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Abstract 

The dynamics of photoinduced O–H bond fission in five fluorinated phenols (2-fluorophenol, 

3-fluorophenol, 2,6-difluorophenol, 3,4,5-trifluorophenol, and pentafluorophenol) have been 

investigated by H Rydberg atom photofragment translational spectroscopy following excitation at 

many wavelengths in the range  220    275 nm. The presence of multiple fluorine substituents 

reduces the efficiency of O–H bond fission (by tunneling) from the first excited (11*) electronic 

state, whereas all bar the perfluorinated species undergo O–H bond fission when excited at shorter 

wavelengths (to the 21* state). As in bare phenol, O–H bond fission is deduced to occur by non-

adiabatic coupling at conical intersections between the photoprepared ‘bright’ * states and the 

11* potential energy surface. In all cases, the fluorophenoxyl photoproducts are found to be 

formed in a range of vibrational levels, all of which include an odd number of quanta (typically 

one) in an out-of-plane (a″) vibrational mode; this product vibration is viewed as a legacy of the 

parent out-of-plane motions that promote non-adiabatic coupling to the dissociative 11* 

potential. The radical products also show activity in in-plane vibrations involving coupled (both 

in- and out-of-phase) C–O and C–F wagging motions, which can be traced to the impulse between 

the recoiling O and H atoms and, in detail, are sensitive to the presence (or not) of an intramolecular 

F‧‧‧H–O hydrogen bond. Upper limit values for the O–H bond dissociation energies are reported 

for all molecules studied apart from pentafluorophenol.  
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1. Introduction 

As the chromophore of the amino acid tyrosine, the response of phenol (PhOH) to ultraviolet (UV) 

irradiation has long been seen as important for our understanding of biological photochemistry. It 

is theorized that the photostability of tyrosine arises, in part, from the availability of an excited 

state relaxation channel in the phenol moiety wherein O–H bond extension facilitates non-radiative 

decay back to the ground state.1-4 This bond extension and complete O–H bond fission in such 

molecules has thus been the subject of extensive study, both experimentally5-21 and 

computationally.1, 22-33  

Experimental studies have shown that the photodissociation of phenol following excitation at 

wavelengths  ~270 nm proceeds via excitation from the ground electronic state, S0, to the first 

excited singlet state, S1, which has 1ππ* character in the Franck-Condon (FC) region. The molecule 

then internally converts to the S2 state, which has substantial 3s Rydberg character in the FC region 

but, on extension along the O–H bond coordinate (RO–H), develops into a dissociative 1πσ* state.  

Figure 1 shows schematic cuts through these potential energy surfaces, along RO–H, for planar 

geometries. When phenol is excited at wavelengths () shorter than ~248 nm, the molecule has 

sufficient energy to couple through the S2/S1 conical intersection (CI). At longer wavelengths, 

however, close to the S1←S0 origin ( ~275 nm), dissociation instead proceeds by tunneling 

through the barrier under this CI.13, 14 Recent time-resolved studies have suggested that excitation 

of specific vibrational modes in the S1 state molecule can increase this tunneling rate, although 

there remains some disagreement as to which modes lead to the largest rate enhancements.18, 20 In 

Figure 1 and in the following discussion, we maintain consistency with the labelling scheme used 

in several previous studies for the electronic states of phenol, wherein the labels S1, S2, and S3 are 

treated as synonymous with, respectively, the diabatic 11ππ*, 11πσ*, and 21ππ* state descriptors.7 

This runs counter to the more traditional use of labels like Sn as adiabatic state descriptors. The 

two approaches return equivalent state labels in the FC region, but not at extended RO–H bond 

lengths. 

Previous studies have also investigated how a variety of substituents on the phenyl ring affect the 

photoinduced O–H bond fission.2, 3, 10, 13, 15, 34-40 Here, we explore how selective fluorination of the 

ring affects photoinduced O–H bond fission in phenol, both in terms of the number and position 

of fluorine atoms. The effect of multiple fluorination of aromatic molecules, culminating in the 
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perfluoro effect, has been the subject of research interest for many years.41-46 The changes upon 

progressive fluorination of aromatic molecules manifest, among other ways, in the loss of detailed 

structure in UV absorption spectra,42 in the reduction of fluorescence yields alongside shortened 

lifetimes,43, 45 and, in the case of phenol, in a significant increase in acidity.44 One of the 

fundamental changes contributing to these effects is the preferential stabilization of σ orbitals 

relative to π orbitals by multiple fluorine substituents.41 In pentafluorophenol (PFP), this leads to 

low-lying 1πσ* states with C−F σ* character, which may fundamentally change the response of 

the molecule following absorption of UV light.45 

This paper reports new H Rydberg Atom Photofragment Translational Spectroscopy (HRA-PTS) 

results following photoexcitation of several different fluorophenols at many different UV 

wavelengths in the range 220    275 nm and draws comparisons between these molecules and 

with bare phenol itself. To study the effects of substituent location, the photodissociations of 2- 

and 3-fluorophenol (2FP and 3FP respectively) have been investigated, and results compared with 

existing data on 4-fluorophenol (4FP).34, 37 The effects of increased fluorination have then been 

probed by recording HRA-PTS spectra for 2,6-difluorophenol (26DFP), 3,4,5-trifluorophenol 

(345TFP), and pentafluorophenol (PFP). The structures of these molecules are all shown in the 

lower part of Figure 1. As in the original HRA-PTS studies of bare phenol,7 analysis of the new 

data suggests that – in all cases – the radical fragments resulting from O–H bond fission are formed 

in levels with a″ vibrational symmetry. Such energy disposal has been rationalized previously by 

assuming the product vibration to be a legacy of the parent nuclear motion (of a″ symmetry) 

required to promote non-adiabatic coupling between the optically bright 11ππ* or 21ππ* states 

(both of which have 1A′ electronic symmetry) and the dissociative 11πσ* state (with 1A″ electronic 

symmetry), but a complete understanding of this dissociating dynamics remains an ongoing 

challenge.33   
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Figure 1 – Top: Schematic representation of cuts through the diabatic potential energy surfaces of the 

ground and first few excited singlet states of phenol along the O–H stretching coordinate, RO–H. The 

crossings which develop into conical intersections when motion in other dimensions is considered are 

indicated. Bottom: Structures of phenol and the fluorophenols studied in this work. 

