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Abstract 
 

The phenol-phenolate anionic complex was studied in vacuo by negative ion 
photoelectron spectroscopy using 193 nm photons and by density functional theory (DFT) 
computations at the ωB97XD/6-311+G(2d,p) level. We characterize the phenol-phenolate 
anionic complex as a proton-coupled phenolate pair, i.e., as a low-barrier hydrogen bond system. 
Since the phenol-phenolate anionic complex was studied in the gas phase, its measured hydrogen 
bond strength is its maximal ionic hydrogen bond strength. The D(PhO– ··· HOPh) interaction 
energy (26-30 kcal/mol), i.e., the hydrogen bond strength in the PhO– ··· HOPh complex, is quite 
substantial. Block-localized wavefunction (BLW) computations reveal that hydrogen bonded 
phenol rings exhibit increased ring π-electron delocalization energies compared to the free 
phenol monomer. This additional stabilization may explain the stronger than expected proton 
donating ability of phenol. 

 
 

 

1. Introduction 
 

Phenol and its chemical derivatives are important building blocks in biological systems. 
Phenol is the side-chain functional group in the amino acid, tyrosine. Deprotonated phenol, i.e., 
the phenolate anion, enjoys enhanced stabilization due to the delocalization of its excess charge 
onto the aromatic ring.1-5 For this reason, phenol exhibits slightly higher gas-phase acidity than 
most alcohols.6-9 While the correlation between electronegativities and hydrogen bond strengths 
in OH/O- proton-coupled complexes has been studied theoretically,10-13 there have been no gas-
phase experiments involving the phenol-phenolate anions.  

 
The phenol-phenolate anionic complex can also be viewed as a likely example of an 

ionic, low-barrier hydrogen bond (LBHB). In a LBHB, a proton is shared between anions whose 
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conjugate acids have matching or near matching pKa values. Some enzymologists postulate that 
the remarkable rate enhancements seen in enzyme catalysis are due in part to the formation of 
strong, short LBHBs.14-18 A 1H NMR study by Mildvan and coworkers19 provided evidence for 
the existence of a LBHB between the phenolic proton of the Tyr-14 side chain in the enzyme 
active site of ∆5-3-ketosteroid isomerase (KSI) and the dienolate reaction intermediate. The 
strength of that hydrogen bond was estimated to be at least 7.1 kcal/mol (0.31 eV), whereas 
typical hydrogen bond strengths in proteins are somewhat smaller. In the gas phase (in vacuo), 
this value might be expected to be significantly larger, because competition among hydrogen 
bonding partners in condensed phase environments usually reduces hydrogen bond strengths 
compared to those in the gas phase, where there is no competition. We view the gas-phase, 
phenol-phenolate anionic complex as an elementary model for the above enzymatic interaction.  
 
 

2. Methods 
 

2.1 Experimental 
 

Anion photoelectron spectroscopy is conducted by crossing a mass-selected beam of 
negative ions with a fixed-frequency photon beam and energy-analyzing the resultant 
photodetached electrons. Photodetachment transitions occur between the ground state of a mass-
selected negative ion and the ground and energetically accessible excited states of its neutral 
counterpart. This process is governed by the energy-conserving relationship hν = EBE + EKE, 
where hν is the photon energy, EBE is the electron binding energy, and EKE is the electron 
kinetic energy. Measuring electron kinetic energies and knowing the photon energy provides 
electron binding (photodetachment transition) energies. Because these are vertical transitions, 
their relative intensities are determined by the extent of Franck−Condon overlap between the 
anion and its corresponding neutral. Our apparatus consists of a laser photoemission anion 
source, a linear time-of-flight mass spectrometer for mass analysis and mass selection, a 
magnetic bottle electron energy analyzer, and an ArF excimer laser. The magnetic bottle has a 
resolution of ∼50 meV at an EKE of 1 eV. In these experiments, photoelectron spectra were 
recorded with 193 nm (6.42 eV) photons. The photoelectron spectra were calibrated against the 
well-known transitions of atomic Cu−. A description of our apparatus has been reported 
elsewhere.20 

 
 To produce the phenolate and phenol−phenolate anions, phenol was placed in a small 

oven (∼25 °C) attached to the front of a pulsed (10 Hz) valve (General Valve Series 9), where 
helium (∼45 psia) was expanded over the sample in a high vacuum chamber (10−6 Torr). Just 
outside the orifice of the oven, low-energy electrons were produced by laser/photoemission from 
a pulsed Nd:YAG laser beam (10 Hz, 532 nm) striking a translating, rotating, copper rod (6.35 
mm diameter). Negatively-charged anions were then pulse-extracted into the spectrometer prior 
to mass selection and photodetachment. 

