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Abstract: The hydration process of potassium 5-hydroxypentanoyltrifluoroborate salt, K[CsHyBF3sO2]
and its 5-hydroxypentanoyltrifluoroborate [CsHgBF3O2] anion have been studied by combining the
experimental FT-Raman and ultraviolet-visible spectra in aqueous solution with hybrid B3LYP/6-
311++G** calculations. Solvent effects have been considered with the self-consistent reaction field
(SCRF) and solvation (SM) models. Here, the structures of [CsHoBF3;0,].[H20]. clusters of anion, with
n from 1 to 5 implicit water molecules, were proposed in order to study the number of water molecules
that could hydrate the anion. Calculations were performed in the gas phase and an aqueous solution to
observe the effect of the medium on the dipole moment and volume values. Calculated solvation
energies for all clusters were corrected by zero-point vibrational energy (ZPVE), non-electrostatic terms
and by basis set superposition energy (BSSE). The dipole moment of salt in solution (10.19 D) suggests
that the number of water molecules that could hydrate the anion vary between 3 and 4, in total agreement
with the observed and predicted bands in the UV-Vis spectra for the salt and these two clusters in water
between 180 and 400 nm. Comparisons among experimental and predicted Raman spectra show clearly
the hydration effect because the bands attributed to OH, BF3; and C=0 groups are shifted in solution,
while, the predicted Raman spectra for all clusters in solution show strong changes in the intensities of
many bands, in accordance with the corresponding experimental one. Evidently, the hydration occurs
on the OH, BF; and C=0 groups.
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1. Introduction

The combinations of experimental studies in solution with theoretical calculations of
different species greatly aid in analyzing their stabilities and predicting properties and
behaviors because many times, the structures undergo important changes with the medium and
especially in aqueous solution [1-3]. In particular, the potassium trifluoroborate salts are
structurally interesting due to the versatility of trifluoroborate group to form 3D structures with
different behaviors and coordination modes that result from an interest in the supramolecular
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chemistry and in the design of new materials [4-11]. Hence, due to the characteristics of
different C-H---F and B-F bonds, these potassium trifluoroborate salts are excellent reagents
in organic synthesis chemistry [12-18]. Besides, the theoretical studies on these salts greatly
aid in investigating how the different groups linked to trifluoroborate influence their reactivities
and structural, electronic, topological and vibrational properties [7-11]. Some experimental
studies on these salts have suggested that steric and conformational factors modulate their
reactivities in solution [12-18]. Hence, it is of great interest to elucidate the number of water
molecules surrounding the potassium 5-hydroxypentanoyltrifluoroborate salt, K|CsHoBF30z2]
(HTFB), in an aqueous environment. This way, the purposes of this work were: (i) to study
theoretically clusters of 5-hydroxypentanoyltrifluoroborate anion, [CsHoBF3O2]x[H20]n with
different numbers of implicit n water molecules, from 1 to 5, in the gas phase and aqueous
solution because it species is present when the salt is dissolved in water, (ii) to calculate the
solvation energies of each cluster in order to predict the number of water molecules that can
hydrate to [CsH9BF3O2] anion, (iii) to analyze the changes performed in the experimental
Raman spectrum in aqueous solution and to compare with that experimental previously
reported for this salt in the solid phase and also to analyze the experimental ultraviolet, visible
spectrum in aqueous solution and finally, (iv) to predict the reactivities and behaviors of
different clusters in water and, to compare with the values previously reported for the salt [9]
by using the hybrid B3LYP/6-311++G** level of theory [19,20]. In an aqueous solution, the
[CsH9BF302]x[H20]n clusters were modeled and optimized by using the integral equation
formalism variant polarised continuum method (IEFPCM) [21,22], while, their solvation
energies were calculated employing the universal solvation model at the same level of theory
[23]. The dipole moment and volume values and solvation energies of different clusters in the
gas phase and aqueous solution were represented as functions of a number of implicit water
molecules following that methodology employed for phosphate ions in water [24]. The
complete vibrational analyses of salt in aqueous solution were performed with the harmonic
force fields and the Molvib program following the scaled quantum mechanical force field
(SQMFF) procedure, as reported in the previous study [9,25,26]. Here, the determination of
the number of water molecules around the anion was carrying out considering different
relationships between the volumes of clusters and the solvation energies, taking into account
the number of water molecules, as in the methodology employed for phosphate anions in water
[24].

2. Materials and Methods

2.1. Experimental.

The FT-Raman spectra were recorded using a Wintec Alpha 300 confocal Raman
microscope system equipped using an excitation laser wavelength of 785 nm and an electrically
cooled CCD camera. The signal was calibrated using the 520 cm™ lines of a-Si wafer and a 20x
objective. The laser power on the samples was 2 mW. The resolution was set to 4 cm™ and 10
scans with an integration time of 1 s were performed. The spectra were recorded over the 200-
1800 cm* region.

Beckman spectrophotometer was used to record the electronic spectrum of PTFB in an
aqueous solution between 180 and 800 nm.

