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SUMMARY

Singlet oxygen ('0,) shows great potential for selective degradation of dyes in
environmental remediation of wastewater. In this study, we showcased that 0,
can be effectively generated from an anion complex composed of deprotonated
hexafluoroisopropanol anion ([HFIP_;] ) with hydroperoxyl radical (- HO,) via ultra-
violet (UV) photodetachment. Electronic structure calculations and cryogenic
negative ion photoelectron spectroscopy unveil critical proton transfer upon com-
plex formation and electron ejection, effectively photoconverting prevalent triplet
ground state 30, to long-lived excited 'O,, stabilized by nearby HFIP. Inspired by
this spectroscopic study, a novel “photogeneration” strategy is proposed to pro-
duce 'O, with the incorporation of atmospheric O, and HFIP, acting as a catalyst.
Conceptually, the designed catalytic cycle upon UV irradiation and electron injec-
tion is able to achieve different degradations of dye molecules in a controllable
fashion from decolorization to complete mineralization, shedding new light on po-
tential water purification.

INTRODUCTION

As a highly reactive oxidant with electrophilic nature, singlet oxygen ('O,) is known to selectively undergo
reactions with a wide range of unsaturated organics via electrophilic addition and electron abstraction.’
Owing to its selectivity toward electron-rich organic compounds, the vital role of 'O, has been reported
for efficient treatments of water contaminants, especially in the degradation of synthetic dyes typically
functionalized with electron-donating groups.”® A Fenton-like reaction system with 'O, as an exclusive
reactive intermediate was discovered to exhibit remarkable degradation activity toward a model pollutant
methylene blue.” Similarly, a complete oxidation of rhodamine B was observed to proceed with 'O,-medi-
ated nonradical pathway identified in the catalytic activation of peroxydisulfate over manganese oxides.'®
Nonradical oxidation mechanism dominated by 'O, shows apparent superiorities over radical-based pro-
cesses that include enhanced degradation efficiency due to strong resistance to nontarget background
substances in complex water matrixes, intrinsic avoidance of undesired radical self-quenching, and an
effective inhibition on the production of halide carcinogenic byproducts.' "

Generation of 'O, is therefore of great importance regarding its promising applications in textile waste-
water treatment. Advanced oxidation processes (AOPs) involving persulfates activated by metal-based
or carbon-based catalysts have been reported being effective to generate '0,.'"""~?' However, secondary
pollutions caused by inevitable metal leaching into environment and high costs originating from compli-
cated synthesis routes for carbon materials confine their applications in actual remediation of contami-
nated water matrix.'” The exploitation of photons which can be considered as the cleanest chemical
reagent reduces the risk of secondary pollutions and makes additional treatments unnecessary.”” Dye-
sensitized photocatalysis based on photosensitization effect where the dye serves as both a sensitizer
and a substrate to be degraded shows prospect of generating 'O, via energy transfer pathway without
introducing any dopants or surface modifications.”** However, irreversible oxidation of absorbed dye
molecules by produced active species leads to decolorization under prolonged illumination, destruction
of chromophore structures, and prohibiting further photoactivity.”” An alternative strategy for generating
'0, in a controllable manner is therefore being actively pursued, ultimately aiming to complete decompo-
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Figure 1. Low-lying structures of anion complexes for both configurations

(A and B) Low-lying, wB97XD/jun-cc-pVTZ optimized isomers for configuration (A) [HFIP.;+HO,]™ and configuration (B)
[HFIP 51 +H205]™ complex anions and their corresponding neutral counterparts. Hydrogen bond lengths (in A) and
DLPNO-CCSD(T)/aug-cc-pVTZ//wB97XD/jun-cc-pVTZ Gibbs free energies (at 300 K) relative to the most stable structure
A_1(AG, in kcal/mol) are noted. The inset compares SC and AP conformers of HFIP.

