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This paper is an attempt to bridge the key properties of monohalogen substituted phenols with
the electronic localization function, which has a vivid 3D topological pattern and the vector
gradient ®eld of which is determined by the electron transition current density. A primary goal
is to interpret the `anomalous’ strength of the intramolecular hydrogen bond OÐH¢ ¢ ¢X
formed in cis ortho-X substituted phenols, depending upon the halogen atom …X ˆ F, Cl,
and Br) in terms of the populations of the electronic localization function basins and a
so-called core valence bifurcation index. A theoretical model is considered aiming to explain
convincingly the cis±trans conversion in ortho-X phenols occurring in some solvents and
resulting in the experimentally observed splitting of the ¸OH stretch and based on the
Pauling model. Characteristic harmonic vibrational modes of all monohalogen substituted
phenols are discussed thoroughly. The order of stability of monohalogen substituted phenols
is established at a high level of computational performance, showing the `anomalous’ order of
stability of ¯uorophenols, the result being that, in contrast to Cl and Br, the F atom favours
the trans meta position over the cis ortho with formation of the intramolecular
hydrogen bond.

1. Introduction

Phenol was ®rst isolated by Runge from coal tar [1]

in 1834 and named pheÂnol by Gerhardt in 1843 [2]

(see also Laurent [3] on the isolation and crystallization

of phenol). Two years later Laurent [4] discovered ®rst

halogen-substitute d phenols such as dichlorophenol and

trichlorophenol. During the subsequent 5 years of his

study of phenol and its halogen substituted derivatives,

Laurent relied on the substitution hypothesis (the

halogenation of phenol proceeds by electrophilic aro-

matic substitution) originally proposed by his former

supervisor Dumas. Apparently, however, Laurent went

one step further and suggested that the substitution

reaction did not otherwise change the structural formula

of the reactant and the product [5].

The Laurent’s substitution hypothesis was rather

violently attacked by Berzelius [6], who claimed that a

simple replacement of the hydrogen atom by, for

instance, chlorine in an organic molecule should be

utterly impossible `due to the strong electronegative

character’ of Cl. Dumas [7] replied that Berzelius

`attributes to me an opinion precisely contrary to what
I have always maintained, viz., that chlorine in this case
takes the place of the hydrogen. . . . The law of substitu-

tion is an empirical fact and nothing more; it expresses a
relation between the hydrogen expelled and chlorine
retained’. In other words, the birth of halogen substi-
tuted phenols was rather embarrassing. However, their

story continues.
During more than 160 years since the discovery of

phenol, thousands of studies have been dedicated to

halogen-substituted phenols, covering nearly all areas
of human activity, e.g. their antiseptic property
discovered in 1865 by the British surgeon Joseph
Lister at Glasgow University and their wide use

(mainly in the ®rst half of the last century, as a
bottle of antiseptic chlorophenols in home medicine
chests), the use of 2,4-dichlorophenol , capable of

keeping plants ¯owering and utilized even today in
Hawaii where visitors are greeted with pineapple
¯owers during the whole year, their use in manu-

facturing plastic resins, and their signi®cance in the
theory of hydrogen bonding, due to the fact that the
hydrogen bonding ability of phenols can be varied
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nearly continuously over a wide pKa domain from 10.2
to 0.4 ([8, 9] and references therein).

One of the most exciting moments in the history of the
monohalogen substituted phenols was in 1936 when
Pauling [10] suggested the coexistence of two inequiva-
lent rotational isomers of the ortho-Cl substituted
phenol (o-ClPhOH) in order to explain the experimental
splitting of the ®rst overtone of its hydroxyl vibrational
mode observed by Wulf and coworkers [11] in CCl4 sol-
ution. In contrast to phenol, whose ®rst overtone ¸

…1†
OH is

sharply peaked at 7050 cm¡1, o-ClPhOH shows a
doublet at 7050 cm¡1 and 6910 cm¡1 with interband
splitting ¢¸

…1†
OH ˆ 140 cm¡1, where the former band is

placed at the same wavenumbers as in phenol. Almost
two decades later, using CCl4 solvent, Rossmy et al. [12]
observed splitting of the fundamental mode ¸OH of
83 cm¡1. What is the important idea behind Pauling’s
suggestion? Answering this question is actually the
major goal undertaken in the present work, and is
related to the key properties of monohalogen sub-
stituted phenols, such as the dependence of the strength
of intramolecular hydrogen bond and the torsional
barrier of the OH group on the halogen atom, leading
to the provision of a solid interpretation in terms of
electron localization.

2. Intramolecular hydrogen bond in ortho-halogen
substituted phenols

Figure 1 shows the cis and trans conformers of o-
ClPhOH (computational notes are given in [13, 14]).
Obviously they are di� erent: the former possesses the
intramolecular hydrogen bond OÐH¢ ¢ ¢Cl whereas the
latter does not. This makes, as long believed, the cis
conformer energetically favoured, with the gain of
energy ¢cis-transE

Cl
ortho ˆ 2:98 kcal mol¡1, which may be

interpreted as the energy of formation of such an intra-
molecular hydrogen bond. Note that Pauling’s estima-
tion of the corresponding free energy di� erence based on
the ratio of the areas of the peaks was 1.4 kcal mol¡1 [10]
in CCl4 solution (more precisely 1.4 kcal mol¡1 [15];
Davies obtained 1.78 kcal mol¡1 [16]). Our energy di� er-
ence agrees fairly well with the free energy di� erence of
3.4±3.9 kcal mol¡1 in the vapour [17], bracketed by
3.9 § 0.7 kcal mol¡1 [18] and 3.41 § 0.14 kcal mol¡1 [19].
However, there is yet another remarkable feature that
makes the cis and trans conformers distinct from each
other: the trans is more polar (3.0 D versus 1.04 D; see
®gure 1).

Table 1, which collects the ½OH and ¸OH harmonic
vibrational modes of both conformers plus the corre-
sponding potential energy distributions (PEDs) [20±23]
reveals that if ¸OH in the trans is centred at 3835.4 cm¡1

then this is almost identical to ¸OH of phenol, and in
its cis variant it is red shifted, as expected according

to the theory of hydrogen bonding [26, 27], by

¢cis-trans¸
Cl
OH ˆ 69 cm¡1. The latter value lies closer to

the experimental red shifts ranging from 58 cm¡1 [28]
to 60 cm¡1 [29] and 63 cm¡1 [17, 30], depending on the
solvent. On the other hand, it should be noted that our
red shift is smaller, by 91 cm¡1, compared with that
observed by Wulf and coworkers for ¸

…1†
OH. This may be

attributed to anharmonic e� ects [31].
These are precisely the two conformers suggested by

Pauling. How may they coexist or, in the other words,
how may they interconvert to appear as the ¸OH

doublet? Clearly this happens if the OH bond rotates
over the carbonyl group and passes the transition state
in ®gure 1 and characterized by the imaginary frequency
343i cm¡1. In contrast to the perfectly symmetric transi-
tion state structure in phenol, it is slightly asymmetric
(0.48) in o-ClPhOH, where the OH group leans slightly
towards the chlorine atom. Such a transition state
lies V Cl

½ ˆ 5:39 kcal mol¡1 above the cis conformer.
The transition barrier V Cl

½ is rather high compared,
for instance, with the parent phenol, where it is
3.14 kcal mol¡1 in theory (and ranges within 3.3±
3.5 kcal mol¡1 as estimated from IR experiments [32,
33]), and probably makes a cis ! trans transition quite
rare. In fact, using a known expression for the equilib-
rium constant kCl

cis $ trans of the cis $ trans isomerization
process, kCl

cis $ trans ˆ exp ‰¡…¢H ¡ T ¢S†=kBT Š, where

¢H is the enthalpy di� erence between the cis and
trans forms, ¢S is their entropy di� erence, and kB is
the Boltzmann constant equal to 198:721 56 £ 10¡2 cal
mol¡1 T¡1, we readily obtain kCl

cis $ trans ˆ 6:5 £ 10¡3 at
room temperature, i.e. substantially lower than the
experimentally determined value from the ratio (¹1/
11) of the experimental absorption peaks of two bands
in the ¸

…1†
OH doublet of o-ClPhOH (see [10], ®gure 1 [10,

11, 28] in CCl4 solution. Therefore we may question the
occurrence of the direct isomerization process
cis $ trans in the gas phase.

