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Abstract

Absorption and fluorescence properties of 3-hydroxyflavone (3HF) dissolved in the polar
aprotic solvent acetonitrile have been investigated by electronic spectroscopies, associated to
mixed quantum mechanical/classical calculations, where the effect of the solvent is included at
the classical level by means of the polarizable continuum model (QM/PCM).

Whereas absorption and fluorescenkgc(= 342 nm) spectra confirmed previous results, a
detailed spectrofluorimetric investigation of the anion, deriving from solvent-induced
deprotonation of the OH group of 3-hydroxyflavone, showed for the first time that a single
anionic form is present in solution, differently from what observed in another polar aprotic
solvent, DMSO.

A detailed computational study using five different functionals has been carried out in order to
reproduce and better understand absorption and emission bands on the different existing forms
for 3HF in solution: Normal (N), Tautomer (T), Anion (A).

The results are discussed in terms of solvent effects on 3HF spectroscopic properties. It was
found that simulations are in good agreement with the spectroscopic data for the N and T forms,
whereas for the A form larger discrepancies are observed, especially for absorption properties.
The effect of specific solute solvent hydrogen bond interactions involving the C=0 and OH

moieties of 3HF was also explored, aiming to better simulate anionic spectroscopic properties.

Results suggest that a more complete description of the whole solvation shell is necessary.
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1. Introduction

In several research fields there is a strong istareenvironment-sensitivituorophored1].
Naturally-occurring flavonols [2] and 3-hydroxychmones [3] are widely used. For nearly 40
years, 3-hydroxyflavone, also called 3HF (the sesphmong the flavonols, and possibly the
most used among the synthetic molecules possegighydroxychromone core) has been
extensively used as a fluorescent probe, and nisiteeeness to the environment studied by a
variety of approaches [4].

Upon excitation, 3HF normally undergoes a ExcitéaksS Intramolecular Proton Transfer
(ESIPT), with the proton moving from the 3-OH groigpthe carbonyl, to give the C=0H
moiety. The intramolecular hydrogen bond betweddBand the C=0 plays a key role for
ESIPT, as it represents the path for this trartsfeccur. However, ESIPT is often hampered
by 3HF interactions with its environment, which cpartially break the intramolecular
hydrogen bond. Indeed, in most cases two competpathways are observable from the
photoexcited stat&N*, namely emitting decay to N arfSIPT to the excited tautomé&F*
(scheme 1).As a consequence, excitation of 3HF may resultdnal fluorescence at ca. 400
nm (hv from IN*, scheme 1) and 510-540 nnv{tirom T*, scheme 1), respectively [5]. In the
latter case, the obtained ground state tautomeurfd@rgoes to a thermal back proton transfer
(pathb) to give the resting N state. ESIPT alone occurigért media such as apolar solvents
[6], superfluid helium nanodroplets [7] and Shpkifsnatrices [8] (structure a in Fig. 1); only
emission fromT* is observed.

In polar or H-bonding media the situation is diffiet. Two types of interactions of 3HF with
the surrounding environment are observed: 1) spdorfirogen-bonding interactions involving
the C=0 and 3-OH moieties of 3HF [9] and 2) longgasolvent polarizationteractions [10].
Therefore, the photophysical properties of 3HFexteemely sensitive tthe physicochemical
properties of its surrounding molecular microenmirent.

Actually, 3HF photophysics has become a model systet only to rationalize the behaviour
of similar environment-sensitive fluorescent prqolieg also to investigate ESIPT [11]: specific
solute/solvent interactions, as well as the efficieof ESIPT, can be studied through easy
observable spectroscopic parameters, such as sepéibn spectrum, the relative intensity of
the emissiortN* and 'T* bands, the wavelength of the two emission peakshe lifetime of
the IN* andT* emissions.

The scenario is further complicated by the possjtoif environment-induced deprotonation of

the 3-OH group, leading to 3HF anion whose phots@ay properties are completely different



from those of neutral 3HF [12]. Absorption of 3Hf@n is in the 400-500 nm range, according
to the environment, whereas emission is normalih&460-500 nm range, but in some cases
it can extend to 530 nm [13]. Absorption and enoissiands depend strongly on the interaction
of the anion with its environment, as well as oa tharacteristics of its counter ion [13].
These aspects have been investigated in detalBM&@O solutions [13, 14], where theoretical
calculations to simulate absorption and emissi@tisp have suggested the presence of both
an H-bonded anion—protonated solvent ion pair driieobare 3HF anion.