2 Methods 

2.1 Experimental methods  

The HRA-PTS apparatus has been described in depth previously,47, 48 and therefore only a brief 

summary, and the details specific to these experiments, will be recounted here. Samples of PhOH, 

PFP (both ≥99% purity), 2FP, 3FP, and 26DFP (all 98% purity) were purchased from Sigma-

Aldrich, while 345TFP (97%) was acquired from Fluorochem. The compounds are all either 

liquids (2FP and 3FP) or low melting-point solids (PhOH, 26DFP, 345TFP, and PFP). In order to 

seed these molecules in a molecular beam, a sample of the solid, or of glass wool soaked in the 

liquid, was enclosed in a reservoir and heated (to between 30 and 70°C, depending on the 

molecule) to ensure a sufficient vapor pressure. Argon gas at a pressure of 1 bar (for solids) or 

2 bar (for liquids) was passed through this reservoir and into the vacuum chamber using a pulsed 

valve (General Valve Series 9). The resulting jet was skimmed to create a molecular beam in the 

interaction region. 
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The target molecule was then dissociated using the frequency-doubled output from a tunable dye 

laser in the 220–275 nm wavelength range, and the resulting hydrogen atoms excited to high-lying 

Rydberg states (with principal quantum number, n ~80) using a 1 + 1' photoexcitation process 

comprising one photon at the Lyman-α wavelength ( = 121.6 nm), followed by a second photon 

with  ~364.6 nm. Those Rydberg-tagged atoms which recoil in the appropriate direction travel 

along a drift tube to the detector after passing through an electrical field (~50 V cm–1) to remove 

any ions which are formed. Once these atoms pass through the grounded grid positioned close in 

front of the detector, they are field-ionized and the resulting protons are detected by a pair of 

microchannel plates, and their times-of-flight (TOFs) recorded. The distance between the 

interaction region and the detector (~0.61 m) was determined precisely by measuring H atom TOF 

spectra from the well-characterized photodissociation of H2S in this same wavelength range,49 

thereby allowing determination of the H atom velocities and, by momentum conservation, the total 

kinetic energy release (TKER). All spectra were recorded with the polarization of the photolysis 

laser radiation perpendicular to the detection axis (the default orientation for the photolysis laser). 

Signal-to-noise ratio limitations prevented reliable measurement of recoil velocity anisotropy data. 

2.2 Computational methods 

The ground state equilibrium structures and vibrational wavenumbers of the molecules of current 

interest and of the radicals formed by O–H bond fission, and the parent O−H bond dissociation 

energies, were calculated at the density functional theory (DFT) level50, 51 using the B3LYP 

functional52-54 and Dunning’s aug-cc-pVTZ basis set.55-57 When determining the strength of O–

H···F hydrogen bonding, and calculating vibrational constants for 2FP and 26DFP where such 

intramolecular bonding is relevant, Grimme’s dispersion correction with Becke-Johnson damping 

was used.58 All calculations were carried out using the Gaussian 09 software package.59  

 

3 Results and Discussion 

3.1  Electronic absorption spectra 

Room temperature UV absorption spectra were recorded for PhOH, 2FP, 3FP, 26DFP, 345TFP, 

and PFP in cyclohexane solution, and are shown in Figure 2. All show an obvious absorption band 

at wavelengths ~260–280 nm, which gives way to a region of almost zero absorbance at ~240 nm 
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in all molecules except PFP followed, in all cases, by another region of strong absorption peaking 

at ~220 nm. The two strong absorption features in phenol are traditionally associated with 

excitation to the 11* and 21* states, respectively, both of which can predissociate by coupling 

to the 1* continuum. The spectra for PhOH and PFP shown in Figure 2 are similar to the room 

temperature vapor phase spectra reported by Karmakar et al.,45 and show the same pronounced 

differences upon perfluorination. 

 

Figure 2 – UV absorption spectra recorded for phenol (PhOH), 2-fluorophenol (2FP), 3-fluorophenol 

(3FP), 2,6-difluorophenol (26DFP), 3,4,5-trifluorophenol (345TFP), and pentafluorophenol (PFP) in 

cyclohexane solution 

Even at room temperature, the long wavelength feature in the absorption spectrum of phenol shows 

pronounced vibronic structure (which sharpens further into resolvable rovibronic features in the 

jet-cooled gas phase spectrum60), but these peaks become less sharp as the number of fluorine 

substituents increases and eventually disappear in 345TFP and PFP. This is consistent with the 
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reported loss of structure in the gas phase absorption spectra of benzene under increasing 

fluorination42 and, in part, likely reflects the increase in spectral congestion that accompanies the 

increasing number of, and activity in, low frequency vibrational modes, although the recent study 

of PFP suggests that the congestion is exacerbated by the presence of additional intensity 

associated with the 1πσC–F* excited states.45 Such behavior is similar to that found for the 

fluorobenzenes (C6FnH6-n), where the energies of 1πσC–F* excited states are deduced to become 

comparable to (or even below that of) the lowest 1ππ* state once n  5.43 

3.2 Effect of position on O–H bond fission in singly fluorinated phenols 

To explore the effects of fluorination, it is useful to disentangle differences which result from 

changes to the electronic structure of the aromatic system due to the stabilization of σ* orbitals by 

the introduction of fluorine, from those which result from other causes. Specifically, it is possible 

for fluorine atoms in the ortho position to form intramolecular hydrogen-bonds with the hydroxyl 

group, and, to determine whether this inhibits photodissociation, the HRA-PTS spectra of 2FP and 

3FP were compared. In chlorophenol, for example, the strength of intramolecular H-bonding (in 

the S0 state) leads to an O–H bond dissociation energy in the ortho-isomer that is >400 cm-1 greater 

than that in the meta-isomer, despite the greater resonance stabilization of the ortho-radical product 

