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ABSTRACT: In this study, we investigate the eﬀect of substituents in determining the
modes of one-electron reductive cleavage of X−NRR′ (X = Cl and Br) molecules. We
achieve this through comparison of the calculated gas-phase electron aﬃnities (EAs) and
aqueous-phase one-electron reduction potentials (E°’s) for a range of nitrogen-centered
radicals (•NRR′) with the corresponding EA and E° values for •Cl and •Br. The gasphase EAs have been obtained using the benchmark-quality W1w thermochemical
protocol, whereas E° values have been obtained by additionally applying free energy of
solvation corrections, obtained using the conductor-like polarizable continuum (CPCM)
model. We ﬁnd that the N-halogenated derivatives of amines and amides should
generally cleave in such a way as to aﬀord •NRR′ and X−. For the N-halogenated imides, on the other hand, the N-brominated
derivatives are predicted to produce •Br in solution, whereas the N-chlorinated derivatives again would give Cl−. Importantly, we
predict that N-bromouracil is likely to aﬀord •Br. This may have important implications in terms of inﬂammatory-related
diseases, because •Br may damage biomolecules such as proteins and DNA. To assist in the determination of the gas-phase EAs
of larger •NRR′ radicals, not amenable to investigation using W1w, we have evaluated the performance of a wide range of lowercost theoretical methods. Of the standard density functional theory (DFT) procedures, M06-2X, τ-HCTHh, and B3-LYP show
good performance, with mean absolute deviations (MADs) from W1w of 4.8−6.8 kJ mol−1, whereas ROB2-PLYP and B2-PLYP
emerge as the best of the double-hybrid DFTs (DHDFTs), with MADs of 2.5 and 3.0 kJ mol−1, respectively. Of the Gn-type
procedures, G3X and G4 show very good performance (MADs = 2.4 and 2.6 kJ mol−1, respectively). The G4(MP2)-6X+
procedure performs comparably, with an MAD of 2.7 kJ mol−1, with the added advantage of signiﬁcantly reduced computational
expense.

1. INTRODUCTION
During the inﬂammatory response, the enzymes myeloperoxidase and eosinophil peroxidase catalyze the oxidation of Cl−
and Br− (by H2O2), aﬀording hypochlorous (HOCl) and
hypobromous (HOBr) acids, respectively. These are potent
oxidants that serve an important role in the host defense
mechanism, largely because they act in such a way as to
incapacitate invading pathogens (e.g., bacteria, viruses, and
fungi).1 These oxidants may react with a wide range of
functional groups, but increasing attention has been given to
their reaction with nitrogen-containing functionalities, as these
are found in great abundance in biological systems (for
example, proteins are made up of peptide linkages, whereas the
DNA/RNA bases also contain reactive nitrogen-containing
groups).2 The resulting products of such reactions are Nhalogenated derivatives of amines, amides, imides, or imines.
Because of the substantially weaker nature of N−X (X = Cl
and Br) vs N−H bonds, N-halogenated species are more
susceptible to radical formation via N−X bond homolysis.
Given that radical formation is likely to be important from the
perspective of disease, we have previously studied the eﬀect of
substituents on the strength of N−X bonds with regard to
spontaneous homolytic cleavage.3 Although thermally induced
© 2013 American Chemical Society

cleavage processes are relatively slow, the addition of oneelectron donors, such as transition metal ions (e.g., Cu+ and
Fe2+), superoxide (O2•−), or hydrated electrons (e−aq),
expedites the dissociation process.4,5 The addition of a single
electron to the N−X-containing species aﬀords the possibility
of two diﬀerent sets of products. Thus, dissociative oneelectron reduction of the N−X bonds of N-halogenated species
may lead to expulsion of either a halide anion (X−) plus a
nitrogen-centered radical (•NRR′)
X−NRR′ + e− → X− + •NRR′

(1)

or a halogen atom (•X) plus a nitrogen-centered anion
(−NRR′):
X−NRR′ + e− → •X + −NRR′

(2)

On the basis of available experimental studies, when X = Cl,
cleavage appears to follow eq 1, irrespective of the substituents
(i.e., R/R′) bound to the nitrogen.4 When X = Br, cleavage is
generally consistent with eq 1, except for the speciﬁc case of NReceived: October 10, 2012
Revised: December 12, 2012
Published: January 3, 2013
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Harmonic vibrational frequencies have been calculated at the
same level of theory to conﬁrm that the stationary points are
equilibrium structures; i.e., they have only real frequencies.
These frequencies were also used to calculate zero-point
vibrational energy (ZPVE), and thermal enthalpy (H) and
entropy (S) corrections. The contributions were scaled
according to factors reported in the literature (speciﬁcally,
0.9884 for ZPVE, 0.9987 for H, and 1.0043 for S).12 Higherlevel W1w calculations have been performed on these
structures to obtain accurate adiabatic gas-phase EAs for all
species. W1w theory represents a layered extrapolation to the
all-electron, relativistic CCSD(T) complete-basis-set limit, and
has been explained in detail elsewhere.10 It diﬀers from the
older W1 procedure through the use of aug′-cc-pV(n+d)Z basis
sets, rather than aug′-cc-pV(n+2d1f)Z basis sets for the
extrapolations of the Hartree−Fock, valence CCSD and (T)
components.10a In brief, the Hartree−Fock (ROHF) energy is
extrapolated from the A′VTZ and A′VQZ basis sets using the
two-point extrapolation formula E(L) = E∞ + A/Lα, where L is
the highest angular momentum present in the basis set and α =
5 is the extrapolation exponent. The valence ROCCSD
correlation energy is extrapolated from the same basis sets
using the above two-point extrapolation formula with α = 3.22.
The valence parenthetical triples (T) correlation component is
extrapolated from the A′VDZ and A′VTZ basis sets using the
same two-point extrapolation formula. The inner-shell
correlation contribution is obtained at the ROCCSD(T) level
in conjunction with the MTsmall core-correlation basis set
(where MTsmall denotes a completely uncontracted cc-pVTZ
basis set with additional 2d1f high-exponent functions).10a The
deep-core orbitals (i.e., the 1s orbital for chlorine, and the 1s,
2s, and 2p orbitals for bromine) have been constrained to be
doubly occupied in all conﬁgurations. This choice of deep-corevalence partitioning has been justiﬁed previously.10 The scalarrelativistic contribution is obtained from second-order Douglas−Kroll−Hess13 CCSD(T)/MTsmall calculations (within the
frozen-core approximation). In obtaining the energies of the
halogen atoms, spin−orbit corrections of 3.52 (for Cl•) and
14.69 (for Br•) kJ mol−1 have been applied.14
For the calculation of reduction potentials in aqueous
solution, the eﬀect of bulk water was estimated through the
calculation of free energies of solvation (ΔGsolv) at the HF/631+G(d) level in conjunction with the conductor-like polarizable continuum model (CPCM) with Bondi radii.15 This
approach has been shown to provide ΔGsolv energies with a
mean absolute deviation from experimental values of 15.2 kJ
mol−1 for a test set of 70 species including neutrals, cations, and
anions.16 Combination of ΔG(gas) and ΔGsolv yields ΔG(aq)
values that correspond to 298 K and 1 M (Figure 1).
Furthermore, as the electron-addition reaction does not involve
changes in the number of molecules, no change-of-state
correction is required to account for the change from the gas
phase (1 atm) to solution (1 M).

bromoimides, where it is found experimentally that some
species (e.g., the N-brominated derivatives of succinimide and
glutarimide) undergo cleavage that results in the expulsion of
•
Br (i.e., via eq 2).5 From a biological perspective, the
formation of •Br in vivo is expected to be deleterious to host
tissues. First, •Br is known to participate in hydrogen-atomabstraction reactions from the backbone α-C−H moieties of
amino acids (and hence provides a route to protein
degradation).6 Second, the reaction of •Br with excess Br−
aﬀords Br2•−, a powerful oxidant (E° = +1.66 V),7 which has
been shown to oxidize free nucleobases8 as well as those in
plasmid DNA.9
From a thermodynamic viewpoint, the products arising from
one-electron reduction of N−X-containing species in the gas
phase may be determined by comparing the electron aﬃnities
(EAs) of the nitrogen-centered radical (•NRR′) and •X. The
EAs of •NRR′ and •X (X = Cl/Br) may be written in terms of
eqs 3 and 4, respectively, and correspond to the energy
liberated when an electron is added to a neutral species.
•

NRR′ + e− → −NRR′

(3)

•

X + e− → X −

(4)

