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A R T I C L E  I N F O   

Keywords: 
Electron affinity 
Anion photoelectron spectroscopy 
Phenoxy radical 
Fluorination 
Fluorine chemistry 

A B S T R A C T   

The site-specific fluorination of organic compounds can alter their electron affinity, EA, which in turn can be used 
to control their reactivity, physical properties, or binding affinities. Using anion photoelectron spectroscopy, we 
show that for the multiply fluorinated phenoxy radical, the change in EA is predominantly additive per fluori-
nation and can be predicted by the simple formula: ΔEA =

∑
iΔEAi − ΔEAC, where the numeric index i indicates 

the positions of fluorination. A small cooperative effect, ΔEAC, destabilizes the anion, but this only accounts for 
11 % of the total ΔEA, in the extreme case of pentafluorophenolate. Our experimental results are consistent with 
those calculated using density functional theory, demonstrating the suitability of electronic structure calculations 
in the prediction of fluorination effects, for practical use in the synthetic design of organofluorines.   

Fluorinated organic molecules are commonly utilized in medicinal, 
agricultural, and materials chemistry [1–5]. The fluorine atom has a 
similar van der Waals’ radius to hydrogen but is far more electronega-
tive [6,7], allowing fluorination to influence the electronic structure of a 
molecule with minimal steric effects. Selective fluorination has been 
used to tune the chemical properties of compounds, including the 
electron affinity (EA) [8–10]. This has consequences for leaving groups 
in SN2 and E2 reactions [11], the electron transport properties of mo-
lecular electronics [12–15], and binding within macromolecular envi-
ronments (e.g. through anion-π bonding) [16,17]. Indeed, several 
synthetic methodologies have been developed that utilize the influence 
that fluorinated moieties can have on adjacent functional groups [11,18, 
19]. For example, as schematically shown in Fig. 1, the use of semi- and 
per-fluorinated phenolic functionality to both generate activated esters 
and to act as good leaving groups for conjugation chemistry has been 
widely employed to access novel small molecules [20,21], peptides [22, 
23], supramolecular architectures [24] and polymers [25,26]. Under-
standing exactly how selective fluorination tunes the EA is therefore a 
potentially powerful tool in predicting chemical, biological, or physical 
outcomes and is key to developing structure-function relationships. To 
this end, in the present study, we use photoelectron spectroscopy to 
systematically study the effect of selective fluorination on the EA of the 
phenoxy radical to form phenolate, showing that fluorination at the 2-, 
3-, and 4-positions of the phenol ring leads to distinct and predictable 
increases in the EA, and that the contributions of each individual sub-
stitution are almost purely additive. 

The EA can be accurately quantified through anion photoelectron 
spectroscopy [27] and previous measurements have shown that fluori-
nation generally leads to a larger EA [10,28–30] due to the 
electron-withdrawing character of F aiding delocalization of the excess 
charge in the anion. Recently, the relationship between the EA and 
fluorination has been further explored in fluorophenyl radicals 
(•C6H5− xFx). The EA was observed to increase linearly with a greater 
degree of fluorination, site-selective fluorination was noted, and the 
reactive center on the anion versus the radical was observed to differ 
[31,32]. In the present study, we focus on the phenoxy radical, C6H5O•, 
and consider its EA upon regioselective fluorination and therefore upon 
the stability of the phenolate anion. Phenolate is a key component of 
many biological (and synthetic) chromophores, such as tyrosine and in 
photoactive proteins [33–35]. Based on considerations of the available 
resonance Lewis structures of phenolate, the negative charge localizes 
predominantly on the oxygen atom, as well as the carbon atoms in the 
2/6 and 4 positions. One may therefore expect the electronic properties 
of the phenolate anion to be sensitive to both the position and degree of 
fluorination. 

