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This manuscript is dedicated to Kev Shalikhov and Klaus Möbius, still among the youngest 

scientists I know. Thank you, Kev and Klaus, for your friendship, dedication, and your critical 

eye.  

 

L-Methionine is an amino acid, which provides anti-oxidative properties. We report on 

radicals and radical cations being likely (short-lived) intermediates formed upon photo-

oxidation reactions of methionine. In this context, we present photo-CIDNP experiments 

indicating that the character of the photooxidants is decisive for the observation of CIDNP 

effects based on methionine. Based on calculated hyperfine data and pKa values and on our 

experimental observations we suggest that CIDNP polarizations are produced by an overlay 

of at least three geminal radical pairs, i.e., a-thio carbon-centered radicals D• and G•, aminyl 

radical N•, and, possibly, 2c-3e radical cation SN•+ as short-lived reaction intermediates. 

 

 

1. Introduction 

L-Metionine (1) is an important natural antioxidant and a component in many proteins. The 

antioxidant effect of 1 is based on its primary (one-electron) oxidation and the subsequent 

formation of methionine sulfoxide, which, then is converted back to parent 1 by sulfoxide 

reductases.[1] The primary oxidation of 1 to its radical cation, 1•+, is rather subtle, because it 

has been shown to be electrochemically irreversible, depending on the pH value, and the 

material of the working electrode [2-4]. Accordingly, 1•+, must be regarded as highly reactive 

and very short-lived (at the time scale of electrochemical experiments). Beside the formation 

of sulfoxides, decarboxylation has been shown as an additional rapid decomposition pathway 

of 1•+; moreover, products with C=C double bonds adjacent to the thiol group have been 

found. [5-7] 

Accordingly, methods providing a faster time scale (ns-ms) have been utilized to obtain 

insights into the corresponding short-lived intermediates. Transient optical spectroscopy 



combined with deconvolution procedures of the absorption bands has been the method of 

choice to observe such species upon oxidation induced by pulse radiolysis [8-12].  These 

investigations point to the formation of radical cations derived from specific isomers based on 

1•+ including two-center three-electron ((2c-3e) isomers, e.g., >S.·.S<- bonded dimers (2S•+, 

lmax = 480 nm), and intramolecular 6- and 5-membered rings with S.·.O-, (SO•+,lmax = 395 nm 

) or >S.·.N- (SN•+, lmax = 390 nm) bonding (Scheme 1) [8, 11, 13-23]. 

Magnetic-resonance spectroscopy was utilized to obtain additional insight into such 

intermediates. When matrices containing methionine were g-irradiated, EPR spectra revealed  

[24, 25] the formation of radical cations based on 1•+  particularly indicating a species with an 

remarkably high isotropic 14N hyperfine coupling constant (hfc) of ca. 3.3 mT (calculated 

from the anisotropic data in reference [24] upon g-irradiation in LiCl and LiBr (150 K)) 

assigned to SN•+. Already in 1973/83, Davies, Gilbert, and Norman have reported on the 

photo-oxidation of 1 in the presence of a Ti(III) salt dissolved in H2O2 [26, 27] in a flow 

system. They have assigned the hyperfine data to (deprotonated) methionine-based radicals 

D• and G• [2] (see also the Table). These EPR findings were either based on radicals trapped 

in matrices at low temperatures or on the use of a fluid-solution system with a detection time 

scale of ca. ms.  CIDEP (Chemically Induced Dynamic Electron Polarization) coupled to 

photo-induced reactions provides a substantially shorter time scale to detect hyperfine data of 

short-lived radicals. In the presence of sodium anthraquinone-3-sulfonate, 1 was photo-

oxidized and the corresponding EPR spectra were evaluated [28] yielding information at a 

time scale of ca. 100 ns. Photo-oxidation and NMR/CIDNP detection of reactive 1-based 

intermediates was also reported. The CIDNP spectra were evaluated qualitatively [29, 30] and 

quantitatively [28, 31-33]. The corresponding data are presented in the Table.  

