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ABSTRACT: The interactions between hexafluoroisopropanol (HFIP) and
halogen anions X− (F−, Cl−, Br−, and I−) have been investigated using negative
ion photoelectron (NIPE) spectroscopy and ab initio calculations. The measured
NIPE spectrum of each [HFIP·X]− (X = Cl, Br, and I) complex shows a pattern
identical to the corresponding X− by shifting to the high electron binding energy
side, indicative of the formation of the [HFIP···X−] structure in which X− interacts
with HFIP via charge−dipole interactions. However, the spectrum of [HFIP·F]−

appears completely different from that of F− and is more similar to the spectrum of
the deprotonated HFIP anion (HFIP−H−). The geometry and electron density
calculations indicate that a neutral HF molecule is formed upon HFIP interacting
with F− via proton transfer, rendering a stable structure of [HFIP−H···HF]

−. Two
conformers of [HFIP−H·HF]

− with HFIP being in synperiplanar and antiperiplanar
configurations, respectively, are observed, providing direct experimental evidences
to show the distinctly different and orientation-specific interactions between HFIP
and halide anions.

1. INTRODUCTION

Fluorinated alcohols have been extensively used as solvents in
various applications in polymer chemistry, organic chemistry,
and biological chemistry. As a model fluorinated alcohol,
1,1,1,3,3,3−hexafluoroisopropanol (HFIP, CF3−C(H)(OH)−
CF3) has attracted wide attention owing to its excellent
physicochemical properties. HFIP is miscible with most
common polar organic solvents as well as water1 that makes
it an ideal solvent for many polymerization reaction
systems.2−6 It is also widely used in the field of electro-
chemistry because of its high redox stability.7,8 In addition,
thanks to its small molecular size and potent hydrogen-
bonding capacity, HFIP exhibits its importance in many
biological systems, for example, as a primary metabolite of the
widely used inhalation anesthetic sevoflurane.9 Moreover,
although HFIP is not sensitive to ultraviolet radiation, it is
considered to be potential greenhouse gas in the fifth
assessment report (AR5) of the Intergovernmental Panel on
Climate Change10 because of its strong absorption in the solar
energy range of 8−13 μm, which is well known as the “infrared
atmospheric window.”11 Thus, the studies of the related
reactions involving HFIP and its derivatives may provide
valuable information for solving air pollution and the
greenhouse effect.
As a representative multiconformer system, the spectro-

scopic investigation on the HFIP molecule itself is also very
interesting. Single-crystal X-ray analysis of the complex (one

piperidine/two HFIP molecules) displayed the existence of
three neutral conformers of synclinal (SC), antiperiplanar
(AP), and synperiplanar (SP) structures.12 In the gas phase,
the AP conformer was more stable than SC, while the SP
conformer was the transition state of two chiral SC structures
with a barrier of ∼1.0 kJ/mol.13 Czarnik-Matusewicz et al.
measured the mid-infrared spectra of HFIP in carbon
tetrachloride and found nearly equal abundances of the SC
and AP conformers of the neutral HFIP.14 To one’s surprise,
their spectral analysis validated that the AP conformer was
more stable than the SC conformer by 0.4 kJ/mol, which was
only one-tenth of the previously reported experimental15 and
theoretical16 energy differences. By analyzing the rotational
spectra of HFIP monomers, Shahi and Arunan found that only
the AP conformer existed under supersonic expansion
conditions.13 The investigation on the interaction between
HFIP and water in the gas phase validated two complex
conformers with the structures of [HFIP(AP)···H2O] and
[HFIP(SC)···H2O], of which the former was more stable by
about 0.9 kJ/mol, although a stronger binding was found
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between the SC conformer and H2O.
17 In solutions, the

aggregation of HFIP and water was found to retard rotational
motions of water molecules.18 Similar aggregates were
confirmed in the mixed solutions of HFIP, H2O2, and the
substrate cyclooctene by molecular dynamic simulations.19

There are only a few reports about the HFIP and ion
interaction,20−22 although such interaction widely exists in
related solutions or ionic liquids. In general, various complex
conformers can be formed between HFIP and ions determined
by strong charge−dipole interactions. Thus, studying stability
of these charged complexes in the gas phase can provide crucial
clues for understanding the microstructure of the related salt
solutions (or ionic liquids). Here, we chose halides as anions
because of their simplicity and as common hydrogen bond
(HB) receptors.23,24 Therefore, the gaseous [HFIP·X]− (X = F,
Cl, Br, and I) complexes represent ideal model systems,
providing excellent opportunity to spectroscopically character-
ize their structures and energetics for understanding the charge
(halide)−dipole (HFIP) interactions and their effects on
conformational stabilization and transformation.
Negative ion photoelectron (NIPE) spectroscopy coupled

with electrospray ionization (ESI) has been successfully used
to investigate structures and bonding features of many complex
anions, for example, cis-pinonic acid anion and water,25