In this regard, more than two decades after the
appearance of the Pauling work [10] came further com-
ment. There were criticisms [28] of the experimental
results by Wulf and coworkers [11] because it was
believed that the higher frequency band appears `more
likely due to a trace of impurity than to the presence of a
trans isomer’ [12] and a new experiment demonstrated
the ratio of the absorptions being much smaller, i.e.
1=56 º 17:9 £ 10¡3 (about three times larger than our
theoretical magnitude). These years were also character-
ized by further development of the Pauling model
[34, 35] and its experimental support [11e] although,
unfortunately , the `unsatisfactory state of a� airs’ in
the area of the cis±trans doublet paradigm ([11e], p.
759) remained at that time. Paradoxically, it still
remains, even widening the gap between experiments
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dated, at most, the end of the 1950s and modern high
level theoretical studies. This paricularly concerns o-F
phenol.

In 1958, it was shown experimentally [28] that the cis±
trans doublet could not be detected for o-FPhOH
because, as suggested, probably the trans ¸OH band is
too weak to be observed in IR experiments and
¢cis-trans¸

F
OH is too small (<20 cm¡1; it is estimated as

18 cm¡1 in [17]). Our prediction is ¢cis-transE
F
ortho ˆ

2.72 kcal mol¡1, which demonstrates that the intramole-
cular hydrogen bond OÐH¢ ¢ ¢F in o-FPhOH is weaker

by 0.26 kcal mol¡1 compared with its analogue in o-
ClPhOH. Furthermore, as follows from table 1, the
theoretical splitting ¢cis-trans¸

F
OH is 30 cm¡1, which is

larger than the 20 cm¡1 predicted by IR experiments.
Regarding the transition state between the cis and
trans isomers of o-FPhOH, we ®nd that it has nearly
the same slope as in the case of Cl, viz., 347i cm¡1,
although its barrier V F

½ ˆ 4:86 kcal mol¡1 is smaller by
0.53 kcal mol¡1 than V Cl

½ . Since ¢cis-transE
F
ortho <

¢cis-transE
Cl
ortho , we might expect that equilibrium con-

stant kF
cis $ trans is larger than kCl

cis $ trans. In fact, it is
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Figure 1. Top: portion of the potential energy surface of o-ClPhOH governing the cis±trans conversion. Numbering of atoms is
valid throughout the present work. Bottom, ®ve-member subrings of the cis ortho halogen phenols with the intramolecular
hydrogen bond. Bond lengths in AÊ ; bond angles in deg.



10:1 £ 10¡3. On the other hand, no known IR experi-

ment has ever revealed the cis-trans transition in

o-FPhOH ([36, 37]; see also [18, 30]). Why?

The disparity between the older IR experiments and

modern high level theory becomes even sharper if we

turn to the o-Br substituted phenols, whose harmonic

vibrational modes ¸OH are also presented in table 1.

We then obtain ¢cis-trans¸
Br
OH ˆ 94 cm¡1, which agrees

with the experimental interval of 74±93 cm¡1 ([17],

tables 1 and 5; also [12, 19, 30]). This is one side of

the coin where the agreement between experiment and

theory is just ®ne. Its other side is that ¢cis-transE
Br
ortho

between the cis conformer of o-BrPhOH and its trans

variant, which again is more polar (2.98 D versus

1.07 D), is 3.09 kcal mol¡1 (the experimental value in

the vapour is 3:13 § 0:35 kcal mol¡1 for the free energy

di� erence [19]). This implies the following. First, the

intramolecular hydrogen bond is slightly stronger with

Br than with Cl, which obviously contradicts the

common order for acceptors in hydrogen bonds [24,

38±40]. Second, the equilibrium constant kBr
cis $ trans ˆ

5:2 £ 10¡3 < kCl
cis $ trans, although experiments show the

reverse [36]. Altogether, this was dubbed as an `anom-

alous’ order in the strength of the intramolecular

hydrogen bond [18, 19, 30, 34, 41±43] whose `state of

a� airs’ was summarized by Sandorfy and coauthors [30]

in their 1963 work: `Nothing emerges from our work,

however, to explain this order. . . . For a more thorough

treatment we shall likely have to wait until the next stage
in the development of quantum chemistry’. Modern
calculations as performed in the present work inform
us as now summarized.

(i) Under the assumption that ¢cis-transE
X
ortho (X ˆ F,

Cl, Br) de®nes the energy of formation of the intramo-
lecular hydrogen bond in cis ortho-X substituted phe-
nols, the order of its strength in the gas phase appears
to be the following:

Br º0:11
Cl >

0:26
F: …1†

Here the quantity above the inequality indicates the
corresponding di� erence (in kcal mol¡1) of the energies
of formation of the intramolecular hydrogen bonds
between the left hand complex and its right hand one.
The energetical order (1) is con®rmed to a certain extent
by the order of red shifts ¢cis-trans¸

H
OH (in cm¡1):

Br >
25

Cl >
39

F: …2†

Comparing sequence (1) with (2) we may note that

¢cis-trans¸
X
OH is not proportional to ¢cis-transE

X
ortho (cf.

[19]). Order (2) more closely resembles that of the van
der Waals radii of the halogen atoms, Br(1.85 AÊ ) >
Cl(1.75 AÊ ) > F(1.47 AÊ ), rather than their electro-
negativity trends (in Pauling units), F(3.98) > Cl(3.16) >
Br(2.96), usually chosen to di� erentiate the strength
of the conventional intermolecular hydrogen bonds
[26, 27].
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Table 1. ½OH and ¸OH harmonic vibrational frequencies, IR intensities and assignments for phenol and cis and trans o-X- phenols
(X ˆ F, Cl, Br).a

Freq. IR Sym. Assignment (PED %) Freq. IR Sym. Assignment (PED %)

X ˆ Cl
407.2 108 A 00 ½OH(90) 317.7 96 A 00 ½OH(88)

Expt: 407b, 396c, 396d Expt: 373b, 361c

3765.3 93 A 0 ¸OH(100) 3834.4 73 A 0 ¸OH(100)

X ˆ H
311.4 111 A 00 ½OH(93) Expt: 310b, 310c

827.3 23 A 0 ¸CO(26),  2rg(20),  1rg(16)
1274.8 91 A 0 ¸CO(31), ¸C2C3(25),  C3H(21)
3834.8 62 A 0 ¸OH(100)

X ˆ F
395.1 126 A 00 ½OH(90) 308.9 51 A 00 ½OH(41), ½3rg(16), ®CO(14), ®CF(11)

Expt: 379b, 366c, 365d Expt: 342b, 332c

3807.0 105 A 0 ¸OH(100) 3835.9 75 A 0 ¸OH(100)

X ˆ Br
417.6 84 A 00 ½OH(54), ½3rg(29), ®CBr(11) 318.5 94 A 00 ½OH(87)

Expt: 404b, 395c, 395d Expt: 372b, 361c

3739.7 97 A 0 ¸OH(100) 3832.9 71 A 0 ¸OH(100)

a Frequencies in cm¡1, IR intensties in km/mol. PED elements 5 10% only are included; abbreviations: ¸, stretch;  , in plane
bend; ®, out of plane bend; ½ , torsion; rg, ring;  1,  2, and  3, ring deformations; ½1 , ½2, and ½3, ring torsions.

b The gas phase IR experiments [15].
c IR experiments in solution [24].
d IR experiments in solution [25].