By convention, a positive EA corresponds to a situation in
which the electron is bound to the neutral •NRR′ or •X
radicals; i.e., the EAs are the negative of the energy changes in
reactions 3 and 4. If EA(•X) < EA(•NRR′), then the greater
propensity for an electron to bind to •NRR′, rather than to •X
would result in the one-electron reduction of XNRR′ giving •X
plus −NRR′.
In aqueous solution, the corresponding quantities of interest
are the one-electron reduction potentials (E°). The more
positive the value of E°, the more favorable is the binding of the
electron. Thus, if E°(•X/X−) < E°(•NRR′/−NRR′), then the
products of the dissociative one-electron reduction of X−NRR′
are expected to be •X plus −NRR′.
We have used this approach previously5a to examine the
preferred mode of cleavage of a small number of N-halogenated
species, by comparing the EAs and E° values for the associated
radicals (namely • NH 2 , • NHCH 3 , • NHCF3 , imidazolyl,
•
NHCHO, •N(CHO)2, and succinimidyl) with those of •Cl
and •Br, where we obtained the EAs using the high-level G4
theoretical procedure.5a The present paper extends our
previous investigation by substantially increasing the number
of systems investigated (from 7 systems to 31), and using a
higher level of theory (namely the nonempirical W1w
thermochemical protocol10 in place of G4) for obtaining the
underlying gas-phase EAs. We address a question that is of
particular importance to biological systems, namely whether the
N-chloro or N-bromo derivatives of uracil are likely to provide a
source of •X in vivo. Finally, we assess the performance of a
range of lower-cost theoretical procedures, including standard
density functional theory (DFT) procedures, more recent
double-hybrid DFT (DHDFT) methods, and composite Gn
thermochemical protocols relative to benchmark W1w
reference values for the calculation of the EAs of •NRR′
radicals.

2. COMPUTATIONAL PROCEDURES
All structures were obtained at the B3-LYP/A′VTZ level of
theory, where A′VnZ indicates the combination of the standard
cc-pVnZ basis sets11a on H, aug-cc-pVnZ basis sets11b on ﬁrstrow atoms and Br, and aug-cc-pV(n+d)Z basis sets11c on Cl.

Figure 1. Thermodynamic cycle by which ΔG(aq) values are computed.
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EAs of small molecules in the G2-1 test set,62 W1 attains a
mean absolute deviation (MAD) from experimental values of
1.5 kJ mol−1.10c For the set of 32 EAs of larger systems found in
the G2-2 test set,63 W1 aﬀords an MAD of 1.8 kJ mol−1.10c
These MADs imply a 95% conﬁdence interval of about 5.0 kJ
mol−1 for the W1 procedure. It should be mentioned that for
other thermochemical properties (such as reaction energies,
bond dissociation energies, and enthalpies of formation) W1
performs equally well.10 For example, for a set of 124 highly
accurate total atomization energies covering a broad spectrum
of bonding situations, W1 attains an MAD of just 2.0 kJ
mol−1.10f
The EAs of a small number of radicals relevant to the
cleavage of N−X bonds (X = Cl and Br) have been determined
experimentally.64 Table 1 compares our W1w EAs with the

Absolute reduction potentials have then been calculated from
ΔG(aq), and these are converted to reduction potentials (E°)
relative to the standard hydrogen electrode (SHE). This
involves subtracting the estimated absolute reduction potential
of 4.43 V for hydrogen17 from the absolute reduction potentials
of the radicals (note that n refers to the number of electrons
involved in the reduction and F is the Faraday constant):
E° = ( −ΔG(aq)/nF ) − 4.43 V

(5)

To facilitate future investigations of the EAs of larger •NRR′
systems, for which the W1w procedure may not be feasible, the
performance of a range of lower-cost theoretical procedures has
been assessed, namely standard DFT procedures, double-hybrid
DFT (DHDFT) procedures, and a number of Gaussian-n (Gn)
thermochemical protocols.
The standard DFT exchange−correlation functionals considered in the present study (ordered by their rung on Jacob’s
ladder18 ) are the local density approximation (LDA)
SVWN5;19 variants of the pure generalized gradient approximation (GGA) (B-LYP,20,21 B-P86,20,22 PBE,23 HCTH407,24
and B97-D);25 the meta-GGAs (MGGAs) (VSXC,26 TPSS,27 τHCTH,28 and M06-L);29 the hybrid-GGAs (HGGAs) (PBE0,30
B3-PW91,31,32 B3-P86,22,31 B97-1,33 B98,34 TPSSh,35 B3LYP,31,21,36 X3-LYP,37 BH&HLYP,38 ωB97,39 ωB97X,39 and
ωB97X-D);40 and the hybrid-meta-GGAs (HMGGAs) (B1B95,20,41 BMK,42 τ-HCTHh,28 M05,43 M05-2X,44 M06,45 M062X,45 and M06-HF).45 The sensitivity of the performance of
the standard DFT procedures with respect to choice of basis set
was also investigated and was carried out in conjunction with
the following basis sets: (i) the 6-31+G(d,p), 6-31+G(2df,p),
and 6-311+G(3df,2p) basis sets of Pople and co-workers and
(ii) the A′VnZ (n = D, T, Q) correlation-consistent basis sets of
Dunning and co-workers.11 The double-hybrid DFT procedures investigated include B2-PLYP,46 B2K-PLYP,47 B2GPPLYP,48 and ROB2-PLYP.49 The performance of these
procedures has been assessed, within the frozen-core
approximation, in conjunction with the A′VnZ (n = D, T, Q)
basis sets. The DuT and PoT procedures,50 which were
parametrized speciﬁcally for use in conjunction with triple-ζquality basis sets, have also been assessed.
In addition, the performance of the composite thermochemical Gn procedures G3X,51 G3X(MP2),52 G3X(MP2)-RAD,53
G4,54 G4-5H,55 G4(MP2),56 G4(MP2)-6X,57 and G4(MP2)6X+58 was also assessed. We note that the geometries used for
the DFT and Gn calculations are the same as those employed
for the W1w reference energies (i.e., optimized at the B3-LYP/
A′VTZ level of theory).
All geometry optimizations, standard and double-hybrid
DFT calculations, and calculations required to compute Gn
energies were performed using Gaussian 09.59 The free energy
of solvation corrections (ΔGsolv) necessary for the calculation of
E° values were obtained using Gaussian 03,60 to maintain the
same implementation of CPCM as employed in the benchmark
solvation study.16 The Hartree−Fock and CCSD(T) calculations necessary to compute W1w energies were performed
using Molpro 2009.1.61

Table 1. Performance of the W1w Procedure for the
Calculation of Adiabatic Gas-Phase Electron Aﬃnities (EAs)
of Radicals Resulting from Cleavage of N−X Bonds (X = Cl
and Br) (298 K, kJ mol−1)
radical

W1w

NH2
•
NHCH3
•
N(CH3)2
•
NHPh
•
imidazolyl
•
pyrrolyl
•
pyrazolyl
•
1,2,3-triazolyl
•
NCH2
•
Cl
•
Br
MAD
MD
LD

72.1
44.5
52.4
157.2
252.9
208.5
285.8
339.8
49.1
350.1
326.4
2.9
+1.1
−7.2, +7.2

•

expt
74.4
41.7
48.6
164.4
252.1
207.0
283.5
332.6
49.3
348.7
324.5

±
±
±
±
±
±
±
±
±
±
±

0.5a
1.4b
2.9b
2.9c
0.6d
1.0e
0.5f
0.4g
0.8h
0.0i
0.0j

a

Reference 64a. bReference 64b. cReference 64c. dReference 64d.
Reference 64e. fReference 64f. gReference 64g. hReference 64h.
i
Reference 64i. jReference 64j.
e

experimental ones, and lists the mean absolute deviation
(MAD), mean deviation (MD), and largest deviations (LDs) of
W1w from experimental values. In general, the W1w procedure
exhibits reasonably good to excellent performance relative to
experiment, with an MAD and MD of 2.9 kJ and 1.1 kJ mol−1,
respectively. In all but one case (the 1,2,3-triazolyl radical), our
W1w EAs agree with experiment to within overlapping
uncertainties. For the 1,2,3-triazolyl radical, a deviation of
+7.2 kJ mol−1 is obtained (Table 1). For the two halogens,
namely •Cl and •Br, the deviations are 1.4 and 1.9 kJ mol−1,
respectively.
Because W1w represents a layered extrapolation to the allelectron CCSD(T) basis-set-limit energy, it is of interest to
estimate whether the contributions from post-CCSD(T)
excitations are likely to be signiﬁcant for the species considered
in the present work. The percentage of the atomization energy
accounted for by parenthetical connected triple excitations, %
TAEe[(T)], has been shown to be a reliable energy-based
diagnostic that provides an indication of the importance of
post-CCSD(T) contributions.10e Table S1 of the Supporting
Information gathers the %TAEe[(T)] values for the radicals
and anions considered in the present study, and they can be