divalent transition metal EDTA complexes,26 HSO4
−, and

organic acids.27 The measured difference in electron binding
energy (EBE) of the complex anion from the corresponding
isolated anion, that is, ΔEBE, can directly reflect the
interaction strength between the host neutral molecule and
guest anion.28 In this work, we have generated [HFIP·X]− (X
= F, Cl, Br, and I) complex anions and recorded their NIPE
spectra. Additionally, density functional theory (DFT)
calculations have been performed to obtain the optimized
geometries and energies of these complexes in anionic and
neutral states. Spectral pattern analyses and quantum
calculations identify two classes of molecular binding motifs
for [HFIP·X]−. In the cases of X = Cl, Br, and I, the complex
anions can be regarded as X− solvated by the neutral HFIP;
while for X = F, the cluster is better described as a
deprotonated HFIP moiety, that is, HFIP−H− anion interacted
with a neutral HF molecule. The latter structure is facilitated
via proton transfer from HFIP to F− driven by stronger proton
affinity (PA) of F− than HFIP−H− anion, thus affording the
formation of a stable [HFIP−H−···HF] binding configuration.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODOLOGIES
2.1. Negative Ion Photoelectron Spectroscopy. The

NIPE spectra were measured using the magnetic-bottle time-
of-flight (TOF) photoelectron spectrometer at Pacific North-
west National Laboratory, equipped with an ESI source and a
temperature-controlled cryogenic ion-trap.29,30 The complex
anions [HFIP·X]− (X = F, Cl, Br, and I) were produced by
electrospraying a mixture solution of 1 × 10−3 M HFIP and
sodium halide salt using a methanol/water (3/1 ratio) solvent.
In order to produce a stronger deprotonated HFIP anion
beam, the pH value of the HFIP solution was adjusted to 9−10
by adding 10−2 M NaOH aqueous solution dropwise. All
anions were transported into vacuum by two radiofrequency-
only ion-guides, accumulated, and thermalized at 20 K in the
cryogenic 3D trap. The cold anions were then pushed out into
the extraction zone of the TOF mass spectrometer at 10 Hz,
and the desired anions were each mass-selected and

decelerated before being photodetached in the interaction
zone with a 193 nm (6.424 eV) laser beam (EX100F, GAM
ArF Laser). The laser was operated at a 20 Hz repetition rate
with the anion beam off at alternating laser shots, thus enabling
shot-by-shot background subtraction. The photodetached
electrons were collected with nearly 100% efficiency by the
magnetic-bottle and analyzed with a 5.2 m-long electron flight
tube. The recorded TOF photoelectron spectrum was
converted into an electron kinetic energy spectrum and
calibrated with the known transitions of I− and Cu(CN)2

−.
The EBE spectra, presented in the manuscript, were obtained
by subtracting the kinetic energy spectra from the detachment
photon energy. The electron energy resolution was about 2%
(i.e., ∼20 meV for electrons with 1 eV kinetic energy).

2.2. Computational Details. To study the structures,
energetics, and spectral features of [HFIP·X]− (X = F, Cl, Br,
and I), DFT calculations were performed using the B3LYP,
ωB97XD and M06-2X functionals with DFT-D3(BJ) dis-
persion corrections. The standard 6-311++G(d,p) basis set31

was used for C, H, O, F, Cl, and Br atoms, and the aug-cc-
pVTZ-PP basis set with the Stuttgart−Küln MCDHF RSC
ECP (28 core electrons)32 was employed for the I atom. All
these basis sets were obtained from the EMSL Basis Set
Exchange.33 Geometry optimizations of the anions and the
corresponding neutrals were carried out without any symmetry
constraints. Vibrational frequency analyses were carried out at
the same level to ensure that the optimized structures were
true minima, and obtained frequencies were used to calculate
the zero-point vibrational energies (ZPEs). The theoretical
vertical detachment energy (VDE) was calculated as the energy
difference between the neutral and the corresponding anion,
both at the optimized anion’s geometry, while the adiabatic
detachment energy (ADE) was computed as the energy
difference between the neutral and anion, each at its own
optimized geometry.
In the cases of X = Cl, Br, and I, binding energies (BEs)

between HFIP and halides X−, that is BE(HFIP·X−), were
determined from the single-point energy calculations according
to eq 1, including ZPE corrections and the basis set
superposition error (BSSE)34 corrections using the counter-
poise method of Boys and Bernardi35

E E EBE(HFIP X ) (HFIP) (X ) (HFIP X )· = + − ·− − − (1)

where E(HFIP), E(X−), and E(HFIP·X−) are the energies of a
neutral HFIP moiety, halide anion, and complex anion,
respectively, at the optimized structure of the [HFIP·X−]
complex. Similarly, in the X = F case, BE was calculated
according to