The UV-Visible measurements were recorded using quartz cells (10 mm optical path
length) in a Specord S-600 diode array spectrophotometer. For this purpose, a solution of 9.84
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mg/L of compounds in water was prepared. Each spectrum was recorded between 182 and 400
nm region.

2.2. Computational details.

The initial structures of the different [CsHoBF302].[H20]n clusters with implicit n water
molecules, from 1 to 5, were modeled with the Hyperchem program [27]. The modifications of
several water molecules were carried out with the GaussView program [28]. The optimizations
of all systems were performed in the gas phase and in an aqueous solution by using the hybrid
B3LYP/6-311++G** method [19,20] and the Revision A.02 of the Gaussian 09 program [29].
The integral equation formalism variant polarised continuum method (IEFPCM) was employed
for all calculations in solution [21,22], while the volume values were calculated with the
Moldraw program [30]. The gap values for all clusters in both media were calculated with the
frontier orbitals by using the hybrid B3LYP/6-311++G** method [16,17], as recommended by
Parr and Pearson [31]. Then, the chemical potential (), electronegativity (r), global hardness
(n), global softness (S), global electrophilicity index (@) and nucleophilicity indexes (£)
descriptors were employed to predict the behaviors of clusters in the two media [32-36]. The
standard Boys—Bernardi counterpoise method by basis set superposition error (BSSE) was
employed to correct the solvation energies of [CsHsBF302].(H20)n clusters from 1 to n water
molecules [37]. The predicted Raman spectra in activities were

3. Results and Discussion

3.1. Geometries of clusters in gas and aqueous solution.

The optimized structures of K[CsHoBF302] (HTFB) salt and its [CsHsBF30O2]" anion
can be seen in Figure 1 together with the atoms labeling, while in Figure 2 are presented the
[CsH9BF302]x[H20]n clusters of the anion with n water molecules where n varies from 1 to 5,
showing the different H bonds interactions.

:
49
5-Hydroxypentanoyltrifluofluoroborate anion

Figure 1. Molecular structures of the K[CsHyBF30-] salt and its 5-hydroxypentanoyltrifluoroborate
[CsHgBF30,] anion in aqueous solution by using B3LYP/6-311++G** level of theory and atoms numbering.

https://biointerfaceresearch.com/ 2198


https://doi.org/10.33263/BRIAC122.21962215
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC122.21962215

AR

P
[CsHgBF30,].[H30] «z," o g

: ,—" Yo
' ] in b o

y o
;\ [C5H9BF305].[H,0]5

Figure 2. Molecular structures of the [CsHgBF30,].[H20], clusters of 5-hydroxypentanoyltrifluoroborate
[CsHgBF30;] anion in the gas phase using the B3LYP/6-311++G** level of theory.

[CsHgBI30,].[Hz0] 4

Calculated uncorrected and corrected total energy by ZPVE and by BSSE (E), dipole
moments and molecular volumes for the clusters of 5-hydroxypentanoyltrifluoroborate
[CsH9BF302] anion with n water molecules in the gas phase and aqueous solution by using
B3LYP/6-311++G** level of theory can be seen in Table 1. The values corresponding to the
salt were included because, in an aqueous solution, the salt is dissociated as anion and cation
and, for this reason, the dipole moment value and the volume change with the media. Note that
the BSSE” values presented in column 5 for all clusters practically do not change, although few
variations in the corresponding dipole moment values in column 6 are observed. Figure 3a
shows the behaviors of dipole moment values for all clusters in gas and aqueous solution,
including the observed only for the anion versus the number of water molecules. In both media,
the dipole moment values decrease when increasing the number of water molecules, but the
dipole moment values when the energies are corrected by BSSE slightly increase only for the
clusters with 4 and 5 water molecules. In the four cases analyzed, the cluster with 2 water
molecules presents the higher dipole moment value in the two media studied. Then, when the
solvation energies are analyzed with the number of water molecules, we observed that the
higher dipole moment value corresponds to the higher solvation energy for the cluster with 2
water molecules. Suppose now we analyze the volume's values for all clusters from Figure 3b,
including the anion in both media, in the function of a number of water molecules. In that case,
it is observed a lineal tendency with a reasonable correlation factor of 0.9863 in an aqueous
solution. Thus, the volume of clusters (V) in an aqueous solution relates to the number of water
molecules N by the following relationship: (1) V = 21.463 N + 170.78. Considering V of salt
of 252.9 A% in the gas phase and 255.7 A% in aqueous solution, the number of water molecules
that can hydrate to the salt in both media is approximately 4 water molecules. If now, the
uncorrected and corrected solvation energies (AG) by ZPVE and by BSSE are analyzed for all
clusters, including the anion as a function of several water molecules from Table 2 and Figure
4, different behaviors are observed.
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Table 1. Calculated uncorrected and corrected total energy by ZPVE and by BSSE (E), dipole moments and molecular volumes for the clusters of 5-
hydroxypentanoyltrifluoroborate [CsHgBF3;02] anion with n water molecules in the gas phase and aqueous solution by using B3LYP/6-311++G** level of theory.

