts, CCSD(T)/haTZ computations indicate the lowest-
energy harmonic OH stretches fall in a very narrow window
from 3799 to 3801 cm™" with IR intensities ranging from 54 to
125 km mol™" (Table S7 from ref 38). The OH stretching
frequencies become even smaller when solute:--solute inter-
actions are present, such as the water---water hydrogen bond
formed in the lowest-energy structure identified for
PF,~(H,0), (C, WW-Edge-Face in Figure 2 of ref 38.) for
which the smallest CCSD(T)/haTZ OH stretching frequency
decreases to 3721 cm™' with a commensurate increase in the
corresponding IR intensity to 211 km mol™". This harmonic
OH vibration is only 95 cm™" larger than that predicted from
DFT AIMD simulations of BF,” hydration.”> Computed
dissociation energies of microhydrated PFs~ were the largest
when solvent---solvent interactions were present, highlighting
the importance of these cooperative effects on the hydration of
the anion.

https://doi.org/10.1021/acs.jpca.3c04014
J. Phys. Chem. A 2023, 127, 8806—8820
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The BF, (H,0),,, system has been previously charac-
terized with B3LYP and MP2 methods along with basis sets as
large as triple-{.*” Two following minimum energy structures
were reported: a monohydrate complex (denoted as C,, DI, in
Figure 1a) and a dihydrate complex (denoted as D,; DI, in
Figure 2c). The dihydrate complex was devoid of any solvent:--
solvent interactions and both waters only interact directly with
the solute. The reported MP2 harmonic OH stretching
frequency shifts of water (denoted here as Aw to distinguish
from shifts associated with fundamental frequencies, Av)
relative to an isolated water molecule were Aw, = —41 cm™
and Aw; = =110 cm™ in the monohydrate complex and Aw,
—33 cm™! and Aw; = —95 cm™! in the dihydrate complex.
This study addresses the microsolvated nature of BF,” but
considers complexes with up to four water molecules (i.e.
BF, (H,0),-,,3,4) while employing robust WFT methods and
a variety of DFT methods with a flexible, correlation consistent
basis set. Computed OH vibrational shifts will be referenced to
an isolated water molecule, resulting in a reported redshift,
unlike commonly reported blueshifts in works that commonly
reference bulk phase water. Solute---solvent and solvent:
solvent effects on the hydration of BF,” will be discussed as
well as the dissociation energies of these complexes.

B COMPUTATIONAL DETAILS

Many of the optimized structures reported here were generated
by replicating the hydration patterns previously identified for
BF,” and related anions such as BeF,>~, SO,*", and PF,~.>**'
Additional structures were obtained by systematically
introducing additional water molecules along the edges and
faces of the BF,™ tetrahedron to consider unique permutations
of solvent---solute and solvent---solvent interactions. All of
these starting structures were optimized to one of the various
stationary points presented in the Results and Discussion
section. Although other minima certainly exist, these should
provide a good representation of the lowest-energy hydrogen-
bonding motifs for the mono-, di-, tri-, and tetrahydrates of
BE,".

For each configuration of the BF,”(H,0),., , 34 clusters and
the isolated fragments (BF,” and H,O), fully optimized
geometries and corresponding harmonic vibrational frequen-
cies were computed with three different density functional
theory (DFT) methods (B3LYP,"”” B3LYP-D3BJ,** and
MO06-2X**) as well as the MP2*° ab initio method utilizin§ the
analytic gradients and Hessians available in Gaussian 16.*" For
the mono- and dihydrate (n = 1, 2) structures, CCSD(T)-
optimized structures were also obtained using the analytic
gradients in CFOUR."” The corresponding CCSD(T)
harmonic vibrational frequencies were computed from finite
differences of gradients. The finite difference procedure was
validated with the MP2 method for which the frequencies
computed in this manner never differed by more than 0.1 cm™
from those obtained analytically.

The N-body:Many-body (Nb:Mb) method for noncovalent
clusters™® " has been employed to help extend the demanding
CCSD(T) computations to the larger complexes in this study
(n =2, 3, 4). In the hierarchy of Nb:Mb procedures, the
multicentered”* > extension of the ONIOM technique®” > is
used to recast the traditional many-body expansion® of the
cluster interaction energy as an ONIOM-based fragmentation
scheme. In this procedure, the leading dominant N terms in
the many-body expansion are computed with an accurate high-
level method, whereas the remaining terms are recovered with
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a less demanding but less robust low-level method. For this
study, we have selected the 2b:Mb version of the Nb:Mb
procedure, which can obtain results nearly identical to those
from canonical CCSD(T) computations for these di-, tri-, and
tetrahydrate systems. In this implementation, CCSD(T) is
used as the high-level (hi) method to describe all 1-body
contributions (E;) and 2-body interactions (AE,) in the
cluster while MP2 is used as the low-level (lo) method to
recover the remaining (>3-body) interactions via a computa-
tion on the entire cluster (Egue). This method gives the
following linear expression for the 2b:Mb energy:

EZb:Mb _

cluster —

Elo

cluster

+ EM 4+ AEM — El° — AEP (1)

Analogous expressions can readily be obtained for properties
associated with linear operators, such as geometrical
derivatives. Consequently, the 2b:Mb geometry optimizations
and harmonic vibrational frequency computations® "¢ were
carried out in this study with Gaussian 16 utilizing its own
MP2 analytic gradients and Hessians along with CCSD(T)
analytic gradients and numerical Hessians from CFOUR.