It is rather intriguing that there are rather huge discrepancies between experimental data 

assigned to the 2c-3e radical cations. Here, the 14N hfcs (hyperfine coupling constants) and 

the highest 1H hfcs are most representative: Sevilla and coworkers report on a 14N hfc of 3.3 

mT whereas references [28, 32] reveal a value being two orders of magnitude smaller (0.01 

mT). In the case of the 1H hfc assigned to the proton in the a position EPR and CIDNP data 

substantially deviate by the factor of 6 (0.14 vs. 0.87 mT). Generally, dominant hfcs of 

radicals rather markedly mirror their electronic (and steric) structure. 

 



  
Scheme 1: Radicals based on 1 discussed in this manuscript (differently charged protonated, 

deprotonated, zwitterionic forms are omitted for clarity, accordingly, we have placed the 

hydrogen at the carboxyl group in brackets).  

 

 

 

Table. Experimental (based on EPR, CIDEP, and CIDNP) and calculated (B3LYP/6-31G(d)) 

hfcs for various methionine-derived radicals and radical cations (for labeling, see Scheme 1). 

The data taken from literature were limited to two-digit accuracy. (for clarity, the calculated 

values are represented in italics) 

Species hfcs/mT 

 exp/calc     (CH3) 
14N NH(2) ref. 

N• exp     1.34 2.19 [28] 

N• calc     1.46 2.20 this work 

SN•+ exp 0.14 0.0 0.74 0.83 0.01 0.96 [28] 

 exp 0.87 – 0.78 0.72   [32]a 

  big small big big   [29, 30]b 

 exp     3.3  [24]c 

SN•+ calc 2.88 0.13 0.64 0.73 2.42 1.05 this work 

AL•+ calc 0.03 0.57 0.28 0.68 0.43 0.85 this work 

D• exp - - 0.21 1.64 -  [26] 

D• calc 0.00 0.01 0.34 1.73 0.00  this work 

G• exp - 2.98d 1.68 0.29 -  [26] 

G• calc 0.00 2.50 d 1.93 0.24 0.00  this work 
a Determined by time-resolved CIDNP for the 2c-3e methionine moiety in a Met–Gly 

dipeptide 
b The authors of this contribution do not provide numbers or clear ratios but indicate positions 

with substantial hyperfine coupling constants for the , , and  protons. claim that " Taking 



the dimeric radical cation of tetrahydrothiophene (a (Ha) = 0.93 mT;[14] this value must be 

doubled to describe a radical cation in which unpaired electron is located on a single sulfur 

atom) and the radical cation of N-methylpyrrolidine (average of the splittings the methylene a 

protons 4.25 mT) [15] as model compounds, one obtains that in the species Met-(S...N•+) with 

the two-center three-electron bond about one third of the unpaired spin density is shifted from 

sulfur to nitrogen (rS : rN = 0.64 : 0.36). This statement, however, is misleading since the 

dimer mentioned does not comprise the rehybridization of the radical centers, which, 

however, is crucial in the case of 2c-3-bonding (see the corresponding references in the 

introduction)."  
c According to the highly anisotropic and broad EPR signal, the authors can only provide data 

with rather high error margins. Nevertheless, their data basically correspond with the 

calculated values.   
d The original publication reports on a sum of 2.98 mT as a sum for the two protons in b 

position [26]. We have accordingly used the corresponding sum of the calculated values (2.39 

+ 0.11 mT = 2.5 mT) 

 

 

We have performed CIDNP experiments addressing the role of the oxidizing agent since it is 

known that the method of oxidation influences the reaction pathway and kinetics [5]. To 

assess the pH-dependent photo-reactivity of methionine, we have calculated the pKa value of 

1•+ in solution using state-of the art DFT calculations and QM/MM molecular dynamics 

calculations. Finally, we want to shed some light on the substantial inconsistence of the 

experimental hyperfine data assigned to the 1•+ based radicals. To this end we present DFT 

calculated hfcs for the species presented in Scheme 1 because the experimental data have not 

been evaluated by comparison with their calculated counterparts although it has been well 

established that there are suitable DFT-based protocols for calculating almost matching 

hyperfine data for radicals like those shown in Scheme 1[34, 35] [36-38].  

 

2. Results, and Discussion 

2.1. 1H-CIDNP with benzophenone-4-carboxylic acid (B), anthraquinone-1,5-disulfonic acid 

disodium salt (AS) and 2-(diphenylmethylene)malononitrile (CN). 