3. RESULTS AND DISCUSSION
3.1. Performance of the W1w Procedure for the
Calculation of Gas-Phase Adiabatic EAs. It has generally
been found that the W1 procedure shows good performance
for the calculation of electron aﬃnities. For example, for the 25
462

dx.doi.org/10.1021/jp310048f | J. Phys. Chem. A 2013, 117, 460−472

The Journal of Physical Chemistry A

Article

seen generally to lie in the range 1.3−3.3%. The largest values
occur for the tetrazolyl radical and anion (5.4 and 4.7%,
respectively), F2CN− (4.1%), and the anions and radicals
associated with the 1,2,3- and 1,2,4-triazoles (3.6−3.9%). On
the basis of the above results, the use of the W1w procedure for
investigating the EAs of the radicals relevant to N−X bond
cleavage (X = Cl and Br) appears to be warranted.
3.2. Deﬁnitions Relating to the Relative Stabilities of
Radicals and Anions, and the Relation of Such
Quantities to the EAs. To facilitate an analysis of the eﬀect
of substituents on the relative magnitudes of the EAs
(compared with that for •NH2), it is necessary to consider
the eﬀects in both the radical and the anion. To do this, we will
use the same approach that we used in our previous
investigation.5a For the radicals, the eﬀect of substituents on
the relative stabilities has been considered through the
calculation of widely used radical stabilization energies (RSEs).
The RSE is deﬁned as the energy change for the hydrogentransfer reaction presented in eq 6:
RSE:

•

NRR′ + H−NH 2 → H−NRR′ + •NH 2

Table 2. Adiabatic Electron Aﬃnities (EAs), Radical
Stabilization Energies (RSEs), Anion Stabilization Energies
(ASEs), Free Energy of Solvation Corrections (ΔΔGsolv),
and Aqueous One-Electron Reduction Potentials (E° in
Volts, Relative to SHE) for Radicals or Anions Relevant to
Cleavage of N−X Bonds (X = Cl and Br) (298 K, kJ mol−1)a

(6)

The RSE measures the eﬀect of the substituents (R and R′) on
the stability of the radical (•NRR′) relative to their eﬀect in the
closed-shell molecule HNRR′. A positive value indicates
relative stabilization of the radical.
Similarly, the anion stabilization energy (ASE) is deﬁned as
the energy change for the proton-transfer reaction shown in eq
7:
ASE:

−

NRR′ + H−NH 2 → H−NRR′ + −NH 2
(7)

The ASE measures the eﬀect of the substituents (R and R′) on
the stability of the anion (−NRR′) relative to their eﬀect in the
neutral HNRR′ species. A positive value indicates relative
stabilization of the anion.
Diﬀerences in the EA of a substituted radical •NRR′ from the
EA of the parent radical •NH2 (denoted ΔEA(•NRR′)) can be
related to the eﬀect of the substituents (R and R′) on the
individual anion and radical according to eq 8:
ΔEA(•NRR′) = ASE(− NRR′) − RSE(•NRR′)
•

radical

EA

RSE

ASE

ΔΔGsolvb

E°

NHCH3
•
N(CH3)2
•
NH2
•
NHCH2CO2H
•
NHPh
•
NHCF3
•
pyrrolyl
•
imidazolyl
•
pyrazolyl
•
1,2,3-triazolyl
•
1,2,4-triazolyl
•
tetrazolyl
•
NHCHO
•
NHCOCH3
•
NHCFO
•
NHCOCN
•
NHCONH2
•
N(CH3)CHO
•
NHCHNH
•
NH(NH2)CNH
•
glutarimidyl
•
N(CHO)2
•
succinimidyl
•
3-uracilylc
•
NCH2
•
NC(CH3)2
•
NCHCH3
•
NCH(NH2)
•
NC(NH2)2
•
NCH(OH)
•
NCF2
•
Cl
•
Br

44.5
52.4
72.1
105.8
157.2
266.5
208.5
252.9
285.8
339.8
331.1
401.7
280.7
267.3
325.6
384.1
250.5
257.8
198.2
204.2
350.1
390.5
395.9
379.0
49.1
51.8
61.1
94.0
99.3
148.0
258.6
350.1
326.4

31.9
55.5
0.0
26.4
65.9
−10.9
50.0
45.2
−8.1
−9.7
−9.3
−21.0
−29.3
−21.7
−34.6
−38.8
−7.9
−7.2
25.1
25.3
−52.4
−52.0
−69.6
−67.1
80.4
70.4
72.1
42.7
34.7
30.4
2.2

4.4
35.8
0.0
60.1
151.1
183.6
186.4
226.0
205.6
258.0
249.8
308.6
179.3
173.5
218.9
273.2
170.5
178.5
151.3
157.5
225.7
266.4
254.3
240.8
57.4
50.1
61.2
64.5
61.9
106.3
188.8

−332.7
−296.9
−361.3
−288.2
−248.9
−257.9
−247.5
−239.0
−258.9
−232.7
−249.3
−244.1
−303.3
−302.0
−253.3
−239.3
−288.6
−287.9
−298.7
−298.8
−251.9
−226.0
−243.4
−248.4
−312.3
−305.3
−307.3
−301.8
−299.6
−311.6
−272.7
−309.3
−276.9

−0.54
−0.90
+0.04
−0.38
−0.23
+0.99
+0.27
+0.64
+1.18
+1.45
+1.56
+2.22
+1.48
+1.25
+1.53
+1.91
+0.94
+1.06
+0.64
+0.66
+1.79
+1.96
+2.11
+2.04
−0.70
−0.76
−0.63
−0.34
−0.31
+0.10
+1.05
+2.39
+1.80

•

(8)

•

3.3. EA and E° Data set for NRR′ and X (X = Cl and
Br) Radicals. Table 2 presents the EA, RSE, ASE, and E°
values for a number of radicals or anions relevant to the oneelectron reductive cleavage of X−NRR′ (X = Cl and Br), which
have been obtained at the W1w level (and the computationally
more economical W1-F12 method65 in the case of the 3-uracilyl
radical). These thermochemical quantities are used in the
following sections to provide insights into the factors aﬀecting
the preferred modes of cleavage of X−NRR′ molecules upon
one-electron reduction in both the gas and aqueous phases.
The discussion has been structured in such a way that we will
ﬁrst comment on the EA and E° values of the various classes of
radicals (i.e., aminyl, heterocyclic, amidyl, imidyl and iminyl).
We will then proceed to discuss the preferred modes of
cleavage of X−NRR′ molecules (X = Cl and Br) in broader
terms by comparing the EA and E° values of the nitrogencentered radicals with those of •Cl and •Br.
3.3.1. EA and E° Values of Aminyl Radicals. We have
investigated the EAs of a number of aminyl-type radicals (Table
2). Compared with the EA of •NH2 (72.1 kJ mol−1), the
introduction of one or two electron-donating methyl
substituents (as in •NHCH3 and •N(CH3)2) induces a lowering

Obtained at the W1w level, unless otherwise noted. bΔΔGsolv =
ΔGsolv(anion) − ΔGsolv(radical). cObtained at the W1-F12 level.