Herein, a novel approach to directly photogenerate 'O, in situ is proposed with perspective for selective
oxidation of synthetic dyes in the context of wastewater treatment. Under the synergistic cooperation of
electron attachment and UV irradiation, atmospheric O, complexed with hexafluoroisopropanol (HFIP) ex-
hibits as a potent molecular system with the ability to produce 'O, in which HFIP acts as an ideal catalyst
owing to its outstanding properties to stabilize ionic species as a strong hydrogen-bond donor and to
endure powerful oxidizing conditions endowed with the presence of electron-withdrawing trifluoromethyl
groups.”® Y Negative ion photoelectron spectroscopy (NIPES) combined with high-level quantum chem-
istry calculations were carried out to investigate the intrinsic molecular properties of complex anions and
formed neutrals. The obtained information on the geometrical and electronic structures of the detected
species provides a molecular-level basis to decipher the underlying mechanism in a complete catalytic cy-
cle that opens a new avenue for effective photogeneration of 'O5.

RESULTS

Photogeneration of singlet oxygen

The targeted [HFIP_+HO,]™ and/or [HFIP 54 +H,O5]™ complex anions are synthesized by electrospray ioni-
zation (ESI, an ideal soft ionization interface capable of fetching pristine ionic species and aggregates from
solutions) and subsequently transferred to the gas phase for mass selection and spectroscopic scrutiniza-
tion in vacuum without any environmental perturbations. Low-lying structures of anion complexes for
both [HFIP_5+HO,]™ and [HFIP 4+ H205]™ configurations are identified, and their relative Gibbs free energy
are calculated (Figure 1). In the case of [HFIP_4+HO,]™ denoted as configuration A, the global minimum A_1
features a dual hydrogen bond network within the [HFIP.4]” symmetry plane, comprising a strong
O-H--+Ointeraction and a weak C-H+++O hydrogen bond, thereby providing a remarkable stabilization
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Figure 2. Twenty Kelvin negative ion photoelectron spectrum of [HFIP_4-HO,]™ and/or [HFIP_24-H20,]" complex
anions at 193 nm (6.424 eV) (dotted red) and simulated NIPE spectrum (gray) using the calculated stick spectra
(violet for the transitions of B_2 to its singlet neutral state; green and blue for transitions of A_1 to the neutral
triplet and singlet states; pink and light violet for transitions of A_2 to the neutral triplet and singlet states)
convoluted with Gaussian line broadening (the FWHM was set to 300 meV). The simulated spectrum for each low-
lying structure compared with the experimental spectrum is provided in Figure S3.

for this anion complex. Noting a partial hydrogen relocation occurs from HO, to HFIP_ moiety upon com-
plexing as evidenced by an apparentincrease of the O-H bond length in the HO, part, resulting in a binding
motif more reasonable to classify as [HFIP+O;]”. However, we hereby remain its designation representing
original components to be consistent and avoid any confusion in discussions. Isomer A_2 adopts a different
relative orientation to form a single O—H«++O hydrogen bond, calculated to be higher in free energy than
A_1 by 3.6 kcal/mol. Other high-lying isomers are excluded in the following discussions due to their signif-
icantly higher energies that render them inaccessible under ambient conditions. The second category B,
[HFIP 24+H20,]" anion complexes, are all characterized by two hydrogen bonds. The energetically
lowest-lying isomer B_1 is composed of cis-H,O, and HFIP 4"~ radical anion (namely hexafluoroacetone
[HFA]"™ in a geometry resembling its gaseous free structure) with two hydrogen bonds formed between
two H atoms of cis-H,0O, and the O atom of HFA™™ This structure lies 1.4 kcal/mol higher in energy above
A_1.The second low-lying isomer, B_2, contains a typical O-H«++O hydrogen bond together with a weaker
O-H-«+Finteraction, which are less stable than B_1 by 0.7 kcal/mol (see Tables ST and S2).