(as evidenced by analogous studies of the para-isomer).40 

The photodissociation dynamics of 3FP (and 4FP) have been studied by HRA-PTS,37, 39 but 

previous attempts to conduct such experiments on 2FP were unsuccessful. A recent publication by 

Deng et al., however, suggests that both 3FP and 2FP exhibit photofragmentation dynamics 

reminiscent of those of bare phenol, including an essential rôle for tunneling in dissociation from 

low-lying S1 levels.61 In what follows, these data are discussed first, before progressing through 

the increasingly fluorinated parents. TKER spectral assignment was guided by knowledge of the 

calculated wavenumbers (with anharmonic corrections) of all vibrational modes of each of the 

ground state parent molecules investigated, and the corresponding ground state radical fragments 

formed upon O–H bond fission.  The results of these calculations are available in Tables S1 – S9 

in the Supplementary Information (SI). 
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3.2.1 3-Fluorophenol 

HRA-PTS spectra from dissociation of 3FP were recorded following excitation both at energies 

within the S3←S0 absorption (in the 220–230 nm range), well above the S2/S1 CI, and on individual 

vibronic peaks within the previously-observed S1←S0 resonance-enhanced multiphoton ionization 

(REMPI) spectrum.39 A selection of these TKER spectra are shown in Figure 3, and the remainder 

are collected in Figure S1 in the SI. All the spectra show a broad, smooth feature rising at low 

kinetic energies. Such signals have been observed in many previous experiments involving a range 

of polyatomic hydrides and are generally attributed to processes where the electronically excited 

parent internally converts to vibrationally hot S0 levels and then loses an H atom, or to processes 

involving multiple photons.7, 11, 21, 34, 40, 47, 48, 62-64 Of greater current interest, the spectra also show 

a number of well-resolved peaks at higher TKER values, the positions and relative intensities of 

which vary with the photolysis wavelength. For completeness, we note that the TKER spectra 

recorded at the longest excitation wavelengths (i.e. when exciting low vibronic levels in the S1 

potential well) also show a weak tail extending to much higher kinetic energies, consistent with 

unintended resonance enhanced two photon excitation via these S1 levels and subsequent 

dissociation, as observed previously in other phenols with relatively long-lived S1 states.7, 39, 61 
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Figure 3 – Total Kinetic Energy Release spectra derived from H atom TOF spectra measured following 

photodissociation of 3-fluorophenol at the indicated wavelengths. 

To aid comparison, it is helpful to transform spectra recorded at different photon energies into 

internal energy space using equation 1: 

 𝐸int = ℎ𝜈 − TKER − 𝐷0(O–H), (1) 

where Eint is the internal energy of the 3-fluorophenoxyl (3FPyl) co-fragment, hν the photon 

energy, and D0(O–H) the dissociation energy of the O–H bond which in initial analyses is 

estimated, then refined to a value consistent with the experimental evidence. The internal energy 

in the jet-cooled parent molecule is (implicitly) assumed to be negligible. Plotting spectra using 

this transformed scale ensures that peaks corresponding to products in the same vibrational state 

align vertically, allowing for simple comparison. Figure 4 shows Eint spectra obtained following 

excitation on three peaks in the 1+1 REMPI spectrum of 3FP and two exemplar spectra at shorter 

wavelengths, calculated using the D0(O–H) value determined below.  
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Figure 4 – HRA-PTS spectra from the photodissociation of 3-fluorophenol at the indicated wavelengths, 

plotted on an internal energy scale. The conversion from TKER to Eint was performed assuming 

D0(3FPyl–H) = 29836 cm-1. Combs indicate the assignment of peaks to vibrational modes of the 

3-fluorophenoxyl radical labelled in Herzberg notation, with dashed vertical black lines drawn to highlight 

the energies of the different a″ modes populated in the radical products formed at the different wavelength 

regions and the dashed vertical gray line to highlight the absence of radical products with Eint = 0. 

3-Fluorophenol exists as a mixture of two conformers, syn and anti, which differ according to 

whether the hydroxyl bond is oriented, respectively, towards or away from the fluorine atom.65-68 

Spectra were recorded when exciting at the S1←S0 origin band of each conformer, and the 

difference in internal energy between corresponding product peaks found to be smaller than the 

peak widths. Furthermore, at shorter wavelengths, there is no discernible separation into peaks 

corresponding to the two parent conformers. The energy difference between the different 

conformers in the S0 state is thus assumed to be negligible for the purposes of this work – consistent 

with MP2 estimates from Moreira et al.66 which suggest an energy splitting less than ~70 cm-1 (i.e. 

within the peak widths in the TKER spectra shown in Fig. 4). 

The spectra in Figure 4 closely resemble those published previously39 (except for a reported 

spectrum at a photolysis wavelength of 270.67 nm, which could not be reproduced in the present 
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study) but show improved resolution which allows more detailed analysis. The main insight 

provided by the present spectra is that the peaks observed at the highest TKER (lowest Eint) in the 

short and long wavelength spectra do not correspond to the same product states, as previously 

assumed. As Figure 4 shows, these peaks fall at similar, but discernibly different, Eint values. Thus 

we conclude that the fastest H atoms formed by photolysis within at least one wavelength region 

(i.e. within either the long or short wavelength absorption bands) must be partnered by 

3-fluorophenoxyl (3FPyl) radicals that are not in their ground vibrational states – mimicking 

findings from previous photofragmentation studies of phenol and its derivatives, where the 

phenoxyl products were found to be formed in states carrying an odd number of quanta in out-of-

plane vibrational modes.7, 34 Dixon et al. have discussed how activation of such out-of-plane (aʹʹ) 

vibrational motion in the radical product derives from the symmetry requirements accompanying 

non-adiabatic coupling between at the S2(
1Aʹʹ) and S1(

1Aʹ) states at the S2/S1 CI,14 but the detailed 

mechanism(s) underpinning this energy disposal remain a topic of intense theoretical research.33    