a

in the EAs of the resulting radicals (EAs = 44.5 and 52.4 kJ
mol−1, respectively). However, the EAs do not vary in a
monotonic fashion with the degree of methylation, viz.,
EA(•NH2) > EA(•N(CH3)2) > EA(•NHCH3). The EA of
•
N(CH3)2 is larger than that of •NHCH3, and this arises
because of the particularly large ASE associated with −N(CH3)2
(35.8 kJ mol−1) vs that of −NHCH3 (4.4 kJ mol−1), relative to
the smaller RSE diﬀerential between •N(CH3)2 (55.5 kJ mol−1)
and •NHCH3 (31.9 kJ mol−1). The increased C−H bond
lengths in −N(CH3)2 (1.133 Å) compared with −NHCH3
(1.128 Å), which are indicative of a greater extent of donation
of excess electron density into acceptor σ*C−H orbitals in the
former, are consistent with the larger ASE of −N(CH3)2
(Figure 2). In support of this, natural bond orbital (NBO)
calculations (at the B3-LYP/A′VTZ level) show that the
stabilizing LP(N) → σ*C−H interactions in −N(CH3)2 are of
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(R2 = 0.975). Thus, the EA of pyrrolyl radical (which contains
only one nitrogen) is the smallest (208.5 kJ mol−1), whereas
the EA of the tetrazolyl radical (which contains four nitrogen
atoms) is the largest (401.7 kJ mol−1). As noted in section 3.1,
our calculated EAs for imidazolyl, pyrrolyl, pyrazolyl, and 1,2,3triazolyl agree well with the experimentally determined values.
As far as we are aware, experimentally determined EAs have not
yet been reported for the 1,2,4-triazolyl and tetrazolyl radicals.
From a general perspective, the RSEs associated with the
radicals become increasingly less positive and even negative as
the number of nitrogens is increased. This ﬁnding may be
rationalized on the basis that, due to the greater electronegativity of N vs C, increasing nitrogen content would tend to
render the resulting radicals more electron deﬁcient. In
contrast, the ASE values become increasingly positive with
increased nitrogen content, and this can be explained, in part,
on the basis that the increased electronegativity of N vs C
aﬀords a greater degree of stabilization in the anions.
Owing to the large underlying gas-phase EAs, and the
favorable ΔΔGsolv contributions, all of the heterocyclic radicals
are predicted to be oxidizing agents in aqueous solution (i.e.,
the E° values are positive). The tetrazolyl radical is expected to
be a powerful oxidant, with E° = +2.22 V (the largest of any of
the nonhalogen radical species considered in this investigation).
Of relevance from a biological perspective, the E° of imidazolyl,
which serves as a model for the side chain of histidine, is
computed to be +0.64 V.
3.3.3. EA and E° Values of Amidyl Radicals. We now
examine the EAs of a number of amidyl radicals. These species
are characterized as having a single electron-withdrawing acyl
substituent (i.e., RCO) directly attached to the nitrogen. Such
radicals are associated with substantially larger EAs (250.5−
384.1 kJ mol−1) than typical aminyl-type radicals (e.g.,
•
NHCH3, •N(CH3)2, •NHCH2CO2H, and •NHPh), which
have EAs of 44.5−157.2 kJ mol−1. The larger EAs of the amidyl
radicals may be attributed to the combination of a destabilizing
eﬀect in the radicals (i.e., the RSEs are negative) and a
stabilizing eﬀect in the anions (i.e., the ASEs are large and
negative).
Destabilizing eﬀects in amidyl radicals have been commented
on previously3a,66 but, in short, arise because it is the unpaired
electron, rather than the lone pair, that is better positioned for
delocalization into the π*CO orbital. In this regard, inspection
of the Mulliken atomic spin densities (obtained at the B3-LYP/
A′VTZ level) for the simplest amide radical (•NHCHO)
indicate that, although the unpaired electron resides predominantly on the nitrogen atom (0.776 e−), a substantial
proportion is also resident on the oxygen atom (0.346 e−).
As for stabilizing eﬀects in the amidyl anions, delocalization of
the excess negative charge throughout the N−C−O π-system,
allows for a buildup of negative charge on the more
electronegative O vs N atom. The atomic polar tensor (APT)
charges 67 (obtained at the B3-LYP/A′VTZ level) for
−
NHCHO indicate the preference for the negative charge to
be accommodated on the carbonyl oxygen (charge = −1.068)
vs the amido nitrogen (charge = −0.866).
For the more biologically relevant amide radical models, we
compute EA values of 250.5 (•NHCONH2), 257.8 (•N(CH3)CHO), 267.3 (•NHCOCH3), and 280.7 (•NHCHO) kJ mol−1.
It is important to point out that our W1w EAs for •NHCONH2
and •NHCOCH3 diﬀer substantially from those reported on
the basis of negative ion mass spectrometry experiments,
namely 272.1 and 246.0 kJ mol−1, for •NHCONH2 and

Figure 2. Geometries of the methyl- and dimethyl-substituted
nitrogen-centered anions (which adopt Cs and C2v symmetry,
respectively).

greater magnitude than in −NHCH3 (E(2) ∼ 52.0 vs 47.7 kJ
mol−1, respectively).
We have investigated the eﬀect of the σ-electron-withdrawing
sp3-hybridized CH2CO2H and CF3 groups. Although attachment of the CH2CO2H group (i.e., as in the nitrogen-centered
isomer of the glycyl radical) induces a modest increase in the
EA compared with that of •NH2 (105.8 vs 72.1 kJ mol−1), the
EA of •NHCF3 is substantially larger (266.5 kJ mol−1). The
particularly large EA of the latter is, for the most part,
attributable to the existence of a large stabilizing eﬀect in
−
NHCF3 (ASE = 183.6 kJ mol−1), arising as a result of the
donation of the excess electron density into electron-accepting
σ*C−F orbitals. We have also considered the eﬀect of the πaccepting Ph substituent, computing an EA of 157.2 kJ mol−1
for •NHPh. The substantially larger EA of •NHCF3 vs •NHPh
arises partly because of a diﬀerence in the extent to which the
anions are stabilized (ASEs = 183.6 vs 151.1 kJ mol−1), but
even more so because delocalization of the unpaired electron
throughout the ring system in the •NHPh radical leads to a
stabilizing eﬀect (RSE = 65.9 kJ mol−1), whereas the •NHCF3
radical is subject to a destabilizing eﬀect (RSE = −10.9 kJ
mol−1).
We now examine the aqueous one-electron reduction
potentials (E°) of the aminyl radicals. These species are
generally predicted to be reducing agents; i.e., most of the E°
values are negative. The main exception to this is •NHCF3
which, due to its particularly large underlying gas-phase EA, has
an E° value of +0.99 V. As a result, •NHCF3 is predicted to
exhibit the characteristics of a mild oxidant. It is also of interest
to note that, whereas the gas-phase EA of •NH2 is substantially
smaller than the EAs of •NHCH2CO2H and •NHPh, its oneelectron reduction potential (E° = +0.04 V) is substantially
larger (i.e., more positive or less negative) than those of the
latter (E° = −0.38 and −0.23 V, respectively). The larger
reduction potential of •NH2 arises because of the particularly
favorable ΔΔGsolv term (−361.3 kJ mol−1), compared with
those for the other two systems, which range from −248.9 to
−288.2 kJ mol−1. This in turn presumably arises because of the
smaller size and therefore more concentrated charge in −NH2
compared with the other species.
3.3.2. EA and E° Values of Heterocyclic Radicals. The EAs
of six nitrogen-containing heterocyclic systems, containing
between one and four nitrogen atoms, have been investigated
(Figure 3). The computations indicate that the EAs increase
roughly linearly as the number of nitrogen atoms is increased

Figure 3. Structures of the heterocyclic radicals.
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Table 3. Comparison of Theoretical and Experimental Appearance Energies (AEs), N−H Bond Dissociation Energies (BDEs),
and Electron Aﬃnities (EAs), Relevant to H2NCONH2 and H2NCOCH3 (298 K, kJ mol−1)
AE

N−H BDE

EA

radical

theorya

exptb

theorya,c

exptb

theorya

exptb

NHCONH2
NHCOCH3

207.7
204.8

183.3 ± 8.7
188.1 ± 4.8

458.2
472.0

455.4
434.2

250.5
267.3

272.1
246.0

•
•

a

Calculated at the W1w level. bFrom ref 68. cNote that these BDEs are in good agreement with the BDEs from ref 3a calculated at the W2w level:
457.6 (•NHCONH2) and 471.3 (•NHCOCH3) kJ mol−1.

•

NHCOCH3, respectively.68 Table 3 compares the experimental appearance energies (AEs) of − NHCONH 2 and
−
NHCOCH3, and N−H bond dissociation energies (BDEs)
of NH2CONH2 and NH2COCH3, from which the experimental
electron aﬃnities (EAs) have been derived (EA = BDEN−H −
AE), with the corresponding values obtained at the W1w level.
We ﬁnd that the experimental AE values are lower than our
W1w values by 24.4 (•NHCONH2) and 16.7 (•NHCOCH3) kJ
mol−1. As for the N−H BDEs, although theory and experiment
are in close agreement in the case of H2NCONH2, there is a
37.8 kJ mol−1 diﬀerence between theory and experiment in the
case of H2NCOCH3. Taken together, the experimentally
reported EA for •NHCONH2 is higher than our W1w value
by 21.6 kJ mol−1, whereas the EA for •NHCOCH3 is lower by
21.3 kJ mol−1. This suggests that re-examination of the
experimental BDE for H2NCOCH3 and the AEs for both
−
NHCONH2 and −NHCOCH3 may be in order.
As expected, the EAs are increased dramatically upon
incorporation of either of the electron-withdrawing F or CN
substituents in the carbonyl moieties (i.e., as in •NHCFO and
•
NHCOCN), for which we compute EAs of 325.6 and 384.1 kJ
mol−1, respectively. However, the large diﬀerence in EAs
between the F- and CN-substituted species (amounting to 58.5
kJ mol−1) is striking. On the basis of our analysis, we ﬁnd that
this diﬀerence arises almost entirely because of large diﬀerences
in the extent to which the anions are stabilized (i.e., ASEs of
218.9 and 273.2 kJ mol−1, for −NHCFO and −NHCOCN,
respectively), with only a 4.2 kJ mol−1 diﬀerence in the RSEs.
The large diﬀerence between the F- and CN-substituted
systems may reﬂect, in part, the fact that whereas F acts as a σacceptor/π-donor, CN acts as both a σ- and π-acceptor. These
two accepting eﬀects would be expected to provide additional
stabilization of the anion when the substituent is CN vs F.
We now brieﬂy examine the eﬀect of replacing the CO
moiety with the less-electron-withdrawing CNH functionality. This modiﬁcation lowers the EAs of the resulting radicals
compared with their carbonyl counterparts. Thus, the EAs of
•
NHCHNH and •NH(NH2)CNH are computed to be
198.2 and 204.2 kJ mol−1. Given the reduced electronwithdrawing capacity of the imine functional group, the radical
species are associated with positive RSE values, compared with
the carbonyl derivatives in which the RSEs are negative. On the
other hand, the reduced electronegativity of N vs O means that
the imine-substituted anions are associated with smaller ASEs
(i.e., they are relatively less stabilized) compared with the
carbonyl-containing anions.
All of the amidyl radicals considered are associated with
positive reduction potentials. Among these, the •NHCONH2
system, which is associated with the smallest gas-phase EA
(250.5 kJ mol−1), also has the lowest E° value (+0.94 V).
Furthermore, the •NHCOCN system, which has the largest
gas-phase EA (384.1 kJ mol−1), has the largest E° value in