We probe the effect of fluorination on the EA of the phenoxy radical 
through photoelectron spectroscopy of the phenolate anion (PhO− ) and 
its monofluorinated derivatives: 2-, 3-, and 4-fluorophenolate (2-MFP− , 
3-MFP− , 4-MFP− ). In order to understand whether the effect of multiple 
fluorinations is additive, we also studied fluorophenolates with a higher 
degree of fluorination: (2,3,4)-, (2,4,6)-, and (3,4,5)-trifluorophenolate 
(2,3,4-TFP− , 2,4,6-TFP− , 3,4,5-TFP− ), and the perfluorinated species, 
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pentafluorophenolate (PFP− ). Taken together, composite fluorination 
effects could therefore be unpacked into their individual contributions. 

Photoelectron spectra of PhO− and the fluorophenolate anions were 
acquired with nanosecond laser pulses. The photon energy hν was tuned 
between the visible and UV ranges to slightly exceed the onset of 
photoelectron detachment for each anion, enhancing the observed 
vibrational structure in the spectra (experimental details are given in the 
Supplementary Information). We first focused on the singly fluorinated 
species (2-, 3-, and 4-MFP− ) and their comparison to PhO− . The 
photoelectron spectra are shown in Fig. 2, presented in terms of electron 
binding energy, defined as eBE = hν − eKE, where eKE is the electron 
kinetic energy. The photoelectron spectrum of PhO− is well-studied 
[36–41], and the peak centered at eBE = 2.25 eV (marked with a 
black arrow) corresponds to the 0–0 transition for direct photodetach-
ment of the ground-state phenolate anion, forming the neutral radical 
species in its ground electronic state (S0 + hv → D0 + e− ). Vibrational 
structure appears throughout the feature, which has been characterized 
in earlier high-resolution photoelectron spectroscopic studies [38]. 
Photoelectron signal on the low-eBE side of the 0–0 transition arises 
from hot-bands. Our resolution in determining the 0–0 transition is 
±0.02 eV and is similar for all fluorinated species studied. The 0–0 
transition is a direct measurement of the EA of the corresponding 
radical. 

The 0–0 transition, labeled with colored arrows, is also observed 
from the three monofluorophenolates, but has shifted to a higher eBE in 
each case. This indicates that fluorination indeed increases the EA of the 
phenoxy radical, but to a different extent depending on the regio-
chemistry of fluorination. To ensure the correct identification of the 0–0 
transition, complimentary vibronic spectra were computed using den-
sity functional theory (DFT), which are shown in the Supplementary 
Information and demonstrate excellent overall agreement. 

From the 3-fluorophenolate spectrum, we find that 
EA3-MFP = 2.53 eV compared to the phenoxy radical EAPhO = 2.25 eV. 
Therefore, the change in electron affinity associated with fluorination at 
the 3-position (meta) ΔEA3 =+0.28 eV. Of course, this is the same as the 
5-position: ΔEA3 = ΔEA5 = ΔEA3/5. Fluorination at the 2/6- (ortho) or at 
the 4-position (para) also increases the EA but to a lesser degree, and 
their influences can be quantified from Fig. 2 as ΔEA2/6 = +0.18 eV and 
ΔEA4 =+0.05 eV, respectively. In each case, the fluorine atom acts as an 
electron-withdrawing group, aiding delocalization of the excess nega-
tive charge in the anion. Substitution in the 3/5-position stabilizes the 
anion most effectively, consistent with other observations on the 

Fig. 1. Schematic showing the importance of fluorinated phenolate anions as part of fluorophenyl esters. The phenolate anion capacity as a good leaving group 
depends on the electron affinity of its radical. 

Fig. 2. Photoelectron spectra of phenolate (PhO− ) and fluorophenolate anions, 
acquired with nanosecond laser pulses in the UV–vis region. The three possible 
MFP anions were studied, labelled by their fluorination sites and discriminated 
by color: 2 (green), 3 (blue), and 4 (red). Three TFP anions were also studied: 
2,4,6 (green), 2,3,4 (purple) and 3,4,5 (blue); as well as PFP− . Vertical arrows 
indicate the position of the extracted electron affinity (EA) for each species. 
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substituted phenolate (and halobenzyl) anions [42–45]. 
Fig. 2 also displays the photoelectron spectra acquired from the tri- 