B3LYP/6-311++G** method

GAS-PHASE

Clusters E E (ZPVE) M v BSSE* W BSSE + n(H:0)
(H.0) -76.4585 -76.4372 2.16 29.3
K[CsHeBF30;] -1271.1848 8.40 252.9
[CsHeBF02]" -671.2398 -671.0926 10.18 169.6 10.18
[CsH9BF30;].(H20) -747.7130 -747.5415 10.85 186.6 -671.2407 126 747.6779
[CsHeBF30;].(H20), -824.1785 -823.9824 11.36 213.3 -671.2421 14.63 -824.1168
[CsHeBF30,].(H20)s -900.6787 -900.4543 5.50 2373 -671.2405 9.59 -900.5521
[CsH9BF30;].(H20)4 -977.1548 -976.9070 4.89 2476 -671.2409 8.79 -976.9897
[CsH9BF30;].(H20)s -1053.6312 -1053.3582 2.98 279.9 -671.2419 10.20 -1053.4279

AQUEOUS SOLUTION

(H.0) -76.4721 -76.4511 2.64 29.3
K[CsHyBF30,] -1271.2180 10.19 255.7
[CsHoBF:0,] -671.3362 -671.1889 13.91 170.0 13.91
[CsHsBF30,].(H20) -747.8139 -747.6424 13.10 190.3 -671.3343 14.64 -747.7854
[CsHsBF30,].(H20)2 -824.2888 -824.0936 17.22 216.4 -671.3315 16.54 -824.2337
[CsHeBF30;].(H20)s -900.7689 -900.5489 9.18 240.9 -671.3287 10.74 -900.6876
[CsHoBF30;].(H20)4 -977.2444 -977.0013 8.77 248.7 -671.3271 10.12 -977.1315
[CsHoBF30;].(H20)s -1053.7260 -1053.4578 5.87 280.3 -671.3375 11.36 -1053.5930
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Table 2. Corrected and uncorrected solvation energies by the total non-electrostatic terms by zero-point vibrational energy (ZPVE) and by BSSE for the clusters of 5-
hydroxypentanoyltrifluoroborate [CsHgBF3;02] anion with n water molecules in aqueous solution by using B3LYP/6-311++G** level of theory.
B3LYP/6-311++G** method

Solvation energy E E (ZPVE) |BSSE +n(H:0)| PCM E E (ZPVE) | BSSE + n(Hz0) AV
Anion AGun AGun AGun AGne AG. AG. AG. AV

(H.0) -35.67 -36.75 6.10 -41.77 -42.85 0.0
[CsHeBFs03]" -252.86 -250.59 25.37 -283.73 -284.52 0.4
[CsHsBF302].(H-0) -264.66 -264.65 -281.97 29.60 -294.96 -294.95 -252.37 37
[CsHeBF30,].(H20): -289.32 -291.68 -306.63 32.60 -321.92 -324.28 -339.23 3.1
[CsHeBF30,].(H20)s -236.56 -248.14 -355.42 32.98 -269.54 -281.12 -388.40 36
[CsHeBF30,].(H20)4 -235.02 -247.35 -371.94 33.98 -269.00 -281.33 -405.92 11
[CsHoBF30;].(H20)s -248.66 -261.25 -433.06 34.65 -283.31 -295.90 -467.71 0.4

https://biointerfaceresearch.com/

#AS-GP= Aqueous solution — Gas phase

AGyn=uncorrected solvation energy, AGne= total non-electrostatic terms, AG.= corrected solvation energies

2201


https://doi.org/10.33263/BRIAC122.21962215
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC00.000000

(a)
20
18 2
2 16 1
= 14
v
£ n 3 3
= -
E 4
o 8] = Gas
£ 6 PCM
4 BSSE Gas
2 BSSE PCM
0
Numbers of water molecules
(b)
290 s
270 Gas

PCM
250 Lineal correlation 3 1

230
2

Volume ( RS)

210
190

1 V=21.463 N +170.78
0 R2 = 0.9863
170

150

Numbers of water molecules

Figure 3. (a) Behaviours of dipole moment and (b)
volumes values of [CsHgBF30,].[H20]n clusters and
the 5-hydroxypentanoyltrifluoroborate
[CsHgBF30;]" anion with the number of water
molecules in the gas phase and aqueous solution by
using the B3LYP/6-311++G** level of theory.
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Figure 4. (a) Corrected and (b) uncorrected
solvation energies of [CsHyBF3;02].[H20]n clusters
and the 5-hydroxypentanoyltrifluoroborate
[CsHgBF30;]" anion with the number of water
molecules in the gas phase and aqueous solution by
using the B3LYP/6-311++G** level of theory.