solution (+1.91 V). Finally, consistent with the substantially
lower gas-phase EAs of •NH(H)CNH and •NH(NH2)C
NH, compared with their amidyl counterparts, the iminyl
derivatives are predicted to have low E° values (+0.64 and
+0.66 V, respectively).
3.3.4. EA and E° Values of Imidyl Radicals. We now
consider the electron aﬃnities of a number of imidyl radicals,
which are characterized as having two electron-withdrawing
acyl (RCO) groups attached to a central nitrogen atom. Four
species of this class have been examined, namely, the parent Nformylformamidyl, as well as the cyclic radicals succinimidyl,
glutarimidyl, and the biologically important 3-uracilyl (Figure
4).

Figure 4. Structures of the imidyl radicals considered in this study.

It is instructive initially to compare the EA of •N(CHO)2 vs
NHCHO. We ﬁnd that, although the EA of the disubstituted
system is clearly much larger than the monosubstituted system
(390.5 vs 280.7 kJ mol−1), the eﬀect on going from one to two
formyl substituents is not additive; i.e., a saturation eﬀect exists.
In addition, the calculations reveal that the eﬀects of two formyl
substituents on the RSE and ASE values of the imide system are
also less than additive. Speciﬁcally, the RSE of •N(CHO)2
(−52.0 kJ mol−1) is slightly less than twice that of •NHCHO (2
× −29.3 = −58.6 kJ mol−1), whereas the ASE of −N(CHO)2
(266.4 kJ mol−1) is substantially smaller than twice that of
−
NHCHO (2 × 179.3 = 358.6 kJ mol−1).
As for the cyclic imidyl radicals, the ubiquitous succinimidyl
system is associated with an EA of 395.9 kJ mol−1, whereas
glutarimidyl, in which the ring size is increased from ﬁve to six,
has a substantially smaller EA (350.1 kJ mol−1). We ﬁnd that
the smaller EA of glutarimidyl arises via the combined eﬀect of
a less negative RSE (by 17.2 kJ mol−1) and a less positive ASE
(by 28.6 kJ mol−1) compared with succinimidyl. Assuming the
existence of comparable eﬀects in the parent closed-shell N−Hcontaining imide parents, the more negative RSE of
succinimidyl implies the existence of a larger destabilizing
eﬀect compared with glutarimidyl. We note that the Mulliken
atomic spin densities (at the B3-LYP/A′VTZ level) for the
glutarimidyl and succinimidyl radicals show a greater
proportion of the unpaired electron on the more electronegative oxygen atoms in succinimidyl (Figure 5).
Of particular importance to biological systems, we ﬁnd that
the EA of the 3-uracilyl radical is 379.0 kJ mol−1. Our value is
slightly lower than the EAs obtained previously using more
approximate theoretical methods, namely 385.9 kJ mol−1
(G2(MP2))69 and 401.4 kJ mol−1 (CBS-Q).70 In light of the
•
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None of the aminyl radicals have EA or E° values that are
larger than those of the two halogens, even in the extreme case
of substitution by the powerful σ-electron-withdrawing CF3
group. As a result, one-electron reduction of these species, in
either the gas or solution phases, would result in the formation
of halide anion plus •NRR′. These observations are consistent
with previous experimental ﬁndings.4
With regards to the heterocyclic species, one-electron
reduction of the N-bromo derivatives of 1,2,3-triazolyl, 1,2,4triazolyl, and tetrazolyl would be expected to generate •Br in
the gas phase (the EAs being 339.8, 331.1, and 401.7 kJ mol−1,
compared with 326.4 kJ mol−1 for •Br). On the other hand,
upon inclusion of solvation corrections, only tetrazolyl has an
E° larger than that of •Br (+2.22 vs +1.80 V, respectively), and
hence although N-bromotetrazole would produce •Br, the other
two heterocycles would result in the formation of Br−.
Although N-chlorotetrazole is predicted to produce •Cl in the
gas-phase (EA = 401.7 vs 350.1 kJ mol−1, for tetrazolyl and •Cl,
respectively), the reverse is true in aqueous solution, with the
E° of tetrazolyl (+2.22 V) being smaller than that of •Cl (+2.39
V), thus favoring Cl− as the product. From a biological
perspective, the N-halogenated derivatives formed on the
imidazole side-chains of species such as histidine and histamine
are thus predicted not to result in halogen atom formation.
The amidyl radicals generally have EA and E° values that are
smaller than those of •Cl and •Br. For example, the amidyl
radicals considered in this investigation that are most relevant
as models for biologically important systems (i.e., •NHCHO,
•
NHCOCH3, •NHCONH2, and •N(CH3)CHO) have EAs
(250.5−280.7 kJ mol−1) and E°s (+0.94−1.48 V) that are
substantially smaller than the values for •Cl and •Br. As a result,
N-halogenated amido moieties that might arise as a result of Nhalogenation of the peptide linkages in proteins would not be
expected to provide a source of halogen atom. It is not until the
incorporation of powerful electron-withdrawing substituents, as
in •NHCOCN, that halogen atom may be formed. Thus,
because the EA of •NHCOCN is 384.1 kJ mol−1, which is
larger than the EAs of •Cl (350.1 kJ mol−1) and •Br (326.4 kJ
mol−1), one-electron reduction of both ClNHCOCN and
BrNHCOCN in the gas phase would be expected to aﬀord the
amidyl anion plus either •Cl or •Br, respectively. In aqueous
solution, •NHCOCN has a larger E° value than •Br (+1.91 vs
+1.80 V) but it has a smaller E° value than •Cl (+2.39 V). As a
result, one-electron reduction of BrNHCOCN in water may be
expected to provide a source of •Br, but ClNHCOCN would
aﬀord Cl−. This switchover for X = Cl on going from the gas to
solution phase arises because of the particularly large ΔΔGsolv
term associated with the •Cl/Cl− couple, compared with that of
•
NHCOCN/−NHCOCN (−309.3 vs −239.3 kJ mol−1).
For the imidyl species, one-electron reduction of the Nchloro and N-bromo derivatives of N-formylformamide,
succinimide, and the biologically relevant 3-uracilyl system
would be expected to result in the formation of •Cl or •Br,
respectively, in the gas phase. In the case of glutarimide, oneelectron reduction of the N-brominated derivative in the gas
phase is predicted to aﬀord •Br, but the N-chlorinated
derivative would not be expected to signiﬁcantly favor either
glutarimidyl radical or •Cl because the EAs of these two radicals
are computed to be virtually equivalent (350.1 kJ mol−1). Upon
inclusion of solvation corrections, the E° values of •N(CHO)2
(+1.96 V), succinimidyl (+2.11 V), and 3-uracilyl (+2.04 V) are
larger than that of •Br (+1.80 V), but smaller than that of •Cl
(+2.39 V). As a result, one-electron reduction of the N-

Figure 5. Mulliken atomic spin densities obtained at the B3-LYP/
A′VTZ level for the succinimidyl and glutarimidyl radicals.