Both sequences (1) and (2) unambiguously imply that
in cis-o-XPhOH, the strength of the intramolecular
hydrogen bond OÐH¢ ¢ ¢X decreases as Br º Cl > F
(cf. [38], table 2). This is completely opposite to what
is widely accepted for conventional intermolecular
hydrogen bonds [26, 27]. Such variance was in fact a
matter of numerous investigations in the past ([38±40]
and references therein). Following Kollman and co-
workers [42a], we o� er an explanation of sequences (1)
and (2) relying on the geometrical criteria of the
hydrogen bond [26, 27] which are simply expressed in
terms of the elongation of the OÐH bond length and
the value of the � OHX bond angle: the larger they are
the stronger the hydrogen bond (see also [17, 43]). The
fact that the strength of the intramolecular hydrogen
bond in cis ortho-X substituted phenols exactly follows
the order of sequences (1) and (2) is seen clearly in
®gure 1; due to a larger van der Waals radius, the Br
atom slightly better accommodates it, even `overcoming
the innate lower H-bonding tendency to Br’ [43] than Cl
which, in turn, does it much better than F. Such a con-
clusion is also supported by these inequalities:

OH bond length …in A
¯

† : Br >
0:001

Cl >
0:002

F;

� OHX …in deg† : Br >
3:1

Cl >
9:2

F: …3†

(ii) The gas phase theoretical equilibrium constants
kX

cis $ trans are ordered in the following manner:

F >
1:56

Cl >
1:27

Br; …4†

where the quantity above the inequality indicates the
ratio of the equilibrium constants between the left
hand complex and its right hand one. Such an order in
the equilibrium constants is mirrored by the order of the
calculated cis±trans barriers V X

½ :

F <
0:43

Cl <
0:15

Br: …5†

It would be expected that the trans/cis ratio follows
order (1) for the hydrogen bond energies, but it is just
opposite. Baker [19] argued that `the fact that both the
trans/cis ratio and the ¢¸ shift increase in the same
order appears to argue against the applicability of
Badger’s rule [44], which states that the progressive
shift to lower frequencies is an indication of increasing
strength of the hydrogen bond. If the rule is valid
here . . . .’

In order to resolve the long standing controversy
between experiment and theory, let us ®rst of all
suggest that the dipole moments of the cis and trans
forms and their polarizability might play a key role,
bearing in mind that all the aforementioned experiments
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Table 2. AM1 and SM5.4/AM1 data on ortho-XPhOH (X ˆ F, Cl, and Br) and cis±trans transition
state (TS), including the heat of formation ¢H (in kcal mol¡1), free solvation energy Gsolv (in
kcal mol¡1) and ¸OH stretching frequency (in cm¡1).

cis/o-XPhOH

rOH/AÊ � OHX/deg rHX/AÊ

F gas phase 0.970 111.2 2.325
solvent 0.979 110.5 2.335

Cl gas phase 0.970 117.1 2.506
solvent 0.975 116.3 2.524

Br gas phase 0.971 119.8 2.617
solvent 0.975 119.0 2.634

Gas phase CCl4

¡¢H ¸OH ¡…¢H ‡ ¢Gsolv† ¡¢Gsolv ¸OH

cis-o-F-PhOH 66.97 3431 71.81 5.14a 3316
trans-o-F-PhOH 65.19 3452 70.99 6.46 3309
cis-trans TS 63.64 68.98

cis-o-Cl-PhOH 28.67 3420 34.51 6.05 3350
trans-o-F-PhOH 26.66 3451 33.85 7.72 3313
cis-trans TS 25.07 31.78

cis-o-Br-PhOH 14.60 3407 22.99 6.68 3346
trans-o-F-PhOH 14.52 3448 22.52 8.46 3311
cis-trans TS 12.80 20.20

a Compare with the free energy of hydration: AM1-SM2, ¡4.8 kcal mol¡1 and PM3-SM3,
¡4.8 kcal mol¡1 [46].



were conducted in a solvent, although its role in theory
was underrated. This is seen clearly from the following
inequalities between the trans/cis ratio of the total dipole
moments: 2:95F > 2:87Cl > 2:77Br. A similar ratio was
determined in [18, 41] (for discussion see [30]). By ana-
logy, we have the corresponding trans/cis ratio for the
mean polarizability ¬ ˆ …¬xx ‡ ¬yy ‡ ¬zz†=3 (in au):

92:19

91:77Br
>

84:63

84:00Cl
>

71:60

71:13F
: …6†

If this is true, and this is probably so because, for
instance, sequences (4) and (5) are in complete disagree-
ment with the experimental data for the equilibrium
constants in CCl4 solution [36]:

Br >
1:47

Cl;

one has to take into account the stabilizing e� ect of the
solvent on the trans form [34]. In order to explain the
controversy between experiment and theory (sequences
(4) and (5)), we propse the following model tacitly based
on our con®dence in the experimental data and the
Pauling model of the cis±trans transition, and formu-
lated below.

The presence of an ortho substituted halogen atom in
phenol originates two distinct (cis and trans) confor-
mers, and changes a shape of the torsional transition
barrier V ½ , making it particularly asymmetric. Within
the cis form, the halogen atom is capable of forming
the intramolecular hydrogen bond which is rather bent
and quite weak. Its formation stabilizes the cis form
(particularly in the gas phase) over the trans, although
this is not a general case due to the larger polarity and
larger polarizability of the trans form which, in some
rather polar solvents, might be favoured over the cis.
We suggest that the solvent stabilizes the trans form
more than the cis, and hence decreases ¢cis-transE

X
ortho ,

making the trans form more accessible compared with
the gas phase.

In order to describe cis and trans o-XPhOHs in a
theoretical solvent mimicking CCl4, we proceed in the
following manner. We invoke a rather simple and quite
accurate computational model [45]. Its results are sum-
marized in table 2, where we observe the following three
key e� ects of the solvent. First, the solvent reduces the
gas phase ¢cis-trans¸

X
OH to 7, 37, and 35 cm¡1 for F, Cl,

and Br, respectively. We think that this is a satisfactory
explanation of why the cis±trans ¸OH doublet in o-
FPhOH was not observed in CCl4. Second, the solvent
strongly stabilizes the trans form so that the cis±trans
gap ¢cis-transE

X
ortho appears to be equal to 0.82, 0.66, and

0.47 kcal mol¡1 for F, Cl, and Br, respectively. This
straightforwardly implies increases in the equilibrium
constants kX

cis $ trans in the series F, Cl, and Br of 0.25,

0.33, and 0.45, respectively. The third e� ect is that the
solvent reduces the cis±trans barrier V ½ to 2.83, 2.73,
and 2.79 kcal mol¡1 for F, Cl, and Br, correspondingly.
Altogether, we may conclude that even quite a simple
model for the solvent helps eliminate the controversy in
ortho-X substituted phenols.