CIDNP spectroscopy has been an efficient tool to follow reactions involving radical (ion) 

pairs.[39-45]. This technique reveals the NMR fingerprint of products formed via radical 

reactions and the intensity pattern of polarized (non-Boltzmann populated magnetic states 

based on the formation of radical pairs) resonances provides an (indirect) information of 

intermediate radicals. This information is highly rewarding; however, the detected 

polarizations may stem from various reaction pathways and products. Such reactions may 

occur at time scales below ns, particularly, when they are based on monomolecular processes. 

Distinguishing between such overlapping effects even in geminate radical pairs may obstruct 

a clear-cut information derived from the CIDNP technique. 

In many investigations, ketones and quinones serve as efficient oxidizing agents. Beside 

performing electron transfer reactions, benzophenone-4-carboxylic acid (B) and the disodium 

salt of anthraquinone-1,5-disulfonic acid (AS) may also serve as hydrogen-abstracting agents 

in their excited states (or as electron/proton-transfer agents, but these two procedures are not 



distinguishable at the time scale of CIDNP). To be able distinguishing between hydrogen 

transfer and exclusively electron-transfer initiated reactions, we have additionally utilized 2-

(diphenylmethylene)malononitrile (CN) as photo-reducing agent because the radical anion of 

CN does not serve as a proton acceptor (Scheme 2). 

 
Scheme 2. Photo-reducing agents 

 

 

 

Figure 1 compares 1H-CIDNP spectra obtained upon photooxidation of 1 with B (top), AS 

(middle) and CN (bottom) at pH 7.6 (Figure 1a) and pH 13 (Figure 1b). 

 

 



 
Figure 1 1H-CIDNP spectra obtained upon photooxidation of 1 with B (top), AS (middle) and 

CN (bottom) a) at pH 7.6 and b) pH 13. All spectra are recorded 1us after the laser flash (355 

nm, 8 ns and correspond to those shown in [33], 100 µs after the laser pulse) 

 

 

At pH 7.6 the use of B and AS yields polarized signals compatible with those already 

published [28-30, 32, 46]. For B, however, beside the polarized signals in the region of the 

resonances assigned to 1, the broad emissive signal at 4 ppm points to the formation of (4-

(hydroxy(phenyl)methyl)benzoic acid, the hydrated product of B in line with former 

observations [9]. With AS a corresponding hydroquinone product cannot be established 

because its resonances overlap with those of the parent quinone AS in the aromatic region. 

Markedly, excitation in the presence with 2-(diphenylmethylene)malononitrile (CN) does not 

yield any polarized (CIDNP) signals Figure 1, left, bottom).  

Remarkably, under basic conditions, all three photooxidants yield compatible 

spectra/polarizations concerning the signals based on 1, however, the intensity ratios between 

the resonances connected with the , , , and  protons differ depending on the 

photooxidant. This reveals that B, AS, and CN may display different reactivities vs. 1. The 

observation that no CIDNP effects are present, when 1 is irradiated in the presence of CN at 

pH 7.6 but the use of B and AS produces well distinguishable polarized signals indicates that 

(formal) hydrogen-atom transfer is very likely a decisive factor for the formation of CIDNP-

detectable products. This assumption is additionally borne out by the fact that at higher pH 

(11–13, see Figure 1 right, bottom and Supporting Information) even the use of CN leads to 

polarized NMR signals based on 1. This emphasizes that the neutral radicals D• and G• 



(established by EPR [26]) could contribute to the polarizations in the CIDNP spectra. This 

assumption is substantiated our calculations, which indicate that the pKa of 1•+ is ca. 10 (see 

next section). Moreover, the formation of D• and G• accounts for substantial polarizations of 

the protons in the  , g, and d positions (see exp. And calc data in the Table) and only small 

ones for the a position. Another product, K, formed upon the well-established 

decarboxylation of 1•+ [26] likely leads to the polarized emissive triplet at ca 2.7 ppm 

assignable to its a protons of K (Figure 1b) without significant changes in the polarization of 

the triplet of the a proton of 1 at 4 ppm.   

 
 

Consulting the calculated 1H-hfcs for the 2c-3e species SN•+ a highly dominating polarization 

would be expected for the resonance of the  proton (1H hfc of 2.88 mT, being 3 times higher 

than those of any other protons in SN•+, see the Table and Chapter 2.3). Accordingly, the 

dominating polarization should exist for the signal of the  proton at 3.6 ppm if SN•+ is 

formed at a significant yield (in this context it is also important to note that the radicals 

centered at S or the adjacent atoms, D• and G•, possess basically identical hyperfine values 

independent on methionine being decarboxylated or not [26]). 