Starting from each anion geometry, the corresponding neutral structures in both singlet and triplet states
are optimized as well (Figure 1). When an electron is photodetached from A_1, the O-H distance between
the O atom of HFIP_; and the relocated H atom of HO, further decreases to 0.962 and 0.959 A in the respec-
tive singlet and triplet neutral complex. The formation of a typical O-H covalent bond indicates a complete
proton transfer from the HO, to HFIP_, leading to a new binding configuration as O, molecule is weakly
attached to HFIP in synclinal (SC) conformation. In a similar manner, a proton transfer from HO; side to
HFIP_; moiety takes place upon electron removal from A_2, producing HFIP-O, complex with HFIP in anti-
periplanar (AP) structure for both singlet and triplet states (see the inset for the comparison between SC
and AP). For configuration B_1 and B_2, electronic transitions from anionic ground states to neutral singlet
states all induce large H,O, twisting motions and converge to the same geometry. By comparison, a proton
transfer is predicted to occur from H,0O, to HFIP 5y, giving rise to neutral triplet complex HFIP_+HO, from
B_1. Different structural changes are observed in optimizing the triplet neutral state from B_2, with two
hydrogen bonds remaining intact albeit becoming considerably weaker.

UV photons are applied to generate 'O, from the target anion complexes by means of electron photode-
tachment and the resulting negative ion photoelectron (NIPE) spectrum reveals the intrinsic electronic
transition mechanisms. Figure 2 displays the low temperature (20 K) NIPE spectrum of the selected species
obtained using 193 nm photons (photon energy 6.424 eV). A strikingly broad spectral profile with numerous
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Table 1. Calculated adiabatic (ADEs) and vertical detachment energies (VDEs) for [HFIP.;-HO,] ™ and [HFA -H,0,]~
complex anions at the DLPNO-CCSD(T)/aug-cc-pVTZ//wB97XD/jun-cc-pVTZ level of theory

Neutral-Singlet Neutral-Triplet

Anion ADE/eV VDE/eV ADE/eV VDE/eV
[HFIP_-HO,]™

Al 3.35 4.15 2.13 3.17

A2 3.16 5.48 1.93 478
[HFA<H,O,]™

B_1 1.81 2.91 3.91 5.84

B 2 1.79 2.67 5.21 6.62

unresolved features ranging from 2.5 eV all the way up to electron binding energy (EBE) near the photon
energy limit is unveiled. It should be noted that the relative intensity of two subregions, centered at 3.5 eV
(labeled as I) and 4.8 eV (labeled as Il), varies among the supplementary repetitive experiments, a fact
strongly suggesting that multiple coexisting isomers contribute to the experimental spectrum with the
isomeric populations fluctuated even under nearly identical conditions (more experimental data are avail-
able in Figure S1). Indeed, trapping and detecting multiple isomers within a few kilocalories per mole en-
ergy window were demonstrated in previous studies using the cold ion trap coupled with ambient ESI
source.”’ ™ Considering the broad spectral bands and overlapping spectral features, the experimental
vertical detachment energies (VDEs) of different isomers can hardly be determined accurately from the
spectral band maxima, whereas the adiabatic detachment energies (ADEs) corresponding to at least
one of the detected isomers is estimated from the onset threshold to be 2.59 eV. In addition, a comparison
to the previously reported spectra of [HFA] =" and [HFIP_4]~*° (see Figure S2) reveals that this spectral
band bears no similarity to either spectrum, implying a completely different photoelectron detachment
scenario. A detailed inspection of this recorded spectrum is therefore desirable.

Theoretical ADEs and VDEs are calculated based on the optimized structures in anionic and neutral charge
states (Table 1) to preliminarily screen possible transitions. In the case of A_1, the theoretical ADEs/VDEs for
transitions to the neutral in singlet and triplet states are 3.35/4.15 eV and 2.13/3.17 eV, respectively. The large
VDE-ADE energy differences can be attributed to large structural changes induced by electron removal.
Notably, there is a large singlet-triplet energy gap of 0.98 eV (VDE difference), reminiscent of the excitation en-
ergy of O, (0.98 eV)™ from the lowest energy state O, to its first excited state 'O,. The theoretical ADEs and
VDEs of A_2 are determined to be 3.16/5.48 eV (singlet) and 1.93/4.78 eV (triplet), with significantly larger
VDE-ADE energy differences than the values of A_1, indicating more pronounced geometric changes upon
electron detachment, inline with a larger extent of proton transfer predicted for transitions in A_2. All theoretical
detachment energies are within the energy range of the recorded spectral band, except for the two ADEs that
correspond to accessing the two optimized neutral triplet complexes. The absence of such spectral signals is
presumably due to negligible 0-0 transition intensities originating from considerably large anion-to-neutral
geometry changes. Neither of the two isomers alone provides a satisfactory match to the experiment, strongly
indicating both A_1 and A_2 present under the experimental conditions.