3. meta- and para-Halogen substituted phenols
Is there anything interesting if the X atom resides at a

meta or para position? The corresponding substituted
phenols are symbolically displayed in ®gure 2, and
their mostly characteristic vibrational modes ½OH and

¸OH show quite a strong dependence on the X substitu-
tion, as presented in tables 3 and 4. Note that the spectra
of p-Cl- and p-BrPhOHs have been analysed by Zeegers-
Huyskens and coworkers [47]. It follows from these
tables that, ®rst of all, a para substitution by ¯uorine
downshifts the torsional vibrational mode ½OH by
29 cm¡1 and that agrees perfectly with the experimental
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Figure 2. Minimum energy structures of cis- and trans- m-
and p-XPhOHs (X ˆ F, Cl, and Br). Bond lengths in AÊ ;
bond angles in deg.



red shift of 30 cm¡1 [24]. In m-XPhOH, the mode ½OH is
placed higher than in the corresponding para halophe-

nols. Such an observation is partly supported by the

NBO analysis [48] demonstrating a strong conjugative
interaction of the p-type oxygen lone pair with the p
antibond of the ring, viz., np ! p¤…C1ÐC2†, a little

increased in all meta structures, resulting in upshifting
of the ½OH in m-XPhOH with respect to p-XPhOH. This

concurs with the earlier ®ndings by Fateley et al. [24].

Furthermore, we reveal certain subtle features in the
spectra of m-XPhOH whose origin can be explained

only by the coexistence of two slightly inequivalent con-

formers of the cis and trans types, by analogy with the o-
XPhOH although, as expected, the cis±trans di� erence

in this case is indeed extremely small. This is seen, for
example, from the magnitude of ¢cis-transE

X
meta ranging

from ¡0.19 kcal mol¡1 for F, to ‡0.02 kcal mol¡1 for Cl,
and ®nally, to ‡0.01 kcal mol¡1 for Br. If the di� erence

is extremely low for Cl and Br, F is then an exception. In

contrast to Cl and Br, we ®nd that the trans conformer
of m-FPhOH is a little more stable than its cis version.

The cis±trans deviations in the geometrical parameters

of these conformers are demonstrated in ®gure 2. This is
also observed in the vibrational spectra.

We con®ne the present analysis of the vibrational
spectra of monohalogen substituted phenols to dis-
cussing only the torsional mode ½OH. In both cis-m-Cl-
and cis-m-BrPhOH, it is predicted to occur at higher
wavenumbers compared with the trans variants (see
table 3) while in m-¯uorophenols it occurs higher, at
320.7 cm¡1 (½ expt

OH ˆ 319 cm¡1 [49]), in the trans con-
former than in the cis, viz., 314.0 cm¡1

(½expt
OH ˆ 311 cm¡1 [49]). The small di� erence, of about

7 cm¡1, means that it would be premature to o� er a
theoretical explanation of such `misbehaviour’ of ½OH

in m-XPhOH until it can be fully proved or disproved
experimentally, particularly in the related overtones
where such di� erence could be more pronounced. How-
ever, we suggest that presumably such features are
related to the changes in the electrostatic repulsion
between the OÐH bond and the CÐH in its cis ortho
position, due to the di� erent electron withdrawing
versus electron donating abilities of the X atoms and a
possible weak interaction between the ortho CÐH bond
and the halogen atom. The former repulsion might
reduce the depth of the potential well for the planar
orientation of the OH bond, with a red shift of ½OH. It
is worth noting the rather strong dependence of ½OH on
the C1C2…6†H angle of this CÐH bond, which partly
determines the strength of this repulsive interaction.
Thus, a positive departure of this angle from the phe-
nolic one by 38 produce a blue shift of ½OH of about
5 cm¡1, while a negative one shifts it by nearly the
same value downwards. Interestingly, the analogous
Hartree±Fock calculations lead to approximately the
same frequency variations, indicating the dominant elec-
trostatic origin of the cis±trans dissimilarity.

We should like to end this section with an interesting
observation that, however, is about 20 years old [50].
Nevertheless, we think that, within the present theor-
etical method, it is worth mentioning in order to com-
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Table 3. ½OH and ¸OH harmonic vibrational frequencies, IR intensities and assignments for cis- and trans-m-X-phenols
(X ˆ F, Cl, Br).a

Freq. IR Sym. Assignment (PED %) Freq. IR Sym. Assignment (PED %)

X ˆ F
314.1 111 A 00 ½OH…90† Expt: 318.5b, 318c, 317d 320.7 109 A 00 ½OH…90†

3836.4 70 A 0 ¸OH 3835.3 71 A 0 ¸OH…100†
X ˆ Cl

311.9 110 A 00 ½OH…90† Expt: 312.5b, 312c, 313d 307.8 111 A 00 ½OH…93†
3833.4 68 A 0 ¸OH…100† 3834.5 74 A 0 ¸OH…97†

X ˆ Br
314.7 109 A 00 ½OH…89† Expt: 314b, 312c, 309d 310.4 110 A 00 ½OH…92†

3833.1 69 A 0 ¸OH…100† 3833.9 75 A 0 ¸OH…100†
a See footnotes to table 1.

Table 4. ½OH and ¸OH harmonic vibrational frequencies,
IR intensities and assignments for p-X-phenols (X ˆ F,
Cl, Br).a

Freq. IR Sym. Assignment (PED %)

X ˆ F
282.3 113 A 00 ½OH(92) Expt: 280b, 280c, 283d

3840.2 66 A 0 ¸OH(100)

X ˆ Cl
300.1 104 A 00 ½OH(89)

3836.0 73 A 0 ¸OH(100)

X ˆ Br
303.1 51 A 00 ½OH(50), ®CBr(22), ½2rg(11), ½1rg(10)

3835.3 76 A 0 ¸OH(100)

a See footnotes to table 1.



plete our understanding on the stability of XPhOH and
particularly to realize that the cis-o-FPhOH conformer
is not actually the most favourable one, despite the pres-
ence of the intramolecular hydrogen bond. In the fol-
lowing equation we present the relative energies (in
kcal mol¡1) of all the forms of the monohalogen substi-
tuted phenols:

F : trans m >
0:19

cis m >
0:87

cis o >
0:39

p >
2:33

trans o;

Cl : cis o >
0:79

cis m º0:02
trans m >

0:44
p >

1:73
trans o;

Br : cis o >
1:16

cis m º0:01
trans m >

0:25
p >

1:67
trans o: …7†

An analysis leads to the following conclusions. First, the
intramolecular hydrogen bond in cis-o-Cl- and cis-o-
BrPhOH is rather strong so that all meta and para
chloro- and bromophenols fall energetically between
their cis ortho and trans ortho conformers. Such order
of stability breaks down for FPhOH, where the trans
meta conformer appears to be the most stable and reluc-
tant to be engaged in the intramolecular hydrogen
bonding, and followed by the cis meta conformer. Inter-
estingly, the cis ortho occupies only the third place
among the most energetically stable forms, being by
1.06 kcal mol¡1 the most stable conformer. The para
form comes between the cis and trans ortho. Note that
the previously established orders of stability of FPhOH
obtained at rather lower (from the present point of view)
computational levels were the following.