E E EBE ( HFIP ) (HF) ( HFIP HF )H H= [ ] + − [ · ]− −− − (2)

with ZPE and BSSE corrections because the complex adopts a
[HFIP−H−···HF] binding configuration (vide infra).
Natural bond orbital (NBO) analyses36 were used to

compute natural atomic charges, to compare with the charges
derived from the electrostatic potential using the Merz−
Kollman−Singh (MK) method,37 and to provide a valence
bond-type description of wavefunction. All these calculations
were performed with the Gaussian 09 program package.38 The
electron density topological analysis of each stable config-
uration was carried out using the theory of “atoms in molecules
(AIM)”39,40 with the Multiwfn program.41 To analyze the
vibrational structure of the EBE spectrum, a Franck−Condon
simulation was carried out with the ezSpectrum program.42 A
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full width at half-maximum (fwhm) of 80 meV was used in the
simulated spectra and compared with the experimental spectra.

3. RESULTS AND DISCUSSIONS
3.1. NIPE Spectra of [HFIP·X]− (X = F, Cl, Br, and I).

Figure 1 shows the 193 nm low-temperature NIPE spectra of

[HFIP·X]− (X = F, Cl, Br, and I). An extremely broad spectral
feature is observed for X = F, spanning EBE from 4.7 to 6.2 eV,
while the spectrum becomes much narrower with one band
centered at EBE = 5.25 eV for X = Cl. In the cases of X = Br
and I, two discrete peaks are resolved. A consistent spectral
pattern recognition is readily concluded for the [HFIP·X]− (X
= Cl, Br, and I) spectra, that is, the complex anion spectra each
being similar to the corresponding isolated X− but simply
shifting to the high EBE side, as shown in Figure 1. The VDE
and ADE of [HFIP·I]−, determined from the first peak
maximum and onset threshold, are 4.15 and 4.03 eV,
respectively, where the latter is obtained taking into account
the experimental energy resolution (as observed with the blue

downward arrow in Figure 1). The energy gap of 0.93 eV for
the two bands basically equals to the spin−orbit splitting of
iodine (0.943 eV).43 Similarly, the two dominant peaks are
located at EBE = 4.69 and 5.15 eV for [HFIP·Br]− with a 0.46
eV energy gap, nearly identical to the spin−orbit splitting of Br
(0.457 eV) (2P3/2 and

2P1/2).
43 The VDE and ADE of the Br−

complex are estimated to be 4.69 and 4.52 eV, respectively
(Table 1). The spectrum of [HFIP·Cl]− shows one dominant
band with VDE = 5.20 eV and ADE = 4.73 eV. A careful
examination of the spectrum reveals a shoulder peak at 5.38 eV
via double-peak fitting. Such a small gap is consistent with the
much reduced spin−orbit splitting of the chlorine atom (0.109
eV).43

Using the experimental EBEs of [HFIP·X]− and X−, the
resulting blueshifts in EBE upon X− clustering with HFIP, that
is, ΔVDE/ΔADE, are obtained to be 1.59/1.42, 1.33/1.16, and
1.09/0.97 eV, for X = Cl, Br, and I, respectively. Evidently,
both ΔVDE and ΔADE decrease along X = Cl → Br → I,
indicating a gradually reduced interaction strength between the
halide and HFIP. Such a BE trend parallels with the PA trend
along halide anions (333.5, 324.3, and 315.9 kcal/mol for Cl−,
Br−, and I−, respectively).45 The above spectral analyses clearly
imply that the negative charge localizes on the halide moiety in
each of these three complexes, which can be regarded as
[HFIP···X−] with X− being the electron emitter. No proton
transfer occurs in forming [HFIP·X]− (X = Cl, Br, I) clusters,
which is in accordance with the fact that the PA values of these
halide anions are all smaller than that of HFIP−H−, that is,
(CF3)2CHO

− (338.4 kcal/mol).46 Moreover, the significantly
increased EBEs of these complex anions, as compared to those
of free halides, indicate that the negative charge, though still
spatially localized on the halide, is greatly stabilized in the
complexes, presumably via forming HBs and charge−dipole
interactions.
Because the fluorine atom has a very small spin−orbit

splitting (∼51 meV),43 only a close-packed doublet exhibits at
EBE = 3.4 eV in the F− spectrum (dotted trace in Figure 1a). If
the interactions between F− and HFIP were similar to the rest
of halides, a moderately broadened peak should have been
expected. However, the experimental spectrum (Figure 1a)
appears completely different from that of F− and is extremely
broad, spanning the EBE range from 4.7 to 6.2 eV with
discernible vibrational structures. The ADE of this complex
anion is determined to be 4.65 eV, which is ∼0.4 eV lower than
that of [HFIP·Cl]−. The extraordinary breadth of the spectrum
implies a completely different molecular structure for [HFIP·
F]−. Because the PA of F− (372.7 kcal/mol)45 is appreciably
larger than that of the deprotonated HFIP anion (338.4 kcal/
mol),46 it is reasonable to assume that the complex prefers a

Figure 1. Low-temperature photoelectron spectra of [HFIP·F]−,
[HFIP·Cl]−, [HFIP·Br]−, and [HFIP·I]−complex anions at 193 nm.
The dotted and solid lines in gray show the original and shifted
spectra of the free halide anions, which are adapted from ref 44.