and penta-fluorophenolate anions. It is apparent that the EA continues to 
increase with an increasing degree of fluorination. The less resolved 
vibrational structure exhibited in these species (especially 2,4,6-TFP− ), 
as well as the presence of hot-bands, made determination of the 0–0 
transition energy less obvious. Nevertheless, confident assignment was 
still possible with the assistance of computations (see Supplementary 
Information). The successive increases in EA with fluorination culmi-
nates in EAPFP = 3.12 eV for PFP, which is nearly 1 eV higher than the 
non-fluorinated phenoxy radical. We noted that low-energy electrons 
(eBE ~ hν) are observed in the photoelectron spectra of the TFPs, 
particularly in 3,4,5-TFP− . These electrons arise from thermionic 
emission processes, suggesting that an excited state of the anion is being 
populated at the applied photon energies [46–48]. The excitation energy 
has been shown to depend on the degree of fluorination in earlier 
photoelectron spectroscopic studies on the 3,5-difluorophenolate anion 
[49], and the role of site-specific effects will be the topic of a future study 
where such optical properties can be systematically tuned. 

From the results of the monofluorophenolate anions, it was shown 
that fluorination at the 3- or 5-position (meta) has a more stabilizing 
effect on the phenolate anion than does 2- or 6-fluorination (ortho). 
Comparison between the EA of 2,4,6-TFP− and 3,4,5-TFP− further cor-
roborates this finding. The change in electron affinity associated with 
(2,4,6) fluorination is ΔEA246 = +0.38 eV, whereas (3,4,5) fluorination 
exerts a larger effect of ΔEA345 = +0.57 eV. As expected, (2,3,4) fluo-
rination had a medial effect of ΔEA234 = +0.47 eV. The resulting trends 
suggest that the effects of each individual fluorination may be inde-
pendent of any others on the aromatic ring. To investigate further, we 
compared ΔEA values associated with the multiply fluorinated species to 
the sum of the individual values associated with the corresponding MFP 
molecules, ΔEAi, where index i labels the position of monofluorination. 
For example, ΔEA234 was compared to ΔEA2/6 + ΔEA3/5 + ΔEA4. The 
comparisons are displayed as a bar-chart in Fig. 3, where the measured 
increase in EA associated with the multiple fluorinations (i.e., ΔEA of the 
TFP− and PFP− anions) is denoted ΔEA*. Fig. 3 shows that, in each case, 
the sum of the individual ΔEAi that make up the tri- and penta-
fluorinated phenoxy radicals account for most its ΔEA*, demonstrating 
that the increase in EA due to fluorination of the aromatic ring is mostly 
additive. Nevertheless, a small additional contribution arises which is a 

counteracting contribution that lowers the EA (i.e., a negative ΔEA 
contribution). 

For the three TFP− species, the measured ΔEA* is 6–7 % lower than 
the summed ΔEAi contributions. The origin of this non-additive desta-
bilizing effect can be rationalized as follows. In going from phenolate to 
monofluorophenolate anions, the electron density on the aromatic ring 
is withdrawn by the electronegative fluorine atom. The two additional 
fluorine atoms present in the TFP− anions also act to withdraw the 
electron density, but there is less partial negative charge to be with-
drawn from the ring, and therefore further fluorination results in slightly 
less stabilization of the anion per additional F atom introduced. The 
effect is further exacerbated in PFP− , where five fluorine atoms act to 
simultaneously withdraw the electron density, and therefore the ΔEA* 
of PFP− shows the greatest deviation to the summed ΔEAi contributions 
(11 %). This cooperative effect, ΔEAC, is small compared to the total 
stabilization that each fluorine atom provides and, to a first approxi-
mation, it is sensible to consider the stabilization arising in the poly-
fluorinated phenolate species to the additive contributions from 
component fluorinations. Within this approximation, the effect of fluo-
rination on the electron affinity of the phenoxy radical is shown picto-
rially in Fig. 4. Our findings can be summarized by the following 
equation: ΔEA* =