signiﬁcant discrepancy between the EA of this radical at the
W1-F12 and CBS-Q levels (amounting to 22.4 kJ mol−1), we
attempted to reproduce the CBS-Q value. Our computed CBSQ EA is 380.8 kJ mol−1, which is in good agreement with our
W1-F12 result. Additionally, we have also performed
calculations using the closely related CBS-QB3 procedure71
and calculate an EA of 379.9 kJ mol−1.
Moving now to the aqueous-phase results, it appears that all
of the imidyl radicals are associated with large positive E°
values, ranging from +1.79 V (glutarimidyl) to +2.11 V
(succinimidyl). The calculated one-electron reduction potential
of succinimidyl is in good agreement with the reported
experimental value of +2.22 V.5 Of particular interest from a
biological perspective is the ﬁnding that the 3-uracilyl radical
also has a large positive reduction potential (E° = +2.04 V) and
is therefore expected to exhibit strong oxidant behavior. In
general, the E° values of the imidyl radicals are substantially
larger than those of amidyl radicals, with the notable exception
of •NHCOCN, which has an E° value of +1.91 V.
3.3.5. EA and E° Values of Iminyl Radicals. The EAs of
seven iminyl radicals have been investigated (Table 2). The
EAs of these species increase as the electronegativity of the
atoms bonded directly to the iminyl moiety increases. Thus, the
smallest EA is noted in the case of •NCH2 (49.1 kJ mol−1),
whereas the largest occurs for •NCF2 (258.6 kJ mol−1). In
aqueous solution, the iminyl radicals are generally predicted to
be reducing agents, with E° values typically in the range of
−0.76 to −0.31 V. Two exceptions are •NCH(OH) and
•
NCF2 where, by virtue of the larger underlying gas-phase
EAs, the E° values are positive. The eﬀect is clearly greater in
the case of •NCF2 (E° = +1.05 V).
3.4. Preferred Modes of Cleavage of N−X Species (X =
Cl and Br). Comparison of the EA and E° values of Cl• and Br•
with the corresponding values for •NRR′ (Table 2) allows for a
determination of the thermodynamically preferred mode of
cleavage of N−X bonds. In the gas phase, if EA(•NRR′) <
EA(•X), then one-electron reduction of the N−X bond would
aﬀord •NRR′ and X−, whereas if EA(•NRR′) > EA(•X),
formation of X• would be expected. In aqueous solution, if
E°(•NRR′/−NRR′) < E°(•X/X−), then the products of the
dissociative one-electron reduction of X−NRR′ are predicted to
be •NRR′ and X−. On the other hand, if E°(•NRR′/−NRR′) >
E°(•X/X−), then formation of •X is expected. Before
proceeding further, it is of importance to note that our
calculated EA and E° values for •Cl and •Br are in good
agreement with the experimental values (Table 1). For the EAs,
our calculated values of 350.1 and 326.4 kJ mol−1 compare well
with the experimental values of 348.7 and 324.5 kJ mol−1 for
• 64i
Cl and •Br,64j respectively. For the E° values, our calculated
values of +2.39 and +1.80 V compare well with the
experimental values72 of +2.41 and +1.92 V for •Cl and •Br,
respectively.
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brominated derivatives of these species would be expected to
produce •Br, but the N-chlorinated species would produce Cl−.
These conclusions are consistent with the experimental ﬁndings
for N-bromosuccinimide and N-chlorosuccinimide.5 Regarding
the preferred mode of cleavage of N-bromoglutarimide in
aqueous solution, the computed E° values of glutarimidyl and
•
Br are very similar (+1.79 vs +1.80 V, respectively), and as a
result a mixture of glutarimidyl radical and •Br is expected. The
prediction of a mixture in the case of the cleavage of Nbromoglutarimide may explain the relatively more complicated
kinetics observed during pulse radiolysis experiments with this
system, compared with N-bromosuccinimide where the mode
of cleavage is more deﬁnitive.5a
The ﬁnding that the N-bromo derivative of uracil should give
rise to the formation of •Br in aqueous solution is of particular
importance from the perspective of disease. First, it is known
that the levels of 5-bromouracil are markedly elevated in
inﬂammatory tissue and atherosclerotic lesions in humans,73
and that the formation of this species may involve formation of
the N-bromoimide as an intermediate.2 In addition, levels of
uracil are massively elevated in human inﬂammatory tissue (up
to 600 μM, ca. 1000-fold higher than plasma concentrations).73
Taken together, these ﬁndings suggest that N-brominated
derivatives of uracil are likely to be formed with great facility in
vivo and, in the presence of reducing agents (such as O2•−, and
Cu+ or Fe2+), may provide a source of •Br at sites of
inﬂammation.
Finally, none of the iminyl radicals would be expected to give
rise to halogen atom formation, in either the gas or solution
phases. Of this series of radicals, the largest EA and E° values
are noted in the case of •NCF2 (258.6 kJ mol−1 and +1.05
V), which are both well below the corresponding values for •Cl
and •Br.
3.5. Assessment of Lower-Cost Theoretical Procedures for the Calculation of the EAs of •NRR′ Radicals. In
section 3.1, it was demonstrated that the W1w procedure
performed well for the calculation of the gas-phase EAs of
•
NRR′ radicals. On the other hand, application of W1w is
currently restricted, because of the limitations of generally
available hardware, to the investigation of small to mediumsized species. Therefore, for the beneﬁt of future studies of the
EAs of larger systems (which may be of particular importance
from a biological perspective), it is necessary to identify
appropriate lower-cost theoretical procedures that are usefully
reliable. In this ﬁnal section, a number of standard density
functional theory (DFT), double-hybrid DFT (DHDFT), and
Gn theoretical procedures are assessed using as a benchmark
the set of 31 gas-phase EAs obtained at the W1w level (Table
2). To ensure an appropriate comparison with the DFT data,
secondary eﬀects that are not explicitly included in the DFT
calculations, such as relativity and ZPVE corrections, are
excluded from the W1w reference values. The resultant allelectron, nonrelativistic, vibrationless W1w reference EAs are
given in Table S1 of the Supporting Information.
3.5.1. Performance of Standard DFT Procedures. We begin
by comparing the performance of a variety of standard DFT
procedures (in conjunction with the 6-311+G(3df,2p) basis
set) in predicting the EAs of the 31 •NRR′ radicals for which
we have obtained W1w data. The mean absolute deviations
(MADs), mean deviations (MDs), largest deviations in absolute
value (LDs), and the number of systems with a deviation from
the benchmark W1w values larger than 10 kJ mol−1 (number of
outliers, NO) are presented in Table 4.

Table 4. Performance of DFT Procedures (in Conjunction
with the 6-311+G(3df,2p) Basis Set) for the Calculation of
Electron Aﬃnities of Nitrogen-Centered Radicals Compared
with W1w Reference Values (kJ mol−1)
functional

typea

MADb

MDb

LDb

NOb

SVWN5
B-LYP
B97-D
B-P86
PBE
HCTH407
M06-L
TPSS
VSXC
τ-HCTH
B3-P86
BH&HLYP
TPSSh
PBE0
B97-1
ωB97X
B98
ωB97XD
ωB97
B3-PW91
X3-LYP
B3-LYP
B1-B95
M06-HF
M05
BMK
M05-2X
M06
τ-HCTH-h
M06-2X

LDA
GGA
GGA
GGA
GGA
GGA
MGGA
MGGA
MGGA
MGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA

21.9
15.8
14.7
10.8
10.3
9.4
25.2
20.1
18.8
8.5
44.1
38.4
23.4
18.3
16.9
15.1
15.0
14.8
13.0
12.1
10.8
6.8
20.1
18.5
15.5
13.3
6.9
5.8
5.4
4.8

+21.7
−13.9
−14.0
+3.1
−6.7
+3.5
−25.2
−20.1
−18.6
−1.5
+44.1
−38.4
−23.4
−18.3
−14.3
−9.1
−11.7
−9.8
−12.9
−12.1
−10.7
−6.3
−20.1
+18.3
−15.5
−12.3
−1.4
−5.2
−4.5
−1.4

39.8
40.2
36.9
21.2
31.0
23.6
41.2
40.0
36.1
21.9
52.2
52.8
35.5
28.2
32.8
48.8
37.3
45.2
25.2
20.6
18.9
15.4
28.7
36.9
25.8
25.3
16.0
13.3
15.5
14.8

25
19
18
17
14
11
31
26
27
13
31
31
31
30
29
22
26
22
22
18
15
7
31
22
25
21
8
4
5
1

a

LDA = local density approximation, GGA = generalized gradient
approximation, MGGA = meta-GGA, HGGA = hybrid-GGA,
HMGGA = hybrid meta-GGA. bMAD = mean absolute deviation,
MD = mean deviation, LD = largest deviation, NO = number of
outliers (species with absolute deviations of 10 kJ mol−1 or larger).