An opposite trend is observed for the B isomers, i.e., the calculated transition energies from the anion
ground states to the singlet neutral states are significantly smaller than those analogs corresponding to
the triplet neutral states. For instance, the VDE difference for transitions to the singlet and triplet states
in B_1 is derived to be —2.93 eV. In the previous photoelectron spectroscopy study of the HFA"™ radical
anion,** a similarly giant singlet-triplet splitting (—2.80 eV) was determined for HFA molecule, suggesting
that the electron-emitting situation in B_1 is analogous to HFA'™. However, a closer examination of ADEs
and VDEs precludes the dominant presence of configuration B, which would have otherwise resulted in an
appreciable band gap in the EBE range of 3.0-5.0 eV, in contrast to the experimental observation.

In order to interpret the extremely broad band structures, Franck-Condon factor (FCF) simulations based
on each specific transition from the anion ground state to the neutral singlet or triplet counterpart for all
low-lying isomers were further conducted (Figure S3). The normal coordinate displacement vectors of pre-
dominant vibrational modes for each transition are displayed in Figure S4. The FCF simulated spectrum of
A_1 for the transition to the triplet neutral state exhibits a complex vibrational pattern arising from multiple
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excitations of different vibrational modes, including carbon skeleton vibrations, O-H wagging, and O-O
bending vibrations. The excitations of low-frequency vibrational modes are congruous with the formation
of HFIP (SC) in accompany of a departing O, moiety that results in producing a spectral band in
EBE = 3.0-3.7 eV, yet significantly narrower than the observed spectrum. The simulation of A_1 for the tran-
sition to the singlet neutral state yields a prominent vibrational progression dominated by the O-O stretch-
ing mode. In the case of A_2, a long vibrational progression with a spacing of 470 meV associated with the
O-H stretching is predicted for the transition to the triplet neutral state, consistent with the predicted pro-
ton transfer upon electron removal. Several low-frequency vibrations involving the HO,-related rocking
modes are active as well in consequence of the anion-to-neutral geometry change that occurs in a similar
way of A_1. For the transition to the singlet neutral state, FCF simulation gives progressions with peak spac-
ings of 470 and 210 meV, originating from the excitations of the O-H and O-O stretching modes.

For the [HFA+H,O,]™ configuration, the FCF simulated spectrum from B_1 transitioning to the singlet
neutral state is not obtainable because of insignificant wavefunction overlaps between these two electronic
states arising from substantial geometry changes in their equilibrium structures upon electron removal.
Compared to the A isomers, the simulation of B_1 transitioning to the triplet neutral state shows a denser
and structureless spectrum (see the right trace of Figure S3) with intense peaks involving the combination
bands of the O-H stretching and bending modes. The transitions to singlet neutral state of B_2 possess
appreciably weaker intensity in view of the large anion-to-neutral geometry change, with the rocking
and wagging modes associated with H,O, to be active, which is consistent with the displacement of
H,O, molecule as an entity moving around the oxygen atom of HFA moiety upon photodetachment.
The main progression throughout the FC spectrum of B_2 transitioning to the triplet neutral state is derived
from the O-H stretching mode, while other peaks with lower intensity are the combination bands involving
excited quanta of the O-H bending and various low-frequency intermolecular vibrations. Apparently, a
higher photon energy than 193 nm employed in this work is required to detect this transition.

