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This study reports an evaluation of the free radical scavenging ability of a series of chromone
derivatives, in the light of their structural features and conformational behaviour. The 2,2-diphenyl-1picrylhydrazyl radical (DPPH_) test for the assessment of radical scavenging properties was applied, and
the interpretation of the experimental results was assisted by ab initio theoretical approaches that
allowed relevant parameters, such as the enthalpy of formation of the radical species, to be predicted.
From the eighteen tested compounds, three—fisetin, luteolin and quercetin—are shown to act as
effective antiradicals. Consistent structure–activity relationships (SARs) were established regarding the
antioxidant role of this type of chromone-based system.

1. Introduction
Oxidative stress conditions—disruption of the homeostatic
balance between free radical generation and the production of
naturally occurring antioxidants (e.g. glutathione and regulatory
enzymes such as superoxide dismutase, catalase and peroxidases)—are recognized to be directly linked to damage in
numerous cell targets (DNA, lipids, proteins), which can finally
result in severe diseases, namely liver toxicity, cardiovascular and
neurodegenerative disorders, and cancer. Dietary habits play
a key role in the prevention of these pathologies (along with
lifestyle and environmental conditions)1 by controlling or
restoring the homeostatic oxidative balance.
Chemicals produced by plants (phytochemicals), although not
considered as essential nutrients, are known to possess healthpromoting properties due to their activity as chain-breaking
antioxidants by radical scavenging or the reduction of free
radical formation.2,3 The phenolic constituents are the largest
group and comprise, among others, phenolic acids, anthocyanins, coumarins, tannins, chromones and flavones.4 Research on
novel antioxidants from natural sources has been growing in the
last decade within the nutritional, pharmacological and medicinal chemistry fields,1,5–17 with particular emphasis on the
prevention of cancer and cardiovascular disorders through dietary intervention (nutraceutical agents), mainly when it became
clear that therapy does not always succeed (e.g. due to lack of
specificity or drug resistance mechanisms).18–22
Chromones and their structural analogues (e.g. flavonoids), in
particular, are known to play an important protective role
against oxidation processes, either from deleterious radical
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species or from UV radiation, therefore displaying pharmacologically relevant functions such as antibacterial, antifungal,
antiviral, anti-spasmolytic, anti-inflammatory, anti-HIV or
anticancer.23–29 They have therefore motivated great interest
within the medicinal chemistry field, the chromone moiety
supposedly being the essential component of pharmacophores of
a large number of bioactive molecules.30
Structure and conformation are key factors that determine
a compound’s behaviour from its acid–base profile or lipophilic
vs. hydrophilic character to its interaction with biochemical
receptors within the cell. Therefore, the beneficial activity of
phytochemicals relies on their structural preferences, namely the
number and location of the phenolic OH groups.21,31,32 In the
present study, a series of chromone-based compounds with
different ring substitution patterns (Fig. 1) are assessed as to their
free radical scavenging ability in order to ascertain the optimal
molecular features (e.g. hydroxylation profile) associated with
this antiradical activity.21 The experimental data was interpreted
in light of relevant calculated parameters, such as the enthalpy of
formation of the corresponding radical species and the spin
density distribution. The results thus obtained will hopefully
pave the way for the development of novel chemoprotective
agents of natural origin, particularly against cancer and cardiovascular disorders.

2. Results and discussion
A series of chromones with different substitution patterns
(Fig. 1) was assessed as to their free radical scavenging activity by
examining their ability to capture the 2,2-diphenyl-1-picrylhydrazyl (DPPH_) stable radical in solution, in order to ascertain the
molecular features related to a high antiradical activity in this
type of system.
For chromone-based antioxidants (A), the commonly
accepted mechanism for this process is represented by:
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Fig. 1 A: Basic chromone and flavonoid structures (the atom numbering and ring labeling is included). B: The chromone derivatives under study.