 

2.2 Computational 
 
Geometry optimizations for the phenol, phenolate, and phenol−phenolate complex (both 

radical and anionic forms) as well as the electron affinity of phenolate, EA(PhO), the electron 
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affinity of the phenol-phenolate complex, EA((PhO2)H), the dissociation energy of the neutral 
phenol-phenolate complex, D(PhO···HOPh), and the dissociation energy of the anionic phenol-
phenolate complex dissociating into those two units, D(PhO–···HOPh), values were computed at 
ωB97XD21/6-311+G(2d,p)22 (all energies reported include zero-point energy corrections). 
Minima structures were located and vibrational frequency analyses verified the nature of the 
stationary points. Basis set superposition error (BSSE) corrections to the hydrogen bonding 
interaction energies were computed using the counterpoise approach.23 All computations were 
performed in Gaussian 09.24 

Block-localized wavefunction (BLW)25 computations quantified the π-resonance energies 
(RE) of the free (monomer) and hydrogen bonded phenol, following the Pauling-Wheland 
resonance energy definition. The BLW-RE’s were computed by the total energy of the fully 
delocalized wavefunction (Ψdeloc) of the phenol ring considred minus that of a localized 
wavefunction (Ψloc), in which π-conjugation among the C=C π-bonds were artificially “turned 
off” (BLW-RE = Ψdeloc – Ψloc). Ψloc is computed by partitioning all of the electrons and basis 
functions of the molecule considered into four subspaces (“blocks”): three for each of the π-C=C 
units (each block includes two π-electrons, as well as the pz, dxz, and dyz basis functions for each 
carbon atom) and one for the remainder of the molecule (including the remaining electrons and 
basis functions); orbitals of the same subspaces are mutually orthogonal but orbitals of different 
subspaces overlap freely. Both Ψdeloc and Ψloc are self-consistently optimized. All vertical BLW-
RE computations were performed at B3LYP/6-31G(d)//ωB97XD/6-311+G(2d,p).  

 
 

3. Results and Analysis   
 

The photoelectron spectrum of the phenolate anion, PhO− is presented in Figure 1(a). 
Three distinct bands are present. The ν′= 0 ← ν′′ = 0 (origin) transition resides under the lowest 
EBE band. Our photoelectron spectrum of the phenolate anion is in agreement with those 
reported previously.1-4 In extracting the electron affinity value from our photoelectron spectrum 
of the PhO− anion, we benefited from previous anion photoelectron studies of PhO−. Lineberger 
and co-workers1 determined the EA(PhO) value to be 2.2530 ± 0.0060 eV; Fielding and co-
workers2 reported an EA(PhO) value of 2.15 ± 0.15 eV; Neumark and co-workers3 assigned an 
EA(PhO) value of 2.25380 ± 0.00080 eV; and Wang and co-workers4 determined EA(PhO) 
value to be 2.25317 ± 0.00037 eV. While our photoelectron spectrum of the PhO– anion was 
recorded at lower resolution, it is fully consistent with those previously recorded, allowing us to 
locate the EBE value of its origin transition on the spectral profile observed in this study. Our 
computational EA(PhO) value of 2.16 eV is also in good agreement with the previously reported 
experimental values, validating our theoretical methods, but also providing a measure of the 
accuracy of those methods. 

 
The photoelectron spectrum of the phenol−phenolate anionic complex, PhO−···HOPh, is 

presented in Figure 1(b). It exhibits at least two broad features, with the onset of the first 
transition occurring at 3.0 eV. Although an electron affinity cannot be confidently assigned to the 
PhO−···HOPh anion spectrum, an empirical threshold value (ET), based on a linear extrapolation 
of the steepest rise on the low EBE side of the lowest EBE band in the spectrum, was determined 
to be 3.16 eV ± 0.15 eV. Our calculated EA((PhO)2H) value was 3.01 eV. This is consistent with 
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our photoelectron spectrum of the PhO−···HOPh anion, and it is close to our estimated threshold 
value. 