Table 1. Theoretical and Experimental VDEs and ADEs (in eV) for the [HFIP·X]− (X = F, Cl, Br, I) Complex Anions

VDE ADE

species B3LYP ωB97XD M06-2X expt. B3LYP ωB97XD M06-2X expt.

[HFIP·F]− (Iso A) 5.31 5.36 5.50 5.51a 4.66 4.58 4.91 5.19a

[HFIP·F]− (Iso B) 5.08 5.04 5.25 5.08a 4.54 4.45 4.81 4.76a 4.65b

[HFIP·Cl]− (Iso A) 5.21 5.23 5.32 5.20 5.03 5.00 5.00 5.03
[HFIP·Br]− (Iso A) 4.90 4.82 4.85 4.69 4.74 4.64 4.63 4.52
[HFIP·I]− (Iso A) 4.40 4.31 4.18 4.15 4.28 4.18 4.03 4.03
[HFIP−H]

− 3.75 3.66 3.57 3.75 3.49 3.39 3.50 3.43

aExperimentally estimated ADEs and VDEs via fitting the [HFIP·F]− spectrum (see Section 3.4 for details). bThe ADE was directly determined
from the spectral onset (Figure 1a).
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new binding motif achieved via proton transfer from HFIP to
F− upon clustering in which the deprotonated HFIP anion
interacts with a neutral HF molecule. As shown below, the
abovementioned inferences on the complex structures and
binding configurations are confirmed by using the quantum
chemical calculations and bonding analyses.
3.2. Structures and Energetics of [HFIP·X]− (X = F, Cl,

Br, and I). DFT calculations were performed to identify the
optimized structures of [HFIP·X]− (X = F, Cl, Br, and I)
complexes. Three conformers were taken into account for the
complex structures, involving halide anions, that is, Iso A
(HFIP in SP conformation with O−H···X− interaction), Iso B
(HFIP in AP conformation with O−H···X− interaction), and
Iso C (HFIP in AP conformation with C−H···X− interaction).
Figure 2 shows the optimized geometries of [HFIP·X]− (X =

F, Cl, Br, and I) using the M06-2X functional and the
corresponding relative Gibbs free energies to the most stable
structure. For comparison, the optimized geometries of the
neutral complexes and the isolated HFIP neutral were
calculated at the same level too, as shown in Figures S1 and
S2 of the Supporting Information. In fact, the structures in
Figure 2 were confirmed to be the unique minima on potential
energy surfaces for each halide anion along the O···H···X−

coordinate.
Apparently, the HFIP moiety in [HFIP·X]− (X = Cl, Br, and

I) almost remains its original structure of free HFIP neutral
shown in Figure S2. Taking [HFIP(SP)·Cl]− (Iso A) for
instance, the O−H bond length is slightly increased from 0.959
to 1.007 Å, and the distance between chloride and hydroxyl
hydrogen atom is 1.951 Å. It is worth noting that this distance
is apparently shorter than the typical HB length of the [O−H···

Cl] structure, indicative of formation of a stronger HB in the
Cl− case. Along the sequence of X− = Cl− → Br− → I−, the
OH bond length in HFIP becomes shorter and the H···X−

distance increases (Figure 2), which is consistent with the
halide PA trend.
In contrast to the other complex anions, [HFIP·F]− shows a

distinctively different binding motif in all three conformational
isomers (Figure 2), that is, upon F− and HFIP clustering,
proton transfer occurs. In Iso A, the F···H distance is
dramatically reduced to 1.048 Å, which is close to the covalent
bond length of the HF molecule. Moreover, the O−H bond is
elongated to 1.311 Å. Similar changes are also observed in Iso
B and Iso C. Thus, the structure of [HFIP−H···HF]

− is
suggested in which the proton is shuffled from HFIP to
fluoride. A similar phenomenon was reported in a recent
study47 on the [HSO4

−·H+·F−] complex, where the proton was
found to transfer from H2SO4 to F− to form [HSO4

−···HF].
To identify the contributions of three conformers to the

experimental spectra, their thermal populations are first
estimated. As shown in Figure 2, Iso A is the most stable
isomer among the three conformers, while Iso B has a higher
energy ca. 0.3 eV for [HFIP·X]− (X = Cl, Br, and I) and 0.10
eV for [HFIP·F]−, and Iso C lies >0.5 eV in energy above Iso
A. These results differ from the [HFIP·H2O] complex, where
the SC and AP conformers of the HFIP moiety were confirmed
with degenerate energies.17 Considering the existence of
additional orientation-specific charge−dipole interaction in
the anionic [HFIP·X]− clusters, it is conceivable that the SP
structure of the HFIP moiety is favored and becomes the
global minimum with appreciable energy differences from the
AP conformation. More significantly, the [HFIP·X]− complex