AOH + DPPH_ / AO_ + DPPH2,

(1)

while the predominant termination reaction consists of the loss
of a further hydrogen atom from the radical, yielding a quinone
(eqn (2)):
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Hþ

AO$ ðsemi  quinoneÞ ! A ¼ OðquinoneÞ:

(2)

DPPH_ displays a typical absorption maximum at 515 nm,
which disappears upon reduction to the corresponding hydrazine
This journal is ª The Royal Society of Chemistry 2011

(DPPH2). This colorimetric assay is commonly used for establishing structure–activity relationships (SARs).21
First, the stabilization time for a complete reduction of the
DPPH_ free radical was determined. The steady-state discoloration time was verified to be 20 min for all the compounds tested.
The percentage of remaining DPPH_radicals in solution was then
calculated for each compound and for each concentration. Table
1 comprises the effective dosage required to scavenge 50% DPPH_
(EC50) for all the derivatives studied. The corresponding dose–
response curves for the most effective antiradical compounds are
shown in Fig. 2. In all cases, antioxidant activity showed a timeand concentration-dependent profile.
The chromone-based compounds with the simplest structure
sharing the same molecular core—chromone, chromones 2- and
3-carboxylic acid, 7-hydroxy-4-chromone, 3-formyl-chromone
and 2-amino-3-formylchromone (Fig. 1)—showed not to be able
to reduce DPPH_ radicals in solution (even at high concentrations), which seems to indicate that although the chromone center
is important for stabilizing the semiquinone species formed upon
radical reduction34 (see eqn (1)), it is not the solely responsible for
the scavenging ability of the compound. In fact, for this series of

Fig. 2 Dose–response curves for the DPPH_ scavenging ability of the
most effective compounds tested. The EC50 values were calculated from
each curve as the effective concentration able to scavenge 50% DPPH_(the
mean  SD values are represented for each compound and each
concentration, obtained from two independent experiments carried out in
triplicate. Trolox was used as a reference).

chromones, corresponding to minor structural changes of the
chromone parent compound, no significant antioxidant capacity
is found. Even the presence of the hydroxyl group at the C-7
position was not enough to provide antiradical activity.

Table 1 Radical scavenging activities (EC50) for the chromone derivatives under study
Molecular core

Compounda

EC50/mMb

Chromone
7-Hydroxy-4-chromone (7-OH)
Chromone 3-acid carboxylic (3-COOH)
3-Formylchromone (3-CHO)
2-Amino-3-formylchromone (2-NH2, 3-CHO)
Chromone 2-acid carboxylic (2-COOH)

>400
>400
>400
>400
>400
N. A.

Luteolin (5,7,30 ,40 -OH)
Apigenin (5,7,40 -OH)
Chrysin (5,7-OH)
3-Methylflavone-8-carboxylic acid (3-Me, 8-COOH)
Flavone

17.64  2.33* (11.04  0.38c; 41.92d)
N. A. (463.40  22.28c)
N. A. (492.57  23.94c)
N. A.
>400 (>1000)

Genistein (5,7,40 -OH)
Daidzein (7,40 -OH)

>400
>400

Quercetin (3,5,7,30 ,40 -OH)
Fisetin (3,7,30 ,40 -OH)
Kaempferol (3,5,7,40 -OH)
Galangin (3,5,7-OH)
3,6-Dihydroxyflavone (3,6-OH)

16.42  1.67* (10.89  0.03c)
21.53  3.89* (14.06  0.21c)
32.02  1.36* (28.05  0.28c)
126.10  17.92** (71.64  1.07c)
349.50  48.58***