In phenol and several para-substituted derivatives, the out-of-plane motions identified in the 

products formed when exciting at energies below and above the S2/S1 CI are the modes labelled 

16a and 16b 7, 34, 64 (in Wilson notation69). Data on asymmetrically substituted phenols are more 

limited, as previous studies did not resolve an Eint difference in the products formed when exciting 

in the two wavelength regimes – reflecting inadequate experimental resolution, or that one parent 

mode could provide the dominant inter-state coupling in both regimes.39, 40, 64  

By fitting the highest TKER peaks from the long- and short-wavelength spectra (ignoring, for now, 

the weak peaks seen at Eint ~450 cm-1 in some of the former), the separation between these hitherto 

unresolved peaks is ~120 cm-1 – as shown by the difference (indicated by the horizontal arrows) 

between the dashed vertical black lines aligned through the centers of the respective peaks in 

Figure 4. Comparing with the wavenumbers listed in Table S3, this ~120 cm−1 interval is seen to 

match well with the difference between radical modes ν23 (889 cm-1) and ν25 (771 cm-1) (in 

Herzberg notation70), both of which involve out-of-plane wagging of the C–H bonds and are 

orthogonal to the O–H stretch coordinate. The corresponding parent modes are ν25 and ν27 (with 

ground state wavenumbers of 878 cm-1 and 769 cm-1, see Table S1) and the present data hint that 

the former motion may be the more effective at promoting non-adiabatic coupling when 

approaching the S2/S1 CI from higher energy whereas motion in S1 state parent mode v27 may be 
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more beneficial for tunneling through the barrier beneath it. These and other assigned radical 

modes are shown in Figure S2. One other feature of the spectra shown in Figure 4 merits note – 

namely the tail of signal intensity evident at nominally negative Eint values in spectra obtained at 

long excitation wavelengths, which is absent in the spectra recorded at short excitation 

wavelengths. Such tails correspond to very high TKER fragments, such as are formed by two 

photon excitation processes – which show with greatest probability in the cases of molecules with 

long-lived, resonance enhancing S1 states. The non-observation of any such signal at TKERs 

greater than permissible by one photon energy conservation when exciting at short wavelengths 

implies that non-adiabatic coupling following photoexcitation of the S3 state is efficient and fast.  

The improved energy resolution of the present experiments also allows detection and identification 

of weaker peaks in the TKER spectra recorded at longer excitation wavelengths, including one 

associated with H-atoms travelling slightly faster than those associated with co-fragments in the 

v25 = 1 state. The Eint value of the peak that is most obvious in the spectrum taken at  = 267.92 nm 

matches well with that of the out-of-plane radical mode ν28 (425 cm-1), hinting that the 

corresponding parent motion (v30) may also help promote tunneling through the barrier beneath 

the S2/S1 CI. Such would not be unprecedented: previous phenol photodissociation studies 

identified similar weak features corresponding to a second radical mode of aʹʹ symmetry that could 

plausibly indicate the operation of a second parent coupling mode.7 

The remainder of the peaks in the HRA-PTS spectra shown in Figures 4 and S1 can be assigned 

to combination bands involving one quantum of the a″ product mode in combination with different 

numbers of quanta in in-plane modes ν19 (501 cm-1) and ν21 (342 cm-1), as illustrated by the combs 

arranged above the longer wavelength spectra in Figure 4. These two modes are, respectively, the 

in- and out-of-phase in-plane wagging motions of the C–O and C–F bonds, as shown in Figure S2, 

which are logically activated by the recoil of the departing H atom on the pendant O atom. More 

extensive progressions in these in-plane modes are seen in the spectra recorded at shorter 

wavelengths, consistent with an increased impulse; sample assignments are shown for the 

spectrum recorded at  = 225 nm. Peak assignments at high Eint become ambiguous, however, 

since the energy of two quanta of ν19 (~1002 cm-1) or three quanta of ν21 (~1026 cm-1) are very 

similar. Because of this increased spectral congestion, higher energy peaks are not assigned in 
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Figure 4, though all of the major features can be assigned (albeit not uniquely) to various 

combinations of these two modes built on a quantum of a″ vibration. 

Having assigned these features, it is possible to derive an O–H bond strength for 3-fluorophenol, 

D0(3FPyl–H) = 29840 ± 50 cm-1, slightly lower than the previously published value due to the 

reassignment of the various product features.39 Table 1 compares the experimentally determined 

O–H bond dissociation energies for this and other molecules studied in this work with the (zero-

point corrected) values returned by the accompanying calculations.  

Table 1 – Comparison of O–H Bond Strengths in Phenol and Fluorinated Phenols Determined by 

Analysis of HRA-PTS Data and by the Accompanying B3LYP/aug-cc-pVTZ Calculations (which 

Include Corrections for Basis Set Superposition Error and Changes in Zero-Point Energy). The 

Experimental Values may be Viewed as Upper Limits to the O–H Bond Strength (vide infra). 

Molecule 

 

D0(O–H) / cm-1 

Experiment  Calculated  

PhOH 30015 ± 40a 28870 

2FP 30220 ± 50 29430 

3FP 29840 ± 50 29130 

26DFP 29510 ± 50 28890 

345TFP 30100 ± 50 28730 

 

aFrom Nix et al.7 

3.2.2    2-Fluorophenol 

Fluorination at the ortho and meta positions impact differently on the electronic structure of 

phenol, but a more significant distinction between 2FP and 3FP may be the ability of the former 

to form an intramolecular hydrogen bond. Though some prior studies have claimed that no such 

H-bond exists,71, 72 there is significant evidence that it does – spanning computational work73-75 

and a range of experimental results such as shifts in infrared absorption peaks,65 shortened 

interatomic distances found by microwave spectroscopy,68 and an NMR study.76 
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This intramolecular H-bond is somewhat strained and therefore of reduced strength. Prior studies 

have suggested that the H-bond is weaker than that in 2-chlorophenol,76, 77 and that 2FP prefers to 

form intermolecular H-bonds when possible in the solid phase,78 in concentrated solutions,66, 77 or 

in polar solvents.66 However, the existence of the intramolecular bond still has some significant 

effects. 