Ref.‰50aŠ : cis o º0:04
cis m º0:04

trans m >
0:18

p >
3:66

trans o;

Ref.‰50bŠ : cis m >
0:13

trans m >
1:19

p >
0:50

cis o >
1:69

trans o;

Ref.‰50cŠ : cis m >
0:31

trans m ˆ cis o >
1:13

p >
3:33

trans o:

…8†

Summarizing } 2 and 3, we conclude that although we
have succeeded in explaining the order of the strength of
the intramolecular hydrogen bond in ortho-XPhOH in
the gas phase and in the model solvent mimicking CCl4,
and ®nally reconciling the long standing con¯ict
between experiment and theory on the basis of the gen-
eralized solvent-inclusive Pauling model, we think that
our explanation still demands a solid quantum mechan-
ical basis, and we attempt to build this in the next sec-
tion using the concept of the electronic location
function.

4. The bonding trends in monohalogenated phenols in
terms of the electronic localization function

Nearly a decade ago, Becke and Edgecombe in their
seminal paper [51] introduced the electron localiza-

tion function (ELF) ²…r† of an arbitrary N-electron
system as

²…r† ˆ …1 ‡ ‰…t ¡ tW†=tTFŠ2†¡1; …9†

where t ˆ 1
2

PN
iˆ1 jrÁij2 is the kinetic energy density of

the system studied within the Hartree±Fock or Kohn±
Sham approach and Ái…i ˆ 1; . . . ; N† are the corre-
sponding molecular orbitals. tW‰»…r†Š ˆ …r»†2=8» is the
WeizsaÈ cker kinetic energy density determined by the
one-electron density »…r† ˆ

PN
iˆ1 jÁi…r†j2, and ®nally,

tTF‰»…r†Š5=3 is the Thomas±Fermi kinetic energy density
with the numerical coe� cient ¬TF ˆ 3…6p2†2=3=5 derived
within the uniform electron gas approximation (see, e.g.
[52] and references therein).

By de®nition, equation (9), the ELF ²…r† has a rather
simple normalized Lorentzian-type form and, thus, its
domain lies in the interval 0 4 ²…r† 4 1. The upper
limit of ²…r† ˆ 1 corresponds to the electron system
whose kinetic energy density becomes identical to the
WeizsaÈ cker one. In the other words, it corresponds to
the spatial regions where electrons do not feel the Pauli
repulsion because there is locally either an opposite spin
electron pair or a single electron. Its value ²…r† ˆ 1=2
determining the FWHM (² full width at half maximum)
describes a case when t ˆ tW ‰»…r†Š § tTF‰»…r†Š where the
lower sign is valid if tW‰»…r†Š 5 tTF‰»…r†Š.

4.1. Topology of the ELF
The purpose of the topological analysis of the electron

localization function is to provide a sound mathematical
model of the Lewis [53] and VSEPR [54] theories that
removes the contradictions that these latter present with
quantum mechanics, and therefore to provide a math-
ematical bridge between chemical intuition and
quantum mechanics. Since both Lewis’ and Gillespie’s
phenomenological models describe the bonding within a
molecule in the usual 3D space, the mathematical model
should make a partition of this space into regions
related to chemical properties. The theory of dynamic
systems [55, 56] provides then a very convenient math-
ematical framework to achieve the partition of the
molecular space into such regions. The simplest dynamic
systems are the gradient dynamic systems in which the
vector ®eld is the gradient ®eld of a scalar function, say
V …r†, called the potential function. The theory of atoms
in molecules (AIM) of Bader [57] uses the gradient
dynamic ®eld of the charge density »…r† to determine
atomic basins. In order to provide evidence of electronic
domains one has to choose another local function
related to the pair electron density. Unfortunately, the
pair electron functions depend on two space variables
and therefore cannot be used directly as potential
functions.
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The ELF introduced by Becke and Edgecombe and
de®ned in equation (9) is a local function that describes
how e� cient the Pauli repulsion is at a given point in the
molecular space. Originally, Becke and Edgecome
derived the ELF from the Laplacian of the conditional
probability ‰r2

r1
Pcond…r1; r2†Šr1ˆr2

(for de®nitions of
many-electron reduced density matrices consult David-
son’s superb book [58]). An alternative interpretation
has been proposed by Savin et al. [59] in terms of the
local excess kinetic energy density due to the Pauli repul-
sion principle. This interpretation not only gives a
deeper physical meaning to the ELF but also allows us
to generalize the ELF to any wavefunction, and in par-
ticular to the exact one. Therefore, the ELF provides a
rigorous basis for the analysis of the wavefunction and
of the bonding in molecules and crystals. In 1994, it was
proposed that the gradient ®eld of the ELF be used to
perform a topological analysis of the molecular space
[60] in the spirit of Bader’s AIM theory [57]. The attrac-
tors of the ELF determine basins that are either core
basins encompassing nuclei or valence basins when no
nucleus except a proton lies within. The value basins are
characterized by the number of core basins with which
they share a common boundary, and this number is
called the valence basin synaptic order [61]. There are
therefore asynaptic, monosynaptic, disynaptic and poly-
synaptic valence basins. Monosynaptic basins usually
correspond to the lone-pair regions whereas di- and
polysynaptic basins characterize chemical bonds. An
advantage of such representation is that it provides a
clear criterion for identifying multicentric bonds. In a
way, this a a complementary view to the traditional
valence representation: instead of counting bonds from
a given centre which accounts for only two-body links,
the count is performed from the `piece of glue’ that
sticks the atoms one to another.

From a quantitative point of view a localization basin
(core or valence) is characterized by its population, i.e.
the integrated one-electron density »…r† over the basin:

·NN…Oi† ˆ
…

Oi

d3r»…r†; …10†

where Oi is the ith ELF localization basin. It is worth
calculating the variance of the basin population as

¼2… ·NN; Oi† ˆ
…

Oi

d3r1

…

Oi

d3r2P…r1; r2†

¡ ‰ ·NN…Oi†Š2 ‡ N…Oi†; …11†

where P…r1; r2† is the spinless pair electron density [61].
It has been shown that the variance can readily be
written as a sum of contributions arising from the
other basins (covariance) [62]:

¼2… ·NN; Oi† ˆ
X

j 6ˆ i

·NN…Oi† ·NN…Oj† ¡
…

Oi

d3r1

…

Oj

d3r2P…r1; r2†:

…12†

In equation (12), ·NN…Oi† ·NN…Oj† is the number of the elec-
tron pairs classically expected from the basin popula-
tion, whereas ·NN…Oi; Oj† is the actual number of pairs
obtained by integration of the pair electron function
over the basins Oi and Oj. The variance is then a meas-
ure of the quantum mechanical uncertainty of the basin
population, which can be interpreted as a consequence
of the electron delocalization, whereas the pair covar-
iance indicates how much the population ¯uctuations of
two given basins are correlated. Within the AIM frame-
work, Fradera et al. [63] introduced atomic localization
and delocalization indices, noted ¶…A† and ¯…A; B†,
de®ned as

¶…A† ˆ ·NN…OA† ¡ ¼2… ·NN; OA†; …13†

¯…A; B† ˆ 2 ·NN…OA† ·NN…OB†

¡ 2

…

OA

d3r1

…

OB

d3r2P…r1; r2†; …14†

where OA denotes the basin of atom A. The AIM delo-
calization indices are sometimes referred to as bond
orders [64]. The notation introduced by Fradera et al.
[63] can be generalized to any partition in the direct
space, and therefore is adopted in the present work.
Within the ELF approach, the core population variance
and the core valence delocalization indices can be used
to decide whether a given core contributes to the
synaptic order of an adjacent valence basin. For ex-
ample, in the LiF molecule, the variances of the C(Li)
and C(F) basins are 0.09 and 0.38, respectively, whereas
¯…C…Li†; V F†† ˆ 0:16 and ¯…C…F†; V …F†† ˆ 0:74.