A formally equivalent approach was developed by
Raghavachari and co-workers. They have used the molecules-
in-molecules (MIM) method®' to efficiently compute MP2
energies62’63 and DFT spectra for large systems, such as IR,
Raman,® vibrational circular dichroism (VCD),°® Raman
optical activity (ROA),”” and NMR®® for large systems. Like
other techniques based on the many-body expansion of the
interaction energy for noncovalent molecular clusters,® these
approaches take advantage of the rapid convergence typically
observed for this property in such systems.” "> Although
conceptually simple, the idea of dividing a large system into a
number of smaller interacting fragments method is quite
powerful.”>~"> As the number of these techniques continues to
grow, particularly for noncovalent clusters, two classification
schemes have been helpful for identifying their similarities and
differences. Richard and Herbert introduced the %eneralized
many-body expansion (GMBE) framework,”®™"" whereas
Mayhall and Raghavachari have broadly classified methods
into either top-down or bottom-up approaches.”” A complete
literature review is beyond the scope of this work, but some
related efforts include the following: the effective fragment
potential (EFP) method,*~** the fragment molecular orbital
(FMO) method,”™® the molecular tailoring approach
(MTA),***” the embedded-fragment scheme,**~*° the electro-
statically embedded many-body (EE-MB) method,” ™ the
generalized energy-based fragmentation (GEBF) method,”*~%°
the hybrid many-body interaction (HMBI) method,”” ™ the
extended ONIOM (XO) method,'”'®" the explicit polar-
ization (X-Pol) methods,"”>'* and the stratified approxima-
tion many-body approach (SAMBA).'**

All computations for this investigation employed Dunning’s
correlation consistent triple-{ basis sets augmented with diffuse
functions on all non-hydrogen (or “heavy”) atoms (cc—IIJVTZ
for H and aug-cc-pVTZ for B, O, F; denoted as haTZ). 05,106
As early as 1993, Del Bene began demonstrating that diffuse
functions were not needed on H atoms to reliably characterize
the energetics of hydrogen bonding with correlation consistent
basis sets, including complexes containing a negatively charged
fragment.lw’mg In fact, MP2 dissociation energies for the water
dimer and trimer tend to be much closer to the complete basis
set limit when diffuse functions are omitted from the H
atoms.'” """ Those early studies by Del Bene introduced a
modified aug’ prefix to denote the mixed basis sets where cc-

https://doi.org/10.1021/acs.jpca.3c04014
J. Phys. Chem. A 2023, 127, 8806—8820
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Figure 3. 2b:Mb/haTZ-optimized stationary points of BF, (H,0); with select intermolecular R(H---F) and R(H---O) distances in A.

pVXZ is used for H and aug-cc-pVXZ is used for the other
atomic centers (i.e., aug’'cc-pVXZ or simply a’XZ where X is
the cardinal number of the basis set). Although still

qi 140,112
utilized,

the prime designation in the basis set name has
sometimes been adopted in other contexts. Consequently, an
alternative heavy-aug-cc-pVXZ or haug-cc-pVXZ (or simply
haXZ) notation was introduced around 2007 to indicate that
only the basis sets for the “heavy” (i.e., non-hydrogen) atoms
56,111,113—115

and that

nomenclature has been adopted in a number of important
116-121

were augmented with diffuse functions

studies on noncovalent interactions from other groups.
Another naming scheme was introduced in 2011 that uses
prefixes based on the months of the calendar year leading up to
August (e.g,, may-, jun-, jul-, aug-)"*>'** in which jul-cc-pVXZ
is equivalent to the earlier aug’-cc-pVXZ and haug-cc-pVXZ
designations. Spherical harmonic Sd and 7f basis functions
were used rather than their 6d and 10f Cartesian counterparts
for all computations, and all DFT computations utilized a
dense pruned numerical integration grid composed of 99 radial
shells and 590 angular points per shell (corresponding to the
UltraFine keyword).

The electronic dissociation energies (D,) of the complexes
were computed via the supermolecular approach given in eq 2.

D, = E(BF,) + nE(H,0) — E([BF,(H,0),]) (2)
This scheme for computing the dissociation energies
introduces an inconsistency commonly referred to as basis

set superposition error (BSSE)."**'** To assess the impact of
126,127

this inconsistency, a counterpoise (cp) procedure was
applied to the lowest-energy minima identified for n = 1,
defined below in eq 3.'**
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2
DeC P = E(dimer) — Z [E(fragmenti)dimerbaSiS

dimer geometry
i=1

fragment basis
fragment geometry

+ E(fragment)

fragment basis ]
dimer geometry

_ E(fragmenti) (3)
The extension of this procedure is not uniquely defined for
systems with >3 fragments. However, a detailed protocol
described elsewhere''" for flexible fragments was followed for
the BF,”(H,0),-, 34 systems.

B RESULTS AND DISCUSSION

When a water molecule interacts with BEF,”, there are four
structural motifs observed for the mono-, di-, tri-, and
tetrahydrate stationary points shown in Figures 1—4. The
“DI1,” label denotes that w water molecules have formed
double ionic hydrogen bonds with a pair of fluorine atoms
(Figure 1a). This is the same motif that was recently reported
for the microsolvation of the isovalent BeF,>~ ion.** The “BL”
label denotes that x water molecules have formed one
hydrogen bond with one fluorine atom and a separate
bifurcated hydrogen bond with two other fluorine atoms
(Figure 1b). When two or more water molecules are present,
hydrogen bonding between the water molecules can also occur.
The “WL” label denotes that y water molecules have formed a
hydrogen bond with one fluorine atom and a hydrogen bond
with another water molecule (Figure 2b). The “W,” label
denotes that z water molecules have formed one or two
hydrogen bonds with at least one other water molecule but not
the ion (Figure 3d). For each motif, w + x + y + z = n, where n
is the number of water molecules present. The Cartesian
coordinates and harmonic vibrational frequencies for the
mono-, di-, tri-, and tetrahydrated structures are reported in the
Supporting Information.