Chromone

Flavone

Isoflavone

Flavon-3-ol

Troloxe

38.90  10.06* (50.08f; 99.88d)

a
Atom numbering according to Fig. 1. b See Materials and methods section; the asterisk refers to intergroup comparison: * non-significant; among
groups p < 0.0001. c Ref. 32. d Ref. 33. e Positive control. f Ref. 34. N. A. – experimental data did not yield convergent results.
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Three of the tested derivatives, comprising a C-2 catechol
substitution—fisetin, luteolin and quercetin (Fig. 1)—were found
to act as effective antiradicals (Tab. 1), reacting quickly with
DPPH_and attaining steady state conditions almost immediately.
Galangin and 3,6-dihydroxyflavone also evidenced a certain
degree of radical scavenging capacity, although only at high
dosages (126.10  17.92 and 349.50  48.58 mM, respectively).
As evidenced in Table 1, hydroxylation of the inactive flavone
structure can greatly improve its scavenging ability (e.g. luteolin
vs. flavone), since the hydroxyl substituents have long been
established to be essential components to promote this activity.35
Furthermore, the in vitro antioxidant capacity of flavonoids is
also highly dependent on the arrangement and relative orientation—structural features and conformational preferences—of
the different functional entities about their core structure, apart
from the number of hydroxyl ring substituent groups.32,36
Daidzein and genistein differ from the rest of the flavonoids
investigated here, since they are isoflavones, displaying a phenyl
group at the C-3 position (Fig. 1). For the range of concentrations tested, neither of them showed significant antioxidant
activity, and even though genistein has an extra OH group at
C-5, this does not lead to an enhancement of its antioxidant
ability (Tab. 1). In fact, recent studies allowed the conclusion
that compounds having a 40 -monohydroxylated B ring (Fig. 1)
behave as weak antioxidants.37
On the other hand, when comparing genistein (an isoflavone)
with luteolin (a flavone), differing in the location of the B ring—
at C-3 and C-2, respectively (Fig. 1)—and in the presence of
a second OH group at 50 in luteolin, the former does not display
any antioxidant activity whereas luteolin acts as a strong
reducing agent (Tab. 1). Regarding the flavones chrysin and
luteolin, in turn, it is verified that chrysin, lacking the catechol
moiety, does not exhibit any antioxidant capacity, as opposed to
luteolin (Tab. 1).
These experimental observations allow clear relationships to
be established between the derivatives’ structural features and
their radical scavenging ability (Table 1): (i) an ortho-dihydroxy
substitution (the presence of a catechol group) and its location at
the C-2 position is of paramount importance, as previously
suggested by Lopez-Lazaro,28 (ii) this catechol moiety at C-2 is
more relevant than the presence of hydroxyl groups at positions
C-5 and C-7 (ring A), (iii) in the presence of a phenol or phenyl
group instead of catechol, OH substitution at C-3 is determinant
(e.g. galangin (planar) vs. apigenin (non-planar) or chrysin vs.
3,6-dihydroxyflavone).
Quercetin, a flavonol displaying an additional hydroxyl group
at position C-3 from ring C, and luteolin (a flavone) yielded
similar dose–response curves and EC50 values (Tab. 1), although