Figure 2. Optimized geometries of three conformers of [HFIP·X]− (X = F, Cl, Br, and I) complex anions, calculated at the M06-2X level, where the
distances of O−H and H···X bonds are noted with the unit of Å. The HFIP adopts the SP configuration in Iso A and AP in Iso B and C. ΔG values
are relative Gibbs free energies (in eV) to the most stable structure.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c00024
J. Phys. Chem. A 2020, 124, 2036−2045

2039

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c00024/suppl_file/jp0c00024_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c00024/suppl_file/jp0c00024_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00024?ref=pdf


with an SC configurated HFIP moiety becomes unstable, as
shown in Figure S3, despite the corresponding neutral HFIP
being stable.
The contribution from Iso C can be safely neglected in the

experiments because it has a relative energy > 0.5 eV above Iso
A for X = F−I. Similarly, Iso B is not taken into account in the
spectral analysis for [HFIP·X]− (X = Cl, Br, and I) in which it
lies ca. 0.3 eV higher in energy. However, as will be discussed
below, the contribution of Iso B becomes evident in analyzing
the [HFIP·F]− spectrum, consistent with the fact that it is only
slightly high in energy (0.10 eV).
Table 1 summarizes the calculated VDEs and ADEs using

three different density functionals: B3LYP, ωB97XD, and
M06-2X. In comparison with the experiments, the M06-2X
values show the best agreement, for example, 4.18 (calc.)
versus 4.15 eV (expt.) for the VDE and 4.03 (calc.) versus 4.03
eV (expt.) for the ADE of [HFIP·I]−, whereas both ωB97XD
and B3LYP functionals overestimate the VDE and ADE of
[HFIP·I]−. Consequently, only the relative energies at the
M06-2X level are presented in the following discussions unless
otherwise noted. The average deviations of the calculated and
experimental VDEs and ADEs for [HFIP·X]− (X = Cl, Br, I)
are only 2.30 and 0.61%, respectively, lending appreciable
credence for the optimized structures.
Figure 3 and Table S1 compare the calculated, experimental

ΔEBEs, and calculated BEs for this series of complexes,

exhibiting significant interactions between HFIP and halides
that decrease along the halogen series for a given isomer (Iso
A). The BEs of [HFIP·X]− (X = Cl, Br, and I) are calculated as
the interaction energy between HFIP and X−, while for the X =
F case, because the complex consists of HFIP−H− anions and
HF molecules, their BE should be calculated as the energy
difference between the complex anion and the HFIP−H− anion
and neutral HF (eq 2). We will discuss it in Section 3.4.
3.3. Electron Density and Charge Population Anal-

yses of [HFIP·X]−. Electron density, ρ(r), and charge
population analyses were carried out to help identify covalent
versus HB properties for this series of complexes. Figure 4
shows the calculated renderings of the electron localization
function48 surface in the X−O−H plane using the optimized
structures of [HFIP·X]− (X = F, Cl, Br, and I). For [HFIP·X]−

(X = Cl, Br, and I), electron along the O−H−X path is

predominately localized between oxygen and hydrogen atoms,
which is indicative of the covalent bonding of O−H. In
contrast to the other complexes, [HFIP·F]− in both Iso A and
Iso B show entirely different electron density topological
graphs (Figure 4a,b). A higher ρ(r) between H−F than the
O−H bond is clearly observed, which is further confirmed by
the calculated potential energy density V(r) (Table 2). The
V(r) value of the H−F bond equals to −0.4894 hartree and is
nearly three times of that of the O−H bond (−0.1674 hartree),
indicating that a covalent H−F bond is formed, accompanying
with bond fission of the initial O−H bond in the HFIP moiety.
The opposite results of V(r) are found for the rest three
complexes [HFIP·X]− (X = Cl, Br, and I), as shown in Table 2.
These conclusions agree with the related bond lengths as
shown in their optimized geometries.
According to the “AIM” theory,39,40 the topological property

of electron density distribution depends on electron density
ρ(r) and the Laplacian quantity ∇2ρ(r) of charge density. The
bonding of two atoms may be classified into two groups:
shared and closed-shell interactions, based on the distribution
of ρ(r) and the associated ∇2ρ(r) at the bond critical point
(BCP). The shared interaction has a large ρ(r) and a negative
∇2ρ(r) at the BCP, whereas a small ρ(r) and a positive ∇2ρ(r)
exist for the closed-shell interaction. Thus, the topological
properties of electron density at the BCPs (Figure S4 of the
Supporting Information) for the complex anions are
summarized in Table 2. The second derivatives of electron
density in three-dimensional directions consisted of the
Hessian matrix. Generally, when the three eigenvalues of the
Hessian matrix are one positive and two negative, it is denoted
as the key point of (3, −1), indicative of a chemical bond being
formed between two atoms. Moreover, the more negative
∇2ρ(r) implies the stronger covalent bond. In the [HFIP·X]−