https://doi.org/10.1021/acs.jpca.3c04014
J. Phys. Chem. A 2023, 127, 8806—8820
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Table 1. Relative Electronic Energies (AE in kcal mol™') and Number of Imaginary Modes (n;) of the BF, (H,0),.;,34
Structures Optimized with Various Methods and the haTZ Basis Set

structure n; B3LYP B3LYP-D3B]J
C,, DI, 0 0.00 0.00
C, BL, 1 115 127
D,; DI, 0 0.00 0.00
C, DI, 0 0.40 0.36
C, DI,BI, 1 1.43 1.51
C, DL,WI, 0 -1.03 —1.64
C,, DI, 0 0.00 0.00
C. DLWI, 0 —2.01 -2.50
C, DLW, 0 —-2.90 -3.55
C; WI, 0 —-5.92 -7.35
s, DI, 0” 0.00 0.00
D, DI, 1 0.12 0.00
C. DI, 1v 0.12 0.10
C. DLW, 0 —2.47 -1.79
C, DLWI, 0 -2.13 —2.67
C, DLW, 0 -3.96 —4.26
C. DL,WI, 0 —-3.50 —4.62
C, DLWI, 0 —-6.78 821

T, = 1 for M06-2X “n; = 0 for B3LYP-D3B].

n=1
n=2
n=3
n=4

MO06-2X MP2 CCSD(T) 2b:Mb
0.00 0.00 0.00
1.19 1.24 1.28
0.00 0.00 0.00 0.00
0.47 0.39 0.39 0.39
145 1.49 1.52 1.52
-1.35 —-1.32 —-1.30 -1.35
0.00 0.00 0.00
—2.43 —-2.24 -2.25
-3.03 -2.95 —2.88
—6.61 —6.32 —6.31
0.00 0.00 0.00
—0.01 0.02 0.00
0.19 0.13 0.14
—0.33 —-1.13 —0.56
-2.61 —2.42 —2.44
—4.49 —3.34 —-2.92
—4.43 —4.09 —4.12
—7.60 —7.20 —7.18

Monohydrate Structures and Relative Energies. In
addition to the C,, DI} minimum reported by Wang, Li, and
Han® (Figure 1a), a second stationary point has been
identified in the current work for the monohydrated BEF,”
system (Figure 1b). The C, BI; configuration is a transition
state lying 1.28 kcal mol™" above the C,, DI, structure
according to the CCSD(T)/haTZ electronic energy (AE
values in Table 1). Compared with the monohydrated
structures of PF¢~, the C, Face transition state lies 0.30 kcal
mol™" above the C,, Edge structure at the CCSD(T)/haTZ
level of theory.*®

The distance between the F atoms that interact with the
H,0 molecule in the C,, DI, structure (Figure 1a) is 2.0 A,
which is only 0.1 A smaller than the corresponding distance for
the analogous structure of PF,"(H,0), (denoted as C,, Edge
in Figure 1 of ref 38.). Both of these values are similar to but
slightly smaller than the usual distance-based threshold of 2.2
A for the transition between single and double ionic hydrogen-
bonding motifs.”* The F--HO angle about the hydrogen bond
in the C,, DI, structure is 143°, similar to analogous angles for
other DIHB monohydrates (146 + 2°).*

Dihydrate Structures and Relative Energies. In
addition to the D,; DI, minimum characterized in a prior
study,” three new stationary points were identified with
correlated WET methods (MP2, CCSD(T), and 2b:Mb) for
the BF,”(H,0), system and to our knowledge, these have not
been reported before in the literature. These four config-
urations are shown in Figure 2. For two of the four structures,
both waters bridge an edge of the BF,” tetrahedron that
includes the C, DI, and the D,; DI, structures (Figure 2a and
2¢, respectively). The C, DI,BI, dihydrate structure (Figure
2d) was generated from the D,; DI, configuration by moving
one of the water molecules from the edge to an adjacent face.
The C, DI;WI, configuration (Figure 2b) exhibits a completely
different hydrogen-bonding topology, with one hydrogen bond
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forming between the two water molecules along with three
hydrogen bonds between the water molecules and the
tetrafluoroborate anion.

The D,; DI, structure was used as the reference for the
dihydrate relative energies in Table 1 because it has been
previously characterized in a prior study as a minimum for
BF,”(H,0),.* The other dihydrate structure with a similar
DIHB motif (C, DI,) lies 0.39 kcal mol™ above the D,,; DI,
structure according to the MP2, 2b:Mb, and canonical
CCSD(T) relative electronic energies in Table 1. The C;
DI, BI, is a transition state lying 1.49—1.52 kcal mol™" higher in
energy according to the MP2, 2b:Mb, and canonical CCSD(T)
results in Table 1. Similar to the hydration of other molecular
anions, the introduction of a second water molecule leads to
water—water interactions that are significant.'>”~"** The newly
identified C, DI,WI, structure that exhibits water:--water
hydrogen bonding consistently has the lowest MP2, 2b:Mb
and canonical CCSD(T) electronic energies and lies 1.30—
1.35 keal mol™" below the D,; DI, structure only involving
water—ion interactions according to the MP2 and CCSD(T)
results in Table 1, respectively. These results could be
indicative that the solvent:-solvent interactions between the
water molecules could be just as important as the solvent-:-
solute interactions between water and BF,” in the character-
ization of the hydration of this ion. The analogous PF4~
structure exhibiting water---water hydrogen bonding (C;
WW-Edge-Face in Figure 2 of ref 38.) lies approximately 2
kcal mol™" below the other structures only involving water—ion
interactions.®

MP2 and CCSD(T) harmonic vibrational frequencies
indicate that both of the DI, stationary points are minima.
The C; DI,BI; configuration is a transition state and the C
DI,WI, structure appears to be a strong candidate for the
global minimum of the BE,”(H,0), system.
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Figure 4. 2b:Mb/haTZ-optimized stationary points of BF,”(H,0), with select intermolecular R(H---F) and R(H---O) distances in A.