the flavonol exhibited a slightly higher activity due to the presence of the C-3 hydroxyl. In addition, when comparing the
activities of quercetin and fisetin, two flavonols varying solely in
the number of OH groups (Fig. 1), it was verified that quercetin
acted as a slightly stronger antioxidant (EC50 ¼ 16.42  1.67 vs.
21.53  3.89 mM, respectively; Table 1) owing to the additional
OH at position C-5 of ring A. In turn, fisetin and luteolin,
differing in the position of an OH group (at C-3 and C-5,
respectively), display different reducing activities, the latter being
a more effective free radical scavenger (21.53  3.89 vs. 17.64 
2.33 mM, respectively; Table 1). Therefore, despite the identical
number of hydroxyl groups in these two compounds, the one at
C-5 (A ring) provides a more favorable free radical capture
reaction than the C-3 OH substitution. A higher activity has been
reported for flavonols (quercetin and fisetin) as compared to
flavones (luteolin),13,22 based solely on the planar structure of the
former relative to the slightly twisted conformation characteristic
of the latter. In fact, it appears that both the planarity and
conjugation within the molecule enable a more effective electronic delocalization, thereby increasing the stability of the
phenoxyl radical that results from the first reduction step (see eqn
(1)).13,22 However, knowing that the hydroxyl substituents are
essential for antioxidant ability, it is not surprising that luteolin
(comprising an OH at C-5) is found to act as a more efficient
antiradical agent than fisetin. In addition, calculations show that
this C-5 radical displays a planar, favoured geometry.
Also quite relevant is the fact that 3,6-dihydroxyflavone
(flavonol) and chrysin (flavone) present a distinct behaviour
towards DPPH_ (Table 1). While the former was found to be able
to act as a radical scavenger, though at very high dosages (349.50
 48.58 mM), chrysin showed no antioxidant activity for any of
the concentrations tested. In fact, the presence of a 7-OH
substitution at the A ring in chrysin seems to be responsible for
an electronic delocalisation from C-6 to C-7 relative to the
dihydroxy derivative (also displaying a 3-OH group), thus disfavouring radical formation. Additionally, all the derivatives
comprising this OH substitution at C-3 were found to have
a planar structure, which leads to a further stabilization of the
corresponding radicals. Also interesting to note is that the energy
difference between the 3,6-dihydroxyflavone radicals at positions
C-3 and C-6 is only 1 kJ mol1 (Table 2), evidencing that these
two sites are almost equally favoured for hydrogen abstraction in
this molecule. The same occurs for kaempferol regarding its C-3
and C-40 radical species (Table 2).
The radical scavenging ability of flavonoids and other chromone derivatives is due to their high reactivity as hydrogen or
electron donors, thus being mainly ruled by their O–H bond
dissociation enthalpy (BDE), which corresponds to formation of

Scheme 1
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Table 2 Bond dissociation enthalpies (BDE) corresponding to the
formation of radical species for the chromone derivatives under study

Radical species
Chromones
7-Hydroxy-4-chromone
7-O_
Chromone 2-acid carboxylic
2-COO_
Chromone 3-acid carboxylic
3-COO_
Flavones
3-Methyl-8-carboxylic acid
flavone
8-COO_
Apigenin
40 -O_
7-O_
5-O_
Chrysin
7-O_
5-O_
Luteolin
40 -O_
0

3 -O_
7-O_
5-O_
Isoflavones
Daidzein
40 -O_
7-O_
Genistein
40 -O_
7-O_
5-O_
Flavonols
3,6-Dihydroxyflavone
6-O_
3-O_
Fisetin
40 -O_
30 -O_
3-O_
7-O_
Galangin
3-O_
7-O_
5-O_
Kaempferol
3-O_
40 -O_
7-O_
5-O_
Quercetin
40 -O_
30 -O_
3-O_
7-O_
5-O_
a
e

BDE/kJ mol1

D(BDE)a/
kJ mol1

377.50

—

445.27

—

465.85

—

437.00

—

352.34 (343.92b)
371.92 (365.63b)
421.26 (443.67b)

0.00
19.58 (21.71b)
68.92 (99.75b)

372.88 (384.30c;
357.10d)
421.17

0.00

317.96 (311.88b;
342.70d)
325.10 (321.42b)
371.66 (365.69b)
488.90 (443.47b)

48.29
0.00
7.14 (9.54b)
53.70 (53.81b)
170.94
(131.59b)

345.35 (341.03e)
363.61 (360.28e)

0.00
18.26 (19.25e)

347.32 (340.37e)
374.43 (370.33e)
484.57 (381.83e)

0.00
27.11 (29.96e)
110.25 (41.46e)

353.67 (316.77c)
355.30

0.00
1.63

308.91 (294.22c;
346.30d)
319.77
350.26
359.09

0.00

349.21 (318.07c;
363.10d)
370.38
403.30

0.00

327.12 (339.48f;
348.90d)
328.79 (338.65f)
367.89 (362.50f)
387.65 (395.13f)
311.40 (302.71g;
343.00d)
322.05 (313.17g)
344.70 (337.86g)
367.44 (362.54g)
403.78 (399.78g)

Fig. 3 A graphical plot of the experimental free radical scavenging
ability (EC50) as a function of the calculated BDEmin for the most
effective compounds tested (BDEmin refers to the most stable radical).

