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a b s t r a c t

The potassium 2-isonicotinoyltrifluorborate salt has been characterized by using FT-IR, FT-Raman and UV
eVisible spectroscopies while its structural properties were studied by using B3LYP/6-31G* and B3LYP/6-
311þþG** calculations in gas and aqueous solution phases. Four conformers with CS and C1 symmetries
were found in the potential energy surfaces but only one of them presents the minimum energy. Two
dimeric species of this salt were also optimized in accordance to the layered architectures suggested for
trifluoroborate potassium salts in the solid phase. Here, the experimental Raman bands at 796, 748 and
676 cm�1 clearly support the presence of both dimers. On the other hand, the 2-
isonicotinoyltrifluorborate anion was optimized because its presence is expected in solution. Reason-
able correlations were observed between the predicted FTIR, Raman and UVevisible spectra with the
corresponding experimental ones. The solvation energies for the salt in aqueous solution were predicted
by using both methods. Here, it is observed that the change of furane by pyridine ring generates an
increase in the solvation energies of the potassium 2-isonicotinoyltrifluorborate salt in relation to po-
tassium 3-furoyltrifluoroborate salt. The study of the charges has revealed that there is an effect of the
size of the basis set on the Mulliken charges while the AIM analyses suggest that the F/H and O/K
interactions are also strongly dependent of the medium and the size of the basis sets. The bond orders for
the F and K atoms evidence their higher ionic characteristics in solution with both basis sets. The NBO
and AIM results clearly support the higher stability of this salt in both media. The studies by using the
frontier orbitals indicate that the change of furane by pyridine ring decreases the reactivity of this salt by
using 6-31G* basis set but increases when the other one is employed. Another effect of change of furane
by pyridine ring is observed in the increase of the f(nC]O) and f(nBF3) force constants. In addition, the
force fields for the salt in both media were reported together to their complete vibrational assignments
and force constants by using both levels of theory.

© 2018 Published by Elsevier B.V.
1. Introduction

The presence of different groups in the structure of the potas-
sium 2-isonicotinoyltrifluoroborate salt confers interesting prop-
erties to this salt, hence, it can be used in organic synthesis
chemistry especially in the acquisition of conjugated molecules,
such as protein-proteins and protein-polymer [1e7]. In a recent
study on the potassium 3-furoyltrifluoroborate salt by using the
B3LYP/6-31G* and 6-311þþG** methods the most stable structures
of this salt have been optimized with Cs symmetries. The observed
nd�an).
coordination numbers for the B and K atoms in those structures by
using both levels of theory were five and four, respectively [8]. The
presence of the furyl ligand in that salt linked to that (C]O)eBF3K
group notably reduces the gap value of furane ring in gas phase
from 6.6434 eV to 4.5303 eV by using the B3LYP/6-31G* method
while in aqueous solution its value is reduced from 6.6151 eV to
4.9546 eV increasing the reactivity of this salt in bothmedia. On the
other hand, the reactivity of this salt decreases in aqueous solution
from 4.5303 eV in gas phase to 4.9546 eV in aqueous solution by
using the same method [8]. Thus, the coordination modes of those
(C]O)eBF3K groups together with the ligand type to which the
group is linked are important factors related to the stereochemistry
of these salts. Evidently, there are structural and conformational
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factors that have an influence on their reactivities, as reported in
the literature [1e4,7]. Hence, the aim of this work is to study the
structural and vibrational properties of the potassium 2-
isonicotinoyltrifluoroborate salt because so far, those properties
have not been reported and, only the synthesis of this salt and their
characterization by NMR and mass spectroscopies were reported
[3]. Therefore, it is necessary to know all the structural, electronic
and topological properties related to that salt when the pyridine
ring is linked to the (C]O)eBF3K group in order to compare it to
those properties reported for the potassium 3-furoyltrifluoroborate
salt [8]. With these purposes, the potassium 2-
isonicotinoyltrifluoroborate salt was first modeled and later opti-
mized by using theoretical calculations derived from the density
functional theory (DFT) with the hybrid B3LYP method and the two
6-31G* and 6-311þþG** levels of theory in gas phase and in
aqueous solution [9,10]. In solution, the interactions and the solvent
effects were considered by using the integral equation formalism
variant polarised continuum method (IEFPCM) [11,12] and the
solvation model [13] in order to compute the solvation energies
with both levels of theory. These calculations were combined with
the experimental infrared and Raman spectra in order to perform
the complete vibrational analysis by using the SQMFFmethodology
[14] and theMolvib program [15]. Here, we have studied the atomic
Mulliken and natural population charges, the bond orders, the
donor-acceptor energy interactions, the topological properties in
both media by using the NBO and AIM calculations [16,17]. Addi-
tionally, the harmonic force constants and the frontier orbitals
[18,19] were also calculated in order to predict the characteristics of
all bonds and the reactivities and behavior of this salt in the two
studied media. Here, the results obtained for this salt were then
compared with those obtained for the potassium 3-
furoyltrifluoroborate salt [8] in order to observe the changes in
their properties when the furane ring is replaced by the pyridine
one.

2. Experimental

A pure sample of potassium 2-isonicotinoyltrifluoroborate salt
(ITFB) in the solid phase was used to record the infrared spectrum
in KBr pellets in the 4000 to 400 cm�1 range by using a Perkin
Elmer Spectrum GX spectrometer. The corresponding Raman
spectrumwas recorded in solid state at room temperature between
3600 and 100 cm�1 with the optical module of the Perkin Elmer
Spectrum GX Raman equipped with an yttrium aluminum garnet
crystal doped with triply-ionized neodymium laser (excitation line
of 1064 nm, 1900mW of laser power). The Raman spectrum was
recorded with 100 scans and a resolution of 4 cm�1. On the other
side, a Beckman spectrophotometer was used to record the ultra-
violet spectrum of ITFB in aqueous solution between 200 and
800 nm.