Trihydrate Structures and Relative Energies. Four new The C; WI; and C; DLW, structures where multiple hydrogen
stationary points were identified for the BF, (H,0); system bonds are formed between the three waters lie lower than the
with the MP2 and 2b:Mb methods and these configurations C, DI,WI, structure that only has one hydrogen bond formed
are shown in Figure 3. To the best of our knowledge, these between two of the three waters. The 2b:Mb energetics in
structures have not been reported before in the literature, and Table 1 indicate that the C; DI,WI, structure lies 2.25 kcal
the MP2 and 2b:Mb harmonic vibrational frequencies indicate mol™" lower than the C;, DI, structure compared with the C,
each one is a minimum. In the C,, DI, structure (Figure 3a), DLW, and C; WI, structures that lie 2.88 and 6.31 kcal mol™*
all three waters bridge an edge of the BF,” tetrahedron. For lower, respectively. These results further demonstrate the
two of the five structures, all three waters interact with one importance of solvent--solvent interactions when characteriz-
another. This includes the C; WI; and C, DLW, structures ing the hydration of the BF,” ion. The C; WI; structure
(Figure 3c and 3d, respectively). In the C, DLWI, structure consistently has the lowest electronic energy and appears to be
(Figure 3b), two water molecules interact with one another, a strong candidate as the global minimum of the BF,”(H,0),
while the third water molecule only forms hydrogen bonds system.
with the ion. Tetrahydrate Structures and Relative Energies. Eight

All of the structures that exhibit water--water hydrogen new stationary points were identified for the BF,”(H,0),
bonding have electronic energies at least 2 kcal mol™" lower system and all eight configurations are shown in Figure 4. To
than the C;, DI; structure that has only water—ion interactions. our knowledge, these structures have not been reported before
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in the literature. In three of the eight configurations, all four
waters bridge an edge of the BF,~ tetrahedron. This includes
the S, DI, minimum (Figure 4c), and the two other DI,
structures (C, and D,), which are symmetry-unique permuta-
tions along the different edges of BF,”, and can be seen in
Figure 4a and 4b, respectively. All three of the DI, structures
have very similar electronic energies (within 0.2 kcal mol™ of
each other) at all levels of theory used in this study, but the
MP2 and 2b:Mb harmonic vibrational frequencies indicate that
the C; and D, stationary points are transition states.

The structures that exhibit water---water hydrogen bonding
(Figure 4d—4h) all lie lower than the DI, structures that only
exhibit water—ion interactions, and they are all minima based
on the harmonic vibrational frequencies computed at each
level of theory. The C; DLW, structure (Figure 4d) and the C,
DLW, (Figure 4f) both have two water molecules that form
hydrogen bonds with the other two water molecules that
bridge an edge of the BF,” tetrahedron. However, when the
symmetry is relaxed from C; to C; in the C; DI,W, structure
(Figure 4f), a new water---water hydrogen bond is formed,
which leads to a hydrogen bond bridge being formed between
the other two water molecules that have adopted the DIHB
motif. The 2b:Mb energetics in Table 1 indicate that the C;
DLW, structure lies 2.92 kcal mol™" lower in energy than the
S; DI, structure, compared with the C; DI,W, structure that
lies 0.56 kcal mol™' lower. Interestingly, the C, DI;WI;
structure (Figure 4b), which has one water molecule that
forms hydrogen bonds to both the ion and to one other water
molecule, lies lower in energy than the C; DI, W, structure that
exhibits more water—water interactions. The C, DI;WI;
structure lies 2.44 kcal mol™ lower than the S, DI, structure
according to the 2b:Mb energetics in Table 1. Two of the four
water molecules form hydrogen bonds to both the ion and one
other water molecule in the C; DI,WI, structure (Figure 4c),
which lies 4.12 kcal mol™ below the S, DI, structure,
according to the 2b:Mb results in Table 1. The C; DI;WI;
structure (Figure 4e) has three out of the four water molecules
forming hydrogen bonds to both the ion and each other. It
consistently has the lowest electronic energy and is significantly
lower than the S, DI, structure by 7.18 kcal mol ™" according to
the 2b:Mb relative energetics. Thus, the C;, DI;WI; structure
appears to be a strong candidate as the global minimum of the
BF, (H,0), system. As with both the dihydrate and the
trihydrate relative energies, we see that the solvent---solvent
interactions between the water molecules should also be taken
into consideration in addition to the solvent:--solute
interactions between water and BF,” in the characterization
of the hydration of this ion.

Dissociation Energies. The electronic dissociation en-
ergies (D) of the optimized minima for the mono-, di-, tri-,
and tetrahydrate systems (i.e., the relative energy of the
isolated, optimized fragments: one BF,” ion and nH,O
molecules) are given in Table 2. According to the MP2 and
CCSD(T) results obtained with the haTZ basis set, the
monohydrate C,, DI, structure has a dissociation energy near
13 kecal mol™" and, as expected, is significantly larger (by more
than a factor of 2) than the dissociation energy of the water
dimer computed at a comparable level of theory (ca. S kcal
mol™1).'%34135 Furthermore, BF,” interacts more strongly
with water (C,, DI;; D, = 13.17 kcal mol™" at the CCSD(T)/
haTZ level of theory) than the larger PF,~ anion (C,, Edge; D,
= 10.55 kcal mol™ at the CCSD(T)/haQZ level of theory
from ref 38). Interestingly, the additional charge associated
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Table 2. Dissociation Energies (in kcal mol™') Obtained
without the CP Procedure for the BF, (H,0),,_, 5 3 4 Minima
Optimized with Various Methods and the haTZ Basis Set