10.86
41.35
50.18

21.17
54.09
0.00 (0.83f)
1.67 (0.00f)
40.77 (23.85f)
60.53 (56.48f)
0.00
10.65 (10.46g)
33.30 (35.15g)
56.04 (59.83g)
92.38 (97.07g)

D(BDE) relative to the most stable radical. b Ref. 38. c Ref. 39. d Ref. 40.
Ref. 41. f Ref. 42. g Ref. 43.
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Fig. 4 3D maps of the calculated spin density of the optimised radical
species for the chromone derivatives showing a higher radical scavenging
activity (red: positive spin density and green: negative spin density;
calculated at the B3LYP/EPR-ii level and represented for an isovalue of
0.001).

the radical species. This hydrogen-donating capacity was therefore predicted for each compound investigated by calculating
their respective BDE values (Table 2). The lower the BDE the
greater is the ability to donate a H-atom from a hydroxyl group,
giving rise to a stable radical (eqn (1) and eqn (2)), thus favouring
the free radical scavenging process (Fig. 3).
The catechol-comprising chromones behave in a slightly
different manner during this process, as their most stable radical
does not necessarily correspond to the favoured conformation of
the neutral molecule after hydrogen loss. Actually, in the presence of a carbonyl, formed by H ablation from the original
hydroxyl, a rearrangement of the catechol group takes place
through rotation of the second group OH, leading to the
formation of a stabilizing hydrogen bond between this hydroxyl
and the neighbouring carbonyl (Scheme 1).
The spin density distribution in the radical species was also
theoretically predicted, a good correlation having been verified
with both the BDE values and the radical scavenging experimental results, namely for the most promising compounds
(quercetin, luteolin and fisetin). In fact, the regions of the
molecule with the higher probability of finding the unpaired
Food Funct., 2011, 2, 595–602 | 599

scavenging activity. The present study validates the theory that
the substitution of this central nucleus at specific sites will lead to
a tailored antioxidant capacity, thus paving the way for
a rational design of new and more efficient antioxidant agents
from natural sources.

Fig. 5 The main structure–activity relationships (SARs; highlighted by
the shadowed areas) presently established for the chromone derivatives in
this study regarding their radical scavenging activity in the presence (A)
or absence (B) of a catechol group.

electron—positive spin density (represented in red, Fig. 4(A))—
were found to correspond to the site(s) where H abstraction
occurs preferentially, yielding the most stable radical species
(Table 2). Furthermore, the distinct behaviour observed for 3,6dihydroxyflavone and chrysin (Table 1) is foreseen by the
calculations, which yield a lower enthalpy of formation for the
3,6-dihydroxyflavone radical at position C-6 (Table 2), corresponding to an efficient radical scavenging activity as well as to
a higher spin density at this site (Fig. 4(B)) compared to chrysin.
Finally, the fact that 7-hydroxy-4-chromone, largely reported
as an efficient antioxidant,44 was experimentally verified to be
unable to reduce DPPH_ (Table 1) and to have a reasonably high
BDE value (Table 2) is explained by the fact that this
compound’s antioxidant capacity is mainly due to its interference
with specific signalling pathways45,46 rather than through radical
scavenging processes.

