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The ability of the current Kohn–Sham density functional
theory (DFT) to compute the change of the proton affinity
(PA) of phenol derivatives due to substitution is investigated.
These systems can be used as models to predict reactivities
in electrophilic aromatic substitution reactions. The complex-
ity of the problem is increased systematically by introducing
successively up to four substituents in five typical cases
(methyl, cyano, fluorine, chlorine, and bromine). Our investi-
gation can be regarded as representative for an important
class of problems consistently encountered in the DFT mod-
eling of organic reactions. High-level theoretical reference
data from CCSD(T) and SCS-MP2 wave-function calcula-
tions are presented, and the PAs are compared to those ob-
tained by a series of density functionals (DFs). It is shown
that not all DFs are capable of quantitatively reproducing the

Introduction

The special properties of functional groups lay the foun-
dations for the richness and complexity of organic chemis-
try. Their diversity and complex traits allow us to modify
and tune the electronic properties of compounds for a de-
sired target or function. Therefore it is of great interest to
predict and quantify by theoretical means the effects of sub-
stitution. This does not only lead to a better understanding,
but also allows us to develop new compounds “from
scratch” – the goal of theoretical rational design.[1–3]

The advent and success of the Kohn–Sham density func-
tional theory (DFT) yields promising access to the theoreti-
cal investigation of substitution effects because of its very
good relation between accuracy and computational ef-
fort,[4,5] which enables the treatment of systems up to a few
hundred atoms routinely.

DFT is the main method for computational investi-
gations in various fields of organic chemistry. Good results
have been reported for basic thermodynamic data,[6,7] isom-
erization reactions,[8] and even reaction barriers.[9,10] New
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substituent effects. These can be simply linear in the number
of substituents or show more complicated patterns. Espe-
cially for halogens, some DFs even fail completely. In these
cases, linearly increasing errors with the number of groups
are observed. Reliable results are obtained with hybrid DFs
or the even more accurate double-hybrid DF approach. The
errors are attributed to the common self-interaction (over-de-
localization) error in part of the DFs. Comparison with
Hartree–Fock results shows that a reliable account of elec-
tron correlation is necessary to compute the PA of unsatu-
rated and highly substituted molecules with chemical accu-
racy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

density functionals (DFs), like the meta-hybrid-generalized
gradient-approximated (GGA) functionals (BMK,[11] M06
family[12,13]), long-range-corrected functionals (ωB97[14]),
and the double-hybrid approach (B2PLYP[15,16]), often yield
results within the so-called chemical accuracy (about
1 kcalmol–1). The problems in describing London-disper-
sion (van der Waals) effects have also been solved empiri-
cally, such that large biological or supramolecular systems
can be investigated with similar accuracy.[17–19]

Recently, some warnings[20] and important prob-
lems[21–24] concerning the uncritical usage of DFT in its cur-
rent form for organic reactions have been reported. The
seemingly simple case of alkane isomerization[24] has at-
tracted much attention beyond the theoretical community
and has led to further intensive research on the general ac-
curacy of widely used functionals in particular for organic
chemistry.[25–27] Thus, it seems worthwhile to ask how accu-
rately common substitution effects are described on a stan-
dard DFT level. This is the main topic of the present work.

We carried out a thorough investigation of a model reac-
tion, namely the protonation of a multi-substituted phenol,
and report how well the effects of substitution on the pro-
ton affinity (PA) are described. The protonated species can
be regarded as a prototype for the π-complex in electro-
philic aromatic substitution reactions (SEAr). Substituent
effects are typically interpreted by using Hammett con-
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stants[28] which are, however, not generally available for
multiple substitutions. Incremental schemes may be a solu-
tion, but accurate and reliable ones are limited to special
systems. Theoretical methods may be helpful in complicated
cases, but the final predictions are, of course, sensitive to
small (relative) energy changes. Our investigation should
provide insight into which level of theory is necessary to
achieve satisfactory results for such a task. Note that be-
cause all our treatments refer to single-molecule (gas-phase)
conditions, no direct comparison with experimental results,
which are routinely obtained in solution, is possible (al-
though achieving comparability is straightforward in prin-
ciple by applying appropriate theoretical solvation models).