3. Computational details

Here, the GaussView program was used to build the initial
structure of ITFB [20]. Then, this structure was optimized in gas
phase and in aqueous solution by using the hybrid B3LYP/6-31G*
and B3LYP/6-311þþG** methods [9,10] with the Gaussian 09 pro-
gram [21]. In solution, the IEFPCM model [11,12] was employed, as
mentioned above. After that, the potential energy surfaces (PES) by
using both levels of theory were studied modifying the dihedral
C4eC5eC11eB13, C4eC5eC11eO12, N6eC5eC11eB13,
N6eC5eC11eK17 and N6eC5eC11eO12 angles in those optimized
structures. Thus, four stable structures were found on PES named
C1, C2, C3 and C4, which can be seen in Fig. 1 and, where C4 is
clearly the most stable conformation with minimum energy and
higher populations in bothmedia. C1 and C2 present C1 symmetries
while the symmetries predicted for C3 and C4 are CS. Fig. 2 shows
the C4 structure together with the atoms labeling. The high in-
stabilities of C1, C2 and C3 are probably justified by the strong re-
pulsions predicted between the lone pairs corresponding to the
two electronegative F15 and N6 atoms while the distance between
the N6 and O12 atoms predicted lower repulsions in C4. Obviously,
only for C4 the atomic Mulliken were computed together with the
natural population charges, molecular electrostatic potentials,
bond orders, donor-acceptor energy interactions and the topolog-
ical properties by using both levels of theory and the NBO and
AIM2000 programs [16,17]. The C4 structure in aqueous solution
was optimized by using the PCM/SMD models [11e13] with the
Gaussian 09 program [21]. The vibrational analyses in both media
were performed taking into account the normal internal co-
ordinates and the harmonic force fields calculated with both
methods by using the SQMFF procedure [14] and the Molvib pro-
gram [15]. The normal internal coordinates for the BF3 group belong
to the BF3K system and were built using C3v symmetry and in
accordance with the potassium 3-furoyltrifluoroborate salt [8] and
to compounds containing CH3 groups [22e24]. Here, the C4
structure in solution was also optimized with Cs symmetry, as was
also observed in the potassium 3-furoyltrifluoroborate salt [8]. To
perform the complete assignments of the bands observed in the
infrared and Raman spectra to the vibration normal modes only
those potential energy distribution (PED) contributions� 10% were
considered. The structures of two different dimeric species of C4
(Fig. 3) were also optimized in accordance with the layered archi-
tectures suggested for trifluoroborate potassium salts in the solid
state by Kami�nski et al. [25] and for other trifluoroborate salts
recently reported [26,27]. The presence of both dimeric species is
justified because there are better and reasonable concordances
among their predicted vibrational spectra with the experimental
ones and with that predicted for the monomer. Here, it is observed
that some bands observed in the experimental Raman spectrum in
the lower wavenumbers region clearly justify the presence of these
two dimers. The experimental electronic spectrum of ITFB was
recorded in aqueous solution and their corresponding theoretical
spectrum was predicted in the same medium by using the Time-
dependent DFT calculations (TD-DFT) with those two levels of
theory and the Gaussian 09 program [21]. Here, the anion structure
was also optimized in solution by using the B3LYP/6-311þþG**
method because its presence is expected in this medium. The PES
for the anion shows two structures with the same energies and, for
this reason, only one of them is presented in Fig. 4. After that, the
experimental ultraviolet spectrum recorded for the salt was
comparedwith that which predicted for the anion. In this case, as in
the potassium 3-furoyltrifluoroborate salt [8], the frontier orbitals
[18,19] were also calculated for C4 in both media together with the
chemical potential (m), electronegativity (c), global hardness (h),
global softness (S), global electrophilicity index (u) and nucleo-
philicity indexes (Е) descriptors [8,28,29] to predict their re-
activities and behavior in the twomedia. In this way, the properties
of those two potassium salts were compared with each other to
know the effect of the pyridine ring on the (C]O)eBF3K group. In
particular, the nucleophilicity index was later compared with those
similar parameters reported for reactions of organoboron com-
pounds [30].

4. Results and discussion

4.1. Geometries in gas and in aqueous solution phases

For C4 of ITFB in both media, the total and relative energies,
dipolar moments, volume variations, populations and, the different



Fig. 1. Molecular structures of the more stable conformers for the potassium 2-isonicotinoyltrifluorborate salt and their corresponding symmetries. With t letter is indicated the
different dihedral N6eC5eC11eB13 angle.

Fig. 2. Molecular structure of the most stable C4 conformer for the potassium 2-isonicotinoyltrifluorborate salt and atoms numbering.
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dihedral angles studied by using the B3LYP/6-31G* and B3LYP/6-
311þþG** methods, are presented in Table 1. The volume values
in gas phase for the four conformers and their variations in solution
were computed from the differences between the values obtained
in solution and in gas phase by using the Moldraw program [31].
Regarding the relative energy values we can observe that only C4 is
the most stable structure in both media with minima energies and
higher populations. Note that C4 structures present higher expan-
sion volumes in solution in relation to the other ones. Besides, C1
and C2 in both media have the same energies and C1 symmetries,
low populations but opposite dihedral angles, as observed in
Table 1. For these reasons, only the properties for C4 are presented
in this study. Here, C4 was optimized in both media with CS sym-
metries, as in the potassium 3-furoyltrifluoroborate salt [8]. C4
shows lower dipole moment values in both media with the direc-
tion of their vector oriented from the F atoms toward the K atom, as
in the furyl salt [8] and as observed for this salt in gas phase in
Fig. S1. The predicted dipole moment value corresponding to the
anion in solution is 14.93 D by using the B3LYP/6-311þþG** level of
theory while the salt in solution presents a dipole moment value of
5.40 D. Evidently, the presence of Kþ cations notably reduces their
value in solution. The predicted solvation energy value for ITFB by
using the 6-31G* and 6-311þþG** basis sets are presented in
Table 2 and, their values are respectively�82.68 and�90.65 kJ/mol
different from those obtained for the potassium 3-
furoyltrifluoroborate salt [8] of �75.79 and �81.55 kJ/mol, respec-
tively. Here, although the furoyl salt has higher dipole moment and
volume values in both media, it has lower solvation energy values



Fig. 3. Theoretical molecular structures of two dimeric species of 6-Potassium 2-isonicotinolfluoborate salt according to X-ray structure from: a) Ref. [27] dimer 1 and b) Ref. [25]
dimer 2 together with the atoms numbering. Intramolecular H-bonds are represented with dashed lines.

Fig. 4. Theoretical molecular structure of 2-isonicotinolfluoborate anion and the atoms
numbering.

M.A. Iramain et al. / Journal of Molecular Structure 1163 (2018) 41e5344
than ITFB. In that salt, probably the influence of the furyl ring on
their properties could be justified by the formation of two H bonds
that generate lower solvation in solution, as compared with ITFB.
When the solvation energy value for C4 of ITFB is compared with
that reported for the picosulphate salt [32], we observed that there
are higher differences between these two salts because the solva-
tion energy value in picosulphate is �254.38 kJ/mol while their
volume variation is 13.3Å3. Obviously, the high dipole moment
value of 15.14 D observed for picosulphate in solution could explain
in part the differences with the isonicotinoyl salt.