The peculiar emission properties of 3HF have begioged in a wide range of applications,
such as lasers [15], wavelength shifter devicef [@&cintillators [17], sharp-cut optical filters
[18] and other photonic devices [19].

The main photochemical applications of 3HF are, dwmw, related to its environment-sensitive
emission properties, in bioanalytical [20], physif2l] and biophysical chemistry [22]. It
should be added that in the last 20 years sevét&l @erivatives with specific, tailored
properties have been developed and used for mappges [4], mainly in biology [3].

Despite the experimental efforts and the theorkticalyses presented so far (see [6, 9-14, 23-
25] and refs therein), a complete rationalisatibsuxh solvent effects on 3HF spectroscopic
properties is still lacking.

The last decades have seen major advances in censpignces as well as in the computational
power offered by technological improvements. Thatiksuch technical evolutions, more
reliable computational models have been devisedapptied to real-life chemical problems,

including the field of solvation, or more generadiyvironment effects on solute properties.



,
Tl e R

hvy hvy

-

hVT

hvy [ hv,

Fig. 1. Energy level scheme for the Normal (N), TautoméFic and anionic forms (A) of 3HF

Since many years the QM/classical approaches [26&8& been extended to treat excited state
properties, especially in the Time Dependent Dgriainctional Theory (TDDFT) framework,
mainly due to its good accuracy/efficiency ratigoéculiar feature appears in this context when
a polarizable embedding is applied (either as oomiin or atomistic). Within a polarizable
embedding a new contribution arises due to the miymaresponse of the polarizable
environment. Such contribution is calculated thiotlge transition densities corresponding to
the different excitations.

In this paper we report the investigation, by aesgit strategy associating electronic
spectroscopies (UV-Vis and fluorescence) and a Q&d&ical approach, based on TDDFT and
a continuum description of the solvent, on 3HFaatanitrile (ACN).

Indeed, several researg@apersinvolving experimental data on 3HF in ACN have been
reported in the literature.

The reactivity of 3HF towards singlet [34] as wadlthe DPPH-initiated 3HF oxygenation [35]
have been studied in this solvent. ACN has also lbsed to investigate the complexation of
alkaline metals perchlorates by 3HF [36-37]. 3HbBrational spectra in ACN have been
reported and simulated [38-39]. However, the melsvant fields have been the study of 3HF
photochemistry [4p and 3HF photophysics [10; 12; 39; 41-42]. The Ai@Nuced



deprotonation of 3HF has also been investigatatifl@photophysical properties of the formed
anion studied [12; 43].
To our knowledge, theoretical studies on 3HF in@ué&ile so far have concerned structural

DFT calculations [39], ESIPT dynamics [23] andR3teactivity towards singlet oxygen [44].

2. Experimental section

2.1. Chemicals and Spectroscopy

3-Hydroxyflavone (3HF) was purchased from Sigmarishl and recrystallized twice from
cyclohexane before use. ACN (Carlo Erba, HPLC grddes been dried by distillation over
CaHp before use. UV-Vis absorption spectra were recordad a Jasco V-550
Spectrophotometer. Emission spectra were recorgeddans of a LS-55 spectrofluorometer
(Perkin Elmer)Quartz cuvettes (optical path: 10 mm) were useck@xin the case of solution
at higher concentrations (4.2 x4@.5 x 16° and 1 M) where quartz cuvettes with an optical

path of 1.0 and 0.1 mm, have been employed.

2.2 QM calculations

The molecular geometries of all 3HF forms, namieg/riormal (N), tautomeric (T) and anionic
(A), are obtained from geometry optimizations iegence of acetonitrile solvent (ACNz=
35.688), modeled by means of the polarizable caotim model (PCM) [32] in its integral
equation formalism (IEF) version [45-46]. Also tlh@west electronic excited state (ES)
geometries of the different forms were optimizedylider to simulate the fluorescence emission
spectra.