∑
iΔEAi − ΔEAC, where index i runs over each fluo-

rinated site in a multiply fluorinated phenoxy radical. 
The EA of each fluorophenoxy radical was also calculated using DFT 

applied at the B3LYP/aug-cc-pVTZ level (details in Supplementary In-
formation) [50,51]. All the calculated EA values were found to be in 
excellent agreement with the experiments, lying between 0.03 and 0.05 
eV lower in energy than the experimentally determined values (see 
Table S1 in the Supplementary Information). The effects of fluorination 
on the EA are captured very well within the DFT calculations. Therefore, 
one can have confidence in using computational chemistry to guide 
chemical design, at least for phenolate anions. A comparison between 
the calculated ΔEA* and sum of calculated individual contributions, 
ΔEAi, is also included in the Supplementary Information, and shows 
good agreement with the results displayed in Fig. 3. In addition, natural 
population analysis was applied to probe further into the cooperative 
effect ΔEAC, described above. As expected, each additional fluorine 
atom acts to withdraw electron density from the aromatic ring. How-
ever, on average, the natural partial charge associated with the fluorine 
atoms becomes less negative with an increasing degree of fluorination. 
This indicates that the electron-withdrawing capability of each indi-
vidual fluorine atom is reduced when there are other fluorine atoms on 
the ring, consistent with our intuition-based explanation of the coop-
erative effect. 

In conclusion, we demonstrate that the electron binding properties of 
the phenolate anion are sensitive to the degree and position of fluori-
nation. Moreover, the effect on the electron affinity from multiple 
fluorinations can be treated as independent from one another, with the 
caveat being that there is a small reduction in the effectiveness of anion 

Fig. 3. The experimentally determined difference in electron affinity (EA) be-
tween phenoxy (PhO) and the multiply fluorinated fluorophenoxy species, 
ΔEA* (gray). These are compared to the EA differences between PhO and the 
MFP species which contain the corresponding fluorination sites, which is 
denoted ΔEAi where the index i indicates the fluorination site (2/6 in green, 3/5 
in blue, or 4 in red). 

Fig. 4. Schematic showing the approximate effect of fluorination in position i 
on the electron affinity (EA) of the phenoxy radical. In this approximation, the 
small cooperative effect has been ignored. 
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stabilization per incrementally added F atom. In the perfluorinated 
phenolate, the change in EA predicted from the independent treatment 
differs to the measured value by only 11 %. Electronic structure calcu-
lations (DFT) were found to replicate the stabilizing effects of fluorina-
tion. Taken together, this study demonstrates the predictability in 
fluorination effects on the EA of a small aromatic molecule and em-
phasizes the tunability of selective fluorination. It offers clear and 
straightforward design routes to synthetically increase the stability of 
anions through fluorination for applications in various branches of 
chemistry including synthetic methodology, materials chemistry, and 
bio/medical chemistry. For example, with reference to Fig. 1, the SN2 
rate can be increased by virtue of the more stable phenolate anion upon 
fluorination, offering a direct route to controlling chemical reactivity. In 
extreme cases, fluorination has also been predicted to lead to the for-
mation of organic superhalogens, where the EA is larger than halogen 
atoms [8,9]. 
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[16] C.S. Anstöter, J.P. Rogers, J.R.R. Verlet, J. Am. Chem. Soc. 141 (2019) 6132–6135. 
[17] D.-X. Wang, M.-X. Wang, Acc. Chem. Res. 53 (2020) 1364–1380. 
[18] E. Bogdan, G. Compain, L. Mtashobya, J.-Y. Le Questel, F. Besseau, N. Galland, 

B. Linclau, J. Graton, Chem. Eur. J. 21 (2015) 11462–11474. 
[19] W.D.G. Brittain, S.L. Cobb, J. Org. Chem. 85 (2020) 6862–6871. 
[20] B.G. Avitabile, C.A. Smith, D.B. Judd, Org. Lett. 7 (2005) 843–846. 
[21] H. Li, Y. Hou, C. Liu, Z. Lai, L. Ning, R. Szostak, M. Szostak, J. An, Org. Lett. 22 

(2020) 1249–1253. 
[22] M. Meldal, K.J. Jensen, J. Chem. Soc., Chem. Commun. (1990) 483–485. 
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