Like 3FP, 2FP can exist in syn- and anti-conformers, but the H-bond in 2FP causes a significant 

relative stabilization of the syn-conformer. Though some earlier studies suggested that both 

conformers co-exist, at least in the vapor phase,79-81 more recent hole-burning experiments have 

shown that peaks that hitherto had been assigned to anti-2FP are in fact from the syn form,82 and 

further experiments and energetic arguments suggest that only the H-bonded conformer may be 

present under molecular beam conditions.83 The present B3LYP-D3BJ/aug-cc-pVTZ calculations 

suggest that the ground state syn conformer is more stable by ~900 cm–1, consistent with previous 

values of ~1000 cm–1 found at the MP2 level.66, 73  

The intramolecular H-bond can be expected to impact on the O–H bond dissociation dynamics, 

both by stabilizing the parent molecule and by directly impeding loss of the hydrogen atom. 

Photoinduced O–H bond fission in the 2-chlorophenol analogue was only observed at higher 

photon energies.40 However, Deng et al. have shown that 2FP can dissociate (by tunneling) from 

low-lying S1 levels although, relative to 3FP, they note that the S1 lifetime is extended and that the 

one-photon-induced H-atom product yield is significantly reduced as ‘the OH stretch motion 

promoting the tunneling process is restricted’ by the H-bonding.61 

In this study, we succeeded in recording TKER spectra from photodissociation of 2FP in two 

different wavelength regions: at energies within the S3←S0 absorption, at total energies well above 

the S2/S1 CI, and when exciting low-lying S1 levels identified in previous spectroscopic studies82, 

83 – from which any excited state O–H bond fission must involve tunneling through the barrier 

beneath this CI. These spectra are shown as Figure S3 in the SI. As in the case of 3FP, the spectra 

show a broad, intense feature peaking at low TKER (attributable to the decay of parent molecules 

following radiationless transfer to vibrationally ‘hot’ S0 levels). The feature extending to TKER 

values much greater than that allowed by a single-photon UV absorption process is also evident in 

all spectra recorded at long excitation wavelengths, and is relatively much stronger than in the case 

of 3FP – hinting at a significant contribution from resonance enhanced multiphoton excitations. 
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Similar multiphoton-induced signal has been recognized in velocity map imaging studies of 2FP 

photodissociation at  ~271 nm and is not unexpected given the increased S1 state lifetime 

(cf. 3FP).61 Possible multiphoton excitation mechanisms have been considered, but not resolved, 

in a recent theoretical study.84  

Again, the sharp features which show photolysis wavelength dependent TKERs and intensities are 

of greatest current interest. These are relatively much less intense that those in the corresponding 

spectra obtained from 3FP. Again, to aid comparison and assignment, the data were converted to 

an Eint scale. Figure 5 shows spectra obtained at wavelengths that match with several different 

transitions to low-lying S1 levels observed and assigned by Yuan et al.,83 along with two 

representative spectra taken when exciting to the S3 state, at  = 227.5 and 225 nm, i.e. at energies 

well above the S2/S1 CI. Again, we highlight the absence of signal at TKERs that can only arise 

via multiphoton processes in the spectra recorded at short excitation wavelengths (Figure S3) 

suggesting that, as in 3FP, the decay of 2FP(S3) molecules is much quicker than that of 2FP(S1) 

molecules.  

As in 3FP, the peaks evident at low Eint (Figure 5) in spectra obtained by exciting 2FP in the long- 

and short-wavelength regions do not align to the same internal energy levels of the 2-

fluorophenoxyl radical product but, in this case, the lowest energy feature in the Eint spectra 

recorded at longer excitation wavelengths has higher internal energy than the lowest energy feature 

in the Eint spectrum recorded at short wavelengths (indicated by the black and yellow vertical 

dashed lines, respectively, in Figure 5). The ~195 cm-1 energy mismatch in this case can be most 

readily accommodated by assuming that the peaks appearing at highest TKER in spectra recorded 

at long and short excitation wavelengths indicate population of, respectively, out-of-plane radical 

modes ν25 (766 cm-1) and ν27 (553 cm-1) – both of which are illustrated, along with the other lower 

energy out-of-plane radical modes, in Figure S4.   
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Figure 5 – HRA-PTS spectra from the photodissociation of 2-fluorophenol at the indicated wavelengths 

plotted on an internal energy scale. The conversion from TKER to Eint assumed D0(2FPyl–H) = 30216 cm–1. 

Lines and combs indicate assignments of peaks to vibrational modes of the 2-fluorophenoxyl radical 

labelled in Herzberg notation; the proposed assignments of features at Eint >1500 cm–1 in the  = 225 nm 

spectrum are one (of several) plausible interpretations of the observed structure. The y-axes have been 

expanded where necessary to accommodate the high background signal intensity. 

The parent analogue of 2-fluorophenoxyl (2FPyl) radical mode ν25 is ν27, with a calculated 

(anharmonic) wavenumber of 749 cm–1 in the ground state (Table S4). The deduced population of 

this a″ mode of the product hints that parent excited state mode ν27 – which involves very similar 

out-of-plane hydrogen wagging motions to the ν27 parent mode implicated in H atom loss 
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following excitation to the S1 state of 3FP – may be particularly effective at promoting tunneling 

through the barrier under the S2/S1 CI. The spectrum recorded at  = 271.75 nm (corresponding to 

excitation on the S1←S0 origin of syn-2FP) shows peaks consistent with population of levels with 

both one and three quanta of excitation in radical mode ν25, in combination with four low-

wavenumber, in-plane modes (illustrated in Figure S5): ν17 (a ring-breathing mode analogous to 

parent mode ν19), ν19 (the in-phase C–O and C–F wagging mode, analogous to parent mode ν21), 

ν20 (a ring distortion analogous to 2FP mode ν22), and ν21 (the out-of-phase C–O and C–F wagging 

mode, descended from mode ν23), although the signal-to-noise ratio of some of these peaks is quite 

low (reflecting the presumed lower primary dissociation yield (cf. 3FP)). 

