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Correlations and Predictions of K, Values of Fluorophenols and Bromophenols Using
Hydrogen-Bonded Complexes with Ammonia
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Density functional theory calculations have been preformed on a series of the hydrogen-bonded fluorophenol
ammonia and bromophenehmmonia complexes. Intermolecular and intramolecular properties, particularly
those related to hydrogen bonding, have been carefully analyzed. Several properties, such as the bond length
and stretching frequency of the hydroxyl group, the hydrogen bond length and binding energy, are shown to
be highly correlated with each other and are linearly correlated with known experimé&ntadjoes of the
halogenated phenols. The linear correlations have been used to prediét,thalyes of all fluorophenols

and bromophenols in the series. The predictég\alues are shown to be consistent from different molecular
properties and are in good agreement with available experimental values. This study suggests that calculated
molecular properties of hydrogen-bonded complexes allow the effective and systematic prediction of p
values for a large range of organic acids using the established linear correlations.

1. Introduction More recently, molecular properties resulting from hydrogen-
bonding interactions of chlorophenols with a probe molecule,
either water or ammonia, were explored for the prediction of

| pKa values of chlorophenols. Strong linear correlations were

found between molecular properties, primarily associated with

The acidity constant, commonly known as th€,walue, of
an organic pollutant is a fundamental physicehemical
property in assessing the environmental fate and biologica

activity of the compound. Halogenated phenols are present iNihe acidic hydroxyl group, and experimentazpvalues of

the environment as a result of their agricultural and industrial -
2 . . chlorophenols. Much weaker correlations were observed for
uses, such as pesticides, preservatives, and precursors in the

synthetic chemical industyThey are toxic to both ecological rmonomeric ghlorophenols or bromophen@lé%’ln other.words,

- . . . the sensitivity of molecular properties to the acidity of a
and biological systems and tend to persist and accumulate in . .
the environment. The quantitative structureactivity relation- molecule is greatly enhanced in the_ presence of a probe molecule

i : ... that accepts a proton from the acid molecule.

ship (QSAR) method has been employed to study the toxicities Th | f id is ult v d ined by th
of substituted phenols, particularly halogenated phetiélén _The [K, value of an acid is ultimately determined by the
the QSAR study, the acidity constantkp) is used as a key d|ﬁgrenc§ in the free energy petvyeen the d|ssouated.and
molecular descriptor to evaluate the toxicity or bioactivity of urr:dlssomgteg bforrr?s d‘?f th? _aC|d fmh tkgHaquecl)us tr)ne((jjluzw,
different compounds in a series. Despite the importance of suchCharacterized by the dissociation of the OH covalent bond. As

It, the acidity of an acid is directly reflected in the OH
a parameter, I, values have been reported only for a small & 'SY o s
fraction of halogenated phend.It would be valuable to bond strength, exhibited by the equilibrium OH bond length

develop an efficient theoretical method to systematically predict and stretching frequency. This (_axplains the origin of correlations
pKa values for a large class of compounds between the molecular properties (OH bond length and stretch-

The linear free-energy relationship was used to calculéte p ing freqyency) and the acidity. The correlgtions can be ephanced
values of substituted phendts!® Various molecular properties by placing a base probe molecule to simulate the -abake
such as electrophilic superdelocalizabifitgnergy state differ- interaction in the aqueous p_hase, as the probe molecule pulls
encel! bond orders, and partial atomic chareé$ from the proton away from the acid and weakens the OH bond. On
semiempirical quantum mechanical methods were explored tothe other hand, the acithase Interaction of the acu_zl with the
predict the [, values of substituted phenols and carboxylic probe molecule may also reflect the a}mdlty of the acid molecule,
acids. Other molecular properties such as the hydroxyl group as demO“StFa‘?‘d by strong_correlanpr_\s of the hydrogen bond
C—0 and O-H bond lengths and proton affinities, from density length and blndlng energy W'th the acidity constant. Apparently,
functional theory (DFT) calculations, were correlated with the molecular properties rgspondlng to t_he presence of a given base
pKa values of substituted phendtsl® Recently, atomic partial would depend on the_ mhereqt acidity of the aC|q.
charges and electron charge densities from the atoms-in- 1N€ above analysis is validated by the previous work on
molecules (AIM) theory were selected to study the substitutional Chlorophenols. Itis highly desirable to apply the strategy and
effects on the acidity of phenol derivativisAll these studies extend.the work to much larger classgs of mplecules. The present
were attempted to adopt appropriate quantum mechanicalStudy is focused on other two major series of halogenated