Table 3 shows the calculated geometrical parameters for C4 of
ITFB compared with the experimental ones obtained for crystal
structures of pyridine and pyridine trihydrate [33], for potassium
trifluoro[(Z)-3-methoxyprop-1-enyl]borate [34] and for potassium
trifluoro[(Z)-3-(oxan-2-yloxy)prop-1-en-1-yl] borate monohydrate
[35] by using the root-mean-square deviation (RMSD) values. The
structures of these compared compounds can be seen in Fig. S2
while in Fig. S3 the two potassium salts, 3-furoyltrifluoroborate
[8] and 2-isonicotinoyltrifluoroborate are presented. The most
stable C4 structure for ITFB was also optimized with Cs symmetry,
as in the potassium 3-furoyltrifluoroborate salt [8] by using the two
levels of calculations. Evidently, in both salts there are structurals
preferences of the trifluoroborate group for that symmetry. In ITFB,
as in the furoyltrifluoroborate salt, the B and K atoms are in the
same plane of the rings, in this case the pyridine rings, and where
those two atoms have coordinations number five and four,
respectively as observed in Fig. 2. In Fig. S2 we can see the common
part of those structures [33e35] which were compared with ITFB.
In general, we can clearly observe correlations for bond lengths
between 0.205 and 0.020 Å while for bond angles between 4.1 and
1.9�; where our parameters bond lengths are better correlated with
the potassium trifluoro[(Z)-3-(oxan-2-yloxy)prop-1-en-1-yl]
borate monohydrate [35] salt while for the bond angles the better
correlations can be observed for pyridine and pyridine trihydrate
[33]. In relation to the dihedral angles, the calculated values for ITFB
were compared with those reported for the furoyltrifluoroborate
salt [8] in gas and aqueous solution phases by using the B3LYP/6-
311þþG** method. The results show high RMSD values
(146.9e146.8�) which indicate clear differences between the
dihedral angles of both ITFB and 3-furoyltrifluoroborate salts due to
the different pyridine and furane rings, respectively present in their
structures.

4.2. Charges, MEP and bond orders studies

In this salt, as in the furoyl salt [8], different interactions are
expected in ITFB due to the presence of the pyridine ring and to the
two electronegative atoms present in the (C]O)eBF3K group.
Hence, it is very important to investigate the nature of these in-
teractions and, for these reasons, the Mulliken and atomic natural
population charges were computed by using both methods and in



Table 1
Calculated total (E) and relative energies (DE), dipole moments (m), molecular volume (V) and volume variations (DV) and populations (%) for the Potassium 2-iso-
nicotinoyltrifluorborate salt. The studied diehedral angles are also included.

GAS PHASE/B3LYP/6-31G*method

Conformers E (Hartrees) m (Debye) V (Å3) DE (KJ/mol) DV (Å3) Population (%) Dihedral angles (�)

N6C5C11B13 N6C5C11K17 N6C5C11O12 N6C5C11O12 N6C5C11O12

C1 �1285.5401 7.9696 236.8 8.13 3.34 �9.6 157.5 170.3 �9.3 170.6
C2 �1285.5401 7.9703 241.2 8.13 3.34 9.6 �157.5 �170.3 9.3 �170.6
C3 �1285.5400 7.9754 242.3 8.39 3.07 0.0 180.0 180.0 0.0 180.0
C4 �1285.5432 5.6534 240.1 0.00 90.25 180.0 0.0 0.0 180.0 0.0

AQUEOUS SOLUTION/PCM/B3LYP/6-31G*method

C1 �1285.5671 9.6180 236.9 9.18 0.1 2.26 �16.5 118.8 161.5 �17.3 164.5
C2 �1285.5670 7.8665 242.1 9.44 1.0 2.27 16.5 �118.8 �161.5 19.2 �162.6
C3 �1285.5670 9.7146 244.1 9.44 1.8 2.27 0.0 180.0 180.0 0.0 180.0
C4 �1285.5706 5.5218 243.0 0.00 2.9 93.17 180.0 0.0 0.0 180.0 0.0

GAS PHASE/B3LYP/6-311++G**method

Conformers E (Hartrees) m (Debye) V (Å3) DE (KJ/mol) DV (Å3) Population (%) Dihedral angles (�)

N6C5C11B13 N6C5C11K17 N6C5C11O12 N6C5C11O12 N6C5C11O12

C1 �1285.7901 8.1245 241.1 6.30 6.78 23.1 �129.1 �156.7 22.3 �157.6
C2 �1285.7901 8.1282 240.6 6.30 6.78 23.2 �128.4 �156.6 22.4 �157.6
C3 �1285.5899 8.5487 243.9 31.41 0.00 0.0 180.0 180.0 0.0 180.0
C4 �1285.7925 5.5569 220.3 0.00 86.44 180.0 0.0 0.0 180.0 0.0

AQUEOUS SOLUTION/PCM/B3LYP/6-311++G**method

C1 �1285.8202 10.2769 232.6 7.34 �8.5 4.67 27.1 �107.4 �151.5 27.0 �154.1
C2 �1285.8202 10.2803 236.5 7.34 �4.1 4.67 27.2 �107.4 �151.5 27.0 �154.1
C3 �1285.8117 10.5913 244.5 29.63 0.6 0.00 0.0 180.0 180.0 0.0 180.0
C4 �1285.8230 5.4016 242.9 0.00 22.6 90.66 180.0 0.0 0.0 180.0 0.0

Table 2
Calculated solvation energies (DG) for the most stable C4 conformer of the Potas-
sium 2-isonicoinoyltrifluoroborate salt by using the B3LYP/6-31G* and B3LYP/6-
311þþG** methods.

Solvation energies (kJ/mol)

Method DGu
# DGne DGc

B3LYP/6-31G* �68.77 13.91 �82.68
B3LYP/6-311þþG** �76.55 14.09 �90.65

DGu
#¼Uncorrected values; DGne¼Non electrost�atica terms; DGc¼ Corrected

values.
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the two studied media. In Table S1 the comparisons of the two
charges are presented by using both methods while in Fig. S4 the
values in gas phase and in aqueous solution with the two methods
are presented. The graphics for both charges by using the B3LYP/6-
31G* level show the same behavior in both media and where the
NPA charges present higher values than the Mulliken ones. Besides,
the NPA charges predicted higher values on the B13 atoms than the
K17 ones while; on the contrary, the Mulliken charges predicted
higher values on the K17 atoms in both media. On the other hand,
both charges show the same behavior in the two studiedmedia and
with the two basis sets. Higher modifications are observed when
the Mulliken charges values on all atoms by using the 6-311þþG**
basis set are compared with those observed with the 6-31G* basis
set. Hence, the Mulliken charges on the C4 and H9 atoms notably
increase their values while the charge on the H7 atoms are more
negative together with the charges on the H10 and O12 atoms.
These facts can be easily explained due to the H bonds formed
between the F15 and H10 atoms, as we will see later in the NBO
analysis in both media. This way, Fig. S5 shows clearly that the
Mulliken charges are strongly affected by the size of the basis set.