Upon tuning the photolysis energy to match that of a transition to an FC favored S1 vibrational 

level, the resulting Eint spectrum consistently shows (at least some) enhanced intensity in the 

corresponding in-plane radical mode. For example, excitation at  = 269.62 nm (assigned to the 

S1, v23=1 ← S0, v=0 transition, henceforth reported simply and more compactly as 230
1)83 leads to 

an obvious enhancement of the peak assigned to radical mode v25=1 + v21=1 (henceforth 

abbreviated as v25
1v21

1). Similarly, excitations at  = 268.82 nm (parent 220
1 transition), 

 = 268.06 nm (210
1) and  = 266.46 nm (190

1) result in obvious enhancements of features in the 

Eint spectra assigned to, respectively, v25
1v20

1, v25
1v19

1 and v25
1v17

1. This is classic ‘spectator’ mode 

behavior, as seen in bare phenol;7, 10 in each case, the in-plane parent motion excited in the S1 state 

maps through as the corresponding vibration in the radical (always in combination with a quantum 

of the a″ mode ν25 that we assume is introduced via non-adiabatic coupling to the S2 potential). 

The wavenumbers of ground state radical modes 17, 19, 20, and 21 can be determined based on 

their appearance in multiple TKER (and Eint) spectra, and the average values so derived are 

included in Table S5 for comparison with the calculated values. The spectrum recorded at 

 = 270.97 nm, when exciting the τ0
2 torsion transition, is different. Remmers et al. identified that 

the torsion mode in question is most likely a butterfly mode, involving out-of-plane wagging of 

the C–O and C–F bonds.82 The present HRA-PTS study returns weak peaks at Eint values 

corresponding to v25=1 in combination with both v29
2 and with v29

1v30
1. Radical modes ν29 and ν30 

are, respectively, the in- and out-of-phase out-of-plane wagging modes of the C–O and C–F bonds. 

Both modes have a′′ vibrational symmetry, as does ν25, so the overall product vibrational symmetry 
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is, again, a′′ − as required for conservation of vibronic symmetry in the non-adiabatic coupling 

from S2 to S1.  

Clearly different behavior is observed when exciting 2FP at energies well above the S2/S1 CI. The 

Eint spectra are most logically assigned to short progressions in radical mode ν21 (the in-plane, out-

of-phase C–O and C–F wagging mode) in combination with out-of-plane (a″) modes ν26 and ν27. 

In contrast to 3FP, no substantial excitation of the corresponding in-plane, in-phase mode (ν19) is 

observed when exciting at these shorter wavelengths. We surmise that this could be because the 

loss of the intramolecular H-bond (by photoinduced loss of the H atom) induces an impulse (in 

opposite directions) on both the O and F atoms (given their similar masses and similar bonding to 

their respective ring C atoms) that translates preferentially into the out-of-phase motion ν21 

depicted in Figure S5.    

The progressions built on the two different a′′ modes show some obvious differences. The v27
1v21

n 

progression shows maximum intensity when n = 0 and declines steeply such that the v27
1v21

2 peak 

is hard to discern. The intensity distribution in the v26
1v21

n progression, in contrast, increases until 

at least n = 2, with the fundamental (i.e. v26
1v21

0 peak) barely observable as a shoulder on the high 

Eint side of the v27
1 feature. These different behaviors likely reflect differences in the forces acting 

in the excited state of the parent molecule and in the region of the S2/S1 CI. However, a thorough 

theoretical treatment well beyond the scope of this work would be required to investigate and 

rationalize such multi-dimensional vibronic interactions. 

The mutually self-consistent assignment of all HRA-PTS data for 2FP shown in Figures 5 and S3 

allows determination of the O–H bond strength in 2-fluorophenol, 

D0(2FPyl–H) = 30220 ± 50 cm–1 (listed in Table 1), which is ~380 cm-1 larger than that for 3FP 

(see section 3.2.1) and ~850 cm-1 higher than the corresponding value (29370 ± 50 cm-1) for 4FP.34 

This ordering of the relative bond strengths matches that found for the corresponding 

monochlorinated phenols,40 and reflects the net result of two competing effects. One is the 

resonance stabilization of the product radical by ortho- or para-substitution, which accounts for 

the lower D0(O–H) value for 4FP compared with 3FP. The second, specific to 2FP, is the parent 

stabilization afforded by intramolecular hydrogen bonding. That 2FP exhibits the highest D0(O–H) 

value implies that the energetic stabilization of the parent is greater than that provided by the 

resonance stabilization of the radical product. Thus the present experiments provide further 
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confirmation that there is an O–H···F hydrogen bond in 2FP and that it has discernible 

consequences both for the thermochemistry of the O–H bond fission process and for the parent 

tunneling probability and H-atom product yield when exciting to S1 levels at energies below the 

S2/S1 CI – thereby lending support to the recent kinetic studies of this process by Deng et al.61 

3.3 Effects of multiple fluorination 

The photodissociation of three phenol derivatives containing multiple fluorine atoms was also 

studied. Of these, 2,6-difluorophenol has parallels with 2FP in as much that it exhibits similar 

intramolecular hydrogen bonding. 3,4,5-trifluorophenol does not, but simply illustrates the effects 

of increasing fluorination, while pentafluorophenol represents the culmination of the fluorination 

process and possesses the same intramolecular H-bonding opportunity as 26DFP and 2FP.  

One obvious effect of multiple substitution is that excitation near the S1–S0 origin no longer yields 

structured HRA-PTS spectra. For all three molecules, such long wavelength photoexcitation 

results in weak, broad and structureless H atom TOF distributions. Much more intense H atom 

signals are observed when exciting both 26DFP and 345TFP at shorter wavelengths ( ~225 nm), 

and the TOF spectra in both cases do show structure – as illustrated by the corresponding TKER 

spectra shown in Figures S6 and S7, respectively. 