Thus, a lineal tendency is observed when the values are corrected (Fig. 4a) by ZPVE
and by BSSE with a reasonable correlation factor of 0.953, being the solvation energy related
by the equation (2): AG =-49.737 N — 221.52 where N is the number of water molecules. On
the contrary, when the values are uncorrected by BSSE (Fig. 4b), a polynomial correlation with
an excellent coefficient of 1 is observed. In this case, the polynomial equation found between
AG and N are as follows: (3) AG =6.0362 N* - 79.672 N® + 363.37 N2 — 652.29 N + 67.6. With
the solvation energy value of anion of -284.52 kJ/mol it is possible to calculate from equations
(2) and (3) the value of N; hence, the value is approximately 1, for which only one water
molecule could solvate the anion. On the other hand, the most negative solvation energy not
corrected by BSSE (Fig. 4b) is observed for the cluster with 2 water molecules justifying. This
way, the observed higher dipole moment value for this cluster is observed in Figure 3a.
Analyzing the obtained results exhaustively for the salt and its anion, we observed important
differences in the numbers of water molecules because superficially, from 1 or 4, water
molecules could hydrate the anion.

Apparently, there is not found a reasonable explanation for this variation. However,
when the volume variations observed for all clusters from Table 2 are deeply evaluated as a
function of the water molecules, we observed that the anion without water molecule has the
same V variation as the cluster with five water molecules, which is 0.4 A3, Later, when these
values are graphed in Figure 5, it is possible to observe that for a value of V, two values of N
are observed. Thus, these AV values suggest that probably the number of water molecules that
hydrate the anion could vary between two values. Hence, if the salt presents a V variation of
2.8 A% (255.7-252.9 A3 from Table 1), the number of water molecules in the anion only will be
possible only between 3 or 4. On the other hand, Figure 2 shows clearly that from 1 to 2 water
molecules, the OH groups hydrate mainly the anion, while after three water molecules, in
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addition, the other C=0 and BFs groups are also solvated. Possibly, this higher hydration of
groups generates a decrease in the V of the salt and an increase in the dipole moment value
from 8.40 D in the gas phase to 10.19 D in an aqueous solution. Hence, from Figure 3 is easily
seen that with the dipole moment of salt has a value of 10.19 D, the number of water molecules
in the anion can vary between 3 and 4 (orange line on Fig. 3).

4.0

Variation V (A‘!)

Number of water molecules

Figure 5. Volumes variations of [CsHyBF30-].[H20], clusters and the 5-hydroxypentanoyltrifluoroborate
[CsHgBF30,] anion with the number of water molecules in the gas phase and aqueous solution by using the
B3LYP/6-311++G** level of theory.

As a consequence of the hydration, these changes observed in the salt and its anion are
in agreement with the variations previously observed in the bonds C9-0O14, C2=016, 014-H15
and K21-016 lengths of this salt in solution [9]. Evidently, these sites are involved in the H
bond formation due to the water molecules.

3.2. Frontier orbitals and global descriptors studies.

Here, the gap values for the salt and its anion were computed previously [9]. In this
work, the values of different proposed clusters were calculated to see how the reactivities
change when the number of water molecules increases from 1 to 5. Hence, the differences
between the two frontier orbitals, that are the gap values according to Parr and Pearson [31],
together with the descriptors global electrophilicity (@) and nucleophilicity (E) indexes were
also calculated to know the behaviors of these parameters with the different hydrations [32-
36,39-45]. Therefore, the results for the anion and the different clusters by using the B3LYP/6-
311++G** level of theory can be seen in Table 3. Analyzing the behaviors of gap values from
Figure S1, it is observed that in the gas phase, the cluster with two water molecules presents
the lower value, while in solution, the values for the anion and the five clusters are practically
constant. If now the values of global electrophilicity indexes in the gas phase are analyzed from
Figure S2, the values for the five clusters remain practically constant while in solution, the
values increase with the number of water molecules presenting the higher value the cluster with
5 water molecules.

Table 3. Frontier orbitals and global electrophilicity(w) and nucleophilicity (E) index descriptors for the
[CsHsBF30,].[H20]. clusters of 5-hydroxypentanoyltrifluoroborate [CsHgBF3;0-] anion in the gas phase and
aqueous solution using the B3LYP/6-311++G** level of theory.

B3LYP/6-311++G** method?
Species Gas-phase
HOMO LUMO |GAP| ® E
[CsHoBF302] -1.9336 1.7576 3.6911 0.0021 -0.1620
[CsH9BF302] [H20] -2.1180 1.3302 3.4482 0.0450 -0.6790
[CsH9BF302] [H20]2 -2.1669 0.8257 2.9926 0.1503 -1.0030
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B3LYP/6-311++G** method?
Species Gas-phase
HOMO LUMO |GAP] o E
[CsHsBF302] [H20]s -3.0057 1.9882 4.9940 0.0518 -1.270
[CsH9BF302] [H20]4 -3.3543 1.8294 5.1837 0.1122 -1.976
[CsHoBF302] [H20]s -3.4578 1.8461 5.3039 0.1224 -2.137
Aqueous Solution
HOMO LUMO |GAP] o E
[CsHoBF302] -6.0366 -0.5197 5.5170 1.9478 -9.0430
[CsHoBF302] [H20] -6.0641 -0.5444 5.5198 1.9780 -9.1190
[CsHoBF302] [H20]2 -6.0382 -0.6112 5.4270 2.0368 -9.0220
[CsH9BF302] [H20]3 6.2982 -0.8507 5.4474 2.3454 -9.7361
[CsHoBF302] [H20]4 -6.3651 -0.9902 5.3750 2.5163 -9.8843
[CsHoBF302] [H20]s -6.4476 -1.0357 5.4119 2.5869 -10.1250
@This work