3. Conclusions
This work aims to be a pioneer in the evaluation of the antioxidant properties of simple molecules such as chromone, chromones 2- and 3-carboxylic acid or 7-hydroxy-4-chromone,
comparing them with more complex flavones and flavonols. The
experimental procedure currently followed ensures a reproducible and reliable assessment of compounds, since the conditions
are kept constant for each radical scavenging evaluation and the
results are interpreted in the light of calculated parameters relevant for antioxidant capacity. Furthermore, an ab initio quantum
mechanical theoretical approach was used, as opposed to the
semi-empirical methodologies reported in most studies to date
which, although much less demanding in terms of computing
requirements, cannot accurately represent these kinds of unsaturated systems and radical formation reactions.
The results gathered here allow clear structure–activity relationships (SARs) for the chromone derivatives investigated to be
established, particularly regarding their radical scavenging
capacity. The presence of a catechol group located at the C-2
position, as well as the number of hydroxyl substituents and their
location in the molecule (preferably at C-3, C-5 and/or C-7), are
determinant structural factors for their ability to scavenge free
radicals (Fig. 5). For those compounds able to reduce DPPH_ to
DPPH2, the antioxidant activity was found to decrease
according to the order: quercetin > luteolin > fisetin > kaempferol (> Trolox) > galangin > 3,6-dihydroxyflavone.
In general, the chromone core, reported to be essential for
a stable flavonoid structure,34 does not by itself ensure radical
600 | Food Funct., 2011, 2, 595–602

4. Materials and methods
4.1.

Reagents

Apigenin (97%), daidzein (97%), galangin (97%), genistein (97%),
luteolin (97%) and 3-methylflavone-8-carboxylic acid (98%) were
purchased from Alfa Aesar (Lancashire, UK). 2-Amino-3-formychromone (97%), chromone (99%), chromone 2-carboxylic
acid (97%), chromone 3-carboxylic acid (97%), chrysin (97%),
3,6-dihydroxyflavone (98%), dimethylsulphoxide (DMSO,
$99.9%), 2,2-diphenyl-1-picrylhydrazyl radical (DPPH_, 95%
pure), fisetin ($99.0%), flavone, 3-formylchromone (97%),
7-hydroxy-4-chromone (97%), standard antioxidant 6-hydroxy2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, 97%),
kaempferol (>97%), methanol and quercetin ($98%) were
purchased from Sigma-Aldrich Quımica S. A. (Sintra, Portugal).
All other chemicals were of analytical grade.
4.2.

Free radical scavenging activity

The free radical scavenging activity was determined for chromone and the derivatives under study through the DPPH_ test,
following the procedure of Brand-Williams et al.,47 as altered by
Samee et al.,34 with minor modifications, using Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as
a standard. This method is based on the reduction of methanolic
DPPH_ in the presence of a hydrogen-donating antioxidant.
Upon reduction, the violet DPPH_ (absorption maximum at
515 nm) yields a yellow solution of DPPH2.
A methanolic solution (100 mL) of the sample at different
concentrations (10 to 800 mM) was added (in 96-well microplates) to 100 mL of a DPPH_methanolic solution (prepared from
a 3 mg/15 mL methanol stock, diluted to obtain an A515 value
between 0.9–1.0). The mixture was homogenized and left to stand
for 20 min in the dark at room temperature. The A515 value was
then measured in a mQuant MQX200 microplate reader (BioTek,
USA) and converted to the DPPH_ percentage in solution
through the equation:34
%DPPH$ in solution ¼

Asample  Asolvent
 100
Anegative control  Asolvent

(3)

The percentage of DPPH_radicals in solution was plotted against
the logarithmic concentration of the tested compounds in order
to obtain the corresponding EC50 values (effective concentration
leading to a 50% loss of DPPH_ activity).
Methanol was used as the solvent for all compounds tested,
except for apigenin, which was solubilized in a methanol :
DMSO (l/l, v/v) mixture. In this case, since a change from
a protic to a non-protic solvent has been shown to have a nonnegligible effect on the measured antioxidant activity,48 the EC50
value was scaled according to Seyoum et al.:32 EC50methanol ¼
EC50methanol : DMSO/2.17 in order to compare it with the values
obtained for the other compounds. A DPPH_methanolic solution
This journal is ª The Royal Society of Chemistry 2011

was taken as the negative control, while Trolox was the positive control.
Unlike several reported studies on the antioxidant capacity of
phytochemicals, the screening presented here was carried out for
identical experimental conditions and equal concentrations of
both the tested compounds and controls. This ensures the
reproducibility and accuracy of the resulting data, and allows
a reliable comparison among compounds.
4.3.