descriptors that could correlate with thqvalues of different ~ Phenols, fluorophenols and bromophenols. Note that no sys-
compounds. tematical study has been reported on the complexes of fluo-

rophenols or bromophenols with ammonia except for the
*To whom correspondence should be addressed. E-mail: ftao@ Phenot-ammonia compleX?~22 DFT calculations are performed
fullerton.edu. to determine the molecular structures and properties of hydrogen-
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bonded complexes of all 19 fluorophenols and 19 bromophenols
with ammonia. Correlations of molecular properties, particularly
those associated with the acidic hydroxyl group, with available
experimental K, values are explored. As shown in the study,
strong linear correlations are established. The linear correlations

Han and Tao

are used to predict thekp values of other fluorophenols and
bromophenols. The proposed method for the predictiorkaf p
values is discussed and summarized.

2. Method of Calculation

DFT with Becke's three parameter functional and Lee, Yang,

and Parr's correlation functional (B3LYP® was used to

calculate the equilibrium geometries and harmonic frequencies
of halogenated phenols and their complexes with ammonia. The

6-3114-+G(d,p) extended basis set of Pople and co-woikers

For FP-NH; complex, X = H, F, or both
For BP-NH; complex, X = H, Br, or both

Figure 1. Structure and atom-numbering scheme for the ammonia

for the first-row atoms and hydrogen, expanded by McGratch complex with fluorophenol or bromophenol.

and Rador? to the third-row atoms, was employed in all

calculations. It is known that the B3LYP method provides
reliable structural and vibrational information for the hydrogen-
bonded systen?®-2° All calculations were carried out using

the Gaussian 98 packagfe.

All 19 fluorophenols and 19 bromophenols are included, and 7
they are monofluorophenols (FPs) and monobromophenols3.pp
(BPs) (3 each), difluorophenols (DFPs) and dibromophenols 4-FpP
(DBPs) (6), trifluorophenols (TFPs) and trichlorophenols (TBPs) 2,3-DFP
(6), tetraflurophenols (TeFPs) and tetrabromophenols (TeBPs)2'4'DFP
(3), and pentafluorophenol (PFP) and pentabromophenol (PBP), s prp
(1). Each of the halogenated phenols forms a hydrogen-bonded, 4-DFp

complex with ammonia, with the latter being the hydrogen-
bond acceptor from the hydroxyl group of the phenol. The
equilibrium geometries of PBP and its complex with ammonia
were not completely converged in full geometry optimization.

As a result, the correlations of the molecular properties of the 2,4,6-TFP

complex with the K, value of PBP turn out to be erratic and,
therefore, are excluded from those of all other -B¥H3
complexes and are not used in prediction.

In a previous study on chlorophenol compleXéammonia

TABLE 1: Selected Molecular Properties of
Fluorophenol-Ammonia Complexes from B3LYP/
6-311++G(p,d) Calculations

ammonia r(C—0) r(O—H) »(O—H) —OHN AEnp r(OH-+-N)
complex  (A) (A~ (cmY (deg) (kcalmor?l) ~ (A)

1.349 0.986 3363.0 168.2 -—9.9 1.855

1.352 0986 3377.2 168.3 —9.7 1.863

1.357 0.984 3402.4 1685 —95 1.875

1.346 0.988 3325.2 168.1 —10.7 1.837

1.350 0.986 33679 168.0 —10.4 1.862

2,5-DFP 1.344 0.989 3311.3 169.0 —10.9 1.831
1.340 0.997 3178.1 167.8 —10.1 1.780

1.353 0.986 3366.0 168.4 —10.1 1.857

3,5-DFP 1.348 0.988 33245 169.9 —10.7 1.840
2,3,4-TFP 1.347 0.989 3313.2 168.6 —11.0 1.831
2,3,5-TFP 1.342 0991 32705 169.4 —11.6 1.814
2,3,6-TFP 1.337 1.000 3121.0 167.6 —10.7 1.760
2,4,5-TFP 1.345 0.989 3304.2 169.0 —11.4 1.827
1.341 0.997 3165.0 167.5 —10.5 1.775