o= P21 E= uxn

In relation to the global nucleophilicity indexes, the behaviors for the five clusters in
both media are approximately the same, however, the values are most negative in solution,
increasing the value slightly from the cluster with 1 water molecule up to the most negative
value for the cluster with 5 water molecules. Hence, the cluster with five water molecules
presents the higher electrophilicity and most negative value of nucleophilicity, while the
reactivity remains practically constant for all the clusters.

3.3. Raman spectrum in aqueous solution.

Previous work on this salt using B3LYP/6-311++G** calculations s optimized this
salt's structures in the gas phase and aqueous solution with C1 symmetries, 57 and 54, the
normal vibration modes expected for this salt and its anion, respectively [9]. All vibration
modes of both species present activities in the infrared and Raman spectra.

(2)

Experimental in the solid phase

_*ﬂm_wut

Experimental in aqueous solution I|1

—— Raman spectrum salt

Raman Intensity

Raman spectrum anion
N

—
4000

3500 3000 2500

Wavenumbers/em-1

(b)

Raman Intensity

Salt in aqueous solution

J L. AAL I O I\AL
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Anion in aqueous solution

e
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Figure 7. Predicted Raman of the salt and its anion

by using B3LYP/6-311++G** level of theory in the

4000-2500 cm* (upper) and 2000-40 cm™* (bottom)
regions.

Figure 6. Experimental Raman of salt in the solid-
state compared with the corresponding predicted
solution for the salt and its anion in aqueous
solution by using B3LYP/6-311++G** level of
theory.
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The experimental Raman spectrum of the salt in the solid phase is compared with the
corresponding recorded in this work in solution and with the predicted for the salt and its anion
in Figure 6, while in Figure 7 are presented only the predicted Raman spectra in intensities for
the salt and its anion by using B3LYP/6-311++G**|evel of theory. Note that the experimental
Raman spectrum of salt in aqueous solution was possible to record only between 2000 and 40
cm region.

The comparisons among the experimental and predicted Raman spectra show that in
solution, the positions of bands in the salt and its anion practically do not change. Only a few
bands are shifted in solution while being observed some strong changes in the intensities of
many bands, as can be seen in Figures 6 and 7. In the predicted Raman spectra of salt in the
4000-2500 cm™ region, four bands perfectly defined around 3000 cm™. In the anion, only two
bands with a shoulder with lower intensities are observed. In the 2000-40 cm™ region are
clearly observed the decrease in the intensities of bands attributed to the anion, as compared
with the salt, but an increase in intensities of Raman bands located at 1150, 926 and 172 cm™
are also observed. For instance, it is possible to observe a decrease notably in the intensities of
two Raman bands of salt from 1417 and 1372 cm™ to 1417 and 1361 cm™ in the anion and,
besides, the bands at 1321 cm™ in the salt are shifted at 1300 cm™ in the anion while appear
two new bands at 1037 and 966 cm™. Obviously, the shifting of some Raman bands toward
lower wavenumbers is due to the hydration of involved OH, BF3 and C=0 groups by water
molecules. The assignments of both salt and anion in solution were previously performed with
the harmonic force fields by using the SQMFF methodology, the normal internal coordinates
and the Molvib program [9,25,26]. In Table 4, the experimental and calculated wavenumbers
are presented for the salt and its anion together with their complete assignments by using the
B3LYP/6-311++G** method. Figure S3 and S4 show the predicted infrared and Raman spectra
for the five proposed clusters. Both figures show clearly the shifting and changes in the
intensities of some bands and, in particular, the decrease in the intensities of bands observed
between 200 and 40 cm™. In the infrared spectra of all clusters are observed the increase in the
intensities of bands between 4000 and 2500 cm™. Then, the assignments of the most important
groups are discussed briefly below.

3.3.1. Band assignments.
3.3.1.1. OH modes.

The vibration OH stretching modes in the anion and salt in the aqueous solution phase
are predicted by SQM calculations at 3636 and 3634 cm, respectively. These modes were not
assigned because the Raman spectrum was recorded between 2000 and 40 cm™. The SQM
calculations predicted the in-plane deformation or rocking modes of anion and salt in solution
at 1309 and 1062 cm, as expected due to the hydration. Here, this strong shifting reveals the
notable hydration of this group in solution. The corresponding out-of-plane deformation or
torsion modes of this group in the anion and salt are predicted at 254 and 243 cm™, evidencing
clearly its hydration in solution by decreasing the band's intensity at 245 cm™ attributed to this
group. Obviously, the vibration modes related to OH group in the anion are shifted due to the
hydration with the water molecules.
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3.3.1.2. BF3; modes.