B3LYP- MO06-
structure  B3LYP D3BJ 2X MP2 CCSD(T) 2b:Mb
n=1
C,, DI, 11.77 12.98 13.84 12.92 13.17
n=2
D,, DI, 22.28 24.68 26.34 24.61 25.12 25.11
C, DI, 21.89 24.33 25.87 24.22 24.73 24.73
C, DI,WI, 2331 26.32 27.69 25.93 26.43 26.46
n=
C;, DI 30.61 34.29 36.39 34.16 3493
C, DLWI, 3261 36.79 38.82 36.40 37.18
C, DLW, 33.50 37.83 39.42 37.11 37.81
C; WI, 36.52 41.64 42.99 40.48 41.24
n=4
S, DI, 38.41 43.23 45.76 43.07 44.09
C, DLW, 40.88 45.03 46.09 44.20 44.65
C, DL;WI,  40.54 4591 48.36 45.49 46.53
C, DLW, 42.37 47.49 50.25 46.41 47.01
C, DLWI, 4191 47.85 50.19 47.16 48.21
C, DI}WI;  45.18 51.44 53.36 50.27 51.27

with the analogous monohydrate structure of BeF,*” increases
the dissociation energy by a factor of nearly 2.4 according to
MP2 computations with the haTZ basis set (12.92 vs 31.00
keal mol™1).*

Perhaps unsurprisingly, the tabulated dissociation energies
for the dihydrate structures (Table 2) indicate that the
introduction of a second solute--solvent interaction is nearly
perfectly additive. For example, when two water molecules
attach to different edges of the BF,™ tetrahedron to form the C
DI, and D,,; DI, minima, the D, increases by a factor of ~1.9,
or to approximately 25 kcal mol™!, relative to the
corresponding value of the monohydrate minimum, C,, DI,
according to the MP2, 2b:Mb and canonical CCSD(T) results
in Table 2. Compared with the analogous all-edge structures of
PF, (H,0),, the D, increase factor is also ~1.9 relative to the
corresponding value of the monohydrate minimum. At the
CCSD(T)/haQZ level of theory, the dissociation energies for
all-edge dihydrate minima of PF¢~ are approximately 20 kcal
mol™". One dihydrate complex was reported for BeF,>~ and
has a dissociation energy of 59.37 kcal mol™" according to
MP2/haTZ.*° The D, increase factor is also ~1.9 relative to
that of the monohydrate structure.

Moving to the trihydrate structures without solvent---solvent
interactions, larger deviations from pairwise additivity are
observed when a third water molecule forms a DIHB with the
ion. D, for the C;, DI, structure increases by a factor of ~2.7
relative to the monohydrate minimum to a value of 34.93 kcal
mol™! according to the 2b:Mb/haTZ data in Table 2. For the
tetrahydrate DI, structures, the attenuation is even more
pronounced, and D, only increases by a factor of ~3.3 relative
to the monohydrate minimum, or to 44.09 kcal mol™ as seen
in the S, DI, configuration devoid of solvent:--solvent contacts.
Compared with the one tetrahydrate complex of BeF,>”, the
dissociation energy is 105.71 kcal mol™! at the MP2/haTZ
level of theory, which gives a similar D, increase factor of ~3.4
relative to the monohydrate structure.*”

The presence of interactions between the solute and solvent
molecules can significantly impact the dissociation energies of

https://doi.org/10.1021/acs.jpca.3c04014
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Table 3. Harmonic OH Stretching Frequencies (@ in cm™") for H,O and BF, (H,0),_; , Minima Computed with an haTZ

Basis Set
structure Irreps B3LYP B3LYP-D3B]J
H,0 (w) a; 3802 3802
b, 3905 3905
C,, DI, (w) a, 3744 3743
b, 3776 3773
C, DI, (w) a” 3740 3746
a’ 3742 3748
a” 3809 3801
a’ 3813 3806
C, DLW, (w) a’ 3673 3667
a’ 3721 3719
a’ 3749 3745
a’ 3757 3752
D,,; DI, (w) b, 3754 3753
a, 3756 375§
e 3794 3792
e 3794 3792

MO06-2X MP2 CCSD(T) 2b:Mb
3872 3824 3814
3977 3952 3924
3820 3770 3772
3852 3825 3815
3828 3774 3778 3778
3830 3776 3779 3780
3873 3848 3835 3835
3879 3853 3839 3839
3764 3706 3716 3714
3793 3746 3750 3750
3830 3795 3790 3790
3830 3803 3795 3796
3828 3779 3780 3781
3829 3780 3782 3782
3868 3842 3830 3831
3868 3842 3830 3831

Table 4. Harmonic OH Stretching Frequencies (@ in cm ™) for H,0 and BF, (H,0),_; Minima Computed with an haTZ Basis

Set
structure Irreps B3LYP B3LYP-D3B]J
H,0 (w) a 3802 3802
b, 3905 3905
C;, DI; (@) e 3767 3767
e 3767 3767
a; 3770 3770
a 3813 3810
e 3819 3817
e 3819 3817
C, DLWL, (w) a’ 3671 3666
a’ 3733 3732
a’ 3740 3750
a’ 3772 3768
a” 3773 3769
a’ 3828 3819
C; WI; (@) a 3589 3578
e 3640 3631
e 3640 3631
e 3688 3681
e 3688 3681
a 3707 3702
C, DLW, (w) a’ 3636 3634
a” 3646 3677
a’ 3697 3723
a” 3743 3724
a” 3779 3794
a’ 3839 3800

MO06-2X MP2 CCSD(T) 2b:Mb
3872 3824 3814
3977 3952 3924
3839 3792 3791
3839 3792 3791
3843 3795 3794
3884 3859 3846
3891 3866 3852
3891 3866 3852
3768 3708 3717
3806 3758 3761
3834 3778 3783
3845 3815 3807
3850 3819 3811
3886 3865 3850
3691 3618 3635
3736 3671 3683
3736 3671 3683
3785 3737 3738
3785 3737 3738
3801 3753 3754
3740 3672 3685
3779 3731 3739
3816 3755 3766
3819 3768 3774
3855 3835 3821
3865 3841 3828

the complex. An almost perfectly pairwise additive increase
close to exactly 2 is observed for the dissociation energy of the
C, DI;WI, structure relative to the monohydrate minimum, C,,
DI,. In comparison to the C; WW-Edge-Face structure of
PF,"(H,0),, cooperative effects were displayed with the
water---water hydrogen bonding that enhanced the D, to
greater than 22 kcal mol™, or by a factor of ~2.1.%*

In the trihydrate complexes, the C; WI; configuration that
contains both solute---solute and solvent---solvent interactions
has the lowest D, for all levels of theory. When the three waters
are able to interact with two neighboring water molecules as
well as have a direct interaction with the solute anion, the
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2b:Mb dissociation energy is 41.24 kcal mol™'. Large
dissociation energies are also observed for the other trihydrate
structures that contain both solute:--solvent and solvent::-
solvent interactions. The D, increases by a factor of &3.1,
which is larger than the increase of ~2.7, as seen in the DIHB
motif.