(X = Cl, Br, and I) complex anions, all ∇2ρ(r) values for the
BCPs between oxygen and hydrogen atoms are negative and
less than −2. Therefore, the covalent property of the O−H
bond remains in these complex anions, and the Cl−, Br−, or I−

anions play the role of the charge inducer. However, in the
[HFIP·F]− anion, the ∇2ρ(r) values of the O−H bond are
significantly reduced to near zero, while that along with the
H−F bond is changed to −1.1603 for Iso A and −1.5406 for
Iso B. Thus, a strong covalent bond is reportedly formed
between fluorine and hydrogen atoms, confirming the
molecular structure of [HFIP−H−···HF].
NBO and MK analyses were further performed to identify

charge distributions in the complex anions and neutrals. Table
3 summarizes the main calculated results. In [HFIP·X]− (X =
Cl, Br, and I), nearly 90% of the extra negative charge resides

Figure 3. Comparison between the M06-2X calculated and
experimental EBE shifts for [HFIP·X]− complex anions relative to
the corresponding isolated halide anions (X = Cl, Br, and I) and
deprotonated HFIP anion (X = F). The calculated BEs between HFIP
and X− (X = Cl, Br, I) and between the deprotonated HFIP anion and
HF are also shown.

Figure 4. Electron density topological graphs of [HFIP·X]− (X = F,
Cl, Br, I) in the X−O−H plane: (a) [HFIP·F]− in Iso A, (b) [HFIP·
F]− in Iso B, (c) [HFIP·Cl]−, (d) [HFIP·Br]−, and (e) [HFIP·I]−.
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on halogen anions as indicated by NBO analysis. The values on
the fluorine atom of [HFIP·F]− are reduced to −0.701 for Iso
A and −0.680 for Iso B, which are close to the distribution of
neutral HF molecules. Thus, the extra negative charge is
transferred to the HFIP moiety during the intramolecular
proton transfer process induced by the fluoride anion,
indicating that the HFIP−H moiety is negatively charged in
the complex anion indeed. Very similar results are obtained by
the MK analysis of charge distributions. Therefore, these
charge distribution analyses further confirm the expected
structure of [HFIP−H−·HF] for the complex anion.
Moreover, Figure 5 shows the highest occupied molecular

orbital (HOMO) of the closed shell complex anions. For
[HFIP·X]− (X = Cl, Br, and I), the HOMO is located on X−,

leading to its similar photodetachment spectral patterns when
compared to the isolated X−. However, based on the
[HFIP−H−···HF] structure, the HOMO of [HFIP···F]− mainly
consists of the p orbital of negatively charged hydroxyl oxygen
after losing a proton, regardless of Iso A and B. It is almost
identical to the HOMO of the isolated HFIP−H− anion, as
shown in Figure 5. Therefore, the photodetached electron is
validated from the HOMO of the HFIP−H− moiety.

3.4. Assignments of Photodetachment Photoelec-
tron Spectrum of [HFIP·F]−. Based on our theoretical
calculations, the photoelectron spectrum, as shown in Figure
1a, should be contributed by the [HFIP−H−···HF] complex
anion instead of [HFIP···F−]. Thus, the interaction between
the negative charge group and neutral molecule, reflected by
ΔADE or ΔVDE, should be referenced to the isolated
deprotonated HFIP anion, that is, HFIP−H−. As shown in
Table 1, ADE and VDE of the [HFIP−H−···HF] complex anion
were calculated to be 4.91 and 5.50 eV for Iso A, 4.81 and 5.25
eV for Iso B, respectively. Based on the optimized geometries
of the HFIP−H anion and its radical neutral (Figure S2), the
ADE and VDE values of the HFIP−H− anion were calculated to
be 3.50 and 3.57 eV. Thus, ΔADE and ΔVDE are theoretically
determined to be 1.41 and 1.93 eV for Iso A and 1.31 and 1.68
eV for Iso B, as shown in Figure 3. Moreover, the BE between
the HFIP−H− anion and HF molecule in the [HFIP−H−···HF]
complex anion was calculated at the same level as BE =
E([HFIP−H−]) + E(HF) − E([HFIP−H−·HF]) with ZPE and
BSSE corrections, for example, 1.61 eV for Iso A and 1.33 eV
for Iso B. A smaller ΔEBE and BE for Iso B than Iso A
originates because the charge−dipole interaction is orientation-
specific. An estimation of charge−dipole interaction strength
based on the point dipole approximation was performed and
shown in Figure 6 to validate the conclusion. The calculation
details, including dipole of the neutral moiety μ⃗, orientation
angle θ, and distance r between the charge and dipole, were
described in Figure S5 of the Supporting Information.
For [HFIP·X−] (X = Cl, Br, and I) in Iso A configuration,

the estimated charge−dipole interaction strengths are 1.86,
1.69, and 1.47 eV, respectively. Compared with the calculated
BE (BEES) values, as shown in Table S1, these values show a
consistent trend along the atomic sequence of X−, thus
affirming the nature of the charge−dipole interaction. More
significantly, the smaller dipole moment and the longer
distance between the charge and the center of neutral HFIP
in Iso B of [HFIP·X−] are confirmed in comparison with Iso A.
Hence, the charge−dipole interaction strengths in Iso B are
much lower, for example, 0.38, 0.31, and 0.24 eV for the