Starting from phenol (X = H), substituents are intro-
duced into the system in a successive way. This choice was
triggered by unpublished experimental studies on aromatic
ethers for which phenol is a good model. The following
functional groups are considered: methyl, cyano, fluorine,
chlorine, and bromine. The three possible substitution series
are depicted in Scheme 1. The labeling refers to the proton-
ation position relative to the hydroxy group.

Scheme 1. General series for ortho, meta, and para protonation of
substituted phenols. The substituents X = CH3, CN, F, Cl, Br are
subsequently placed at the positions 1–4.

Variation of X and the number of substituents should
mainly reflect the electronic properties of X when it is inter-
acting with the (charged) π-system. Because the addition of
protons (without counterions) to stronger bases is usually
barrierless,[29] it can be expected that a larger PA corre-
sponds to an increased reactivity (substitution rate) of the
substituted compound compared to phenol. The π-complex
that can be relevant as an intermediate of real systems in
solution[29] is not considered here.

Although substituent effects in electrophilic aromatic
substitution reactions are textbook knowledge, not many
systematic theoretical studies have been carried out on this
topic. A related set of systems has been investigated theo-
retically by Tishchenko et al. but with emphasis on the pro-
tonation site[30] also including the hydroxy group. Further-
more, only monosubstituted phenols have been considered.
One of the main aspects of the present work is the question
of how to perform accurate computations of multiple sub-
stituent effects. These were considered previously for arene
protonation at the MP2 level by Eckert-Maksic et al.[31]

These authors showed that an additivity model holds for
the PA of polysubstituted (X = CH3, CN, F) benzenes.

When dealing with π-systems on the DFT level of theory,
it is well known that the description might suffer from the
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so-called self-interaction error (SIE).[22,32–34] This term de-
scribes the observation that most of the common exchange-
correlation functionals do not cancel out the unphysical
Coulomb interaction of one electron with itself. As a result,
they predict delocalized radicals and transition states of
many radical reactions to be too stable. A good example is
arene radical cations and their aggregates, which represent
a “nightmare” for DFT.[14] Consideration of the SIE is a
very active field of theoretical research, and important pro-
gress in its understanding has been achieved.[35] Although
in closed-shell systems the SIE is smaller (or cancels out for
relative energies), related effects are still present but may be
hidden by error cancellations with effects of static electron
correlation. In very delocalized π-systems, the errors may
not cancel each other out, leading to non-negligible errors.
In ref.[35], SIE effects in the many-electron case (for which
it originally has not been defined) have been dubbed delo-
calization error (DLE). This term is used also in the follow-
ing to discuss our observed errors for the PA of phenols. In
a related study, the PA of a series of alkenes of increasing
size has been used to benchmark a large set of DFs.[22]

When the SIE (or DLE) is a major problem, it can be ex-
pected that our methodological conclusions are also trans-
ferable to the DFT description of the attacks of radicals on
unsaturated molecules.

A variety of different but representative DFs has been
tested in our work (GGA: BP86[36,37] PBE,[38] meta-GGA:
TPSS,[39] hybrid-GGA: B3LYP[40,41] PBE0,[42] double hy-
brid: B2PLYP,[15] B2PLYP-D[19]). The DFT data are also
compared to uncorrelated but SIE-free Hartree–Fock (HF)
results in order to rationalize the errors. As theoretical ref-
erence data, we employ the (SIE- and DLE-free) post-HF
methods single and double excitation coupled-cluster with
approximative triple excitations [CCSD(T)[43–45]] and the
spin-component-scaled second-order Møller-Plesset pertur-
bation theory (SCS-MP2)[46] for the larger systems. SCS-
MP2 yields results very close to CCSD(T) for many main-
group molecules at a fraction of computational cost (for a
recent overview, see ref.[7]).