 
In our previous LBHB work26 we looked to the anion photoelectron studies of six 

hydrogen bihalide anions, HX2
-, where X denoted both homogeneous and heterogeneous 

combinations of the halogen atoms, Cl, Br, and I, as guides for interpreting our photoelectron 
spectra and for extracting hydrogen bond strengths, i.e., D(X- ···HX), directly from them. The 
simpler hydrogen bihalide anions are in many ways analogous to more chemically complicated 
proton-coupled LBHB systems. Neumark and co-workers27,28 found the X···HX neutral 
complexes, resulting from photodetachment of HX2

-, to be unbound. Our computations involving 
the phenol-phenolate system, however, found the PhO···HOPh neutral complex to be bound by 
0.36 eV. Thus, the sought-after hydrogen bond strength of the PhO–/HOPh couple cannot be 
estimated solely from the photoelectron spectral data. 

 
The phenol-phenolate anion, hydrogen bond strength, D(PhO–···HOPh), can be 

determined by inputting the calculated and/or experimental values presented above into the 
following energetic relationship: 

           
D(PhO–···HOPh) = EA ((PhO)2H) + D(PhO···HOPh) – EA(PhO)  (1) 

 
Using only calculated values for the quantities on the right side of this equation yields a D(PhO–

···HOPh) value of 1.21 eV (27.97 kcal/mol). This value is in excellent agreement with previous 
calculations performed at the composite CCSD(T) level with complete basis set (CBS) 
extrapolation (1.22 eV, 28.1 kcal/mol).10 Substituting only the experimentally very well-
determined EA(PhO) value of 2.25 eV in Eqn. (1) implies a D(PhO–···HOPh) value of 1.12 eV 
(25.8 kcal/mol). Using the experimentally-determined values of both EA(PhO) and ET, along 
with the computationally-derived value for D(PhO···HOPh), implies a D(PhO–···HOPh) value of 
1.27 eV (29.3 kcal/mol). All of these ways for finding D(PhO–···HOPh), i.e., the phenol-
phenolate anion, ionic hydrogen bond strength, imply that it is quite strong.  Pertinent values and 
relationships are exhibited in Table 1 and in Figure 2. 
 

4. Discussion 
 
Since hydrogen bonds are expected to be at their strongest in the gas phase, the estimated 

phenol-phenolate anion hydrogen bond strength (26-30 kcal/mol) we report here represents the 
maximum interaction strength of the PhO–/HOPh couple in other environments. In the enzyme 
catalyzed reaction by ketosteroid isomerase (KSI), the dienolate intermediate is thought by some 
to be stabilized by a strong, low-barrier hydrogen bond (LBHB) involving a tyrosine hydroxyl 
(Tyr14) side chain. The PhO–/HOPh hydrogen bond, i.e, PhO– ··· H+ ··· –OPh, is a model for this 
interaction, and the interaction strength seen in this work suggests that it is a low barrier 
hydrogen bond.  
 

The phenol/phenolate anion’s hydrogen bond strength is ~60% of the hydrogen bond 
strength of HF2

– (2.0 eV), the strongest known hydrogen bond.26 This may seem surprising, since 
phenol is a very weak acid with a ~pKa value of 10 (in water). What is responsible for its 
unexpected proton donating ability, and how can phenol form such strong hydrogen bonds? The 
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answer lies in the increased ring π-resonance of the hydrogen-bonded phenol. In the PhO–

···HOPh complex, hydrogen bonds can polarize the π-electrons in the phenol ring, enhance its 
“phenolate-like” character (see Figure 3, resonance structures on the right), and lead to increased 
π-electron delocalization. Note that increased π-conjugation does not necessarily reflect 
enhanced π-aromatic character. Upon hydrogen bonding, phenol exhibits increased net π-electron 
delocalization energy but reduced π-aromaticity, since the π-electrons are polarized towards the 
exocyclic C–O moiety (this reduces “cyclic” six π-electron character in the ring, see also 
resonance forms of the hydrogen bonded phenol in Figure 3, right). The degree of π-resonance 
(RE) increase can be estimated directly through BLW computations (see Methods). Based on this 
procedure (see Figure 3, left), the three π-bonds in phenol can be localized into three “blocks” 
(each corresponding to a localized π-molecular orbital with two π electrons); this disables π-
conjugation, and when compared to the energy of the fully π-electron delocalized wavefunction, 
provides a measure of the RE of phenol. Remarkably, the computed BLW-RE for the hydrogen-
bonded phenol (BLW-RE: 117.5 kcal/mol, in PhO–···HOPh) is +9.6 kcal/mol greater than that of 
the free phenol monomer (BLW-RE: 107.9 kcal/mol). This “extra” stabilization is significant and 
may contribute to the stronger than expected PhO–···HOPh hydrogen bond strength.  
 