Table 2. Topological Properties at the Critical Points in [HFIP·X]− (X = F, Cl, Br, and I)

eigen of Hessian matrix

species bond ρ(r)/(e·Å−3) λ1 λ2 λ3 ∇2ρ(r) V(r)/(hartree)

[HFIP·F]− (Iso A) F−H 0.2320 1.0483 −1.1046 −1.1040 −1.1603 −0.5045
H−O 0.1227 0.7453 −0.3494 −0.3369 0.0589 −0.1644

[HFIP·F]− (Iso B) F−H 0.2584 1.2555 −1.3983 −1.3978 −1.5406 −0.5785
H−O 0.0968 0.6167 −0.2413 −0.2333 0.1422 −0.1201

[HFIP·Cl]− Cl−H 0.0457 −0.0644 0.1993 −0.0641 0.0708 −0.0381
H−O 0.3062 −1.5565 0.9962 −1.5233 −2.0836 −0.6525

[HFIP·Br]− Br−H 0.0334 −0.0391 0.1387 −0.0390 0.0606 −0.0229
H−O 0.3208 −1.6531 1.0338 −1.6173 −2.2367 −0.6876

[HFIP·I]− I−H 0.0252 0.0936 −0.0240 −0.0239 0.0457 −0.0141
H−O 0.3298 1.0515 −1.7067 −1.6689 −2.3241 −0.7087

Table 3. NBO Analysis and MK (in Parentheses) Charge of
Fragments for the Complex Anions [HFIP·X]− and Neutrals
[HFIP·X], Calculated with the Optimized Geometries of
Anions

[HFIP·X]− [HFIP·X]

species HFIP X− HFIP X

[HFIP·F]−
(Iso A)

−0.299
(−0.331)

−0.701
(−0.669)

+0.628
(+0.555)

−0.628
(−0.555)

[HFIP·F]−
(Iso B)

−0.320
(−0.374)

−0.680
(−0.626)

+0.540
(+0.367)

−0.540
(−0.367)

[HFIP·Cl]− −0.125
(−0.165)

−0.875
(−0.835)

−0.072
(−0.082)

+0.072
(+0.082)

[HFIP·Br]− −0.104
(−0.165)

−0.896
(−0.835)

−0.061
(−0.092)

+0.061
(+0.092)

[HFIP·I]− −0.088
(−0.175)

−0.912
(−0.825)

−0.051
(−0.108)

+0.051
(+0.108)

Figure 5. HOMO of the [HFIP·X]− complex anions, as well as
HOMO of the isolated HFIP−H− anion, at their respective optimized
geometries.
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complex anions (X− = Cl−, Br−, and I−), confirming the
orientation-specific feature of the interaction.
The estimation in the case of [HFIP·F]− is somewhat

different because the charge population and the dipole are
changed according to the [HFIP−H−···HF] structure. Based on
the above NBO analysis, more than 90% negative charge is
populated on the oxygen atom, and thus, the BE can be
approximately calculated as the interaction between the point
charge (O−) and the neutral HF dipole. As shown in Figures 6
and S5, Iso A conformer of the [HFIP·F−] complex anion is
much more stable than Iso B, which is consistent with the
abovementioned conclusions. However, these calculated values
with the point dipole approximation have a moderate gap from
the ab initio BEs, indicative of the more complicated forces in
the complex besides the charge−dipole interaction.
To obtain the ΔADE or ΔVDE values of [HFIP−H−·HF] in

experiments, an additional experiment was carried out to
record the photoelectron spectrum of the isolated HFIP−H−

anion, under the identical experimental conditions, as shown in
Figure 7a. The Franck−Condon simulated spectrum is
generally consistent with the experimental result, except for
the weaker intensity in high-energy side. As suggested by the
simulation, the resolved vibrational structure was dominated
by the excitation of the O−C−H bending vibration mode. The
ADE and VDE of HFIP−H− anions were experimentally
determined to be 3.43 and 3.75 eV, respectively.
To facilitate the comparison, the NIPE spectrum of the