A similar trend is seen with the tetrahydrate structures. The
configurations with numerous solute---solvent and solvent:-
solvent interactions lead to larger D,. In fact, the C; DI;WI;
complex, consisting of four water molecules interacting with
the anion and three water molecules directly interacting with
two neighboring molecules, gives the largest 2b:Mb D, of

https://doi.org/10.1021/acs.jpca.3c04014
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51.27 keal mol ™!, 7.18 kcal mol™! stronger than when solvent--
solvent interactions are not present. Compared with the DIHB
motif with an increase factor of ~3.3, the D, increases by a
factor of ~3.9.

When the appropriate CP procedure is applied to the
lowest-energy structures identified for the mono-, di-, tri-, and
tetrahydrate systems (C,, DI;,, C, DLWI,, C; WI;, and C,
DI, WI,, respectively), the MP2/haTZ dissociation energies
decrease by less than 5—6% for all four configurations. All
dissociation energies computed with the CP procedure can be
found in the Supporting Information.

Vibrational Frequencies. The first two rows of Tables 3
and 4 contain the harmonic symmetric (a;) and antisymmetric
(b,) OH stretching frequencies (@) computed for an isolated
water molecule. As a water molecule binds to an edge of the
BF,” tetrahedron, the OH:--F hydrogen bonds perturb the OH
stretching vibrations of the water molecule, which induces a
shift in the corresponding frequency (Aw). For example, in the
C,, DI, monohydrate structure, the energy of the symmetric a,
stretching mode decreases by 41 cm™' and that of the
antisymmetric b, mode decreases by 110 cm™" according to
the CCSD(T)/haTZ results reported in Table 3.

In the DI, dihydrate minima (C, and D,;), where two water
molecules bind to different edges of the anion tetrahedron, the
magnitudes of the vibrational frequency shifts are smaller than
those reported for the monohydrate. According to the
CCSD(T)/haTZ harmonic vibrational frequencies in Table
3, the OH stretching frequencies shift to lower energy by —34
+ 2 and =90 + S cm™! for the symmetric and antisymmetric
modes, respectively, in the two DI, dihydrate minima (C, and
D,;). The shifts are slightly larger than the corresponding
changes seen in PF;~(H,0),, where the symmetric OH stretch
shifted to lower energy by —19 + 7 cm™!, and the
antisymmetric OH stretch shifted to lower energy by —75 +
14 cm™'.%"

The C, DI;WI; structure has a different hydrogen bond
topology than that of the DI, structures and, therefore, exhibits
much larger OH stretching frequency shifts than that of the
DI, minima. According to the CCSD(T)/haTZ harmonic
vibrational frequencies in Table 3, all but one of the OH
stretching modes shifts by at least 95 cm™. The Aw value of
—64 cm™" is associated with the mode that is dominated by the
synchronous OH stretching motion in the water molecule that
accepts the hydrogen bond from the other water molecule. In
contrast, the Aw value of —98 cm™ can be seen for the water
molecule that donates the hydrogen bond. For the
asynchronous stretching modes associated with the donor
and acceptor of the hydrogen bond, the A values are —134 and
—129 cm™!, respectively. A similar trend is seen for the
analogous C; WW-Edge-Face dihydrate structure of PF,~,*®
although three of the four shifts are smaller in magnitude by
approximately 30 cm™' according to the CCSD(T)/haTZ
harmonic frequencies reported in Table S7 from ref 38.

The magnitudes of the vibrational frequency shifts in
systems where three water molecules bind to different edges
of the anion tetrahedron, as seen in the DI; trihydrate
minimum (C,,), are smaller than those reported for the mono-
and dihydrate. According to the 2b:Mb/haTZ harmonic
vibrational frequencies in Table 4, the symmetric OH stretch
shifts to a lower energy by —21 + 2 cm™!, and the
antisymmetric OH stretch shifts to a lower energy by =75 +
3 ecm™. As seen with the C, D;WI, dihydrate that exhibits
water---water hydrogen bonding, all of the remaining trihydrate

8814

structures also exhibit water---water hydrogen bonding, which
induces much larger OH stretching frequency shifts than that
of the DI; minimum. According to the 2b:Mb/haTZ level of
theory, the C; WI; structure where all three waters interact
with each other exhibits the largest OH stretching frequency
shifts. The largest shifts of the OH stretches are approximately
—180 cm™' for vibrations regardless of whether they have
symmetric or antisymmetric character.

As four water molecules bind to different edges of the anion
tetrahedron in the DI, tetrahydrate minimum (S,), the
magnitudes of the Aw values are the smallest for the entire
DI,_,_, series of minima that exhibit only DIHB interactions.
According to the 2b:Mb/haTZ harmonic vibrational frequen-
cies in Table S, the symmetric OH stretches shift to lower
energy by —16 + 2 cm™', and the antisymmetric OH stretches
shift to lower energy by —61 + 4 cm™'. As shown before, the
structures with water---water hydrogen bonding induce much
larger OH stretching frequency shifts. At the 2b:Mb/haTZ
level of theory, the C; DLW, structure that forms a bridge
between all four molecules exhibits the largest OH stretching
frequency shifts with a symmetric character of —281 cm™.
However, the C, DI;WI; structure that has three out of the
four water molecules interacting with each other exhibits the
largest OH stretching frequency shifts with an antisymmetric
character of —167 cm™.