Despite the aforementioned, extensive vibrational progression analyses, the complexity of the experi-
mental spectrum with numerous fine peaks sitting on one broad band makes concrete spectral assign-
ments a challenge. Based on the relative free energy argument, configuration A should make a larger
contribution to the spectrum. As depicted in Figure 2, FC simulated transitions from A_1 cover EBE range
from 3.0 to 4.5 eV, accounting for a major part of the low binding energy features. For the higher EBE re-
gions (larger than 4.5 eV), the peaks are primarily assigned to photoelectrons arising from the A_2 transi-
tions to its triplet and singlet neutral. The transition of B_2 to the singlet neutral state is also included to
account for the weak signal around the band origin. The transitions derived from B_1 to its triplet neutral
state may contribute to the signals around 6.0 eV as well and blend with spectral features associated with
the transition of A_2 to singlet neutral state. Considering the rather poor signal-to-noise ratio near the
photon energy limit and the expected minor population of configuration B, the contribution of this possible
transition to spectral measurements is not weighed up for the sake of convenience of discussion. Overall,
the simulated spectrum summed up from the multiple isomers, i.e., A_1 and A_2 transitions to their triplet
and singlet neutral states as well as B_2 to its singlet state matches reasonably well with the general profile
of the measured spectrum. This explicit spectral assignment substantiates the coexistence of multiple iso-
mers and the dominant presence of configuration A in the experiments. Furthermore, by comparing the
summed-up simulated spectrum with the experimental one, a qualitative estimate for the 'O, efficiency
can be achieved. In general, the detachment cross-section for generating a singlet state is smaller
compared to that for the corresponding triplet state based on spin multiplicity consideration. Figure 2 in-
dicates roughly equal areas for the singlet and triplet signals which in turn suggest more than half of the
generated O; is singlet oxygen, even though the absolute quantum yield is hard to evaluate.

Evidently, the electron signals with high intensity at EBE around 3.7 eV is not well described by the above FC
simulations, therefore other accessible detachment channels should be considered. A two-photon process,
where the first photon dissociates the anion complex and the second photon photodetaches the daughter
anion, constitutes a viable explanation. Among all conceivable photofragment anions with positive electron
affinity (EA), [HFIP_4]™ anion is much more promising than HO3, as the EA of the former neutral was previously
reported to be 3.43 eV, significantly higher than the EA of the latter 1.089 eV.*” Accordingly, the undefined
photoelectron intensity around 3.7 eV is provisionally attributed to the contribution of the [HFIP_]™ fragment
anion originating from photodissociation of [HFIP_4+HO,]™ as manifested in Figure S5.

¢? CellPress

OPEN ACCESS

iScience 26, 107306, August 18, 2023 5




¢? CellPress

OPEN ACCESS

Triplet Singlet
E(eV) generation generation

% ) , PO
O -
9

HOMO \-}— o HOMO ‘-H- °

Neutral -

Ny ¥ o
HOMO \-H-'— P HOMO %-H- PN

s
9
Anion — Homo-1 | J— HOMO-1 | ..}_._

Figure 3. Frontier molecular orbital diagrams of A_1 anion complex and the corresponding detachment pathways
leading to formations of the triplet and singlet neutrals.

To unravel the origins of detached electrons, calculations on the electronic structures of generated species
are performed‘38 A comprehensive listing of molecular orbitals (MOs) for A_1 and corresponding neutrals
are shown in Figure 3. The DFT results predict that the excess electron occupies one of the degenerated O,
mg* antibonding MOs, giving rise to the anion ground state with an electronic configuration consisting of a
doubly occupied g MO (highest in energy, noted as HOMO in Figure 3) and a singly occupied mg* MO
(HOMO-1 with slightly lower energy). The O, doubly occupied 1y orbital orients toward the symmetry
plane of HFIP_; moiety to augment the electron density along hydrogen bonding direction, leaving the
singly occupied g* orbital perpendicular to the intermolecular interaction plane. In a simple one-electron
transition picture, the produced triplet neutral complex corresponds to electron removal from the doubly
occupied T4 orbital resulting in weakened hydrogen bonding interactions, qualitatively in agreement with
the considerably elongated O« ««HFIP distance by more than 1.0 A upon photodetachment. In terms of
generation of the singlet neutral complex, electron detachment from the singly occupied mg* orbital in-
duces less destabilization effects, supported by a smaller extent of structural rearrangement compared
to that in transition to triplet neutral state. However, this description of detached electron originating
from the configuration (1'cg*)1(1'cg)2 can only be accepted within the single-determinant approximation.
The violation of the lowest-energy electronic configuration predicted for the studied species evidently calls
for the consideration of electron correlations.