Taking into account the great difference between the values of
both charges, for ITFB we have studied the molecular electrostatic
potential mapped (MEP) because these surfaces are very interesting
to investigate the nucleophilic and electrophilic sites where
different regions take place. Thus, these regions for ITFB in gas
phase by using the B3LYP/6-31G* method are given in Fig. S6. Here,
the slight red colours are observed on the N6, O12 and F14, F15 and
F16 atoms indicating clearly that these regions are nucleophilic
sites while a strong blue color is only observed on the K atomwhich
indicates that it is an electrophilic region. A very important detail is
also observed in the potassium 3-furoyltrifluoroborate salt in gas
phase: the color ranges predicted for the mapped surface by using
the B3LYP/6-31G* method are the same for both salts (From
red �0.116 to blue þ0.116 au). Hence, the reaction sites are obvi-
ously predicted by this MEP with probably a higher electrophilic
character, as revealed by their mapped surface.

For ITFB in both media and with the two basis sets, the bond
orders (BO) were computed and expressed as Wiberg indexes
because the nature of the different bonds can be easily analyzed
with these parameters if the characteristics of these bonds are
considered. These results are presented in Table S2 while the
graphics of their variations in gas and solution phases by using the
two basis sets can be seen in Fig. S7. First, we observed that both
graphics have the same behavior in both media where the higher
values are observed in the C atoms that belong to the pyridine rings
(From C1 to C5), as it was expected because these atoms have
double bond characters and where the low BO values are observed
for the H atoms and, especially in the F and K atoms because these
atoms show strong ionic bonds, as revealed by the Matrix bonds
orders presented in Table S2. Note that in solution with both basis
sets the BO values for the F and K atoms decrease because it is clear
that these atoms show their higher ionic characteristics in this
medium.

4.3. NBO and AIM study

The studies above have shown the strong ionic character of this
ITFB salt, especially in solution and, for these reasons; their



Table 3
Comparison of calculated geometrical parameters for the Potassium 2-isonicoinoyltrifluoroborate salt in both media by using two levels of theory.

B3LYP methoda Experimental

Parameters 6-31G* 6-311þþG** EXPb EXPc EXPd

Gas PCM Gas PCM

Bond lengths (Å)
C1eC2 1.401 1.400 1.399 1.398 1.368
C2eC3 1.390 1.389 1.387 1.386 1.370
C3eC4 1.395 1.396 1.394 1.394 1.375
C4eC5 1.402 1.399 1.399 1.396 1.375
C5eN6 1.349 1.353 1.345 1.350 1.344
N6eC1 1.330 1.333 1.327 1.330 1.333
C1eH8 1.089 1.088 1.087 1.085 0.920
C2eH9 1.086 1.085 1.083 1.083 0.950
C3eH7 1.086 1.085 1.084 1.083 0.930
C4eH10 1.082 1.081 1.080 1.079 1.030
C5eC11 1.509 1.503 1.509 1.501
C11]O12 1.242 1.249 1.235 1.239
C11eB13 1.660 1.652 1.659 1.651 1.615 1.582
B13eF14 1.437 1.429 1.447 1.439 1.420 1.426
B13eF15 1.380 1.393 1.383 1.399 1.415 1.392
B13eF16 1.437 1.429 1.447 1.439 1.440 1.439
K17eB13 2.951 3.053 2.990 3.405
K17eF14 2.555 2.648 2.583 2.708
K17eF16 2.555 2.648 2.583 2.708
K17eO12 2.588 2.692 2.54 2.699

RMSDb 0.089 0.087 0.086 0.085

RMSDc 0.205 0.159 0.188 0.020

RMSDd 0.040 0.035 0.040 0.035

Bond angles (�)
C1eC2eC3 118.2 118.3 118.2 118.3 118.7
C2eC3eC4 118.7 118.5 118.7 118.6 118.3
C3eC4eC5 118.8 119.1 118.8 119.1 119.0
C5eN6eC1 117.7 117.6 118.0 117.9 115.9
N6eC1eC2 123.8 123.8 123.6 123.6 124.1
N6eC1eH8 116.1 116.3 116.2 116.4 116.0
C2eC1eH8 120.0 119.7 120.0 119.9 115.0
C1eC2eH9 120.2 120.1 120.2 119.8 120.0
C3eC2eH9 121.5 121.5 121.5 121.5 120.0
C2eC3eH7 120.8 120.9 120.8 120.9 117.0
C4eC3eH7 120.4 120.4 120.3 120.3 120.0
C3eC4eH10 121.6 120.9 121.3 120.5 121.0
C5eC4eH10 119.4 119.8 119.8 120.2 119.0
C4eC5eN6 122.5 122.3 122.3 122.2 124.1
C5eN6eC1 117.7 117.6 118.0 117.9 115.9
C5eC11]O12 117.5 117.9 118.1 118.8
C5eC11eB13 126.2 126.6 126.2 126.7
C11eB13eF14 105.8 106.4 106.0 106.8 110.7 109.4
C11eB13eF15 117.5 117.6 118.4 118.8 114.6 116.4
C11eB13eF16 105.8 106.4 106.0 106.8 111.1 113.2
C11]O12eK17 108.2 109.8 110.1 112.5
F14eB13eF15 110.4 109.5 110.2 108.9 105.9 106.2
F14eB13eF16 105.7 106.5 104.6 105.6 105.8 103.5
F15eB13eF16 110.4 109.5 110.2 105.6 108.1 107.2
F14eK17eF16 53.2 51.1 52.6 50.0
F14eK17eO12 67.6 64.6 67.0 63.5
F14eK17eB13 29.1 27.9 28.9
B13eK17eO12 52.5 50.1 51.7 48.9
F16eK17eO12 67.6 64.6 67.0 63.5
F16eK17eB13 29.1 27.9 28.9

RMSDb 1.9 1.8 1.9 1.9

RMSDc 3.8 3.3 3.8 3.3

RMSDd 4.1 3.7 3.9 3.4

Dihedral angles (�)
C5eC11eB13eF14 124.0 123.2 124.5 123.6 124,2e 123,2f

C5eC11eB13eF15 0.0 0.0 0.0 0.0 �0,04e �0,04f

C5eC11eB13eF16 �124.0 �123.2 �124.5 �123.6 �122,9e �123,3f

O12eC11eB13eF14 �55.9 �56.7 �55.4 �56.3 �55,8e �56,7f

O12eC11eB13eF15 �180.0 �180.0 �180.0 �180.0 179,9e 179,9f

O12eC11eB13eF16 55.9 56.7 55.4 56.3 55,7e 56,6f

N6eC5eC11eB13 180.0 180.0 180.0 180.0
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Table 3 (continued )

B3LYP methoda Experimental

Parameters 6-31G* 6-311þþG** EXPb EXPc EXPd

Gas PCM Gas PCM

RMSDe 146.9 146.9 146.9 146.9

RMSDf 146.8 146.8 146.8 146.9

a This work.
b From Ref [33].
c From Ref [34].
d From Ref [35].
e B3LYP/6-311þþG** in gas phase from Ref. [8].
f B3LYP/6-311þþG** in aqueous solution from Ref. [8].
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stabilities should be examined by using NBO and AIM calculations
[16,17]. The study of the donor-acceptor energy interactions in gas
phase and in aqueous solution by using both basis sets are sum-
marized in Table S3. Exhaustively considering the results, we
observed that a higher number of transitions are observed in this
ITFB salt in relation to the potassium 3-furoyltrifluoroborate salt
[8], thus, the DЕp/p*, DЕn/s*, DЕp*/p*, DЕp*/n*, DЕn/n* and
DЕn*/n* interactions are observed with both basis sets but the
DЕp*/n* interactions are only observed for the salt in both media
using the 6-31G* basis set while the LP(2)O12/ s*C11eB13 tran-
sition is only observed for the salt in solution and with the 6-
311þþG** basis set. Note that the most important interactions are
the DЕn/n* interactions, those observed from the lone pairs of the F
atoms towards the B atoms with higher total contributions to the
total energies for the salt being observed in both media and with
the 6-311þþG** basis set. These results clearly evidence that this
salt exhibits higher stability than the potassium 3-
furoyltrifluoroborate salt [8].