Figure 6 shows two sample spectra obtained following short UV wavelength photolysis of 26DFP, 

plotted on an Eint scale, with what we consider to be the most plausible peak assignments. As in 

the case of 2FP, these short wavelength spectra appear to display two progressions of peaks. The 

interval in each progression (~300 cm−1) matches well with the calculated wavenumber for ν21, the 

in-plane, out-of-phase C–O and C–F bending mode in the 2,6-difluorophenoxyl radical (shown in 

Figure S8) and, as in 2FP, we assume that this mode is preferred over its in-phase counterpart (ν17) 

when energy is deposited into the radical upon removal of the O–H···F hydrogen bond. However, 

the wavenumber separation between the two progressions (~135 cm–1) is too small to correspond 

to any in-plane vibrational mode of the radical and, again, analogy with 2FP leads us to propose 

that these progressions are each built on a quantum of (different) out-of-plane (a″) modes that 

derive from two different parent coupling modes. The assignment which fits the measured spectra 

best invokes radical modes ν23 and ν25 (two predominantly out-of-plane C–H bending modes, out-

of-phase and in-phase respectively, also shown in Figure S8). 
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Figure 6 – HRA-PTS spectra from the photodissociation of 2,6-difluorophenol at the indicated 

wavelengths, plotted on an internal energy scale. The conversion from TKER to Eint assumed D0(26DFPyl–

H) = 29508 cm–1. Lines and combs indicate assignment of peaks to vibrational modes of the 

2,6-difluorophenoxyl radical labelled in Herzberg notation; for simplicity, the combs have been drawn 

assuming a constant energy separation between successive v21
n levels. 

In a further similarity to 2FP, there are clear differences in the relative peak intensities within the 

v23
1v21

n and v25
1v21

n progressions. The former progression appears relatively weaker at low n, but 

becomes comparable (or greater) in magnitude at higher n – though the differences are less striking 

than in the case of 2FP.  

The TKER of the peak assigned to formation of an H atom in conjunction with the 

2,6-difluorophenoxyl (26DFPyl) radical in the v25
1 level, together with the calculated wavenumber 

of this level (752 cm–1, Table S7), allows estimation of the O–H bond strength in 

2,6-difluorophenol: D0(26DFPyl–H) = 29510 ± 50 cm–1. Table 1 shows that this experimental 

value again accords well with the calculated O–H bond strength. The reduction (cf. 2FP) can be 

readily understood in terms of additional stabilization of the radical by introducing another fluorine 

atom in the ortho-position. Table 1 also serves to illustrate the consistency between the 
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experimentally derived and computed O–H bond strengths in 2FP, 3FP, and 26DFP. The latter are 

consistently ~600 – 800 cm–1 lower than the experimentally derived quantities – a point to which 

we return later.  

3,4,5-Trifluorophenol shows similarities and differences (cf. 26DFP) in its short wavelength 

photodissociation dynamics, as illustrated by the sample Eint spectra displayed in Figure 7. As in 

26DFP, the TKER and Eint spectra are best interpreted in terms of progressions built on two out-

of-plane modes (ν27 and ν28, shown in Figure S9) with a wavenumber separation of just 80 cm-1. 

Again, these modes involve, respectively, in- and out-of-phase C–H wagging motions, but with 

some significant ring puckering in both cases. In contrast to 26DFP, these two modes support 

progressions involving both ν15 and ν19 (the two in-plane C–O bending modes, in- and out-of-phase 

with the C–F bending motion, respectively, as also shown in Figure S9). Thus, as in 3FP, in the 

absence of intramolecular hydrogen bonding, both are excited, rather than just the latter. Given the 

multitude of possible combinations of quanta in these modes it becomes impossible to offer 

definitive assignments of the peaks apparent at Eint >1500 cm-1, although all can be attributed to 

one or more of these progressions.  
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Figure 7 – HRA-PTS spectra from the photodissociation of 3,4,5-trifluorophenol at the indicated 

wavelengths, plotted on an internal energy scale. The conversion from TKER to Eint assumed 

D0(345TPyl–H) = 30102 cm–1. Lines and combs indicate assignment of peaks to vibrational modes of the 

3,4,5-trifluorophenoxyl radical labelled in Herzberg notation. 

The TKER of the peak assigned to formation of an H atom in conjunction with the 

3,4,5-trifluorophenoxyl (345TFPyl) radical in the v28
1 level, together with the calculated 

wavenumber of this level (570 cm–1, Table S9), allows estimation of the O–H bond strength in 

3,4,5-trifluorophenol: D0(345TFPyl–H) = 30100 ± 50 cm–1. This is similar to that in bare phenol7 

and higher than that found for the other fluorinated phenols – despite the lack of an intramolecular 

H-bond and the presence of a (potentially radical stabilizing) F atom in the para-position. As Table 

1 shows, there is also a significantly larger difference (~1400 cm–1) between the experimentally 

derived and computed O–H bond strength in 345TFP – roughly twice as large as the corresponding 

difference for the other fluorinated phenols, and larger than the corresponding difference for bare 

phenol (~1150 cm–1), the other (minor) outlier in Table 1.  

One possible cause for this discrepancy could be an incorrect assignment of the observed peaks. 

No peak associated with forming radical products in the v = 0 level is identified in any of the 
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spectra reported in this work, and in the case of 345TFP, the fastest features are assigned to H + 

345TFPyl(v27 = 1 or v28 = 1) products. At higher Eint, stronger features are associated with 

excitation of ν19 built on these a″ modes and, if the forces responsible for activity in these modes 

are sufficiently strong, it is possible that the features labelled by the pink and red combs in Figure 

7 should be assigned to the v19 = 1−4 progression (rather than 0−3 as indicated). Thus, whilst 

Figure 7 shows the assignment we consider most probable, it is not inconceivable that the true 

origin is shifted by one or more quanta of ν19 – which would have the effect of reducing the 

experimentally derived D0(O–H) value by 367 cm-1 (or a multiple thereof). 