Methods and Technical Details

For all compounds, the proton affinity (PA) was com-
puted as the differences between the total energies of the
neutral reactand and the cation without vibrational or ther-
mal contributions.

All molecular structures were obtained at the B97-D/
TZVPP level of theory.[47] Subsequent single-point energies
were also calculated by using the large TZVPP basis set[48]

and the functionals BP86,[36,37] BLYP,[36,49] PBE,[38]

TPSS,[39] B3LYP,[40,41] PBE0,[42] B2PLYP,[15] and B2PLYP-
D.[19] For all semi-local (non-hybrid) functionals, the reso-
lution-of-identity (RI) approximation (also called density
fitting) for the two-electron Coulomb interactions has been
applied. The corresponding optimized auxiliary basis
sets[50] have been used. The reference single-point energies
were obtained at the SCS-MP2/TZVPP[46] level, by also
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using the RI approximation with the corresponding
auxiliary basis sets.[51]

The accuracy of the SCS-MP2 method has been tested
by computation of PAs for phenol on the CCSD(T) level.
Extrapolation to the complete-basis-set (CBS) limit was
done with a standard two-point scheme[52] based on cc-
pVDZ and cc-pVTZ basis-set[53] results. Because of its high
computational demand, this procedure (which has an esti-
mated error of �0.5 kcalmol–1 compared to experimental
data) is not feasible for most of the substituted species.
Basis-set effects are also considered only for phenol by com-
parison of SCS-MP2/CBS and SCSMP2/TZVPP results.

The zero-point vibrational-energy contributions to the
PA have been computed in an exemplary manner for phe-
nol, 2-fluorophenol and 2,3,4,5-tetrafluorophenol on the
B3LYP/TZVPP level. The contributions are almost con-
stant, independent of the number of substituents, with val-
ues between 6.8 and 7.3 kcalmol–1 (i.e., lowering the elec-
tronic PA). Thus, these corrections are not expected to play
a significant role for our conclusions, and are therefore not
included.

Most of the computations have been carried out with a
locally modified version of TURBOMOLE 5.7.[54–56] For
the coupled-cluster calculations, MOLPRO[57] has been
used.

Supporting Information is available with theoretical PAs
on the SCS-MP2/TZVPP level of theory for all substituted
phenols (Tables S1–S5), including the deviations for HF
and the functionals BP86, BLYP, PBE, TPSS, PBE0,
B3LYP, B2PLYP and B2PLYP-D.

Results and Discussion

In the following discussion, only DFT results for the
functionals PBE, PBE0, the popular B3LYP, and B2PLYP-
D are shown. These functionals represent prototypes for the
different functional classes: semi-local without HF ex-
change (represented by PBE), hybrid functionals (repre-
sented by PBE0 and B3LYP), and double-hybrid function-
als also including a perturbation correction for non-local
correlation effects (represented by B2PLYP). The latter DF
is also augmented by a semi-empirical correction for long-
range London dispersion effects (DFT-D[47]). The DFT-D
correction is not of utmost importance for the reactions
considered here, but the B2PLYP-D approach is one of the
most consistent and accurate state-of-the-art methods for
general thermochemistry.[7,19] Results for all other function-

Table 1. Computed proton affinities on the CCSD(T)/CBS level of theory (PAref) for phenol and deviations for different methods. All
values are in kcalmol–1.

Deviation[a]
Protonation site PAref

SCS-MP2/CBS SCS-MP2 HF PBE PBE0 B2PLYP-D

ortho 197.9 1.4 0.6 –9.5 –3.1 –3.0 –1.6
meta 184.5 1.2 1.4 –3.8 –4.0 –2.4 –1.2
para 201.2 1.2 0.4 –9.9 –2.3 –2.6 –1.2

[a] Deviation = PA(reference) – PA(method). Based on TZVPP results if not noted otherwise.
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als mentioned above can be found in the Supporting Infor-
mation.