The strength of the phenol-phenolate hydrogen bond is close to the previously measured 
gas-phase, intermolecular hydrogen bond strength of the proton-coupled pair imidazole-
imidazolide (0.9 eV).26 Imidazole is also a very weak acid with a ~pKa value of 14 (in water). 
The hydrogen bond strength in the imidazole−imidazolide anionic complex, Im–···HIm, was 
estimated from the difference between the ET[H(Im)2] and EA(Im). Given that the hydrogen 
bonding interaction, D(PhO···HOPh), in the neutral radical, Ph…HPh, was not negligible in the 
estimation of the PhO–/HOPh hydrogen bond strength, we calculated the hydrogen bonding 
interaction of neutral Im···HIm and found it to be 0.29 eV. Thus, our previously reported value 
of 0.9 eV may be a lower limit to the hydrogen bond strength of the Im–/HIm complex. A 
previous gas phase measurement of the dissociation energy of HIm2

– reported a value of 1.1 
eV.29 Thus, a hydrogen bond strength that is slightly greater than 0.9 eV for the 
imidazole−imidazolide anionic complex would be reasonable and in good agreement with that 
measurement. In any case, the result of both the present work on PhO–/HOPh and the previous 
work on Im–/HIm is that the ionic hydrogen bond strengths of these enzymatically relevant 
models are very strong in the gas phase. If even a fraction of these hydrogen bond strengths were 
to be retained in enzyme active site environments, they might be able to facilitate enzymatic rate 
enhancements.  

 
 

5. Conclusions  
 
 The hydrogen bonding in the phenol-phenolate anionic complex was studied 
experimentally using anion photoelectron spectroscopy and theoretically using density functional 
theory computations at the ωB97XD/6-311+G(2d,p) level. The computed and experimentally-
derived phenol-phenolate anion hydrogen bond strengths agree and are rather considerable. The 
unexpectedly strong bonding in the PhO– ···HOPh complex may be due to increased π-electron 
delocalization stabilization in the phenol ring. 
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Table 1: Computed EA(PhO), EA((PhO)2H), and D(PhO···HOPh) valuesa at ωB97XD/6-
311+G(2d,p) [all values include zero-point vibrational energy (ZPVE) and basis set 
superposition error (BSSE) corrections]. The implied D(PhO–···HOPh) value provides a direct 
estimate of the PhO–···HOPh hydrogen bonding strength. Experimental values are listed in 
parenthesis for comparison. 

 

EA(PhO) EA ((PhO)2H) D(PhO···HOPh) D(PhO–···HOPh) 

2.16 3.01 0.36 1.21 

 (2.25)b (ET = 3.16) --  -- 
a All values are presented in units of electron volts (eV).  
b Value taken from ref 4.  
 

 
 
 

 
 
Figure 1: Anion photoelectron spectra of (a) the phenolate anion and (b) the phenol-phenolate 
anionic complex. All spectra were calibrated against the photoelectron spectrum of Cu–, the 
copper atomic anion.  
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Figure 2:  Schematic illustration of the energetic relationships between EA(PhO), EA((PhO)2H), 
D(PhO···HOPh), and D(PhO–···HOPh) [all values include zero-point vibrational energy (ZPVE) 
and basis set superposition error (BSSE) corrections].  
 

 

 

 
 

Figure 3:  (On the left) Computed vertical BLW-RE’s (in kcal/mol, at B3LYP/6-31G*) for the 
phenol monomer and hydrogen bonded phenol (in PhO–···HOPh). The dotted circles represent 
the three π-electron localized “blocks”; this BLW procedure disables π-conjugation in the ring 
and evaluates the π-RE’s of phenol rings considered (see Methods).  (On the right) Resonance 
structures of hydrogen bonded phenol rings all display enhanced “phenolate” character. 
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