 

 

2.2. Determination of the pKa value of 1•+ by theory. 

Recent computations involving explicit solvent molecules and molecular dynamics 

simulations indicate a rather subtle energy hypersurface upon the oxidation of 1 [2] with a 

rather shallow minimum for SN•+. We have performed QM/MM molecular dynamics 

simulations and DFT calculations to get insight into the pKa value of 1•+, particularly because 

the two well-established radicals D• and G• point to an efficient deprotonation of the primary 

radical 1•+
.  By using the thermodynamic cycle indicated in Scheme 3, we have calculated the 

energetics for the deprotonation of 1•+
 to yield G•. Both, the DFT and the QM/MM procedure 

predict a rather high C,H acidity of 1•+
 (pKa = 6.9 and 7.8, respectively). These results point to 

a rather efficient reaction channel upon the oxidation of 1 at even slightly basic conditions to 

form neutral radical G• (and, very likely, D•).  Accordingly, beside decarboxylation, the 

formation of 2c-3e radical cations, and the aminyl radical N•, two additional reaction 

pathways of 1•+
 must be considered.  

 

 



Scheme 3. Thermodynamic cycle for calculating the pKa value for the deprotonation of 1•+ to 

yield G•. 

 

DFT calculations and QM/MM simulations indicate that the (–COOH) deprotonated radical 

based on 1•+ has a global energy minimum for the 2-c 3-e conformation of the type SN•+ (see 

also Scheme 4, below). Other conformations decarboxylate or undergo C-H or N–H 

deprotonation. In the case of the QM/MM simulations, the cleavage of C-COO bond can be 

seen on the lower picosecond time scale (5-50 ps). Thus, if one considers that the oxidation of 

deprotonated methionine occurs in a conformation without a preformed 2-c 3-ebond we can 

assume that the decarboxylation strongly competes with the conformational relaxation.  

 

2.3. Hyperfine Data, EPR Spectra and CIDNP polarizations.  

The experimental investigations on the oxidation of methionine by electrochemical, chemical, 

photochemical, and pulse-radiolytic methodology spans over many decades. Paramagnetic-

resonance methods, i.e., EPR, CIDEP (time-resolved EPR in the ns-µs time regime) and 

CIDNP have been particularly useful because they provide the steric and electronic structure 

of even short-lived radicals. Starting in the late 1980s, substantial progress has been made to 

calculate hyperfine data (predominately DFT) of various radicals and radical ions [34, 36-38, 

47] (just for a few examples). Generally, the deviation between calculated and experimental 

hfcs hardly exceeds 10%.  To fill the gap for the radicals presented and discussed above, we 

have calculated their hyperfine data. They are presented and compared with their 

experimental counterparts in the Table. These 1H- and 14N-hfcs do not only reflect the 

splittings established by EPR but they are also decisive for the CIDNP polarizations of the 

signals attributed to geminate radical pairs [48-50].  

For aminyl radical N•, the dominating 1H hfc attributed to the two equivalent protons is 

predicted to be 2.2 mT and the experimental counterpart is 2.19 mT; for the 14N hfc these 

values are 1.46 and 1.34 mT, respectively. The same convincing agreement between 

experiment and prediction holds for radicals D• (e.g., calc: 1.73 mT, exp: 1.64 mT for the 



protons at the d position) and G• (e.g., calc: 1.93 mT, exp: 1.68 mT for the protons at the g 

position, Table).  

For the 2c-3e configured S•••N•+ radical cation (in some cases referred as a neutral radical, 

when the acidic group of methionine is deprotonated, but that does not change the electronic 

character of the radical), Sevilla and coworkers have reported a dominating splitting of 3.3 

mT (Table) upon irradiating 1 in a matrix at low temperature [24]; this value corresponds well 

to the dominant calculated values of 2.88 mT (1H hfc, a-methyl group) and 2.42 mT (14N hfc). 

Such prevailing 14N hfcs are characteristic for 2c-3e systems involving nitrogen centers 

because the s-orbital character at N rises (increasing the fermi contact interaction) based on 

the formation of a new s bond formed by the N lone pairs [51-54]; the same holds for 

corresponding cationic sulfur radicals [55]. 