Before the quality of the DFT results is considered, we
first validated our reference method. This was done by com-
paring SCS-MP2 results for the PA in ortho, meta and para
positions of phenol with high-level CCSD(T) data. The de-
viations of SCS-MP2/CBS and SCS-MP2/TZVPP with re-
spect to CCSD(T)/CBS, along with HF and DFT results,
are given in Table 1.

As can be seen from these data, SCS-MP2 is very accu-
rate for our problem. At the CBS level, the deviations are
small (about 1 kcalmol–1) and very systematic, i.e., almost
the same for the PAs in all three positions (which differ by
up to 17 kcalmol–1). The PAs with the TZVPP set are of
course not fully converged with respect to basis set size, but
generally within 1 kcalmol–1 of the CBS data. We estimate
overall SCS-MP2/TZVPP errors compared to the “true”
electronic PA of about �2 kcalmol–1 (about 1%). The re-
gioselectivity should be more accurate to about
�1 kcalmol–1. This should be suffcient for our goal of test-
ing the other methods that (except for B2PLYP-D) have
errors in the 2–10 kcalmol–1 range. Note that, although
B2PLYP-D has a slightly larger mean absolute error (MAE)
than SCS-MP2, the regioselectivity predictions are more ac-
curate. One of the interesting questions at this point is if
the DLE of the (not completely SIE-free) B2PLYP-D func-
tional increases in particular for highly substituted phenols.

Tables 2, 3, 4, 5, and 6 list the computed PAs for the
substituents fluorine, chlorine, bromine, cyano, and methyl
and the deviations (errors) of the considered methods for
each of the three substitution series according to Scheme 1.
All these results refer to the TZVPP basis set and employ
SCS-MP2 as reference. Note that the additional substitu-
ents in the ortho, meta, and para series enter in various posi-
tions relative to the protonation site. For example in the
meta series, the first two additional substituents are placed
in ortho and para position relative to the protonation site,
whereas this relation becomes meta and meta, respectively,
in the ortho series.

Before discussing the performance of the DFT methods,
the magnitude and sign of the substituent effects on the PA
are considered. Therefore, the SCS-MP2/TZVPP reference
data are also shown graphically in Figure 1. Clearly, the
phenols are more easily protonated in the ortho and para
positions than in the meta position, in agreement with com-
mon textbook knowledge. The ortho and para PAs are in
general very similar. The only exceptions are the di- and



Computed Substituent Effects in Electrophilic Aromatic Substitution Reactions

trisubstituted fluorophenols, for which the ortho and meta
values are almost equal.

The effects of methyl substitution on the cation are easily
rationalized. Each additional substituent stabilizes the posi-
tive charge by roughly 4 kcalmol–1 because of its +I effect,
revealing an almost linear behavior. For the CN substituent,
the –I effect results in a decrease of the PA by about
10 kcalmol–1 for each successive substitution, also showing
a linear dependency. This is in agreement with previous re-
sults of Eckert-Maksic et al.[31] No mesomeric stabilization
by CN is observed. The effects are similar in magnitude for
all three positions, although the meta series qualitatively
gives slightly different curves than the ortho and para ones.

Table 2. Computed proton affinities on the SCS-MP2/TZVPP level
of theory (PAref) for methyl-substituted phenols and the deviations
for different methods (TZVPP basis set). All values are in
kcalmol–1.