We initially make two general observations. First, 7 of the 31
functionals oﬀer MADs less than 10 kJ mol−1, whereas 10
functionals give MADs in the range 10−15 kJ mol−1. This
ﬁnding is consistent with the observation that DFT shows
generally reliable performance in the prediction of EAs that
correspond to the formation of a closed-shell anion from an
open-shell neutral.74 The generally reliable performance of
DFT in such instances has been previously attributed to the fact
that the same HOMO is occupied in both the neutral and
anionic species, and as a result is well-handled by the Kohn−
Sham procedure.74 Second, most functionals considered in the
present study tend to systematically underestimate the EAs
(with notable exceptions being SVWN5, B3-P86, and M06HF).
The LDA functional SVNW5 exhibits relatively poor
performance with an MAD of 21.9 kJ mol−1, and an LD of
39.8 kJ mol−1. Climbing up one rung of Jacob’s ladder to the
GGA functionals, we note that these exhibit improved
performance, with MADs ranging between 9.4 and 15.8 kJ
mol−1. Regarding the mean deviations of these functionals,
whereas B97-D, B-LYP, and PBE have negative MDs
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Table 5. Basis-Set Dependence of the Performance of DFT Procedures for the Calculation of the Electron Aﬃnities of
Nitrogen-Centered Radicals Compared with W1w Reference Values (MADs, kJ mol−1)
method

typea

6-31+G (d,p)

6-31+G (2df,p)

6-311+G (3df,2p)

A′VDZ

A′VTZ

A′VQZ

SVWN5
B-LYP
B97-D
B-P86
PBE
HCTH407
M06-L
TPSS
VSXC
τ-HCTH
B3-P86
BH&HLYP
TPSSh
PBE0
B97-1
ωB97-X
B98
ωB97-XD
ωB97
B3-PW91
X3-LYP
B3-LYP
B1-B95
M06-HF
M05
BMK
M05-2X
M06
τ-HCTH-h
M06-2X

LDA
GGA
GGA
GGA
GGA
GGA
MGGA
MGGA
MGGA
MGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA
HMGGA

20.4
16.5
14.0
9.6
10.1
8.9
23.6
19.3
16.8
6.8
44.7
37.2
21.8
17.1
16.6
14.2
14.8
13.9
12.2
11.7
11.2
7.6
19.1
19.3
13.3
15.4
8.6
6.7
5.2
5.3

18.2
18.1
16.9
10.0
11.8
9.0
27.4
23.3
20.2
8.9
41.2
40.6
26.2
20.6
19.0
16.5
17.2
16.5
14.3
14.9
13.7
9.5
21.9
13.1
15.0
16.1
8.7
7.4
7.6
5.9

21.9
15.8
14.7
10.8
10.3
9.4
25.2
20.1
18.8
8.5
44.1
38.4
23.4
18.3
16.9
15.1
15.0
14.8
13.0
12.1
10.8
6.8
20.1
18.5
15.5
13.3
6.9
5.8
5.4
4.8

21.7
16.1
14.4
11.3
11.0
10.6
25.8
19.4
16.0
9.0
44.8
37.1
22.5
17.1
15.6
13.6
13.8
13.4
11.7
11.4
10.0
6.5
19.0
12.5
11.3
14.1
7.7
5.2
5.5
4.9

22.8
16.3
15.2
11.9
11.4
11.0
27.1
19.1
18.2
9.6
44.4
38.0
22.7
17.7
15.9
15.6
14.1
15.8
14.1
11.8
10.0
6.4
19.7
24.8
21.0
12.4
7.3
10.9
6.0
4.6

23.2
16.6
15.5
12.3
11.8
11.6
32.1
18.6
17.4
9.6
44.3
38.1
22.3
17.6
15.7
15.9
13.9
16.0
14.4
11.8
9.8
6.5
19.6
30.8
20.7
14.6
6.1
13.4
5.9
3.6

a

LDA = local density approximation, GGA = generalized gradient approximation, MGGA = meta-GGA, HGGA = hybrid-GGA, HMGGA = hybrid
meta-GGA.

combined with the 6-31+G(d,p), 6-31+G(2df,p) and 6311+G(3df,2p) Pople-style basis sets, as well as with the
A′VnZ (n = D, T, Q) correlation-consistent basis sets of
Dunning and co-workers (Table 5).
To begin, it appears that 6-311+G(3df,2p) generally provides
a comparable performance to that of the A′VQZ basis. In fact,
there are some instances in which 6-311+G(3df,2p) performs
substantially better than A′VQZ (vide infra). For the most part
6-31+G(d,p) provides comparable performance to 6-311+G(3df,2p), with MADs generally within 0.0−1.4 kJ mol−1 of
those obtained with the latter (notable exceptions including
SVWN5, BMK, M05-2X, M06, M05, and M06-L for which the
deviations are slightly larger at 1.7−2.2 kJ mol−1). On the basis
of these results, the use of the relatively small 6-31+G(d,p)
basis set is expected to be appropriate for the calculation of the
EAs of larger systems. For example, the τ-HCTH, B3-LYP, τHCTHh, M06-2X and M06 procedures, in conjunction with 631+G(d,p) oﬀer MADs of 6.8, 7.6, 5.2, 5.3, and 6.7 kJ mol−1,
respectively.
The use of the 6-31+G(2df,p) basis set does not appear to
warrant its additional cost (compared with 6-31+G(d,p)), as it
generally gives rise to larger MADs when used in conjunction
with most of the functionals. Thus, the MADs diﬀer by 0.4−2.9
kJ mol−1 from those obtained with 6-311+G(3df,2p), compared
with 0.0−1.4 kJ mol−1 in the case of 6-31+G(d,p).

(indicating a tendency to underestimate the EAs), HCTH407
and B-P86 are associated with positive MDs.
Of the meta-GGAs, τ-HCTH exhibits the best performance
(MAD = 8.5 kJ mol−1) and is associated with a low MD (−1.5
kJ mol−1), indicating that it is not particularly biased toward
overestimation or underestimation of the EAs. The three other
meta-GGAs investigated, namely VSXC, TPSS, and M06-L,
exhibit poorer performance, with MADs of 18.8, 20.1, and 25.2
kJ mol−1, respectively.
The MADs of the hybrid-GGAs span a wide range between
6.8 and 44.1 kJ mol−1, with the popular B3-LYP functional
being the only functional with an MAD below 10 kJ mol−1.
Both BH&HLYP and B3-P86 oﬀer very poor performance,
with MADs of 38.4 and 44.1 kJ mol−1, respectively. The
inadequacy of B3-P86 for the prediction of EAs is consistent
with previous ﬁndings.74
The hybrid meta-GGAs M06-2X, τ-HCTHh, M06, and M052X show very good performance, with MADs of 4.8, 5.4, 5.8,
and 6.9 kJ mol−1, respectively. The same four procedures have
LDs falling in a narrow range (13.3−16.0 kJ mol−1). The worst
performing method of this class of functionals is B1-B95, with
an MAD of 20.1 kJ mol−1, with all radicals having deviations
from the W1w values greater than 10 kJ mol−1 (i.e., NO = 31).
We now examine the eﬀect of basis set on the performance of
the DFT procedures discussed above. To this end, we have
considered the performance attained when these functionals are
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that of B2K-PLYP, but not as good as that of the other
procedures in conjunction with the A′VTZ basis set.
3.5.3. Performance of Gn-Type Procedures. Table 7
presents the statistical analysis of the performance of a selection

For some functionals, such as M06-HF, M05, and M06, the
use of the A′VTZ or A′VQZ basis sets instead of A′VDZ leads
to a notable deterioration in performance. For example, M06
gives rise to the following MADs: 5.2 (A′VDZ), 10.9 (A′VTZ)
and 13.4 (A′VQZ) kJ mol−1.
3.5.2. Double-Hybrid Density Functional Theory Procedures. We now examine the performance of the double-hybrid
density functional theory (DHDFT) procedures (Table 6).
These calculations have been carried out with the A′VnZ (n =
D, T, Q) basis sets.

Table 7. Statistical Analysis of the Performance of Gn
Methods for the Calculation of the Electron Aﬃnities of
•
NRR′ Radicals Compared with W1w Values (kJ mol−1)