SQM calculations predict the expected two anti-symmetric stretching modes for the salt
and its anion in different positions, while the symmetric modes are predicted in approximately
the same regions. This way, the Raman bands in solution located at 932 cm are assigned to
symmetric modes of anion while the band at 570 cm™ can be assigned to the corresponding
symmetric modes, as observed in Table 4.

The shifting observed for the anti-symmetric modes is clear evidence of the hydration
of these groups in an aqueous solution. In the same way, the deformations, rocking and twisting
modes in both species are slightly shifted in solution.

Table 4. Observed and calculated wavenumbers (cm™) and assignment for the K[CsHgBF302] salt and its 5-
hydroxypentanoyltrifluoroborate [CsHsBF3;O2] anion in aqueous solution by using B3lyp/6-311++G** level of

theory.
Experimental B3LYP 6-311++G**P
[CsHoBF302] K[CsHsBF30:]
Solid phase® Solution® Agueous solution Agueous solution
IR Raman Raman Calc | SQMe | Assignment® Calc SQM°® | Assignment®
3793 3636 | vO-H 3791 3634 | vO-H
2962m 3082 2954 | vaCH2(C9) 3087 2950 | vaCH2(C9)
2944m 3065 2939 | vaCH2(C5) 3063 2926 | vaCH2(C5)
2910vs 3037 2912 | vaCH2(C6) 3041 2906 | vaCH2(C6)
3028 2903 | vaCH2(C1) 3026 2891 | vaCH2(C1)
2876vs 3023 2898 | vsCH2(C9) 3024 2889 | vsCH2(C5)
2876vs 3022 2897 | vsCH2(C9) 3015 2881 | vsCH2(C9
2876vs 3004 2881 | vsCH2(C1) 3009 2875 | vsCH2(C6)
2876vs 3002 2878 | vsCH2(C6) 3005 2872 | vsCH2(C1)
1665m 1670s 1671m 1654 1593 | vC2=016 1655 1592 | vC2=016
1474w 1476 1477w 1495 1430 | 8CH2(C9) 1507 1441 | 3CH2(C9)
1445m 1448vs 1488s 1483 1417 | 8CH2(C5) 1487 1421 | 3CH2(C5)
1405m 1408s 1409w 1457 1394 | wagCH2(C9) 1467 1402 | 5CH2(C6)
1402sh 1421 1389 | wagCH2(C9) 1419 1396 | wagCH2(C9)
1375vw 1379sh 1417 | 1379 | wagCH2(C5) 1417 1378 | wagCH>(C5)
1361vw 1362w 1361w 1396 1360 | wagCH2(C6) 1389 1346 | 8CH2(C1)
1347w 1346w 1372 1333 | 3CH2(C1) 1372 1335 | pCH2(C9)
1324vw 1328w 1327w 1361 1309 | pCH2(C9) 1345 1320 | wagCH2(C1)
1299w 1302m 1302w 1319 1285 | pCH(C5) 1321 1304 | pCH2(C6)
1284w 1285w 1286w 1300 1260 | wagCH2(C5) 1305 1284 | pCH2(C5)
1245vw 1246w 1250w 1277 1241 | pCH2(C6) 1270 1251 | wagCH2(C6)
1232w 1233w 1251 1229 | twCH2(C6)
1156vw 1158w 1159w 1235 1182 | pCH2(C1)
1134vw 1137w 1136w 1150 1123 | vC2-B17 1156 1123 | vC2-B17
1128vw 1134 1106 | pCH2(C1)
1074w 1074m 1075m 1130 1095 | pCH2(C6) 1086 1062 | 3(0-H)
1063w 1057sh 1077 1036 | vC5-C6 1064 1026 | vC1-C5
1045w 1045w 1046sh 1046 1006 | vC5-C6
1025w 1055 1034 | vC6-C9 1040 1001 | vC6-C9
989vw 1002w 1003vw 1037 997 | vC1-C5
974vw 966 978 | twCH2(C5)
921vw 935w 932w 956 945 | vaBFs3 991 960 | vaBF3
921vw 935w 932w 919 910 | vaBFs 983 950 | vC9-014
893vw 906 890 | vC2-C1 969 937 | vaBF3
893 862 | vC9-014 904 888 TwCH2(C9)
773w 775m 773w 859 838 | twCH2(C9) 885 855 | vC2-C1
741lvw 769m 813 757 | twCH2(C6) 790 780 TwCH2(C1)
733vw 734w 734w 751 732 | pC2=016 766 743 pC2=016
635w 638s 638m 732 669 | twCH2(C5) 740 731 | wagCH2(C5)
556vw 568w 570w 605 593 | vsBFs 603 587 | vsBFs
548 521 | twCH2(C1) 550 541 | yC2=016
503vw 509w 509w 526 513 | 8C6C9014
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Experimental BSLYP 6-311++G**
[CsHsBF302] K[CsHsBF302]
Solid phase® Solution® Agueous solution Agueous solution
IR Raman Raman Calc | SQM°® | Assignment® Calc SQMe | Assignment®
470w 473w 474w 469 462 6C6C9014 496 485 daBF3
427w 428w 465 446 6C6C9014
404vw 406w 403w 405 402 5aBF3 400 397 3aBFs3
383vvw 390 379 5C1C5C6
362vvw 366m 367w 359 356 0aBF3 353 347 dsBFs
345 339 | vC2-
288vw 291w 291w 318 309 | 3C5C6C9 296 285 p’BFs3
244m 2465 245w 278 254 10-H 264 243 10-H
221vww 253 247 0C1C5C6 230 218 6C2C1C5
213vw 213w 213w 201 192 | p’BFz 197 193 pBFs
180vvw 183sh 188 183 pBF3 167 162 vF20-K21
160vvw 158sh 157 150 6C5C6C9
135vvw 139s 139m 138 128 1C9-C6 149 135 1C9-C6
127vvw 127 115 tC5-C6
113vvw 96vs 97vs 108 98 1C5-C6 74 69 tC1-C5
71s 72s 90 84 0C1C2B17 60 56 tC1-C2
63 54 1C1-C5 52 51 6C1C2B17
50 47 vF18-K21
47 28 tC1-C2 31 30 TWBF3
18 17 TwBFs 6 6 0K21B17C2