In accordance with the Bader's theory the topological properties
are indispensable parameters to examine the different intra-
molecular interactions that are present in a molecule [36]. Thus,
the AIM2000 program [17] was employed to compute the electron
density distribution, r(r) and the Laplacian values, V2r(r), the ei-
genvalues (l1, l2, l3) of the Hessian matrix and the l1/l3 ratio in
the bond critical points (BCPs) and, in the ring critical points (RCPs).
These results are presented in Table S4 for ITFB in both media and
by using the two basis sets. Regarding these values we observed
Fig. 5. Molecular graphics for the potassium 2-isonicotinoyltrifluorborate salt in gas phase
(RCPs) at the B3LYP/6-311þþG** level of theory.
that l1/l3 < 1 and V2r(r)> 0 in the BCPs for which is predicted an
intra-molecular H bond and three ionic interactions which are
respectively, F15/H10, F14eK17, F16eK17 and K17eO12, having
this latter interaction high densities with both basis sets, as
observed in the furoyl salt [8]. These interactions are designed as
closed-shell and all the details for ITFB in gas phase by using 6-31G*
basis set can be seen in the molecular model presented in Fig. 5.
Here, as in the potassium 3-furoyltrifluoroborate salt [8], the pyr-
idine ring is named RCPwhile RCPN1, RCPN2, RCPN3 and RCPN4 are
the new RCPs formed, as shown in Fig. 3. A very important result in
this salt, different from the furoyl salt [8], is that in ITFB in both
media and with the two basis sets the same interactions are
observed while in the furoyltrifluoroborate salt [8] in gas phase the
number of interactions decreases by using the 6-311þþG** basis
set increasing the parameters values. Calculated topological pa-
rameters corresponding to the F16/K17 and F14/K17 ionics,
O12/K17 and F15/H10 bonds interactions for the salt in both
media and by using the two levels of theory can be seen in Fig. S8.
This Figure clearly shows that the two ionic interactions have
different properties in both media and by using the two basis sets
while the other two F15/H10 and O12/K17 interactions have
some common properties. Thus, in the F15/H10 interaction the l3
and rl1/l3r parameters present practically the same values in both
media but their properties slightly change when the other basis set
is used. However, in the O12/K17 interaction all properties in gas
phase present the same values independently from the basis set
while the values change in solution by using the two basis sets.
showing the geometry of all their bond critical points (BCPs) and ring critical points
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Here, the pyridine ring in both media and by using the two basis
sets presents higher topological parameters in relation to the other
ones, as expected because it belongs to ITFB.

The study performed for ITFB by using NBO calculations clearly
supports the high stabilities of this salt in the two different media,
as revealed by the elevated energy values predicted in gas phase
and in solution (7063.90 and 6760.50 kJ/mol by using 6-31G* and 6-
311þþG** basis sets, respectively and of 7753.24 and 7089.48 kJ/
mol by using 6-31G* and 6-311þþG** basis sets, respectively). On
the other hand, the four interactions predicted for ITFB in both
media by using AIM analysis also evidence the high stability of this
salt as a consequence of those four different interactions observed.

4.4. Frontier orbitals and global descriptors

Here, the gap values were calculated by using the frontier or-
bitals [18,19], as suggested by the literature, and with these values
the global parameters were computed, such as chemical potential
(c), electronegativity (m), hardness (h), softness (S), electrophilicity
index (u) and nucleophilicity index (Е) [8,22e24,28e30]. Table S5
shows the values for potassium 2-isonicotinolfluoborate
compared with those obtained for the potassium 3-
furoyltrifluoroborate salt [8]. When the gap values are compared
by using the two basis sets we observed that the reactivities of IFTB
in gas phase decrease in solution with the 6-31G* basis set but by
using 6-311þþG** basis set their value slightly increases in solu-
tion. These results are different from those observed for the po-
tassium 3-furoyltrifluoroborate salt [8]. In relation to the
descriptors, both basis sets show higher electrophilicity indexes in
the pyridine salt than the furyl salt in the two media while higher
nucleophilicity indexes are observed in the furyl salt than the
pyridine one. The nucleophilicity index obtained for this salt in
water (8.71 eV) coincides with that obtained of 7.66 eV for benz-
hydrylium salt in acetonitrile by Berionni et al. [30]. Probably, the
presence of the C]O group linked to the ring in this salt differs
from the benzhydrylium one, justifying the difference observed.
These studies show that IFTB is less reactive in solution by using the
6-31G* basis set, as the potassium 3-furoyltrifluoroborate salt [8].
Hence, the decrease in the reactivity of this IFTB salt in solution
could probably be justified by the diminishing of the total delo-
calization energies in solution, in relation to the values in gas phase,
observed by the NBO analysis with both basis sets.

4.5. Vibrational analysis

The potassium potassium 2-isonicotinoyltrifluoroborate salt
was optimized with Cs symmetry in both media and by using the
two basis sets, hence, 39 vibration normal modes actives in both IR
and Raman spectra are expected for this salt. These modes are
classified as, 26 A’þ 13 A00 where the A0 modes are planar while the
A00 modes are out-of-plane. The experimental IR and Raman spectra
of ITFB are given in Figs. 6 and 7, respectively. Both spectra were
compared with the respective predicted for monomer and dimers
in gas phase by using the 6-311þþG**. The correlations between
experimental and theoretical spectra are reasonable taking into
account that the experimental spectra were recorded in the solid
state while the corresponding predicted were calculated in gas
phase where the forces packing among the molecules were not
considered and, besides, all the frequencies were calculated
considering harmonics movements. On the other hand, the intense
bands predicted in the IR spectrum of monomer at 1139 and
877 cm�1 in the experimental one are both observed with lower
intensity. This observation can be easily justified by the dimer 1
because both bands have lower intensities while the patter of bands
in the 1144-945 cm�1 region can be attributed to dimer 2. Hence,
bands that are not attributed to themonomer can be easily justified
by the presence of both dimers. When the scattering activities
predicted in the Raman spectra were transformed to intensities, a
better correlation between both experimental and theoretical
spectra is observed in Fig. 7 [37]. Besides, when the predicted
Raman spectra for both dimers are carefully compared with the
experimental one in Fig. S9 we clearly observed two bands at 748
and 676 cm�1 and one band at 796 cm�1 that justifies the presence
of both dimers. To calculate the harmonic force fields, the SQMFF
methodology [14] was used together with the internal normal co-
ordinates for the most stable C4 conformer of ITFB by using the
Molvib program [15]. The complete assignments of the vibrational
spectra of ITFB were performed by using the harmonic force fields
with both methods and in the two media taking into consideration
the potential energy distribution (PED) contributions� 10%. Hence,
in Table 4 the experimental and calculated wavenumbers are
summarized together with the complete assignments for this salt
in both media and by using the two methods. Here, the normal
internal coordinates used for the trifluoroborate group and for the
pyridine ring of ITFB were similar to those reported for molecules
containing analogous groups [8,22e24,38e40]. Below, we have
discussed the assignments of some groups.