Due to solvent--solute interactions, vibrational frequency
shifts are also induced in the BF stretching modes of the
tetrafluoroborate anion. However, these shifts tend to be
slightly smaller. In the C,, DI, monohydrate structure, the
CCSD(T)/haTZ harmonic vibrational frequencies demon-
strate that one of the BF stretching frequencies shifts by —50
cm™' to lower energy while another shifts by +30 cm™' to
higher energy. The other two stretching modes shift by —6
cm™". These shifts are much larger than those observed for the
PF stretching modes.®® When a second water molecule is
added, the frequency shifts in the C; DI, and C; DI,BI,
structures are similar to the monohydrate shifts. However,
the CCSD(T)/haTZ frequency shifts do not exceed +11 cm™*
for the D,; DI, structure. When a third or fourth water
molecule is added, the frequency shifts are similar to those of
the mono- and dihydrate structures. The computed harmonic
vibrational frequencies and corresponding IR intensities can be
found in the Supporting Information.

Performance of B3LYP, B3LYP-D3BJ, M06-2X, and
MP2. The average absolute deviations (AvgAD) and max
absolute deviations (MaxAD) of the relative and dissociation
energies (in kcal mol™"), as well as the harmonic vibrational
frequencies of the OH stretching modes (in cm™) computed
with B3LYP, B3LYP-D3BJ, M06-2X, and MP2 from CCSD(T)
for n = 1, 2 and 2b:Mb for n = 3, 4 are given in Table 6. The
column N denotes the number of values used for determining
the AvgAD and MaxAD. For the relative energies, N is the
number of structures identified, excluding the reference
structure. As for the dissociation energies, N is the number
of minimum energy structures. For the harmonic vibrational
frequencies of the OH stretching modes, N is the number of
OH stretching modes associated with all of the minimum
energy structures.

When comparing the performances of the DFT methods and
MP2, there is one clear top performer for dissociation energies.
B3LYP-D3BJ consistently gives the smallest AvgAD and
MaxAD values for n > 1, even outperforming MP2. B3LYP
performed the worst and always gave the largest AvgAD and
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Table 5. Harmonic OH Stretching Frequencies (@ in cm™)
for BF,”(H,0),_, Minima Computed with an haTZ Basis
Set

B3LYP- MO06-

structure Irreps  B3LYP D3BJ 2X MP2  2b:Mb
C.DLWI, (w) o 3680 3675 3774 3716 3725
a’ 3748 3747 3817 3771 3772

a” 3773 3773 3845 3797 3796

a’ 3775 3775 3848 3799 3798

a' 3781 3777 3857 3824 3816

a" 3796 3794 3866 3841 3831

a” 3825 3823 3898 3871 3857

a’ 3828 3827 3902 3875 3861

C.DLWL () a" 3671 3669 3772 3711 3721
a' 3673 3671 3774 3713 3723

a” 3719 3730 3812 3757 3764

a’ 3721 3732 3814 3759 3765

a” 3786 3781 3857 3826 3817

a’ 3794 3790 3863 3835 3826

a” 3804 3795 3867 3840 3828

a’ 3807 3799 3869 3844 3831

C,DLW, ()  a’ 3505 3492 3614 3555 3588
al 3509 3496 3618 3559 3592

a” 3694 3703 3801 3735 3750

a' 3698 3707 3804 3739 3753

a” 3797 3786 3852 3828 3818

a’ 3802 3791 3860 3834 3824

a” 3868 3868 3938 3908 3882

a’ 3868 3868 3939 3909 3883

C, DLWL () a 3585 3569 3685 3616 3634
a 3638 3628 3736 3674 3686

a 3641 3631 3738 3676 3688

a 3710 3704 3798 3754 3754

a 3713 3708 3802 3757 3757

a 3730 3728 3819 3774 3774

a 3736 3750 3837 3779 3785

a 3840 3830 3896 3875 3858

S, DI, (w) e 3728 3769 3847 3789 3796
e 3728 3770 3849 3790 3797

b 3729 3770 3849 3790 3797

a 3732 3772 3853 3793 3800

a 3851 3829 3898 3877 3859

e 3851 3832 3904 3881 3863

e 3851 3832 3904 3881 3863

b 3853 3836 3909 3885 3867

C, DLW, (o) a 3437 3422 3506 3491 3533
a 3629 3620 3716 3660 3676

a 3692 3692 3753 3738 3752

a 3702 3719 3757 3752 3759

a 3736 3746 3784 3773 3780

a 3773 3748 3813 3804 3798

a 3809 3797 3837 3845 3833

a 3865 3865 3927 3902 3877

MaxAD results of all of the methods, with the latter ranging
from 1.40 kcal mol™ for n = 1 to 6.30 kcal mol™" for n = 4.
Those trends do not, however, extend to the relative energies
where MP2 clearly has the advantage and M06-2X tends to
yield the smallest AvgADs for the DFT methods but not
necessarily the smallest MaxADs. Similarly, the three DFT
methods did not perform as well as MP2 when characterizing
the harmonic vibrational frequencies of the OH stretching
modes. On average, all of the DFT methods predict larger
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shifts by about 40 cm™". Although the MaxADs for B3LYP and
B3LYP-D3BJ grew with the size of the cluster (up to 96 and
111 ecm™!, respectively), the MaxAD for M06-2X remained
remarkably consistent from n = 1 to n = 4.

An additional dihydrate structure (C, DI;W;; whose
Cartesian coordinates are in the Supporting Information)
was located only at the B3LYP/haTZ level of theory. This
structure is characterized by a single water molecule only
interacting with the other water molecule and does not form
any hydrogen bonds with the ion. All other levels of theory
were optimized to the C; DI;WI, structure. Additionally, for
the trihydrate structures, only the B3LYP and MO06-2X
methods located the C; DLW, structure (whose Cartesian
coordinates are in the Supporting Information). Similar to the
C, DI}W, dihydrate structure, one of the water molecules is
only interacting with the other water molecule, and no
hydrogen bonds are formed with the ion. The B3LYP-D3B]
and MP2 methods did not locate the C; DL,W, structure and
instead converged to the C; D,W, structure.