Abbreviations: v, stretching; B, deformation in the plane; y, deformation out of a plane; wag, wagging; t, torsion;
Br, deformation ring tr, torsion ring; p, rocking; tw, twisting; 8, deformation; a, anti-symmetric; s, symmetric,
aThis work, °From Ref [9], °From scaled quantum mechanics force field.

3.3.1.3. CH, modes.

Previously, the anti-symmetric and symmetric stretching modes were assigned to the
IR and Raman bands between 2962 and 2866 cm™. Here, we can observe differences in the
salt's assignments in solution compared with the corresponding to anion. Hence, the SQM
calculations predicted those two stretching modes in the salt and its anion in different regions.
These modes were not assigned because the Raman spectrum of salt in solution was recorded
between 2000 and 40 cm™. The CH2 deformation, waging, rocking, and twisting modes are
predicted at 1441/1389, 1394/1123, 1304/1095 and 978/669 cm™. Hence, these vibration
modes can be assigned in those regions, as observed in Table 4.

3.3.1.4. Skeletal modes.

In the previous study on the salt, the strong IR band at 1667 cm™ was assigned to the
C=0 stretching modes. In solution, those modes were predicted in the same region for the salt
and its anion, for which these modes can be attributed to the Raman band at 1671 cm™. Here,
the hydration effect is evidenced by the decrease in the intensity of the Raman band in the solid
phase of the salt, as compared with the Raman spectrum in solution. On the other side, the C2-
B17 stretching mode that contains the CFs group is predicted in the salt in solution in the same
position as the anion at 1123 cm™, for this reason, this mode is associated with the Raman band
at 1136 cm™. On the other side, the C9-O14 stretching modes belong to the OH group are
predicted at 950 cm™ in the salt and at 862 cm™ in the anion. Hence, these vibration modes are
also influenced by hydration. Therefore, those vibration modes can be assigned in the regions
predicted by calculations. The other vibration modes were assigned in accordance with the
SQM calculations, as detailed in Table 4. The Raman spectra in solution evidence the presence
of anion in aqueous solution and, in addition, show clearly that the hydration regions are related
to the OH, BF3 and C=0 groups.
https://biointerfaceresearch.com/ 2207
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3.4. Ultraviolet-visible spectrum

The experimental electronic spectrum of the salt in an aqueous solution was presented
in the previous article in the 200-400 nm region [9] while, in this work, the experimental UV-
visible spectrum was newly recorded between 182 and 400 nm region. Hence, Figure 8 presents
the experimental spectrum in aqueous solution compared with the predicted for the salt and its
anion in the same medium by using TD-DFT calculations, the B3LYP/6-311++G** method
the Gaussian program [29].

Experimental
5]
=
=
s Salt
S
=
wn
=
<«
Anion
100 200 300 400
Wavenlengths/nm

Figure 8. Experimental UV-visible spectrum of salt in aqueous solution compared with those predicted for the
salt and its anion by using B3LYP/6-311++G** level of theory.

On the other hand, Figure S5 can be seen as the predicted ultraviolet-visible spectra for
the [CsH9BF302].[H20]n clusters of anion, with n from 1 to 5 water molecules, compared with
the corresponding experimental of salt in aqueous solution. Obviously, in aqueous solution is
expected the anionic species, as was also reported for IFTB [8]. In this new experimental
spectrum presented of salt in an aqueous solution, it is possible to see that the strong band
observed at 188.5 nm agrees with those predicted by all clusters between 150 and 200 nm.
These results show that 1 or 5 water molecules cannot hydrate the salt because their UV-vis
spectra present only a band between 180 and 200 nm, different from the experimental spectra
where are observed a band and a shoulder in that region. Table 5 are summarized the positions
of bands observed and calculated for the K|[CsHoBF3O2] salt and its 5-
hydroxypentanoyltrifluoroborate [CsH9BF3O2]" anion in an aqueous solution by using the
B3lyp/6-311++G** level of theory.