There is, however, a substantial contrast between the calculated hfcs and the experimental 

values presented in [28-32]. In [28] an experimental 14N hfc of 0.01 mT and a 1H hfc of 0.14 

mT (a-methyl group EPR) have been reported. 1H-CIDNP investigations also reveal small 1H 

hfcs for the a-methyl group (0.87, 1.0 mT [31, 32]). All these latter values are significantly 

smaller than the DFT calculated predictions for the 14N hfc (2.42 mT calc, deviation 2420%) 

and 1H hfc (2.88 mT, deviation 300%). 

 

3. Conclusion 

Our CIDNP upon oxidation of 1 with B, AS, and CN indicate that either the oxidizing agent 

must be able accepting protons or a pH above 10 is required to observe CIDNP polarizations. 

QM/MM and DFT calculations bear out that the primary methionine radical cation 1•+ 

possesses C–H acidity and beside the aminyl radical N•, the C-centered radicals D• and G• 

are likely to be formed at a sub nanosecond time scale. Additionally, it is established that a 

sulfoxide is formed, and decarboxylation appears. Moreover, the 2c-3e radical (cation) SN•+ 

represents an energy minimum. This is a vast palette of reactions and is in harmony with the 

well-established electrochemical studies on 1 [3, 56] always indicating irreversible oxidations.  

Exceeding deviations between the experimental (time-resolved-EPR (CIDEP) and CIDNP) 

hfcs for the 2c-3e radical (cation) SN•+ and the computed counterparts (Table). 

Accordingly, we suggest that at the time scale of the detection of the CIDEP and CIDNP 

experiments, a subtle mixture of products is formed comprising radicals N•, D•, G•, SN•+, 

(Scheme 4) possibly Al•+ and closed-shell species  like decarboxylation product K. Several of 

these radicals are likely components of the CIDEP spectra (at pH values above ca.7) and are 

also candidates for generating (geminate) CIDNP polarization because the deprotonation and 

the electron transfer are partially reversible and appear at ns to µs time scales (compatible rate 

constants k1–k5, Scheme 4). Product K is detectable via CIDNP as the result of an "escape" 

reaction. The overlay of the contributions of all these radicals to CIDNP polarizations makes 

the analysis of the corresponding spectra difficult. 

 



 
Scheme 4. Radicals involved in primary processes (ns-µs tome scale) upon the oxidation of 1 

under basic conditions (for better comparison the negative charges are omitted from the 

acronyms of the radicals).  

 

 

 

It would be interesting developing a sound concept describing the follow-up reactions of 

methionine based kinetic criteria. It should be also informative performing CIDNP with 13C 

labeled isomers of 1. 

 

 

 

Experimental 

All chemicals and deuterated solvents were purchased from Sigma-Aldrich and used without 

any additional treatment. 



1H NMR and CIDNP spectroscopic experiments were performed on a Bruker AVANCE 200 

MHz DPX NMR spectrometer equipped with a wide bore 1H CIDNP probe. In TR-CIDNP 

experiments, composite pulse pre-saturation followed by a short (8 ns) 355 nm (90 mJ) laser 

flash and 2 µs (30) radiofrequency pulse provided the observation of pure CIDNP 

polarizations. “Dummy” CIDNP spectra without the application of a laser pulse were always 

recorded to ensure an effective suppression of background NMR signals. All samples were 

bubbled for 5 min with nitrogen gas prior to experiments to remove oxygen from the rection 

solution. 

Quantel Brilliant B Nd/YAG laser operating on its third harmonic (355 nm) was used as an 

UV irradiation source. 

The hyperfine coupling constants (hfc) of the free radicals were calculated by using the 

Gaussian 09 package [57].For the calculations of the pKa-value of deprotonated SN•+ we 

tested two different procedures. The DFT procedure estimates the change in free energy for 

the H-transfer (SN•+ → zwitterionic G•) with a conductor-like implicit solvation model[58] at 

the UB3LYP/6-311+G(2df,2p)//6-31G* level using conformational averaging. The free-

energy change is -13.4 kJ/mol. In order to probe the explicit influence of the solvent and 

entropic contributions, we also used a procedure that is based on molecular dynamics (MD) 

simulations with a QM/MM-Hamiltonian: the radical species are described by self-consistent 

charge DFTB [59, 60] (QM region) and the aqueous solution by 560 flexible water molecules 

[61] (MM region). The free-energy difference between deprotonated SN•+ and zwitterionic G• 

is determined from MD-based umbrella sampling. The free-energy change is -8.4 kJ/mol. 