Table 6. Statistical Analysis of the Performance of DoubleHybrid Density Functional Theory Procedures for the
Calculation of the Electron Aﬃnities of •NRR′ Radicals
Compared with W1w Values (kJ mol−1)
functional

basis seta

MAD

MD

LD

NO

B2K-PLYP
B2GP-PLYP
B2-PLYP
ROB2-PLYP
DuT
PoT
B2K-PLYP
B2GP-PLYP
B2-PLYP
ROB2-PLYP
B2K-PLYP
B2GP-PLYP
B2-PLYP
ROB2-PLYP

A′VDZ
A′VDZ
A′VDZ
A′VDZ
TZb
TZc
A′VTZ
A′VTZ
A′VTZ
A′VTZ
A′VQZ
A′VQZ
A′VQZ
A′VQZ

7.5
7.0
6.8
6.0
6.6
5.4
5.8
4.4
3.8
3.1
5.6
4.0
3.0
2.5

−5.1
−5.8
−6.5
−5.9
+6.4
+1.3
0.0
−1.4
−3.1
−2.4
+2.3
+0.7
−1.5
−0.9

18.4
14.7
13.6
12.7
28.6
24.7
25.0
15.5
10.4
7.8
28.6
18.7
9.3
6.5

11
8
6
4
6
3
3
2
1
0
3
3
0
0

method

MAD

MD

LD

NO

G4(MP2)
G4(MP2)-6X
G3X(MP2)
G4-5H
G3X(MP2)-RAD
G4(MP2)-6X+
G4
G3X

5.2
4.2
4.2
3.1
3.0
2.7
2.6
2.4

0.0
+1.4
+2.5
+2.3
+2.9
+1.5
−0.8
−1.2

17.8
13.6
14.6
8.2
6.6
8.1
11.2
11.7

5
3
1
0
0
0
2
1

of composite procedures of the Gn family relative to the W1w
benchmark values.75 The calculations were carried out with the
B3-LYP/A′VTZ geometries that are used to obtain the W1w
reference energies, and not the B3-LYP/6-31G(2df,p) geometries prescribed for most of these procedures.
The best-performing methods are G3X, G4, and G4(MP2)6X+, with MADs of 2.4, 2.6, and 2.7 kJ mol−1, respectively.
G4(MP2)-6X+ is an attractive choice because it is substantially
more economical in terms of time and computational resources
than G3X or G4. The G3X(MP2)-RAD procedure also oﬀers
good performance (MAD = 3.0 kJ mol−1) and is associated
with the smallest LD of all the Gn procedures (6.6 kJ mol−1).
The use of the restricted-open-shell (RO) formalism leads to a
substantial improvement compared with the unrestricted-based
G3X(MP2) procedure, which has an MAD 1.2 kJ mol−1 larger
than its RO-counterpart. Furthermore, the LD of G3X(MP2) is
more than twice that of G3X(MP2)-RAD (14.6 vs 6.6 kJ
mol−1). The two procedures exhibit comparable MDs (+2.5
and +2.9 kJ mol−1), with a tendency to slightly overestimate the
EAs.
The worst performing of the Gn procedures is G4(MP2),
with an MAD of 5.2 kJ mol−1. The inclusion of additional
scaling parameters, as in the G4(MP2)-6X procedure, results in
improved performance (MAD = 4.2 kJ mol−1). Additionally,
improving the underlying CCSD(T) calculation through the
use of a basis set that includes sp- and d-diﬀuse functions, as in
the G4(MP2)-6X+ procedure, substantially improves the
performance (MAD = 2.7 kJ mol−1). Similar observations
have been made for the EA subset of the G2/97 set.58

a

A′VnZ denotes the use of aug′-cc-pVnZ basis sets (n = D, T, Q).
The DuT procedure uses the cc-pVTZ basis set on H and the aug-ccpVTZ basis set with a set of tight d functions on all other elements
(see ref 50). cThe PoT procedure uses the 6-311+G(3df,2p) basis set
with a set of tight d functions on all elements (see ref 50).

b

The performance improves on going from B2K-PLYP ⇒
B2GP-PLYP ⇒ B2-PLYP ⇒ ROB2-PLYP. Furthermore, the
basis set convergence follows the expected pattern, improving
from A′VDZ ⇒ A′VTZ ⇒ A′VQZ. In conjunction with the
A′VQZ basis set, ROB2-PLYP oﬀers the best performance, with
an MAD of 2.5 kJ mol−1 and a small LD of just 6.5 kJ mol−1.
The next best performer is B2-PLYP (MAD = 3.0 kJ mol−1),
whereas B2K-PLYP, which was parametrized for thermochemical kinetics, gives an MAD of 5.6 kJ mol−1. The use of the
A′VTZ basis set in conjunction with any of the four procedures
does not come with a signiﬁcant loss in accuracy. Thus, the
increase in the MAD of the ROB2-PLYP procedure in
conjunction with the A′VTZ vs A′VQZ basis set amounts to
only 0.6 kJ mol−1, with a corresponding increase in the LD of
just 1.3 kJ mol−1.
The recently reported DuT and PoT procedures,50 which
were parametrized for use with Dunning-type and Pople-type
basis sets of triple-ζ-quality, do not oﬀer improved performance
for the present systems compared with that of the other
DHDFTs when they are used with the A′VTZ basis set. The
PoT procedure is marginally better than DuT, with MADs of
5.4 and 6.6 kJ mol−1, respectively. The DuT procedure tends to
systematically overestimate the EAs, with an MD of +6.4 kJ
mol−1 and had six outliers associated with deviations larger than
10 kJ mol−1. The PoT procedure oﬀers performance similar to

4. CONCLUDING REMARKS
Through a high-level (W1w) quantum chemical investigation of
the gas-phase electron aﬃnities (EAs) and aqueous-phase oneelectron reduction potentials (E°) of the radicals arising from
homolytic cleavage of X−NRR′ bonds (namely •NRR′ and X•
where X = Cl and Br), insights have been gained regarding the
preferred mode of cleavage of these species upon one-electron
reduction.
(1) Depending on the substituents attached to the nitrogen,
the EAs of nitrogen-centered radicals span a wide range (357.2
kJ mol−1). For example, whereas the EA of •NHCH3 is 44.5 kJ
mol−1, the EAs of the succinimidyl and tetrazolyl radicals are
computed to be 395.9 and 401.7 kJ mol−1, respectively.
Likewise, the aqueous one-electron reduction potentials (E°)
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vary from −0.90 V (•N(CH3)2) to +2.11 and +2.22 V for
succinimidyl and tetrazolyl, respectively.
(2) From a biological perspective, the EA and E° values of
aminyl radicals (e.g., •NHCH2CO2H and •NHPh), heterocyclic
species such as pyrrole and imidazole, and relevant amidyl
radicals (e.g., • NHCHO, • NHCOCH 3 , • N(CH 3 )CHO,
•
NHCONH 2 ) that are not substituted with powerful
electron-withdrawing substituents (such as F and CN), are all
signiﬁcantly smaller than those of Cl• and Br•. As a result, the
N-chlorinated or N-brominated precursors are predicted to
cleave in such a way as to generate a nitrogen-centered radical
plus a halide anion.
(3) In the gas phase, one-electron reductions of the Nchlorinated and N-brominated derivatives of the imides (i.e., Nformylformamide, succinimide, glutarimide, and uracil) are
predicted to give rise to halogen atom formation. In aqueous
solution on the other hand, the N-brominated derivatives are
predicted to produce Br•, whereas the N-chlorinated derivatives
would aﬀord Cl−.
(4) The ﬁnding that one-electron reduction of Nbromouracil should provide a source of Br• has important
implications in terms of inﬂammatory-related diseases. For
example, Br• is known to participate in hydrogen-atom
abstractions from the α-C−H moieties of amino acids (leading
to protein degradation). Furthermore, reaction of Br• with
excess Br− aﬀords Br2•−, a potent oxidant capable of oxidizing
nucleobases in plasmid DNA. These processes may be expected
to further potentiate host damage upon repeated inﬂammatory
events.
To facilitate future studies of the gas-phase EAs of larger
•
NRR′ radicals, the performance of a range of lower-cost
theoretical procedures has been evaluated against a test set of
31 EAs obtained at the W1w level. The methods examined
include standard density functional theory (DFT) and doublehybrid DFT (DHDFT) procedures, as well a number of
composite Gn thermochemical protocols. A number of
important points have emerged.
(1) Approximately half of the standard DFT procedures oﬀer
MADs of ≤15.0 kJ mol−1, even when used in conjunction with
relatively small basis sets. The following standard DFT
procedures aﬀord relatively accurate gas-phase EAs using the
small 6-31+G(d,p) basis set, with MADs of 5.2 (τ-HCTHh),
5.3 (M06-2X), 6.7 (M06), 6.8 (τ-HCTH), and 7.6 (B3-LYP) kJ
mol−1. The corresponding MADs in conjunction with the much
larger 6-311+G(3df,2p) basis set are 4.8 (M06-2X), 5.4 (τHCTHh), 5.8 (M06), 6.8 (B3-LYP), and 8.5 (τ-HCTH) kJ
mol−1.
(2) Of the double-hybrid DFT procedures, ROB2-PLYP and
B2-PLYP oﬀer the best performance, with MADs of 2.5 and 3.0
kJ mol−1, respectively (in conjunction with the A′VQZ basis
set). They also perform well with the smaller A′VTZ basis set
(with MADs of 3.1 and 3.8 kJ mol−1, respectively).
(3) Of the composite Gn procedures, G3X, G4, and
G4(MP2)-6X+ oﬀer the best performance, with MADs of
2.4, 2.6, and 2.7 kJ mol−1, respectively. However, G4(MP2)-6X
+ has the advantage of a signiﬁcantly reduced computational
cost.

■

all species, as well as %TAEe[(T)] diagnostics (Table S1); B3LYP/A′VTZ geometries (Cartesian coordinates) (Table S2);
and full citations for references 59−61 (Table S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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