Deviation[a]
Protonation site n[b] PAref

HF PBE PBE0 B3LYP B2PLYP-D

ortho 0 197.3 –10.2 –3.7 –3.7 –4.2 –2.3
1 200.4 –9.3 –4.1 –3.7 –4.2 –2.3
2 202.5 –8.7 –4.7 –4.0 –4.5 –2.5
3 207.6 –9.4 –5.5 –4.8 –5.2 –3.2
4 213.1 –10.6 –5.7 –5.3 –5.5 –3.5

meta 0 183.1 –5.2 –5.5 –3.8 –4.7 –2.6
1 189.8 –6.6 –5.8 –4.3 –5.1 –3.0
2 197.1 –8.4 –6.5 –5.3 –5.9 –3.6
3 202.2 –9.6 –7.2 –6.2 –6.6 –4.2
4 205.0 –8.6 –7.2 –6.0 –6.3 –4.1

para 0 200.8 –10.3 –2.7 –3.0 –3.3 –1.6
1 204.2 –10.0 –3.1 –3.2 –3.5 –1.7
2 207.0 –9.5 –3.7 –3.5 –3.7 –1.9
3 211.7 –10.0 –4.3 –4.2 –4.3 –2.4
4 217.0 –10.9 –4.6 –4.6 –4.6 –2.8

[a] Deviation = PA(reference) – PA(method). [b] Number of substit-
uents.

Table 3. Computed proton affinities at the SCS-MP2/TZVPP level
of theory (PAref) for cyano-substituted phenols and the deviations
for different methods (TZVPP basis set). All values are in
kcalmol–1.

Deviation[a]
Protonation site n[b] PAref

HF PBE PBE0 B3LYP B2PLYP-D

ortho 0 197.3 –10.2 –3.7 –3.7 –4.2 –2.3
1 183.2 –9.5 –4.0 –3.5 –4.1 –2.3
2 170.2 –7.9 –3.8 –2.7 –3.5 –1.9
3 162.1 –4.8 –5.5 –3.0 –4.0 –2.4
4 154.1 –2.4 –7.4 –3.6 –4.9 –3.1

meta 0 183.1 –5.2 –5.5 –3.8 –4.7 –2.6
1 172.3 –1.9 –5.6 –2.7 –4.0 –2.2
2 161.6 3.4 –6.8 –2.2 –3.8 –2.0
3 152.5 8.8 –7.8 –1.5 –3.5 –1.8
4 142.6 8.1 –9.6 –2.7 –4.8 –3.0

para 0 200.8 –10.3 –2.7 –3.0 –3.3 –1.6
1 186.9 –9.0 –2.5 –2.3 –2.8 –1.2
2 174.2 –7.6 –2.7 –1.9 –2.5 –1.0
3 165.1 –5.1 –4.3 –2.2 –3.1 –1.6
4 156.8 –2.3 –5.9 –2.4 –3.6 –2.1

[a] Deviation = PA(reference) – PA(method). [b] Number of substit-
uents.
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In contrast, the curves for the halogens are somewhat
different between the protonation sites, although they are
alike among each other. In the ortho and para series, the
PAs decrease to a minimum for the disubstituted chlorine
and bromine species and slightly increase for the third and
fourth substitutions. For fluorine, the PAs become more or
less constant after the second substitution. In the meta
series, all halogens induce little variation of the PA.

We interpret this by invoking the dual electronic charac-
ter of the halogens. On the one hand they destabilize the
protonated species because of their –I effect, whereas on the
other hand the +M effect allows better delocalization of
the positive charge if appropriate mesomeric structures are
possible. Thus, the number of substituents is as important

Table 4. Computed proton affinities on the SCS-MP2/TZVPP level
of theory (PAref) for fluorine-substituted phenols and the devia-
tions for different methods (TZVPP basis set). All values are in
kcalmol–1.