Following the computational protocol proposedid][ ground state (GS) optimizations were
performed with the hybrid B3LYP exchange-correlatfanctional, with a 6—-31G(d,p) Pople
basis set. As explained in the “Results and dissaossection, in some cases GS optimization
were performed with other functionals, in ordeassess any possible influence of the choice
of the functional on the optimized geometry. ESiroj#ations were performed at time-
dependent (TD)B3LYP/6—31G(d,p) within an equilibn@pproach for the continuum solvent.
In addition, in some specific cases (see “Resultbdiscussion” section) an approach where
also one or two solvent molecules are includedMtl€vel - while the rest of the solvent is



still modeled with the PCM model - was used. la tést of this work we will refer to the first
approach, where the solvent is completely descradgethe PCM level, with the QM/PCM
acronymous. The second approach (with some saiwvelgicules included at the QM level) will
be referred to as QM(ME)/PCM.

Excitation and emission processes were simulated asTDDFT approach. The performances
of a series of hybrid functionals were tested. Efesctionals were: B3LYP[47], PBEO [48]
and M062X [49], and two long-range corrected (lf@)ctionals, namely the CAM-B3LYP
[50] andwB97X [51], The CAM-B3LYP performances were alreddgted against those of
B3LYP for the 3HF forms in DMSO [14]; the secondeomas found to give better results. The
B3LYP functional has also been used in a previoodkwy another research group [39].

The effect of the basis set has also been tedtedle- and triple€-Pople basis set, enriched at
different levels with polarization and diffuse fdions, plus an augmented correlation-
consistent (aug-cc) triple-Dunning basis were used. All calculations werdgomed with
Gaussianl6 [52].



2.3 Excited state solvation models

When the TDDFT formalism is applied in the contektlassical polarizable embeddings, the
(in principle) complete spectrum of the excitatiemdetermined simultaneously by solving for
the poles of the proper response function. Sugborese function includes the explicit response
due to the polarizable environment. This formulai®also known as “Linear Response” (LR)
model.

The LR-TDDFT model has been shown to properly desdhe dynamic environment effect
in excitations involving bright states, characteday a large transition dipole moment [53].
The lack of capability of such approach in desagbthe relaxation of the environment in
response to the changes in the QM density relatétktexcitation process is also well-known.
It is reflected in the difficulties of such model reproducing and describing excitations
involving large changes in the electron densitynabe Charge—Transfer (CT) like excitations.
To overcome such kind of problems, a state—spg@&ft) description related to the environment
response is required [54-58].

The simplest and most effective formulation, usuallled “corrected Linear Response” (c—
LR) scheme [54] , uses a relaxed density matrixHerspecific excited state of interest. In the
case of continuum model, (present work), afterselection of the excited state of interest, the
corresponding excitation energy is corrected ferititeraction with the proper induced surface
charges. Due to the different physical origin, amerpretation, of the LR and SS response
components, their combination has been proposeath@eve a more complete and correct
description of embedding effects on electronic &icns. [59-61].

For this reason a combination of the LR and c-LR used to simulate the excitation properties
of 3HF (N, T, A forms) in ACN.

3. Results and discussion

3.1. UV-Visand fluorescence spectroscopy

The UV-Vis spectrum and the fluorescence spectrpomexcitation at 342 nm of 3HF in ACN
are shown in Fig. 2. They are consistent with mesireports [12, 40]; the UV-Vis spectrum
shows two absorption bands at 305 and 342 nm. Miesen spectrum shows the characteristic
dual fluorescence observed for 3HF in polar andiproedia, with peaks at 395 and 525 nm,

characteristic of th&N* and of the'T* form, respectively.



The UV-Vis spectrum shows also an extremely weabuksler extending beyond 400 nm.

Bands in this spectral region have previously eaibuted to 3HF anionic form(s) [12, 43].
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Fig. 2. Fluorescence spectrumet= 342 nm) and absorption spectrum (inset) of SHRGN
(4.2 x 10° M).

Fig. 3 shows the fluorescence spectrum upon ekanitat different wavelengths in the 405-430
nm region. The emission spectra are essentiallyvalgmt, with a fluorescence maximum
observed at 467 nm. Only slight variations in fnerfescence peak intensity are observed upon
changing the excitation wavelength between 4054@@dnm. This strongly suggests that only
one 3HF anionic species is present in ACN. Thisltés at odds with the presence of two
different 3HF anionic species observed in DMSCefipteted as a 3HF anion hydrogen bonded
to DMSOH, the protonated DMSO molecule that abstractedith® produce the anion, and
the “free” 3HF anion) [13]. These two anionic sgascobserved in DMSO were characterized
by different absorption and emission propertieshuhe 3HF -- DMSOH species absorbing
at 428 nm and emitting at 502 nm, and the “freeF3&bsorbing at 485 nm and emitting at 529
nm [13].
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Fig. 3. Fluorescence spectra of 3HF solutions in ACN 183 M) exciting in spectral region
where the anionic form of 3HF absorbs. Inset: gitsmm spectrum of 3HF in ACN. The

different excitation wavelength for the fluorescemspectra are indicated by arrows.