4.5.1. Band assignments
4.5.1.1. CH modes. In the furoyltrifluoroborate salt [8] the three
expected CeH stretching modes were assigned between 3161 and
3133 cm�1. In this ITFB salt, four CeH stretching modes with A0

symmetries are expected between 3144 and 3007 cm�1, hence,
these modes are assigned to the IR and Raman bands between 3132
and 3001 cm�1, as detailed in Table 4. A very important difference
to observe in this salt is that the in-plane deformation or rocking
modes are predicted to higher wavenumbers in relation to the
furoyl one [8]. Thus, in FTFB, the in-plane deformation or rocking
modes and the corresponding out-of-phase modes that were
assigned between 1238/1002 and 873/733 cm�1, respectively
while, for ITFB, these modes can be easily assigned to the groups of
IR and Raman bands between 1567/1128 and 1002/673 cm�1,
respectively. Here, we observed that in ITFB salts some out-of-
phase modes were predicted with A0 symmetries, as also
observed in FTFB [8].

4.5.1.2. BF3 modes. For ITFB, as in the FTFB salt [8], the vibration
modes corresponding to the BF3 group are predicted in different
regions and with different symmetries. Thus, the SQM/B3LYP/6-
31G* calculations in solution predicted the three stretching
modes with A0 symmetry while by using the other basis set the
calculations in the same medium predicted only an antisymmetric
stretching mode with this symmetry. Therefore, the IR and Raman
bands located at 1106/1126, 997, 986, 891/880 and 789 cm�1 are
assigned to the antisymmetric and symmetric stretching modes
that are expected for this group [29] and, where their corre-
sponding symmetries can be easily observed from Table 4. From
three expected antisymmetric and symmetric deformation modes
the SQM/B3LYP/6-31G* calculations in both media and the SQM/
B3LYP/6-311þþG** calculations in solution predicted an antisym-
metric and their corresponding symmetrical modes with A0 sym-
metry while in gas phase by using the basis set of higher size only
one of thesemodes is predictedwith this symmetrywhile the other
two ones with A00 symmetry. Hence, these modes are associated
with the IR and Raman bands observed at 582, 528, 444, 432 and
418 cm�1. In the FTFB salt [8] these modes were assigned to the
bands at 617/598, 467/452 and 417/403 cm�1. Regarding the BF3
rocking modes, in the FTFB salt [8] were assigned to the Raman
bands at 244/236 and 242/232 cm�1. In this IFTB salt, these modes
are assigned to the Raman bands at 249 and 223 cm�1. The twisting



Fig. 6. Experimental infrared in the solid state of the potassium 2-isonicotinoyltrifluorborate salt compared with the corresponding predicted for the C4 conformer and their dimers
by using B3LYP/6-311þþG** level of theory.
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modes in FTFB [8] were predicted with A00 symmetry between 37
and 21 cm�1 while in this salt they are predicted with the same
symmetry between 169 and 144 cm-1. These modes in both salts
were no assigned because the Raman spectrumwas recorded from
4000 to 100 cm�1.

4.5.1.3. Skeletal modes. In this salt, the C11]O12 stretching modes
are predicted by SQM/B3LYP calculations with A0 symmetry and
between 1621 and 1572 cm�1 [40] while in the furoyl salt [8] these
modes were predicted between 1582 and 1556 cm�1. Hence, in IFTB
they are clearly assigned to the strong IR and Raman band at
1660 cm�1. The C3]C4 stretching modes belong to the pyridine
ring in both media and are predicted at higher wavenumbers than
the other C1eC2, C2eC3 and C4eC5 stretching modes indicating,
obviously, that they have different characteristics, thus, the strong
Raman band at 1582 cm�1 is assigned to the C3]C4 stretching
modes because they have double bonds character. The two ex-
pected CeN stretching modes belonging to the pyridine ring are
predicted by the SQM calculations with different symmetries and in
different regions [39]. Hence, the C1eN6 stretching are calculated
with A0 symmetries at 1307/1290 cm�1 while the other C5eN6
stretching modes are predicted with A00 symmetries at 979/
970 cm�1. The exception in IFTB is observed for the C5eN6
stretching mode in solution by using the B3LYP/6-311þþG**
method because it presents A0 symmetry and it is predicted at
967 cm�1, as indicated in Table 4. The C5eC11 stretching modes are
predicted in different regions by using the B3LYP/6-31G* and
B3LYP/6-311þþG** methods and, also taking into account the
media with different symmetries. Hence, with the first method in
gas phase they are predicted at 448 (A00) cm�1 while in aqueous
solution at 444 cm�1 (A0) cm�1. With the basis set of higher size
those modes are predicted in gas phase at 1144 cm�1 and, at
1153 cm�1 in aqueous solution. For these reasons, all CeN and CeC
stretching modes are assigned in the predicted regions by the SQM
calculations, as summarized in Table 4. In the furoyl salt [8], the two
FeK stretching modes are predicted by using the 6-31G* and 6-