[HFIP−H−·HF] complex anion is shown again in Figure 7b.
The spectrum of the [HFIP−H−·HF] complex is significantly
broader than that of HFIP−H−, with discernible fine structures
at low-energy side similar to the HFIP−H− anion. The
considerable breadth of the complex spectrum implies that
there may be more than one isomer contributing to the
spectrum. Iso A of [HFIP−H−·HF] is calculated to be only 0.10
eV more stable than Iso B, and the calculated ADE of Iso A is
0.4 eV higher than Iso B. Thus, a viable explanation that
accounts for the spectral breadth is to consider both Iso A and
Iso B. However, as indicated in the experimental and simulated
spectra (Figure 7a), it will be extremely challenging if not
impossible to directly perform the Franck−Condon simulation
of the complex anion to obtain the contributions of each

conformer because only qualitative agreement has been
achieved between the simulation and experiment at the high-
energy tail for the isolated HFIP−H− anion. Consequently, an
alternative and simple strategy was used to fit the spectrum of
the complex anion. As the optimized geometries of the
HFIP−H moiety in the isolated HFIP−H− and [HFIP−H−·HF]
complex anion (Iso A and B) are nearly identical, it is natural
to conceive that the PE spectrum of each conformer has the
same pattern as the isolated HFIP−H− anion because of its role
of an electron emitter. Thus, the observed complex spectrum

Figure 6. Charge−dipole interactions of the complex anions, [HFIP−H·HF]−, [HFIP·Cl]−, [HFIP·Br]−, and [HFIP·I]−, with Iso A and Iso B
configurations, where r is the distance of the charge from the center of the polar molecule, μ⃗ is the dipole moment of the neutral polar molecule, θ
is the angle between r ⃗ and μ⃗, and ω (in eV) represents the calculated interaction strengths.

Figure 7. Low-temperature photoelectron spectra of the isolated
HFIP−H− anion (a) and the [HFIP−H−·HF] complex anion (b) at 193
nm. For the isolated HFIP−H− anion, the Franck−Condon transitions
and the simulated spectrum with fwhm of 80 meV are shown as well
in which the observed vibrational structure is assigned to the
excitation of O−C−H bending vibration. For the complex anion, the
simulated spectrum (red) is the sum of two spectra of two conformers
(Iso A and B), plotted by blue and purple lines, respectively.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c00024
J. Phys. Chem. A 2020, 124, 2036−2045

2042

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c00024/suppl_file/jp0c00024_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00024?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00024?ref=pdf


can be roughly simulated with a double-peak scheme (see
Figure 7b), where the different ΔEBEs for the two conformers
were considered because of the different interactions between
HFIP−H− anions and HF molecules in Iso A and Iso B.
Moreover, the intensities of two peaks are the product of
electron photodetachment cross section and thermal pop-
ulations of the isomers. Therefore, based on the expected
smaller population of Iso B than Iso A, the photodetachment
cross section of Iso B should be much higher than Iso A, which
is consistent with the weaker interaction between HFIP−H− and
HF moieties in Iso B.
Based on the abovementioned spectral assignments, the

experimental ΔEBE values were determined, for example, 1.76
eV for Iso A and 1.33 eV for Iso B. A general consistency
between the theory and experiment is obtained, as shown in
Figure 3. Because the spectral profiles of two conformers are
assumed to be identical to that of the isolated HFIP−H−, ΔADE
and ΔVDE must have the same values for each isomer, and
therefore, the moderate deviations from the experimental data
are acceptable considering such a crude approximation in
spectral simulation.

4. CONCLUSIONS
We reported a joint experimental and theoretical study on the
intermolecular interactions between HFIP and halide anions
X− = F−, Cl−, Br−, and I−. For [HFIP·X]− (X = Cl, Br, and I),
the resultant photoelectron spectra maintain the corresponding
halide spectral characters with only blueshifts in EBE,
suggesting the halide anion as a electron emission
chromophore. Quantum chemical calculations, including
geometry optimization, electron density, and charge distribu-
tion analyses, all indicate that these three complexes are
formed with the [HFIP···X−] structure in which X− interacts
with the neutral HFIP via ionic hydrogen bonding and
charge−dipole interactions. The much stronger HFIP···X−

interactions in the anionic state than that of HFIP···X• in
the neutral complexes give rise to the significant EBE
blueshifts. The HFIP adopts SP configuration upon interacting
with halides, determined by the strong charge−dipole
interactions that prefer the SP structure for HFIP.
In contrast to the X = Cl, Br, and I cases, the spectrum of

[HFIP·F]− completely differs from that of F− but similar to
that of the isolated HFIP−H− anion, albeit with a much
broadened spectral width. The theoretical calculations validate
the formation of the stable structure of [HFIP−H−···HF] in
which the proton is transferred from the HFIP moiety to F−

driven by the much strong PA of F−. Two conformers, Iso A
and Iso B with the HFIP−H moiety in the SP and AP
configuration, respectively, are found to lie close in energy. The
experimental spectrum can be simulated by considering
contributions from both isomers. The obtained much smaller
ΔEBE and BE for Iso B than Iso A clearly demonstrate that the
charge−dipole interaction is orientation-specific indeed.
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