In order to exclude the presence, in very smallarts) of a second anionic species absorbing
at higher wavelength, fluorescence spectra wei@ded also upon excitationJac.> 450 nm

in 3HF solution in ACN at different concentration the 10°-102 mol L range. No emission
was observed, even at high concentration

Fluorescence excitation spectra were also recoadddur different emission wavelengths
between 465 and 480 nm, i.e. the region where 3titihdluorescence was observed and where
neutral 3HF dual fluorescence should not contrisigeificantly. As shown in Fig. 4, excitation
spectra are comparable, thus the presence of rhare dne anionic emitting species can
therefore be excluded. The shoulder observed & rB8in the excitation spectrum (Figure 4)
recorded akem = 480 nm was assigned to the residual emission fne T-form of neutral 3HF.
(Note that it was not possible to observe any signaavelength below 370 nm due to the high
absorbance of 3HF in that region).

It is important to underline that the position b&tabsorption band (and of the fluorescence

excitation band) does not provide any informatiarttte nature of the anionic form, especially

L Parallel UV-Vis spectra at the same concentratstiesved that no shift in band position for 3HF apson,
excluding thereby formation of dimers or aggregates
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on the presence or absence of the absence of ageydbond involving the oxygen of the anion.
In fact, it has already been shown thasition of the absorption band of the anion cary va
significantly, even when comparing relatively “siani’ situations [13]. Only a computational
investigation can provide information on the stanetof the anion, and on its interactions with

the solvent (see Section 3.2).
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Fig. 4. Fluorescence excitation spectra of 3HF soluti@)s k 10* M) recorded at different
emission wavelengthgem at 465 nm (red line), 470 nm (green line), 475 (bime line) and
480 nm (black line).

3.2 Functional benchmarking on the absor ption properties

A preliminary assessment of the DFT exchange-tairoa functional suitable for the problem
under investigation was performed. For this purpibg&ecomputed excitation energies were
compared to the experimental absorption maxima ameddor the N and A forms of 3HF (the
absorption spectrum of the T form cannot be medsdirectly). The final goal is to select a
good functional for all forms of 3HF.

In our benchmark hybrid functionals are mainly canggal with hybrid LC ones. LC functionals
have been developed to improve the descriptiononf-fange electron-electron exchange
interaction [62] and therefore they should be beiigted for extended systems with delocalized
electrons. They are also expected to improve teergion of charge transfer (CT) states [63-

66]. It should be taken into account that hybrichdionals partially mitigate pure DFT

12



functionals failure in describing CT, introducingnse percentage of Hartree-Fock (HF) exact
exchange [63, 67-68].

As stated in our previous work on 3HF in DMSO arndooform [14], all the electronic
transitions responsible of the absorption of theTNgnd A forms of 3HF have a cleart’
character, with some (CT) character for the sedmartsition of the N form.

Table 1 shows the comparison between the experahesiies and the computed ones, within
a QM/PCM approach, which has already shown to lmeessful for 3HF in DMSO and
chloroform, for all the functionals selected: BIBYP, ii) PBEO, iii) CAM-B3LYP, iv)oB97X
and v) M062X. Also a signed error, computed astiergy difference between the calculated

(Ecaic) and the experimental &) value is reported.
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Table 1.

Comparison between experimental maxima of meadunear absorption bands and computed
excitations with the different functionals selecttdhe 6-31+G(d,p)/PCM level. The excitation
values are followed by their differences, compwtedear. - Eexp. Values are in eV or in nm (in
parenthesis) computed on the optimized geometrig3lay P/6-31G(d,p)/PCM level of theory.
The only exception is represented by the ®BB7X values, where TweB97X calculations
have been performed on structures optimizecB&7X/6-31G(d,p)/PCM level.