Deviation[a]
Protonation site n[b] PAref

HF PBE PBE0 B3LYP B2PLYP-D

ortho 0 197.3 –10.2 –3.7 –3.7 –4.2 –2.3
1 190.3 –8.3 –5.1 –4.2 –4.5 –2.6
2 184.4 –6.8 –6.1 –4.5 –4.5 –2.6
3 182.2 –6.0 –7.4 –5.1 –4.9 –3.1
4 184.7 –5.7 –7.0 –4.8 –4.0 –2.6

meta 0 183.1 –5.2 –5.5 –3.8 –4.7 –2.6
1 182.7 –5.7 –5.6 –3.9 –4.3 –2.5
2 185.5 –5.9 –5.5 –3.8 –3.6 –2.1
3 184.8 –5.7 –5.9 –4.0 –3.3 –2.1
4 178.8 –3.5 –7.3 –4.4 –3.5 –2.3

para 0 200.8 –10.3 –2.7 –3.0 –3.3 –1.6
1 195.0 –9.0 –3.7 –3.3 –3.4 –1.7
2 188.7 –7.2 –5.0 –3.8 –3.7 –2.0
3 188.4 –6.5 –5.3 –3.7 –3.2 –1.8
4 187.0 –5.7 –5.7 –3.8 –3.0 –1.7

[a] Deviation = PA(reference) – PA(method). [b] Number of substit-
uents.

Table 5. Computed proton affinities on the SCS-MP2/TZVPP level
of theory (PAref) for chlorine-substituted phenols and the devia-
tions for different methods (TZVPP basis set). All values are in
kcalmol–1.

Deviation[a]
Protonation site n[b] PAref

HF PBE PBE0 B3LYP B2PLYP-D

ortho 0 197.3 –10.2 –3.7 –3.7 –4.2 –2.3
1 191.5 –8.7 –4.7 –3.9 –4.4 –2.5
2 186.2 –7.5 –5.6 –4.2 –4.6 –2.7
3 186.7 –5.8 –6.9 –4.7 –5.1 –3.3
4 189.3 –4.3 –7.4 –4.8 –5.0 –3.2

meta 0 183.1 –5.2 –5.5 –3.8 –4.7 –2.6
1 183.1 –4.0 –5.7 –3.6 –4.3 –2.6
2 185.8 –2.4 –6.4 –3.7 –4.2 –2.5
3 185.8 –1.2 –7.2 –4.0 –4.4 –2.8
4 182.9 0.5 –7.9 –4.1 –4.5 –3.0

para 0 200.8 –10.3 –2.7 –3.0 –3.3 –1.6
1 195.6 –8.9 –3.5 –3.1 –3.5 –1.7
2 190.3 –7.6 –4.6 –3.5 –3.8 –2.0
3 191.3 –5.9 –5.3 –3.6 –3.8 –2.2
4 192.2 –4.6 –5.9 –3.7 –3.8 –2.4

[a] Deviation = PA(reference) – PA(method). [b] Number of substit-
uents.
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Table 6. Computed proton affinities at the SCS-MP2/TZVPP level
of theory (PAref) for bromine-substituted phenol and the deviations
for different methods (TZVPP basis set). All values are in
kcalmol–1.

Deviation[a]
Protonation site n[b] PAref

HF PBE PBE0 B3LYP B2PLYP-D

ortho 0 197.3 –10.2 –3.7 –3.7 –4.2 –2.3
1 192.3 –8.7 –4.6 –3.8 –4.4 –2.4
2 187.3 –7.6 –5.4 –4.0 –4.5 –2.6
3 188.4 –5.7 –6.7 –4.4 –5.0 –3.2
4 191.1 –3.7 –7.5 –4.7 –5.0 –3.3

meta 0 183.1 –5.2 –5.5 –3.8 –4.7 –2.6
1 183.5 –3.5 –5.6 –3.3 –4.2 –2.5
2 186.4 –1.0 –6.5 –3.4 –4.1 –2.5
3 186.8 –0.7 –7.4 –3.6 –4.2 –2.7
4 184.5 2.1 –8.0 –3.7 –4.3 –3.0

para 0 200.8 –10.3 –2.7 –3.0 –3.3 –1.6
1 196.2 –8.8 –3.5 –3.0 –3.4 –1.6
2 191.4 –7.6 –4.5 –3.4 –3.8 –1.8
3 192.7 –5.6 –5.3 –3.5 –3.8 –2.1
4 194.0 –4.2 –5.9 –3.5 –3.8 –2.4

[a] Deviation = PA(reference) – PA(method). [b] Number of substit-
uents.

as the position in which they are placed. One should keep
in mind that the form of the curves in Figure 1 is somewhat
arbitrary because they are also influenced by the (arbitrary)
substitution order depicted in Scheme 1.