The concept of localization domain has been intro-
duced [61] for graphical purposes and also in order to
de®ne a hierarchy of the localization basins, which can
be related to chemical properties. A localization domain
is a volume limited by one or more closed isosurfaces

²…r† ˆ f . A localization domain surrounds at least one
attractor, and in this case it is called irreducible. If it
contains more than one attractor, it is reducible. Except
for atoms and linear molecules, the irreducible domains
are always ®lled volumes whereas the reducible ones can
be either ®lled volumes, hollow volumes or donuts.
Upon increasing ²…r†, de®ning the boundary isosurface,
a reducible domain splits into several domains each con-
taining less attractors than the parent. The reduction of
localization occurs at the turning points, which are those
of the …3; ¡1† critical points belonging to the separatrix
of the two basins initially involved in the parent domain.
Ordering these turning points (localization nodes) by
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increasing ²…r† enables us to build tree diagrams
re¯ecting the hierarchy of the basins. A core basin is
counted in the synaptic order of valence basins if there
exists a value of the localization function that gives rise
to a hollow volume localization domain (containing the
valence basin attractors considered) with the core
domain in its hole.

Before proceeding further with bridging the ELF with
the key properties of monohalogen substituted phenols,
we shall analyse analytically the vector gradient ®eld of
the ELF.

4.2. Vector gradient ®eld rr²…r†
Applying the gradient to ²…r† de®ned by equation (9),

we derive

r²…r† ˆ 2…t ¡ tW†tTF

‰…t ¡ tW†2 ‡ t2
TFŠ2

£ ‰…t ¡ tW†rtTF ¡ tTFr…t ¡ tW†Š; …15†

where in brief rr ² r. Assuming the molecular orbitals
to be real values, equation (15) is then transformed
readily to

»1=3‰…t ¡ tW†2 ‡ t2TFŠ2

2¬TF…t ¡ tW†tTF

r²…r†

ˆ
XN

i; j ˆ 1

µ
8

3
rÁiÁjÁkrÁk…ÁirÁj ¡ ÁjrÁj†

‡ÁiÁ
2
j rÁk…Ákr2Ái ¡ Áir2Ák†

¶

ˆ 8

3
r»

XN

i < j

…ÁirÁj ¡ ÁjrÁi†2

¡»
XN

i < j

…ÁirÁj ¡ ÁjrÁi†…Áir2Áj ¡ Ájr2Ái†: …16†

Therefore, we ®nally obtain

r²…r† ˆ ¡ ¬TF…t ¡ tW†tTF

‰…t ¡ tW†2 ‡ t2
TFŠ2

»10=3r…J2=»8=3†; …17†

where

J2 ˆ
1

4

XN

i < j

…ÁirÁj ¡ ÁjrÁi†2 …18†

(cf. [65]). Summarizing, the vector ®eld r²…r† of the
ELF vanishes at those r 2 R3 that obey the condition
t…r† ˆ tW‰»…r†Š, or

J2…r† ˆ C»8=3…r†; …19†

where C is constant in R3. The former condition was

discussed in the introduction to } 4, so the focus is on the
latter, equation (19), which is more physically interest-
ing.

For this purpose rewrite equation (18) as

J2 ˆ
XN

i < j

j ji jj
2; …20†

where ji j ˆ …ÁirÁj ¡ ÁjrÁi†=2 is the real time-
independent electron transition current density between
the ith and jth molecular orbitals. Hence, J2 determines
the square of the net charge transferred between all
occupied molecular orbitals and, thus, the zero-¯ux
surfaces of the ELF are de®ned by that the net charge
or, in other words, the electron transition current
density Qtr…r† ²

�����������
J2…r†

p
associated with the transitions

between all occupied molecular orbitals is proportional
to the electron density to the power 4/3. This is the key
di� erence in the vector gradient ®elds of »…r† underlying
AIM theory and the ELF (see also [66]).

4.3. Bonding in benzene, phenol, and phenyl halides
To gain some insight into how the ELF works, we

look at some parent molecules C6H5X (X ˆ H, OH, F,
Cl, Br, and I). Their localization domains are shown in
®gure 3. Except for the substituent itself all these mol-
ecules have six V (C, C), ®ve V (C, H) and one V (C, X)
basins. The di� erences are to be found in the hierarchy
of the V (C, C) basin, which is ruled by the nature of the
substituent. In benzene, all the V (C, C) basins are
equivalent, and therefore the six critical points of
index 1 between these basins have the same value, i.e.

²…rc† ˆ 0:659. In the phenyl halides, where the molecu-
lar symmetry is lowered from D6h to C2v, the former
critical points are then distributed in four sets according
to the common carbon position: ipso, ortho, meta and
para. In phenol with a Cs symmetry, the two ortho and
the two meta positions are not totally equivalent. In all
the molecules studied, the ²…rc† values are enhanced in
the ipso, ortho and para positions and decreased in the
meta. It has been remarked that the electrophilic sub-
stitution sites correspond to the carbon for which ²…rc† is
enhanced [67]. It is appropriate to introduce electro-
philic substitution positional indices, de®ned as

RIc…S† ˆ ²…Ci; S† ¡ ²…Ci; H† …21†

where the subscript c denotes the position of the carbon
labelled by i, i.e. ortho, meta or para, and S is the sub-
stituent. Interestingly, there exists a rather good correla-
tion between the RIc(S) indices and the Hammet
constants. Moreover, the positional indices are additive,
enabling us to predict their values in a disubstituted
molecule from the monosubstituted data.
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Figure 3. Localization domains of mono-X substituted benzenes C6H5X (from left to right top X ˆ H, OH, F, bottom X ˆ Cl, Br,
I). The ELF value de®ning the boundary isosurface, ²…r† ˆ 0:659, corresponds to the critical point of index 1 on the separatrix
between adjacent V (C, C) basins of benzene. Colour code: magenta ˆ core, orange ˆ monosynaptic, blue ˆ protonated disy-
naptic, green ˆ disynaptic.

Figure 4. Localization domains of ortho X substituted phenols (from left to right X ˆ F, Cl, Br, I; top row, trans conformer;
bottom row, cis conformer). The ELF value de®ning the boundary isosurface, ²…r† ˆ 0:659, corresponds to the critical point of
index 1 on the separatrix between adjacent V (C, C) basins of benzene. Colour code: magenta ˆ core, orange ˆ monosynaptic,
blue ˆ protonated disynaptic, green ˆ disynaptic.



The V …Ci; Cj† basin populations, their variance and

the electrophilic substitution positional indices of the

C6H5X molecules studied are listed in table 5. The

V (C, X) populations and their variance are close to

their values in the CH3X series. As expected, the

V (C, C) basin population are intermediate between

those inherent in a single and a double CÐC bond

and subject to a large ¯uctuation in the charge density.

The classical meaning of the variance is the square of the

standard deviation, although the standard deviation

cannot be de®ned for a quantum system. The classical

limit provides at least qualitative information about the

delocalization. In the present case ¼ ¹ 1:16, which is

consistent with the resonance picture involving the

KekuleÂ structures.