B3LYP PBEO CAM- | ©B97X | M062X Opt- |Experiment
B3LYP ®B97X

N 3.47 3.57 3.83 3.99 3.88 4.14 3.63
(357) | (347) | (324) | (311) | (320) | (299) (342)

4.05 4.17 4.47 4.61 4.52 4.75 4.07
(306) = (297) | (277) @ (269) | (274) | (261) (305)

A 2.57 2.65 291 3.08 2.93 2.95
(482) | (468) | (426) | (403) | (423) (420)
Ecalc. - Eexp.
N -0.16 -0.06 0.20 0.36 0.25 0.51
-0.2 0.11 0.41 0.54 0.46 0.68
A -0.38 -0.30 -0.04 0.13 -0.02

This comparison shows that the choice of the foneti is not straightforward. When the N
form is considered, it is clear that the B3LYP a@hd PBEO perform better than the other
functionals, which underestimate the excitatiorueadf the lowest transition of 0.16 and 0.06
eV, respectively. For the first transition of theasorption spectrum the PBEO value shows
the best agreement with the experimental valuelé&\the B3LYP error for the first transition
is comparable, in absolute value, to those of CABL-BP and M062X, this functional results
the best for the second transition, with the lowsghed error. Beside the PBEO, all other

functionals show an error larger than 0.4 eV fer¢bcond transition.
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Concerning structure optimization, as mentioned/iptesly, the N structure was optimized
with the B3LYP functional in all cases but one, whthe LC functionabhB97X was used, to
assess any possible effect of the functional orgéwenetry.

The excitation energy was calculated with the sametional. The predicted values are even
worse than those computed on the B3LYP structwe @GpteoB97X in Table 1).

The scenario seems to be reversed when we comipaitBrét transition of the absorption
spectrum of the A form of 3HF. Good or fairly gosidned errors are obtained for the CAM-
B3LYP, ®B97X and M062X functionals, whereas unsatisfact@sults (all lower than the
reference) are obtained for BSLYP and PBEO. Ttierdahows an absolute error close to that
of the ®B97X, while the B3LYP gives the worst agreementhvilie experiment (-0.38 eV).
For this excitation CAM-B3LYP and M062X have thesbperformances with a positive signed
error in the order of 19eV.

Such differences in the performance of the funeti®rtan be partially related to some error
compensation due to the particular functional fadhopted.

Another possible source of error is the basi€severgence. The excitation values for the N,
T, and A forms of 3HF were computed with four adshial basis, namely the 6-311+G(d,p),
6-311++G(d,p), 6-311++G(3df,3pd) and aug-cc-pvarhewith B3LYP, PBEO and theB97X
functionals, with the latter chosen as represarmgdtir the LC family. The absorption properties
were found to be almost completely insensitive hy @ncrease of the basis set. As a
consequence, the 6-31+G(d,p) was used for anywwltp calculation. The corresponding
results are reported in the Supplementary Data.

These results show how ambiguous is, in this dasegly on a simple comparison between
computed and measured excitation energies in @aodelnoose the best functional for all the
transitions of interest. A deeper investigationtto® nature of the excitations involved and on
how the used functionals can behave in treatingntiseneeded. To this aim we have analyzed
the electronic transition densities by means ohtiteral transition orbitals (NTOs) [69] for the
N, T and A species (Fig. 5).
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experimentally, while S2 is used for the secondditzon of the N form

The NTOs confirm ther” nature, especially for the first transition of th@nd of the A forms.
The NTOs have been computed with the PBEO/6-31@¥RICM method. No significant
difference was observed in the NTOs computed whith €CAM-B3LYP functional (see
Supplementary Data). Very interestingly, the shapéhese NTOs clearly show that the
character of the first transition is very simiia both the N and the A form of 3HF.
Therefore, the first transition in the N and A fostmould be described by the two families of
functionals (hybrids and LC) in a comparable way.

Conversely, the benchmark (see Table 1) showghkatC functional and the M06-2X seem
particularly well-suited to describe the absorptspectrum of the A form, but they are much
less accurate for both the transitions concerniigN state. BSLYP and PBEO behave, as
expected, in a similar way, with very good restotsthe N form and larger errors (around 0.3
eV) for the A absorption.