Fig. 7. Experimental Raman in the solid state of the potassium 2-isonicotinoyltrifluorborate salt compared with the corresponding predicted for the C4 conformer and their dimers
by using B3LYP/6-311þþG** level of theory.
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311þþG** basis sets with different symmetries and, for this reason;
they were assigned to the Raman bands between 190 and 111 cm�1.
In this salt, when the 6-31G* basis set is employed the F16eK17
stretching modes are predicted with A0 symmetry in gas phase at
202 cm�1 while in solution at 171 cm�1, hence, both modes were
assigned to the Raman band at 193 cm�1. The other F14eK17
stretching modes are predicted with A00 symmetry in gas phase at
127 cm�1 while in solution at 94 cm�1, hence both modes were
assigned to the Raman band at 123 cm�1. With the other basis set
some important differences are observed, because in gas phase the
F16eK17 and F14eK17 stretching modes are predicted with sym-
metries A0 and A00 and at 189 and 113 cm�1, respectively while in
solution the F14eK17 and F16eK17 stretching modes are predicted
at 143 and 69 cm�1, respectively. Therefore, these modes are
assigned in accordancewith the SQM calculations. In relation to the
three expected deformation ring modes (bR1, bR2, bR3) for the salt
in both media, the 6-31G* basis set predicted those modes with A0

symmetries at 1027/1024, 702/701 and 627 cm�1. A same predic-
tion can be seen for those three modes in gas phase by using the 6-
311þþG** basis set but, in solution two of these modes (bR1, bR3)
are predicted with A0 symmetries and the remains bR2, with A00

symmetry at 698 cm�1. Hence, they were assigned accordingly [39].
On the other hand, two of the three torsion rings modes (tR1, tR2)
are predicted in gas phase and with both basis sets with A00 sym-
metries at 735/733 and 416/413 cm�1 while in solution by using 6-
31G* basis set the three modes are predicted with A00 symmetries.
In solution and by using the 6-311þþG** basis set, the two tR1 and
tR2 modes are predicted with A00 symmetry while the tR3 mode is
predicted with A0 symmetry in this medium. Remain skeletal
modes were assigned to the weak Raman bands observed in the
lower wavenumbers region, as it is detailed in Table 4.
5. Force field

Here, the harmonic force constants for ITFB in the two media
were calculated by using both basis sets because they are param-
eters which are useful to describe the characteristics of the different
bonds and, also because for this salt there were predicted ionic and
of H bonds interactions by using the AIM analysis. In fact, the values
calculated for ITFB are given in Table 5 compared with those re-
ported for the furoyl salt [8]. In Fig. S10 the modifications that are
present in those constants are observed when they change the
medium and the basis set. First, we observed that the force con-
stants values decrease in solution and with both basis sets, as it was
also observed in the furoyl salt [8]. Then, the higher force constants
values are observed for f(nC]O) in gas phase, having higher values



Table 4
Observed and calculated wavenumbers (cm�1) and assignments for the most stable C4 conformer for the Potassum 2-isonicoinoyltrifluoroborate salt.

Experimentala B3LYP 6-31G*a B3LYP 6-311þþG**a

Gas PCM Gas PCM

Modes IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta

A0 Symmetry
1 3130vw 3132vw 3135 nC4eH10 3144 nC4eH10 3101 nC4eH10 3113 nC4eH10
2 3083vw 3060vs 3077 nC2eH9 3098 nC2eH9 3057 nC2eH9 3073 nC2eH9
3 3062w 3032w 3060 nC3eH7 3083 nC3eH7 3041 nC3eH7 3060 nC3eH7
4 3014vw 3001vw 3028 nC1eH8 3060 nC1eH8 3007 nC1eH8 3039 nC1eH8
5 1660vs 1660s 1621 nC11]O12 1596 nC11]O12 1603 nC11]O12 1572 nC11]O12
6 1582s 1580 nC3-C4 1576 nC3eC4 1560 nC3eC4 1553 nC3eC4
7 1566m 1567w 1565 bC2eH9 1566 bC2eH9 1548 bC2eH9 1548 bC2eH9
8 1459vw 1470vw 1452 bC4eH10 1452 bC4eH10 1437 bC4eH10 1435 bC1eH8
9 1432w 1434w 1439 bC1eH8 1443 bC1eH8 1421 bC1eH8 1427 bC3eH7
10 1298w 1270m 1307 nC1eN6 1304 nC1eN6 1294 nC1eN6 1290 nC1eN6
11 1230w 1231m 1210 nC4eC5 1210 nC4eC5 1193 nC4eC5 1194 nC4eC5
12 1128m 1181 bC3eH7 1175 bC3eH7 1167 bC3eH7 1164 bC4eH10
13 1141w 1159 nC5eC11 1164 nC5eC11 1144 nC5eC11 1153 nC5eC11
14 1106m 1126vw 1150 naBF3 1105 naBF3 1102 naBF3 1089 nC1eC2
15 1084m 1087w 1094 nC1eC2 1097 nC1eC2 1085 nC1eC2 1051 nC2eC3
16 1036vs 1044m 1049 nC2eC3 1050 nC2eC3 1037 nC2eC3 1034 bR1

17 1005s 1024 bR1 1027 bR1 1016 bR1 1002 gC1-H8
18 997s 981 gC1eH8 995 naBF3 972 gC4eH10 967 nC5eN6
19 891s 880vw 871 nsBF3 868 nsBF3 848 nsBF3 906 naBF3
20 711w 713m 701 bR2 702 bR2 697 bR2 732 tR1

21 632m 638vw 627 bR3 627 bR3 627 bR3 676 gC11eC5
22 582w 587 dsBF3 582 dsBF3 576 dsBF3 627 bR3

23 528vw 533 daBF3 532 daBF3 526 rBF3 570 dsBF3
24 432vw 444 tR3 444 nC11eB13 439 tR3 441 tR3

25 357w 377 bC11]O12 376 bC11]O12 372 bC11]O12 396 daBF3
26 289w 263 nC11eB13 269 bC5eC11 261 nC11eB13 369 bC11]O12
27 249w 243 rBF3 240 rBF3 240 bC5eC11 265 nC11eB13
28 193vvw 202 nF16eK17 171 nF16eK17 189 nF16eK17 225 r0BF3
29 169vvw 168 dB13C11C5 155 d B13C11C5 164 dB13C11C5 146 twBF3
30 118vvw 110 dK17B13C12 91 d K17B13C12 104 dK17B13C12 143 nF14eK17
A00 Symmetry
31 986vw 996 naBF3 998 gC1eH8 983 gC1eH8 1003 naBF3
32 972vw 979 nC5eN6 979 nC5eN6 970 nC5eN6 964 gC4eH10
33 971 gC4eH10 969 gC4eH10 917 naBF3 915 gC2eH9
34 901vw 903 gC3eH7 916 gC3eH7 901 gC3eH7 912 gC3eH7
35 789w 763 gC5eH11 766 gC5eH11 767 gC5eH11 843 nsBF3
36 740m 748vw 735 tR1 736 tR1 733 tR1 769 gC5eH11
37 674m 677vw 674 gC2eH9 678 gC2eH9 673 gC2eH9 698 bR2

38 444vw 444w 448 bC5eC11 445 daBF3 441 daBF3 523 bC5eC11
39 418w 425vw 416 tR2 412 tR2 413 t2R 435 daBF3
40 398vw 404 daBF3 404 tR3 394 daBF3 409 tR2