In phenol we ®nd a noticeable increase in the

V …Co; Cm† population with respect to benzene (0.11 e)

whereas the populations of the other basins remain

almost unchanged. Indeed, the net charge transfer

towards the aromatic ring amounts to 0.20 e. The

halogen atoms induce a larger net charge transfer:

0.34, 0.32, 0.32 and 0.30 e for F, Cl, Br, and I, respect-

ively. However, this transfer is distributed in all basins

although the V …Co; Cm† populations are more enhanced

than the V …Ci; Co† and V …Cm; Cp†. The RIs’s are positive

in the ipso, ortho, and para positions and negative

(except for I) in the meta ones. In the halogen series

F±Br, the RIc absolute values decrease with the electro-

negativity.

4.4. Monohalogenate d phenols: the bonding in terms of
the ELF

The substitution of CH by CX (X ˆ F, Cl, Br, I) in
phenol is expected to be felt by the aromatic ring as a
rather weak perturbation that would enhance the
electron donation and modify the electrophilic sub-
stitutional indices according to the additive law [67].
As we have shown in } 2 and 3, in the ortho and meta
substituted phenols, the orientation of the OH bond in
the molecular plane permits the existence of two con-
formers (see ®gures 1 and 2).

4.4.1. The ortho substituted phenols
The localization domains of the ortho substituted spe-

cies are shown in ®gure 4: the cis conformers with the
intramolecular hydrogen bond OÐH¢ ¢ ¢X are repre-
sented in the bottom row and the trans in the top.
Their basin populations and electrophilic substitution
positional indices are given in table 6.

Let us consider ®rst the trans conformers in which the
halogen substituent is not perturbed by an extra intra-
molecular interaction. In all molecules the V …C1; O†
basin population is slightly increased with respect to
phenol: the largest e� ect occurs for X ˆ Cl, whereas
for X ˆ Br and I this e� ect is weaker than for the ¯uori-
nated species. The V …C6; X† populations are close to
their values in the corresponding benzene halides; how-
ever, there is a small electron transfer towards this basin
for X ˆ F, whereas the iodine atom undergoes an oppo-
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Table 5. Basin populations ·NN…V †, variance of the basin populations ¼2…V † and electrophilic substitu-
tion positional indices RIc of the C6H5X molecules. The i, o, m and p subscripts refer to ipso, ortho,
meta and para positions.

H OH F Cl Br I

N…V …Ci; X†† 2.09 1.44 0.99 1.50 1.47 1.32
¼2…V …Ci; X†† 0.65 0.61 0.71 0.93 0.94 0.84
N…V …Ci; Co†† 2.81 2.86 2.85 2.85 2.86 2.85
¼2…V …Ci; Co†† 1.32 1.36 1.31 1.33 1.34 1.34
N…V …Ci; Co†† 2.81 2.79 2.85 2.85 2.85 2.85
¼2…V …Ci; Co†† 1.32 1.34 1.31 1.33 1.34 1.34
N…V …Co; Cm†† 2.81 2.89 2.90 2.92 2.91 2.91
¼2…V …Co; Cm†† 1.32 1.41 1.37 1.37 1.38 1.37
N…V …Cm; Cp†† 2.81 2.87 2.88 2.85 2.85 2.85
¼2…V …Cm; Cp†† 1.32 1.38 1.35 1.33 1.34 1.34
N…V …Cp; Cm†† 2.81 2.78 2.88 2.85 2.85 2.85
¼2…V …Cp; Cm†† 1.32 1.35 1.35 1.33 1.34 1.34
N…V …Cm; Co†† 2.96 2.96 2.90 2.92 2.91 2.91
¼2…V …Cm; Co†† 1.38 1.44 1.35 1.33 1.34 1.34
RIi 0.0 0.032 0.077 0.059 0.053 0.049
RIo 0.0 0.039 0.017 0.008 0.007 0.010
RIm 0.0 70.007 70.005 70.003 70.003 0.003
RIp 0.0 0.015 0.008 0.002 0.001 0.005
RIm 0.0 70.008 70.005 70.003 70.003 0.003
RIo 0.0 0.025 0.017 0.008 0.007 0.010



site e� ect. With respect to phenol, the regioselectivity of
the electrophilic substitution is softened because, as the
OH and X ˆ F, Cl, Br groups are both ortho±para direc-
tors, they contribute in opposite directions. As all the
positional indices of C6H5I are positive, they are
enhanced in trans-o-iodophenol. The additive rule
works satisfactorily for all positions, because the largest
discrepancy between estimated and calculated values
does not exceed 0.002.

In the cis conformer, the charge transfer towards the
V …C1; O† basin is close to that calculated for the trans
partner, as the population di� erence between the two
conformers is of the order of the precision of the inte-
gration procedure employed. Within the OH group, the
formation of the intramolecular hydrogen bond yields a
small decrease of about 0.005 e, whereas the V …O† basin
population is increased by almost the same amount of
electron density. The V …C6; X† populations are always
signi®cantly lower for the cis conformer than the trans,
and the di� erence increases from F to Br. This should be
due to the formation of the intramolecular hydrogen
bond which enhances the electron donation towards
the V …X† basins. With respect to the basin population
criterion, the V …C6; X† basin appears to be more per-
turbed than the V …C1; O†, and therefore we could
expect that the additivity of the reactivity indices no
longer holds for the cis conformer, because the halogen
atom is perturbed in this case. Indeed, the maximum
deviation between the estimated and calculated indices
does not exceed 0.002 in the trans case, whereas it is ten
times larger for the cis confomer. The overall charge

transfer towards the aromatic ring is always less than

the sum of the substituent contributions arising from

phenol and benzene halides, and it is larger for the cis

conformer.

The strength of the intramolecular hydrogen bond

can be estimated within the ELF analysis by the core

valence bifurcation index ³AHB [68]. This index is

de®ned as the di� erence in the values of the ELF

calculated at the index 1 critical point of the separatrix

of the V …A; H† and V …B† basin and at the core valence

boundary of the proton donor moiety. It is nicely

correlated with the proton donor stretching frequency,

namely negative values indicate weak hydrogen bonding

such as in the FH¢ ¢ ¢N2 complex whereas positive values

indicate stronger bonds such as in FH¢ ¢ ¢NH3. For the

cis-o-¯uoro-, chloro- and bromophenols, we ®nd the

values of the core valence bifurcation index to be

70.06, 70.02 and 70.01, respectively. On the one

hand these values correspond to very weak or weak

hydrogen bonds, and on the other hand they show

that the hydrogen bond strength increases from F to

Br, which is counterintuitive if one considers the halogen

electronegativity. However, it completely explains the

order reported in equations (1) and (2). This also

indicates that the strength of the intramolecular

hydrogen bond is driven by geometrical strains that

hinder the formation of these hydrogen bonds with the

lightest halogens. A similar conclusion is drawn in } 2

(see also ®gure 1), although from a di� erent point of

view.
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Table 6. Basin populations ·NN…V †, variance of the basin populations ¼2…V † and electrophilic substitution positional indices RIc of
ortho substituted phenols.

trans conformation cis conformation

F Cl Br I F Cl Br I

Populations
V …C1; O† 1.54 1.54 1.58 1.52 1.52 1.55 1.57 1.51
V …C2; X† 1.05 1.49 1.45 1.39 1.0 1.42 1.33 1.29
V …C1; C6† 2.82 2.87 2.82 2.82 2.79 2.77 2.79 2.73
V …C1; C2† 2.92 2.78 2.80 2.74 2.97 2.85 2.80 2.82
V …C6; C5† 2.90 2.96 2.94 2.93 3.01 2.98 2.97 2.95
V …C5; C4† 2.97 2.86 2.86 2.89 2.90 2.75 2.76 2.80
V …C4; C3† 2.76 2.86 2.83 2.96 2.78 2.97 2.97 2.92
V …C3; C2† 2.98 3.05 2.83 2.96 2.99 3.04 3.0 3.04
Net transfer 0.43 0.46 0.16 0.26 0.52 0.44 0.37 0.34