B CONCLUSIONS

Low-energy configurations of the BF,”(H,0),.,,3, systems
have been identified with the MP2, canonical CCSD(T), and
2b:Mb ab initio WFT methods in conjunction with the haTZ
basis set. Two low-lying stationary points have been found for
the BF,”(H,0); system, which includes the C,, DI, minimum
and the C, BI, transition state. For the BF, (H,0), system,
three minima and one transition state have been identified,
with the lowest-energy minimum being 1.30 kcal mol™" lower
than the D,; DI, structure at the CCSD(T)/haTZ level of
theory. Four new minima have been identified for the
BF, (H,0); system, with the lowest-energy minimum being
6.31 kcal mol™ lower than the C;, DI, structure at the 2b:Mb/
haTZ level of theory. For the BF,”(H,0), system, six new
minima and two new transition states have been identified,
with the lowest-energy minimum being 7.18 kcal mol™" lower
than the S, DI, structure at the 2b:Mb/haTZ level of theory.

The CCSD(T)/haTZ electronic dissociation energy is larger
than 13 kcal mol™ for the C,, DI; monohydrate minimum.
When the number of water molecules to form the dihydrate
structures is increased, this interaction is almost perfectly
additive in the D,; DI, and C; DI, minima. For the trihydrate
C;, DI; minimum and the tetrahydrate S, DI, minimum, the
D, increases by a factor of ~2.7 and ~3.3 relative to the
monohydrate, respectively. However, when the water mole-
cules interact with one another and form hydrogen bonds,
cooperative effects manifest and are observed, and the D,
increases to larger than 26, 41, and 51 kcal mol ™ in the di-, tri-,
and tetrahydrate structures, respectively. For comparison, the
D, is about S5 kcal mol™ for the water dimer'’”'** and
approaches 16 kcal mol™ for the water trimer.'""

Relative to the a; and b, modes for an isolated H,O
molecule, the solvent:--solute interactions induce significant
shifts in the harmonic OH stretching frequencies of the
hydrating water molecule(s). In the monohydrate minimum
(C,, DI,), the CCSD(T)/haTZ symmetric and antisymmetric
OH stretching frequencies shift by —41 and —110 cm™,
respectively. Similar modest A values are also observed in the
D, DI, G, DI, and S, DI, minima of BF,"(H,0),, 3. The
most significant vibrational shifts are seen when the solvent
molecules interact with one another and the ion. In the C,
DIL,WI; structure, the CCSD(T)/haTZ synchronous and
asynchronous OH stretching modes shift by as much as —98
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Table 6. Average Absolute Deviations (AvgAD) and Max Absolute Deviations (MaxAD) of the Relative Energies (in kcal
mol '), Dissociation Energies (in kcal mol™"), and the Harmonic OH Stretching Frequencies (in cm™") Computed with DFT
and MP2 from CCSD(T) for n = 1, 2 and 2b:Mb for n = 3, 4°

relative energies

dissociation energies

OH stretching frequencies

N AvgAD MaxAD N
B3LYP 1 0.12 1
B3LYP-D3BJ 1 0.01 1
MO06-2X 1 0.09 1
MP2 1 0.04 1
B3LYP 3 0.12 0.27 3
B3LYP-D3B]J 3 0.13 0.33 3
Mo06-2X 3 0.06 0.08 3
MP2 3 0.02 0.03 3
B3LYP 3 0.22 0.39 4
B3LYP-D3B]J 3 0.65 1.04 4
MO06-2X 3 0.21 0.30 4
MP2 3 0.03 0.07 4
B3LYP 7 0.63 1.92 6
B3LYP-D3B]J 7 0.63 1.34 7
MO06-2X 7 0.40 1.57 S
MP2 7 0.15 0.57 6

n=1
n=2
n=3
n=4

AvgAD MaxAD N AvgAD MaxAD

1.40 2 33 38

0.19 2 36 42

0.67 2 42 47

0.25 2 6 10
293 3.12 12 34 43
0.32 0.44 12 36 49
121 1.26 12 43 S1
0.51 0.52 12 7 14
4.48 4.71 24 40 93
0.36 0.64 24 41 62
1.62 1.76 24 45 56
0.75 0.78 24 8 17
5.41 6.30 48 40 96
0.53 0.85 56 39 111
2.12 3.24 40 39 56
0.86 1.05 48 12 42

“The column N denotes the number of values used for determining the AvgAD and MaxAD.

and —134 cm™!, respectively. Even larger shifts are seen in the
trihydrate and tetrahydrate systems. In the C; WI; structure,
the CCSD(T)/haTZ synchronous and asynchronous OH
stretching modes shift by as much as —179 and —186 cm™,
respectively.

The lowest-energy harmonic OH stretching frequency for
the C; WI; minimum of BF,”(H,0), is computed to be 363
and 3589 cm™" at the 2b:Mb/haTZ and B3LYP/haTZ levels of
theory, respectively. The B3LYP/haTZ harmonic value is only
S cm™! larger than the results from DFT AIMD simulations
that predicted a shift of +264 cm™ relative to bulk water.””
The C, DI,WI; tetrahydrate structure also has frequencies that
approach the DFT AIMD result with the lowest-energy
harmonic OH stretching frequency computed as 3634 and
3638 cm™! at the 2b:Mb/haTZ and B3LYP/haTZ levels of
theory. This work indicates the importance of solvent:-solvent
interactions when describing the hydration of BF,” and
demonstrates that solvent---solute interactions alone do not
encapsulate the total hydration of BF,™. In order to identify the
lowest-energy structures and to completely capture the
observed spectroscopic shifts, these solvent---solvent inter-
actions must be considered, as reported here.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04014.

Cartesian coordinates, electronic dissociation energies
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