41 223w 227 r0BF3 221 r0BF3 231 r0BF3 236 rBF3
42 144vvw 145 twBF3 146 twBF3 146 twBF3 159 dB13C11C5
43 123vvw 127 nF14eK17 94 nF14eK17 113 nF14eK17 73 dK17B13C12
44 33 gC11eC5 51 twC5eC11 35 gC11eC5 69 nF16eK17
45 26 twC5eC11 18 gC11eC5 4 twC5eC11 48 twC5eC11

Abbreviations: n, stretching; b, deformation in the plane; g, deformation out of plane; wag, wagging; t, torsion; bR, deformation ring tR, torsion ring; r, rocking; tw, twisting; d,
deformation; a, antisymmetric; s, symmetric.

a This work.
b From scaled quantum mechanics force field.
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in the ITFB salt than in FTFB. Besides, higher values of the f(nBF3)
force constants are also observed for ITFB than FTFB. Fig. S9 clearly
evidences that the f(nBF3) force constants in both media have
higher values when the 6-31G* basis set is employed. In general,
the change of the furane ring by pyridine one clearly generates an
increase in the f(nC]O) f(nBF3) force constants values and decrease
the f(nC-B), f(nC-C) f(dBF3) force constants in ITFB, as compared with
FTFB.

6. Ultravioletevisible spectrum

Here, TD-DFT calculations were employed together with the
B3LYP/6-31G* and B3LYP/6-311þþG** methods to predict the
electronic spectra for ITFB in aqueous solution by using the
Gaussian program [21]. The experimental UVeVisible spectrum for
this salt in aqueous solution can be seen in Fig. 8 and it is compared
with the corresponding predicted spectra for the salt and their
anion by using both basis sets. In Table S6 the calculated and
experimental wavelengths are shown for this salt compared with
the bands observed in the same medium for the potassium 3-
furoyltrifluoroborate salt [8]. Note that the positions of the bands
corresponding to the salt are the same that for the anion, as ex-
pected because in solution that species is dissociated and, for this
reason, the predicted bands for the anion are not presented.
Experimentally, two very strong bands are observed at 238.0 and
258.0 nm, other very weak at 319.0 nm and a shoulder at 340.0 nm.
Theoretically, for the salt in solution, three bands and a shoulder are
predicted with both basis sets which by using the 6-31G* basis set
are located at 240.1, 178.1, 148.6 and 131.9 nm, respectively and
when the other basis set is used the positions of the bands change



Table 5
Comparison of scaled internal force constants for the most stable conformer of the
Potassum 2-isonicoinoyltrifluoroborate salt in gas and aqueous solution phases by
using two levels of theory.

Force constants ITBa FTBb

B3LYP/6-
31G*

B3LYP/
6311þþG**

B3LYP/6-
31G*

B3LYP/
6311þþG**

Gas PCM Gas PCM Gas PCM Gas PCM

f(nCeH)R 5.18 5.26 5.11 5.17 5.49 5.50 5.39 5.39
f(nCeN)R 6.99 6.92 6.87 6.79
f(nCeC)R 6.47 6.52 6.33 6.38 6.84 6.83 6.68 6.66
f(nC]O) 10.60 10.21 10.43 9.93 10.07 9.77 9.81 9.41
f(nCeB) 2.86 2.92 2.81 2.87 2.94 2.97 2.89 2.92
f(nBF3) 4.39 4.32 3.96 3.82 4.18 4.12 3.78 3.64
f(dCeCeB) 1.46 1.44 1.39 1.31 1.21 1.12 1.12 1.00
f(dBF3) 1.22 1.24 1.18 1.12 1.28 1.24 1.24 1.18
f(rBF3) 1.03 0.98 0.97 0.89 1.02 0.98 0.98 0.89

a This work.
b From Ref [8].

Fig. 8. Experimental UVevisible spectrum of the potassium 2-
isonicotinoyltrifluorborate salt in aqueous solution compared with those predicted
for the salt and their anion in the same media by using B3LYP/6-311þþG** level of
theory.
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at 258.1, 184.9, 159.1 and 139.2 nm, respectively. In the UVeVis
spectrum of neutral pyridine the bands are observed at 200, 257
and 263 nm [41]. Hence, the effect of the incorporation of the flu-
oroborate group on the pyridine ring is the shifting of the bands
towards higher wavelengths. In contrast, in the furoyl salt [8] the
positions of the bands are shifted toward lower wavelengths (210,
223, 252 and 344 nm) in relation to the isonicotinol salt. Evidently,
when the pyridine ring is replaced by the furane one the bands are
clearly shifted toward lower wavelengths. Those groups of bands
observed for this salt are assigned to p/p* and n/p* transitions
attributed to the C]C and C]O groups present in the salt, as can be
seen in Table S6 and, as predicted by NBO studies.
7. Conclusions

Here, the potassium 2-isonicotinoyltrifluorborate salt has been
characterized by means of FT-IR and FT-Raman spectroscopies in
the solid phase and by UVeVisible spectroscopy in aqueous solu-
tion. Four conformers, two with CS symmetries and two with C1
symmetries, were found in the potential energy surface but only
one of them, named C4, presents the minimum energy and, for this
reason, is the most stable. The molecular structures of C4 were
theoretically determined in gas phase and in aqueous solution by
using the B3LYP/6-31G* and B3LYP/6-311þþG** methods. Two
dimeric species were also optimized according to the layered ar-
chitectures suggested for trifluoroborate potassium salts in the
solid state. Two bands in the experimental Raman spectrum at 748
and 676 cm�1 and one band at 796 cm�1 clearly justify the presence
of both dimers. The structure of the 2-isonicotinoyltrifluorborate
anion was also studied because it is expected in solution. Then,
very good correlations were observed when the experimental
predicted UVevisible spectrum in aqueous solution was compared
with those predicted for the salt and their anion. Both calculations
predicted solvation energies for the salt in aqueous solution
of �82.68 and �90.65 kJ/mol by using the B3LYP/6-31G* and
B3LYP/6-311þþG** methods, respectively. Here, it is observed that
the change of furane by pyridine ring generates an increase in the
solvation energies of the potassium 2-isonicotinoyltrifluorborate
salt in relation to potassium 3-furoyltrifluoroborate salt. The
study of the charges has revealed that there is an effect of the size of
the basis set on the Mulliken charges while the AIM analyses sug-
gest that the F—H and O—K interactions are also strongly depen-
dent of the medium and the size of the basis sets. The bond orders
for the F and K atoms evidence their higher ionic characteristics in
solution with both basis sets. The NBO and AIM results clearly
support higher stabilities of this salt in both media as compared
with the potassium 3-furoyltrifluoroborate salt. The studies by
using the frontier orbitals indicate that the change of furane by
pyridine ring decreases the reactivity of this salt by using 6-31G*
basis set but increases when the other one is employed. Another
effect of changing furane by pyridine ring is observed in the in-
crease of the f(nC]O) and f(nBF3) force constants. In this study, the
force fields for the salt in both media were reported together to
their complete vibrational assignments and force constants by us-
ing both levels of theory.
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