Positional indices
RI1 0.047 0.040 0.039 0.043 0.044 0.036 0.035 0.039
RI2 0.100 0.082 0.076 0.072 0.113 0.099 0.094 0.092
RI3 0.010 0.0 70.001 0.002 0.009 0.00 70.001 0.013
RI4 0.010 0.012 0.013 0.018 0.011 0.013 0.014 0.009
RI5 0.0 70.006 70.007 70.003 0.0 70.007 70.008 70.004
RI6 0.035 0.037 0.037 0.042 0.020 0.022 0.023 0.028



4.4.2. The meta substituted phenols
Figure 5 displays the localization domains of the trans

and cis meta substituted phenols, and quantitative infor-
mation is shown in table 7. In these derivatives the inter-
action of the two substituents is expected to be weaker
than in the otho case. The V …C1; O† basin population is
smaller than its value in phenol for all molecules except
cis-iodophenol. In this latter case the discrepancy could
be due to the use of a large core pseudopotential on the
iodine atom (in practice, the ELF analysis requires the
explicit presence of core basins, at least determined by a
small core pseudopotential) . On the halogen side, the
V …C4; X† basin populations are also smaller, except for
iodine, than in benzene halides. There is a net enhance-
ment of the electron donation towards the ring, which is
shown by the calculated charge transfer which is larger
than the value given by an additive assumption.

Except for iodine, the additivity of the electrophilic
positional indices is nicely veri®ed. With respect to
phenol the indices of the carbon in the ortho and para
positions are noticeably increased, whereas that of
carbon C3 is more negative because it corresponds to a
meta position for both substituents.

4.4.3. The para substituted phenols
In the para substituted phenols represented in ®gure 6,

the two substituents act in the opposite directions. From
table 8 it becomes clear that substitution of the
hydrogen atom by a halogen in the para position induces
a small increase in the V …C; O† basin population with
respect to phenol like the V …C; X† populations with

respect to benzene halides. The additive estimate of

the electrophilic substitution positional indices is veri®ed

(except in some cases for iodine). As expected, the orien-

tational e� ects are smoothed.

The population of the V …C; H† basins are all close to

2.10 within the accuracy of the integration scheme, and

therefore it is not possible to draw any conclusion about

their behaviour.

Summarizing, the ELF population analysis shows the

following cooperative trends.
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Table 7. Basin populations ·NN…V †, variance of the basin populations ¼2…V † and electrophilic substitution positional indices RIc of
meta substituted phenols.

trans conformation cis conformation

F Cl Br I F Cl Br I

Populations
V …C1; O† 1.4 1.46 1.47 1.49 1.49 1.47 1.49 1.65
V …C3; X† 0.97 1.45 1.45 1.40 1.0 1.45 1.45 1.39
V …C1; C6† 2.86 2.90 2.77 2.64 2.79 2.76 2.73 2.70
V …C1; C2† 2.72 2.84 2.84 3.05 3.03 3.03 3.02 2.85
V …C6; C5† 2.95 2.95 2.93 3.05 2.99 2.96 3.02 3.02
V …C5; C4† 2.99 2.93 2.97 2.84 2.95 2.85 2.90 2.94
V …C4; C3† 2.85 2.80 2.74 2.77 2.92 2.91 2.89 2.69
V …C3; C2† 3.16 2.98 3.01 2.91 2.82 2.77 2.76 3.03
Net transfer 0.61 0.38 0.34 0.34 0.58 0.36 0.41 0.31

Positional indices
RI1 0.027 0.028 0.029 0.035 0.027 0.028 0.029 0.035
RI2 0.044 0.035 0.034 0.050 0.048 0.049 0.048 0.036
RI3 0.069 0.051 0.044 0.041 0.070 0.052 0.045 0.040
RI4 0.033 0.023 0.023 0.026 0.033 0.024 0.023 0.025
RI5 70.012 70.010 70.010 70.005 70.013 70.011 70.010 70.004
RI6 0.047 0.042 0.040 0.029 0.033 0.027 0.025 0.044

Table 8. Basin populations ·NN…V †, variance of the basin
populations ¼2…V † and electrophilic substitution posi-
tional indices RIc of para substituted phenols.

F Cl Br I

Populations
V …C1; O† 1.52 1.60 1.56 1.62
V …C4; X† 1.0 1.53 1.47 1.41
V …C1; C2† 2.98 2.87 2.85 2.80
V …C1; C6† 2.68 2.66 2.68 2.74
V …C2; C3† 2.96 3.01 3.0 3.02
V …C3; C4† 3.0 3.0 2.99 2.95
V …C4; C5† 2.81 2.73 2.73 2.69
V …C5; C6† 3.06 3.13 3.10 3.07
Net transfer 0.57 0.48 0.43 0.35

Positional indices
RI1 0.040 0.033 0.032 0.036
RI2 0.035 0.037 0.037 0.042
RI3 0.010 0.001 0.0 0.003
RI4 0.090 0.075 0.071 0.066
RI5 0.008 0.0 70.001 0.002
RI6 0.020 0.022 0.022 0.027



(i) In the ortho and para substituted species, the

V …C; O† population is increased with respect to

phenol.

(ii) In the ortho and para substituted species, the

orientational e� ects are weakened except for
ipso positions.

(iii) In the meta substituted species, the V …C; O† and

the orientational e� ects are enhanced.

(iv) The formation of the intramolecular hydrogen

bond in the ortho species softens the additivity
of the orientational e� ects.

(v) The formation of the intramolecular hydrogen

bond in the ortho Cl, Br, and I species favours

this isomer with respect to the others. In the

absence of this latter interaction, the stability

of the isomers is correlated with the V …C; O†
bond population: the smaller is the population

the larger is the stabilization energy. For ex-

ample, for the ¯uorinated phenol, the V …C; O†
populations are 1.44, 1.49, 1.52, 1.52, and 1.54
for trans m, cis m, cis o, p and trans o, respect-

ively, in agreement with the calculated order of

stabilities. In the Cl and Br substituted species,

this order is roughly satis®ed since the popula-

tion analysis discriminates only the m isomers
from the trans o and p.
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Figure 6. Localization domains of para X substituted phenols (from left to right X ˆ F, Cl, Br, I). The ELF value de®ning the
boundary isosurface, ²…r† ˆ 0:659, corresponds to the critical point of index 1 on the separatrix between adjacent V …C; C†
basins of benzene. Colour code: magenta ˆ core, orange ˆ monosynaptic, blue ˆ protonated disynaptic, green ˆ disynaptic.

Figure 5. Localization domains of meta X substituted phenols (from left to right X ˆ F, Cl, Br, I; top row, trans conformers;
bottom row, cis conformer). The ELF value de®ning the boundary isosurface, ²…r† ˆ 0:659, corresponds to the critical point of
index 1 on the separatrix between adjacent V …C; C† basins of benzene. Colour code: magenta ˆ core, orange ˆ monosynaptic,
blue ˆ protonated disynaptic, green ˆ disynaptic.



Finally, some of the unexpected results revealed for
iodophenols warn against the use of large core pseudo-
potentials in an ELF analysis.
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