In view of these observations, no motivations are foundhiwose different functionals for
different transitions. The PBEO functional was @&mwoistead, since it shows in average the
best performance when both the N and the A forntansideredlt is worth mentioning that

a more careful analysis of the excited state ptmsemay reveal more refined differences
between the excitations in the N and A form andoiilaire hidden in the simple NTO inspection.
More specific techniques based, for example, orotteeparticle transition density matrix [70-
73] and indexes specially made for the characteoiz®f excited state transitions can strongly
enforce, or contradict, the arguments we usedérs#iection of the functional. Furthermore,
the representation of the anionic form may suffgroblems in its DFT description also in the
ground state, which would be reflected also ingth@tation properties. Such analysis, however,
is beyond the scope of this work.

From the data reported in Table 1 we can conclbde the PBEO/PCM results for the two
lowest excitations of the N form are in good agreetrwith the experimentally observed
absorption maxima. For the T form, whose experimeabsorption is not available, the
excitation energy is calculated to be very closeh&b of the anionic form. As far as the A form
is concerned, the experimental absorption bandousxd around 420 nm (2.95 eV, see
experimental part), quite far from the computedueabf 468 nm (2.65 eV). This computed
value is much more in agreement with the measuaée\vand the computed value for the free
anion in DMSO [14] as well as in basic conditiomgroother solvents [13].

Beside any previous observation about the choiceéheffunctional, another possibility to
explain the larger discrepancies observed witheetsio the experimental data is the presence
of specific solute-solvent interactions. In theecaf DMSO, for instance, it has been proposed
that a hydrogen bond is formed between the OH god3iHF and a DMSO molecule to form
a solute-solvent “complex”; similarly, it has beproposed that a hydrogen bond is formed
between the anionic form of 3HF and a protonatedSOVmolecule (DMSOH, to form
another solute-solvent “complex” [13]. The existert these complexes has been suggested
also by TD-DFT calculations from our groups [14]heT possible formation of similar
complexes has been also considered in the cadéFoiiBACN [12].

In the present work, the effect of specific solsidvent interactions was simulated by applying
the QM(ME)/PCM scheme to calculate the N and A falmsorption spectra. One ACN solvent
molecule was introduced in the QM region in twdetént configurations, as reported in Fig.
6. In the first configuration, the ACN nitrogendsectly oriented towards the hydrogen of the
OH group of 3HF. In the second configuration theN\@olecules is interacting with 3HF also

through aH>C-HIID=C hydrogen bond (Configuration 2). The rationaldgha$ choice is that

17



according to solvent and solute hydrogen bondiades¢c ACN is characterized by a relatively
high hydrogen bond accepting basicity and by aeqglotv, but non-zero, hydrogen bond
donating acidity ([12] and refs. therein). Thesadures have been optimized at the same level
of theory reported in Subsection 2.1.

The effect of these specific interactions seentsetoompletely negligible (in the order of 0.01
eV), as the computed absorption values are contpletaffected, remaining the same as that
computed in the QM/PCM scheme. We reported thelseesan table 2.

Fig. 6. The two possible configurations of 3HF interactihgbugh hydrogen bond(s) with one
explicit ACN molecule, therefore included in theagtum portion of the system for the
QM(ME)/PCM approach. Left panel: configuration hjyoone hydrogen bond, between the
3-OH group of 3HF and the nitrogen atom of ACN. Riganel: configuration 2, where two
hydrogen bonds are present: 340H, as in the left panel, and8&-HID=C (the methyl group

of ACN acting as a donor and the carbonyl of 3HR@&eptor). See text for further details.
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Fig. 7. 3HF anion interacting (as an acceptor) throughrégen bonds with two ACN
molecules (their methyl group being the hydrogendodonor). See text for further details.

Table 2.

Excitation energies computed for the two 3HF N @pnftions where a single ACN molecule
is included in the QM portion, as reported in Fég(See text and caption of Fig. 6 for the
definition of Configuration 1 and 2) and for thelywronfiguration of the A form with two
explicit ACN molecules included in the QM portiose€ Fig. 7). All values are computed at
the PBE0/6-31+G(d,p)/PCM level, and are reporteeMn

N A

Configuration 1 3.55 2.71
4.23 -
Configuration 2 3.56 -
4.19 -
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The same QM(ME)/PCM approach was applied to thernfof 3HF. Two ACN molecules
were included in the QM part, with the methyl hygias pointing towards the oxygen atoms
of 3HF anions where the highest charge densityldHay as the chemical intuition suggests
(see Figure 7). Two hydrogen bonds are therefaradd. As in the N form case, the inclusion
of few explicit solvent molecules in the QM regibas no significant effect on the absorption
properties, and in this case does not recoverdpdgtween the experiment and the simulation,
even though the excitation energy changes in tife direction, increasing to 2.71 eV. This
result can suggest that a larger network of soligatactions with 3HF could be the origin of
the experimentally observed, blue-shifted absonpbibthe A form.