In addition, the degree of rotational excitation in the radical products is uncertain. The peaks in the 

various Eint spectra are all quite narrow, implying that the radicals formed in any given vibrational 

state carry a rather small spread of rotational energies. Prior experimental analyses assumed that 

this narrowness implied that the radical products carried little rotational excitation,7, 39 but a recent  

excited state non-adiabatic dynamics study employing the best available multi-dimensional 

potential energy surfaces for bare phenol suggests that the PhO radicals from PhOH photolysis at 

long wavelengths are formed in a narrow spread of high rotational energy levels.33 None of the 

experiments reported to date have the resolution to confirm or refute this predicted energy disposal 

but, if correct and if applicable to the dynamics of substituted phenols induced by both short and 

long wavelength photolysis, then the experimentally derived D0(O–H) values listed in Table 1 

could over-estimate the true (i.e. parent and product rotation-free) value by 100 cm-1 or more. 

These possible uncertainties in both the vibrational and rotational assignments apply to the  spectra 

of all of the molecules reported in Table 1 and, for these reasons, it is prudent to regard the 

experimentally derived D0(O–H) values as upper limit values.  

The ‘offsets’ between the lowest energy Eint peaks identified in TKER spectra recorded in the long 

and short wavelength regions – which we here ascribe to different population of different aʹʹ 

product states – could potentially instead be explained by invoking very different rotational energy 

disposals in the products. We regard this as most improbable, however, given (i) the very different 

amounts of product rotation that would be required to accommodate the observed energy offsets, 

(ii) the relative narrowness of the observed peaks, which implies consistently narrow spreads of 

rotational energy, (iii) the change in the sign of the energy offset deduced in the cases of 2FP and 

3FP, and (iv) the very unusual bimodal rotational distributions that would be required in order to 
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explain the energy disposal in the products from short wavelength photolysis of 26DFP and 

345TFP as distributions in a single vibrational mode. 

Given the successful observation of H atoms attributable to O–H bond fission in each of the above 

fluorophenols, efforts were made to record similar spectra from UV photolysis of 

pentafluorophenol. The detected H atom yields at all investigated wavelengths were, however, 

small and the TOF spectra of these H atoms were devoid of any structure; the derived TKER 

spectra resemble broad humps, as illustrated in Figure S10. This finding casts doubt on the recent 

suggestion that O–H bond fission might be responsible for the much reduced fluorescence 

emission from PFP when exciting to progressively higher S1 vibronic levels,45 but would be 

consistent with the results of subsequent molecular dynamics simulations46 which found that the 

S2 and S3 states of PFP (both of which are identified as πσ* states) are sufficiently lowered by 

perfluorination that they efficiently mix with the S1 state and permit ultrafast redistribution 

between these states. The σ* orbitals contributing to these states have dominant C–F character, 

and the resulting 1πσC–F* states are predicted to be bound. In light of this, the present experimental 

data suggest that, following photoexcitation, PFP molecules decay preferentially by non-adiabatic 

coupling to the S0 state via one or more coordinates other than O–H bond extension and that the 

observed H atoms derive from the subsequent dissociation of a fraction of these vibrationally hot 

S0 molecules.  

 

4  Conclusions 

The dynamics of O–H bond fission following UV photoexcitation of five fluorinated phenols (2- 

and 3-fluorophenol, 2,6-difluorophenol, 3,4,5-trifluorophenol and pentafluorophenol) have been 

studied by high-resolution photofragment translational spectroscopy methods. TOF spectra of the 

H atom products from photolysis of 2FP and 3FP at both long ( ~270 nm) and short ( ~225 nm) 

wavelengths show structure. Only short wavelength photolysis of 26DFP and 345TFP yields 

structured H atom TOF spectra, while all spectra obtained from PFP were weak and devoid of 

structure.  

Analyses of the observed structure informs on the vibrational energy disposal in the partner 

fluorophenoxyl radicals and how this varies with excitation wavelength, and allows estimation of 

(upper limits to) the respective O–H bond dissociation energies: D0(2FPyl–H) ≤ 30220 ± 50 cm-1; 
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D0(3FPyl–H) ≤ 29840 ± 50 cm-1; D0(26DFPyl–H) ≤ 29510 ± 50 cm-1; and D0(345TFPyl–H) ≤ 

30100 ± 50 cm-1. As with the phenoxyl radicals from UV photolysis of bare phenol,7 analysis 

reveals that all populated product levels have overall a″ vibrational symmetry. Typically, these 

involve in-plane, coupled (in- and out-of-phase) C–O and C–F wagging motions built on an odd 

number (usually one) quantum of an out-of-plane vibration that is assumed to be activated during 

non-adiabatic coupling at the relevant CI(s) en route to dissociation. The in-plane C–O/C–F 

wagging motions derive from the impulsive release of the H from the pendant O atom, but the 

relative activity in the in- and out-of-phase motions is seen to be sensitive to the presence (in 2FP 

and 26DFP) or absence (in 3FP or 345TFP) of the intramolecular H-bond. Again as in bare phenol, 

photoexcitation of specific Franck-Condon active vibronic features within the long wavelength 

(S1−S0) absorption of 2FP and 3FP tends to yield radical fragments carrying excitation in the 

corresponding vibrational mode of the radical product (i.e. the in-plane vibration excited in the 

parent, orthogonal to the O–H dissociation coordinate, tends to map through into the radical as a 

‘spectator’).  

Our inability to measure structured H atom TOF spectra when exciting 26DFP and 345TFP at long 

wavelengths suggests that multiple fluorination impedes tunneling from low-lying S1 levels and/or 

enhances the rate of rival excited state decay pathways. Perfluorination appears to reduce the O–

H bond fission probability at all wavelengths. Recent theory suggests that the latter observation, 

at least, may be linked to the relative lowering in energy of other C–F bond centered πσ* states 

that offer alternative internal conversion routes to the S0 state. Time-resolved studies may be 

valuable in further elucidating the dynamics of these more fluorinated molecules. 
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