Proposed photogeneration cycle for '0, catalyzed by HFIP anion

From the perspective of geometries and electronic structures revealed by this spectroscopic study, a novel
paradigm for the photogeneration of 'O, in situ via electron addition and photon irradiation in the UV optical
range is hereby proposed. The formation of a negatively charged adduct [HFIP+O,]™ can be viewed as a conse-
quence of proton transfer from HO, to HFIP_; moiety via strong hydrogen bonding interactions. As illustrated
in Scheme 1A, the addition of a negative charge on the encounter complex HFIP+++30, results in a tightly
bound anionic complex [HFIP-O,]™ with a dual intermolecular hydrogen bonding interaction consisting of
one strong O-H--+O hydrogen bond and the other much weaker C-H-++O hydrogen bond. Following
further exposure to UV irradiation on approach, a neutral complex is formed upon photoinduced detachment
of the excess electron, producing an energetic molecular complex HFIP+++'0; in an excited electronic state
accessed by photons with sufficient energy. Being relatively longer-lived than isolated'O, upon deactivations
in practical reaction systems, this weakly interacting state facilitates the utilization of'O, by increasing its life-
time and diffusion distance toward substrates. With the consumption of reactive'O, from the protecting
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Scheme 1. Proposed photogeneration method for 'O,

(A) The proposed photogeneration cycle for 'O, catalyzed by HFIP.

(B) a potential molecular assembly on the electrode surface for application to generate 'O, in wastewater purification
devices.

reservoir, HFIP is resumed before binding the next O, molecule. Two proton translocation phases occur during
the photogeneration cycle of 'O,, one for each individual electron addition or removal step. This proposal can
be in principle realized by the construction of a negative electrode functionalized with COOH-terminated self-
assembled monolayers for immobilizing HFIP assembly via strong COOH- « «F hydrogen bonds.*” A precise
control over electron transfer into the cathode coupled with the capture of dissolved oxygen provides access
to critical intermediate [HFIP-O,] ", further enabling the release of reactive'O, under photon irradiation. Over-
all, the critical element of the proposed mechanism is the controllable dye degradation efficiency in terms of
photobleaching and following total elimination of significant organic residuals in the solution after decoloriza-
tion by continuing the photogeneration cycle.

DISCUSSION

In conclusion, the NIPE spectrum of [HFIP_;+HO,]™ anion complex in conjunction with supporting theoret-
ical analyses offers new insights into the direct photogeneration of 'Oy in situ. A hydrogen-bonded anionic
complex [HFIP-O,]™ is assumed to be formed from a neutral adduct composed of HFIP molecule and
gaseous O, upon electron introduction. The spectral assignment allows for the detection of produced'O,
weakly attached to HFIP with van der Waals interactions. The applied photons play a dual role in this optical
excitation method, to be specific, generating 'O, by means of electron photodetachment and probing
intriguing intermolecular interactions within anionic and neutral complexes. Importantly, successful regen-
eration of HFIP can be achieved after electron removal and release of 'O,, rendering HFIP an effective
“catalyst” in decolorization or mineralization cycle for dye contaminants. This work, therefore, provides a
conceptually novel methodology for in situ generation of 'O, that is of merits to circumvent the troubled
obstacles inherited from the current singlet oxygen sources and paves a new way to utilize’O, for selective
dye effluent degradation in an efficient and environment-friendly way.