As in the case of DMSO [14] the hypothesis of ¢ixestence of a complex formed by one
molecule of protonated solvent and the anionic fairthe 3HF was made, the ACNH
molecule being the result of a ground state intéemdar proton transfer from the N form of
3HF to the nitrogen of one ACN solvent moleculectssolute-solvent complex could be
predominant in solution (as hypotized for DMSO) #imerefore responsible for the absorption
band observed experimentally for the A form. Aatty observed in the case of DMSO [14],
such complex does not correspond to an energy raminwhen trying an optimization at
PBEO(ME)/PCM level. Without any constrain in thetiopzation procedure, the proton
artificially placed on the ACN molecule rapidly agkes back on the 3HF oxygen. The same
result is also obtained if two additional ACN mal&s are added (interacting through hydrogen
bonds with the two oxygens of the anion), see Sarpphtary Data.

More extended solute-solvent interactions involvimgre ACN solvent molecules around 3HF
may favour the ground state proton transfer, bcih sunalysis is beyond the scope of the present

work.

3.3 Emission simulation

The same procedure applied for the absorption éas barried out for the emission properties
of 3HF in ACN, relying on the same level of theagsessed for the absorption. In ACN, along
with 1T* fluorescenceIN* fluorescence can also be observed, as the fasmaf hydrogen
bonds between ACN and 3HF hampers ESIPT. We rd@IlACN molecules can act both as
acceptors and donors of hydrogen bonds. In Tatile 8xperimental fluorescence energies are

compared to those computed within the differentaodn schemes.
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Table3

Comparison between calculated and experimentalkamnis for the 3HF forms. All the reported
value are in eV, while the values in parenthesesranm. All computed values refer to the
PBEO0/6-31+G(d,p) level of theory.

Calculation Experiment
N 3.16 (392) 3.07 (404)
N (Configuration 1) 3.17 (391)
T 2.34 (530) 2.36 (525)
A 2.44 (508) 2.65 (468)
A (Configuration 1) 2.37 (523)

Very good agreement is found for the N form andThHerm (difference < 0.1 eV), whereas
for the A form a larger error, as for the absonmptiois observed, (0.21 eV).
When the QM(ME)/PCM results are considered, théupicremains unchanged. For the N
emission, we selected only one of the two soluteestt configuration optimized
(Configuration 1, see fig. 6), since the two couofagions are equivalent, as shown by their
equivalent absorption values. For the anion theergent with the experiment is slightly worse
compared to the QM/PCM value (which is alreadysadisfactory). As for the absorption, we
can speculate that a more refined inclusion ofe&uleffects, adding more “explicit” solvent
molecules (i.e. in the QM part), may recover asigeart of the gap between the experiment
and the calculations for the A form.

Finally, the effect of the functional on the georgetas tested also for the emission. The N and
A excited states were optimized at the (TD)PBEO1&>@I,p) level. Whereas the emission
computed for the N form remains almost the saneeethission of the A form becomes worse,

very close to the one reported in table 3. Thelteaue reported in Supplementary Information.

4. Conclusions

In this work, the absorption and emission propsrtiethe different forms of 3HF in ACN (N,
T, A) were studied, combining experimental and cotaponal methods. Differently from the
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situation found in another polar aprotic solventM®0O) only one anionic form — deriving from
partial solvent-induced deprotonation of the 3-Oblup of 3HF - has been detected.

We have selected an appropriate DFT exchange-atmel functional to compute the
absorption and emission properties of the N, T, Aridrms of the 3HF molecule, analyzing
the NTOs related to the transition of interest, aathparing the excitation energies with the
experimental values.

Our calculations match the experimental data iatsfactory way for the absorption of the N
form, and for the emission of both the T and N fer@n the other hand, the agreement is less
satisfactory for the A form. This can be attributedsome specific solute-solvent interactions
not considered in our QM/PCM and QM/ME/PCM models.

Further studies are needed in this direction. Asiixds computational approach to investigate
more in details effects induced by the structureghaf solvent around 3HF is a QM/MM

approach.
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