Table 5. TD-DFT calculated visible absorption wavelengths (nm) for the K[CsHgBF302] salt and its 5-
hydroxypentanoyltrifluoroborate [CsHgBF3;02] anion in aqueous solution by using B3lyp/6-311++G** level of
theory compared with the corresponding experimental for the salt in aqueous solution.

Experimental® B3lyp/6-311++G** method
Anion Salt Assignment®
188.5 vs 144.7 vs 140.7 vs n—c"
211.5sh 132.9 vs 135.8 sh n—o"
236.5 w 166.9 m 169.2 m n—c"
325.0 vw 204.1w 206.8 sh n—c"

aThis work, °From Ref [9]. Abbreviations: vs, very strong; m, medium; w, weak; sh, shoulder; vw, very weak
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Experimentally, intense bands at c.a. 188.5 nm and a weak band at 325 nm are observed.
In the predicted spectrum for salt, a strong band at 140.7 nm and two shoulders at 135.8 and
206.8 nm are observed and other bands of medium intensity at 169.2 nm. Two strong bands
are predicted at 144.7 and 132.9 nm in the anion and the other two bands at 166.9 and 204.1
nm. These bands are assigned easily to n—c" transitions from the lone pairs of O and F atoms
belong to the C=0 and BFs groups toward different anti-bonding C-C, C-B and B-F orbitals
due to the presence of the side chain, as suggested by the NBO analysis performed from
previous studies [9]. In other trifluoroborate salts in agueous solution are observed n—m"
transitions due to the presence of C=C bonds of pyridine and furoyl rings [7,8,10].

5. Conclusions

In this work, the hydration of potassium 5-hydroxypentanoyltrifluoroborate salt,
K[CsH9BF302] and its 5-hydroxypentanoyltrifluoroborate [CsHoBF3O2]" anion have been
studied by combining the experimental FT-Raman and ultraviolet-visible spectra in aqueous
solution with hybrid B3LYP/6-311++G** calculations. The calculations were performed in the
gas phase and an aqueous solution to observe the changes in the energy, dipole moment and
volume values. The solvent effects were considered with the SCRF and SM models. Here, the
structures of [CsH9BF302].[H20]n clusters of anion, with n implicit water molecules, from 1 to
5, were proposed to study the number of water molecules that could hydrate the anion. The
calculated solvation energies for all clusters were corrected by ZPVE, non-electrostatic terms
and by BSSE. The dipole moment of salt in solution (10.19 D) suggests that the number of
water molecules that could hydrate the anion vary between 3 and 4, in total agreement with the
two observed and predicted bands in the UV-Vis spectra for the clusters with 3 or 4 water
molecules and the salt in water between 180 and 200 nm. On the other hand, the comparisons
among the experimental and predicted Raman spectra show clearly the hydration effect because
the bands attributed to OH, BFs and C=0 groups are shifted in solution while the predicted
Raman spectra for all clusters in solution show strong changes in the intensities of many bands,
in accordance with the corresponding experimental one. Evidently, the hydration occurs on the
OH, BFs and C=0 groups. The frontier orbitals studies have revealed that in solution, the
reactivities of anion and the five clusters remain practically constant, while the global
electrophilicity indexes increase with the number of water molecules having the global
nucleophilicity indexes all clusters in solution the most negative values.
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Figure S1. The frontier molecular (HOMO and LUMO) orbitals for the 5-hydroxypentanoyltrifluoroborate
[CsHgBF30,] anion and [CsHyBF30:] [H20], clusters, with n from 1 to 5 water molecules in gas phase and
aqueous solution by using the B3LYP/6-311++G** level of theory.
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Figure S2. Global electrophilicity and nucleophilicity descriptors for the 5- [CsHsBF30,] [H20]. clusters of
hydroxypentanoyltrifluoroborate [CsHsBF3;02] anion with n from 1 to 5 water molecules in gas phase and
aqueous solution by using the B3LYP/6-311++G** level of theory.
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Figure S3. Predicted infrared spectra for the [CsH9BF30,].[H20]. clusters of 5-hydroxypentanoyltrifluoroborate
[CsH9BF30,]" anion, with n from 1 to 5, in aqueous solution by using the B3LYP/6-311++G** level of theory.
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Figure S4. Predicted infrared spectra for the [CsHgBF302].[H20]n clusters of 5-hydroxypentanoyltrifluoroborate
[CsHeBF30,] anion, with n from 1 to 5, compared with the corresponding experimental of salt in aqueous
solution by using the B3LYP/6-311++G** level of theory.
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Figure S5. Predicted ultraviolet-visible spectra for the [CsHgBF30;].[H20]x clusters of 5-
hydroxypentanoyltrifluoroborate [CsHyBF3;0,]" anion, with n from 1 to 5, compared with the corresponding
experimental of salt in aqueous solution by using the B3LYP/6-311++G** level of theory.
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