Limitations of the study

Molecular mechanisms of a novel environment-friendly paradigm for photogeneration of reactive singlet
oxygen catalyzed by HFIP for dye degradation are unraveled in this work. However, realization and demon-
stration of such novel methodology for practical use are still being actively pursued.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Hexafluoroisopropanol Sigma-Aldrich CAS 920-66-1
Hydrogen peroxide Sigma-Aldrich CAS 7722-84-1
Methanol Sigma-Aldrich CAS 67-56-1

Software and algorithms

Gaussian16 Frisch et al.*® https://gaussian.com

Genmer Luetal.” http://www.keinsci.com/research/molclus.html
xtb Grimme et al.*? https://github.com/grimme-lab/xtb

ORCA Neese, F.* https://orcaforum.kofo.mpg.de/app.php/portal
ezSpectrum Gozem et al.”’ https://iopenshell.usc.edu/downloads/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. Xiaoguo Zhou (xzhou@ustc.edu.cn).

Materials availability

This study did not generate new unique reagent.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS
Negative ion photoelectron spectroscopy

The NIPES experiments were carried out using the Pacific Northwest National Laboratory magnetic-bottle
time-of-flight (TOF) photoelectron spectrometer equipped with an ESI source and a temperature-
controlled cryogenic ion trap.’® The complex anion [HFIP.;;+HO,]™ was produced by electrospraying an
1-mM aqueous methanolic (1:3 volume ratio) sample solution of HFIP at the pH value of 9-10
under H,O, vapor. Similar procedures were used to produce [HFIP 4]~ (namely HFA™") radical anion,
[HFIP_]™ anion, and [HFIP_;+H,0,]™ complex anion.®%3%3 Accordingly, a second possible configuration
with the same m/z of [HFIP_;+HO,]™ is proposed to be formed, i.e., [HFA+H,O5]™ complex anion. All anions
were transported into vacuum by two RF—only ion—guides, accumulated and thermalized at 20 K'in the ion
trap. The cryogenically cooled anions were then pushed out at 10 Hz for mass-over-charge analyses in a
TOF mass spectrometer. The anions of interest were carefully 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, 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, calibrated with
the known transitions of I~ and Cu(CN),™. The EBE spectrum presented in the paper was obtained by
subtracting the kinetic energy spectrum from the detachment photon energy. The electron energy resolu-
tion was about 2% (i.e., ~20 meV for electrons with 1 eV kinetic energy).
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Computational details

Alarge number of initial complex isomers were randomly generated using Genmer,”' where configuration
A is composed of [HFIP 4]~ anion and HO; radical, while configuration B comprises [HFIP ,1]™ anion and
H,O, molecule. Preliminary optimizations were performed with the semiempirical quantum mechanical
method GFN2-xTB** and the resulting ensemble were classified and sorted in energy. After extensive
exploring, low-energy isomers (within 10 kcal/mol) were screened out for further optimization and fre-
quency analyses. Geometry optimizations and electronic structure calculations were performed using
DFT at the wB97XD"*/jun-cc-pVTZ* level for complex anions in each configuration and for the correspond-
ing electron-removed neutral counterparts. Subsequent vibrational frequency analysis was conducted at
the same level to confirm that the true minima were found and to compute zero-point energies (ZPEs).
All DFT calculations were carried out using the Gaussian 16 software package.’” Using the optimized ge-
ometries, more accurate single point energies, DLPNO-CCSD(T)**/aug-cc-pVTZ*’//wB97XD/jun-cc-pVTZ
were computed using the ORCA program suite.*® The theoretical ADE was calculated as the energy differ-
ence between the corresponding neutral complex and the anion at each own optimized geometries
including ZPE corrections, while the VDE was computed as the energy difference between the neutral
and anion, both at the optimized anion structure.

Using obtained anion and neutral geometries, their vibrational frequencies, and normal mode vectors,
FCFs for the electronic transition from the doublet anion ground state to the singlet and triplet states of
the neutral were calculated using the ezSpectrum program,”” including Duschinsky rotation.*® Theoretical
simulated spectra were consequently generated by broadening each FCF stick with experimental linewidth
that can be directly compared to the experimental spectra.
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