All these mentioned aspects have to be reproduced by
a theoretical method which claims to be able to quantify
substitution effects. To investigate the DFT methods with
respect to this requirement, the DFT errors are listed in
Tables 2, 3, 4, 5, and 6. For more clarity, they are also

Figure 1. Proton affinities for substituted phenols based on SCS-MP2/TZVPP calculations. The labels ortho, meta, and para refer to the
protonation site relative to the hydroxy group.

www.eurjoc.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2008, 5928–59355932

shown in Figure 2, taking chlorine as representative for the
halogens. Note that approximately flat curves in these plots
(constant error with respect to the number of substituents)

Figure 2. Errors (with respect to SCS-MP2/TZVPP) of HF and
various DFT methods for the PAs in the series of substituted phe-
nols.
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mean that the respective method solely provides an absolute
error for the PA but describes the substituent effect cor-
rectly. For an appropriate isodesmic reaction (e.g. proton
exchange between phenol and substituted phenol) the cor-
responding error would be small.

For the effect of the methyl group, there seems to be at
least qualitatively no problem. All methods yield an almost
constant error, independent of the number of groups. The
absolute errors are largest for HF (about 10 kcalmol–1),
they are about halved by the PBE, PBE0 and B3LYP ap-
proaches, and further halved for B2PLYP-D. The errors are
all negative, meaning that the PA is overestimated, which
generally holds for most of the computed values. For DFT,
this can be explained by an overstabilization due to overdel-
ocalization of the protonated (stronger π-delocalized) spe-
cies (see Figure 3). Consistent with this picture is that the
error is largest for (uncorrelated) HF. This can be attributed
to an absolutely larger correlation energy (that is neglected
in HF theory) in the neutral than in the protonated form
(electron correlation typically favors more localized elec-
tronic structures). The implicit correlation treatment in the
DFs at least qualitatively corrects in the right direction.

Figure 3. Schematic explanation of the observed errors for PAs of
phenols calculated with HF and KS-DFT based methods. In DFT,
the correlation energy is computed rather accurately for the neutral
and cationic species, but the DLE overstabilizes the cation, which
leads to a too large PA. In the HF method, the sign of the error is
the same but arises from the neglect of electron correlation, which
is larger in the neutral electronically more localized system.

The different functionals form a hierarchy regarding
their accuracy (B2PLYP-D � PBE0 ≈ B3LYP � PBE),
which correlates nicely with their theoretical complexity.
The PBE0 hybrid functional with 25% HF exchange per-
forms slightly better than B3LYP, which contains only 20%
HF exchange. The very small errors of B2PLYP-D (2–
3 kcalmol–1) can be explained by the increased portion of
exact exchange (53%). In fact, the B2PLYP-D-computed
PAs are close to those of the SCS-MP2 reference method,
and at this point it seems diffcult to judge which method
performs better.