Assuming a pKa of 9.2 for the zwitterionic G• (= pKa of the NH3-group of zwitterionic 

methionine in water); we can determine a free energy difference of +53.1 kJ/mol for this 

deprotonation process at standard conditions (pH = 1). Using the thermodynamic cycle of 

Scheme 3, the standard free-energy change for the deprotonation of SN•+ can be determined. 

It is +39.7 kJ/mol for the DFT approach and +44.7 kJ/mol for the QM/MM approach. These 

values translate into the pKa values given in Scheme 3. 

The conformational dynamics of deprotonated SN•+ was studied by monitoring the axial and 

equatorial positions of the carboxy and methyl group during umbrella-sampled MD 

simulation at reaction coordinate of 0.8 (=local minimum that corresponds to deprotonated 

SN•+).  

 

Details of the DFT approach: We first performed a conformational search using the 

MMFP94-force field. Located conformations were then optimized at the UB3LYP/6-31G* 

level with the implicit solvation model C-PCM[58]. Localization of minima was verified by 

normal mode calculations. This led to 4 conformers for deprotonated SN•+ and 16 conformers 

for zwitterionic radical G•. The relative free energy between these two species were 

determined by Boltzmann-averaging of the UB3LYP/6-11+G(2df,2p) single-point energies of 

the 4/16 conformers. Including vibrational contributions from the normal mode calculations 

did not significantly alter the free energy difference. Accordingly, the H-transfer 

(deprotonated SN•+ → zwitterionic G•) relates to a free-energy change of -13.4 kJ/mol. All 

calculations were carried out with Spartan 20[62]. 

 

Details of the QM/MM approach: third-order SCCDFTB is carried out with a damping 

exponent of 4.0 for H-interactions and the parameter set 3OB:nmod-1-2 with re-optimized 



parameters for N(sp3)-H interactions[63]. The potential of mean force for the H-transfer from 

deprotonated SN•+ to zwitterionic G• was determined by umbrella sampling [64] using the 

relative position of the modified center of excess charge (Eq. 11 of Ref.[65]) as reaction 

coordinate. To define the excess charge, we used the heteroatoms C()and N and the 

hydrogens connected to these atoms and the parameters rsw=1.15 and dsw=0.045. For the 

umbrella sampling 19 MD simulations at equally spaced values of the reaction coordinate 

(from -0.9 to 0.9) were performed; the system was kept near the desired value of the reaction 

coordinated with a harmonic restraining potential and a force constant of 1600 kJ/mol. All 

covalent bonds (except those involving the transferred hydrogen) were very slightly restrained 

to avoid decarboxylation (see Results) or other undesired transformations during the 

unphysical H-transfer process. The average restraining energy is less than 0.1 kJ/mol at the 

end states of the H-transfer. The simulations were carried out at constant pressure (1 atm) and 

temperature (303.15 K) using Particle mesh Ewald summation for long range electrostatic 

interactions. The time step was 0.5 fs, and the length of each simulation was 500 ps. The first 

100 ps served for equilibration and are not considered for the calculation of the PMF. All 

simulations were carried out with the program CHARMM (c43b2) using default settings for 

the aforementioned simulation model [66]. PMF profiles (Figure X) were calculated with 

Alan Grossfield’s code of WHAM [67]. Accordingly, a free-energy change of -8.4±1.0 

kJ/mol relates to the H-transfer from deprotonated SN•+ to zwitterionic G•. Error bars 

correspond to the standard error of the mean when averaging over four blocks of data; each 

block contains 19 × 100 ps of simulation data. The pKa-value of 1●+ was calculated as 

follows: pKa(1●+) = [2.3RT pKa(Z) + ΔG]/2.3RT where pKa(Z) is the pKa-value of 

zwitterionic methionine (=9.2) and ΔG is the free-energy change for the proton transfer (−13.4 

kJ/mol with DFT or −8.4 kJ/mol with QM/MM). 
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