Statistical analysis

The experimental values were fitted with non-linear regression
functions, and the results were compared to those observed with
the reference antioxidant Trolox. All measurements were performed in triplicate and repeated at least twice. The results are
expressed as mean  standard deviation (SD). Analysis of the
variance was conducted, and divergence between variables was
tested for significance by one-way ANOVA with the Tukey
test—differences with p < 0.0001 were considered statistically
significant.
4.4. Calculation of bond dissociation enthalpies and spin
density distribution

Acknowledgements

The quantum mechanical calculations were performed using the
GAUSSIAN 03W program49 within the density functional
theory (DFT) approach in order to properly account for the
electron correlation effects (particularly important in these kinds
of conjugated system). The widely employed hybrid method,
denoted B3LYP, which includes a mixture of HF and DFT
exchange terms and the gradient-corrected correlation functional
of Lee, Yang and Parr,50,51 as proposed and parameterized by
Becke,52,53 was used, along with the double-zeta split valence
basis set 6-31G**.54 A full conformational analysis was undertaken through geometry optimisation and evaluation of the
relative energy of every possible conformation of the neutral
chromone derivatives using the Berny algorithm and redundant
internal coordinates;55 the bond lengths were optimised to within
ca. 0.1 pm and the bond angles to within ca. 0.1 . The final rootmean-square (rms) gradients were always less than 3  104
Hartree Bohr1 or Hartree radian1. No geometrical constraints
were imposed on the molecules under study.
Radicals were obtained for each neutral molecule by deletion
of a hydrogen atom from the minimum energy geometry and
optimization with a spin multiplicity of 2 at the same level of
theory. This procedure was repeated for all the OH groups in the
molecule in order to determine the most stable radical species.
The O–H bond dissociation enthalpies (BDE), associated with
radical formation, were calculated according to the following
equation:
BDE ¼ Hf(A–O_) + Hf(H)  Hf(A–OH),

(4)

where Hf(A–O_), Hf(H) and Hf(A–OH) represent the enthalpies
of formation of the radical species generated upon H_ abstraction
of the hydrogen atom (0.49765 Hartree56) and of the neutral
molecule, respectively.
These enthalpy values were obtained by calculating the single
point energy for the most stable conformation of both the
neutral molecule and its radical with the extended basis set
This journal is ª The Royal Society of Chemistry 2011

6-311++G**57 (including diffuse functions58 and thus yielding
more reliable energy values). A thermal correction to the
enthalpy was performed, as proposed by Zhang and co-workers41
(using the appropriate factor obtained from the zero-point
energy (ZPVE) calculation).
The spin density (SD) values correspond to the probability of
localization of the unpaired electron in the molecule. They were
calculated for all possible radicals using the B3LYP functional
and the EPR-ii double zeta basis set developed by Barone and
co-workers,59 comprising a single set of polarization functions
and an enhanced s part, optimized for the computation of
hyperfine coupling constants by DFT methods. The SD maps
were drawn using GaussView 3.0 and plotted for an isovalue of
0.001.
Since the calculations regarding radicals with unpaired electrons and a spin multiplicity equal to 2 require the use of the
unrestricted spin option (UB3LYP), this was applied for the
entire theoretical procedure (both for radicals and neutral
molecules) in order to ensure consistency and a precise
comparison between the conformational energies of each molecule and its radical species.

The authors acknowledge financial support from the Portuguese
Foundation for Science and Technology—PEst-OE/QUI/
UI0070/2011 and PhD fellowship SFRH/BD/40235/2007
(NFLM).
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