The CN and chlorine substituents are more diffcult to
describe, in particular by HF and the PBE non-hybrid func-
tional. The errors of HF for both CN and Cl substitutions
show (opposed to the case of methyl) a large positive slope
with increasing number of substituents. Although the abso-
lute HF errors initially become smaller with increasing sub-
stitution, this is due to error compensation, and the descrip-
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tion is totally unbalanced for the differently sized systems.
This error compensation is especially evident for the chlo-
rine meta series, where a simple statistical analysis of the
methodological performance for the absolute error of the
PA would rank HF even better than most of the DFs, al-
though the description of the substituent effects is rather
inconsistent. The positive slope can be interpreted such that
the increasing instability of the cation (the –I effect) is
underestimated. Especially in the meta series of the cyano-
phenols, the HF-calculated PAs of multiply substituted sys-
tems have large errors (not visible on the chosen scale). A
similar, but less pronounced, behavior is seen for the other
halogen-substituted systems.

At first glance, DFT seems to behave much more favor-
ably than the other methods, which one would expect be-
cause the error of the HF method is likely caused by the
neglect of correlation effects, which are implicitly incorpo-
rated within DFT. However, a closer look reveals that PBE
also suffers from an increasing error with the number of
substituents but in the opposite direction to HF. This again
indicates an overstabilization of the protonated systems
with increasing number of substituents, a behavior that is
also observed for all other tested GGAs (see Supporting
Information); meta-GGAs like the investigated TPSS func-
tional offer no significant advantage.

The hybrid and double-hybrid approaches suffer less
from this effect and provide results closer to the reference
values. Also for the Cl and CN substituents, the B2PLYP-D
error is smallest (about 2 kcalmol–1) and furthermore only
slightly dependent on the number of substituents. As al-
ready noted for the methyl case, the PBE0 functional per-
forms a bit better than B3LYP, which is most clearly visible
for the meta series of the cyanophenols.

Conclusions

We have investigated the ability of HF and several den-
sity functionals to describe substituent effects on the pro-
tonation of multisubstituted phenols. The typical groups
methyl, cyano, fluorine, chlorine, and bromine have been
considered. As reference we have used the SCS-MP2/
TZVPP approach, which in turn has been proven to yield
very small errors compared to estimated CCSD(T)/CBS
data.

It has been shown that the effects on the PA depend on
kind, placement and number of substituents. The HF
method is not able to give a qualitatively correct description
of these effects for most of the substituents. Similarly,
(meta-)GGA-type functionals fail for this purpose, but the
reason is different. The analysis of the errors for different
systems leads to the conclusion that the overdelocalization
error is the major problem of common density functionals.
In the HF method, a similar overestimation of the PA as
by (meta-)GGAs is observed, but could be traced back to
a different reason (neglect of electron correlation). For both
levels of theory an almost linear dependence of the error
on the number of substituents has been found.
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By using hybrid and double-hybrid methods, qualita-

tively correct results are obtained. The reduced self-interac-
tion (delocalization) error is certainly the main reason for
this. With the best DFT approach (B2PLYP-D), the abso-
lute PA values for multiply substituted phenols are accurate
to within 2–3 kcalmol–1 (almost independent of the number
of substituents). Errors for relative values and regioselectiv-
ity predictions are typically �1 kcalmol–1. This seems to be
suffcient for most purposes (and also within the accuracy
of the reference method).

Our study shows once more for a typical example occur-
ring in organic chemistry, that DFT can be a valuable tool
for the study of substituent effects. It also suggests that
thorough validation is still needed. Only the use of accurate
reference data for the whole substitution series allowed us
to identify the problems of (meta-)GGA functionals and to
trace their failure to the overdelocalization error. It may be
dangerous to rely on general validation studies when choos-
ing a computational method for a problem at hand. Chem-
istry is too diverse, and current DFT is sometimes not pre-
dictive enough (as other recent studies have also proven).
Therefore, we want to encourage the use of more sophisti-
cated functionals in future reactivity studies based on DFT.

Supporting Information (see footnote on the first page of this arti-
cle): Theoretical PAs at the SCS-MP2/TZVPP level of theory for
all substituted phenols (Tables S1–S5) including also the deviations
for HF and the functionals BP86, BLYP, PBE, TPSS, PBE0,
B3LYP, B2PLYP and B2PLYP-D.
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