3,4,5-TFP 1.349 0.989 33194 169.8 —11.0 1.836
2,3,45-TeFP 1.343 0.991 3262.8 169.1 —11.9 1.811
2,3,4,6-TeFP 1.338 1.000 3106.4 167.8 —11.3 1.755
2,3,5,6-TeFP 1.334 1.003 3062.5 168.5 —11.7 1.742
PFP 1.336 1.003 3051.2 168.1 —12.1 1.738

is demonstrated to be a better probing molecule than water in

the formation of the hydrogen-bonded complex with a chloro-

set superposition error (BSSE) and the zero-point energy

phenol. The molecular properties are more responsive to theCorrection were not considered in theEy, 7 The calculated

presence of ammonia (a stronger base), which induces largefmolecular properties described above were plotted against the
measurable changes in the molecular properties. As a result€Xperimental K, values, and a least-squares linear regression
the use of hydrogen-bonded complexes with ammonia is Was performed on each data set. The square of the correlation

expected to give more sensitive results. All halogenated phenol
ammonia complexes hav@s symmetry, and for asymmetric

coefficient, R?, and the standard deviation, SD, from the
regression calculations were recorded. The linear equations were

halogenated phenols, only anti conformers are considered (theeMPloyed to predict thetfy values for all halogenated phenols.

hydroxyl hydrogen is away from the closest neighboring
halogen).” The ammonia, as a probe molecule, is positioned
with its lone pair pointing directly toward the hydroxyl hydrogen

of the phenol, as shown in Figure 1. For an asymmetrically

Note that experimentaliy, values are only available for seven
fluorophenols, ranging from 5.53 to 9.89, and seven bromo-
phenols, from 6.08 to 9.3%: 32

substituted halophenol monomer, the syn conformer, in which 3-Results and Discussion

the OH group bends to the same side of halogen, is more stable 3.1. Molecular Properties.Tables 1 and 2 list the ©H and
due to intramolecular hydrogen bonds. However, when a probe C—O bond lengths, ©H harmonic stretching frequencies,

molecule such as Nybr H,O is introduced to accept a proton

hydrogen bond angles and lengths, and the binding energies of

from the OH group, the anti conformer becomes more stable fluorophenol-ammonia and bromophensammonia com-

due to the stronger intermolecular hydrogen bond.

Molecular properties of the complexes with optimized
geometries are examined to correlate with th& palues of
halogenated phenols. They include thel®bond lengths;(O—

H), the O-H stretching frequencies;(O—H), and the CG-O
bond lengthsy(C—0). Also included are the hydrogen bond
length, r(OH---N), and the binding energy of the complexes,
AEn, defined as a difference in total electronic energy between

plexes, respectively. The complete geometric parameters of these
complexes are available in Supporting Information of S-Tables
1 and 2, respectively.

Itis clear from Table 1 that all fluorophenol complexes have
nearly linear hydrogen bonds, with the bond angles typically
around 169. Similar observations exist for bromophenol
complexes without di-ortho substitutions, as shown in Table 2.
However, the hydrogen bonds of bromophenol complexes with

the complex and the comprising phenol and ammonia. The basis-di-ortho substitutions are severely bent, with the bond angles



pKa Values of Fluorophenols and Bromophenols J. Phys. Chem. A, Vol. 110, No. 1, 200859

TABLE 2: Selected Molecular Properties of 3500
Bromophenol-Ammonia Complexes from B3LYP/
6-311++G(p,d) Calculations

ammonia r(C—0) r(O—H) »(O—H) —OHN AEnp r(OH-+-N)
complex  (A) (A ° (cm™) (deg) (kcalmoll) — (A)

3400

2-BP 1346 0.987 33514 1675 —10.0 1.851

"z 3300
3-BP 1352 0.986 3370.7 1689 —9.9 1.860 o
4-BP 1.353 0.986 3376.1 168.8 —9.8 1.864 ":-:
2,3-DBP 1.344 0.988 3325.2 168.2 —10.5 1.843 T 3200 A

2,4-DBP 1344 0.989 3318.7 167.8 —10.7 1.837
2,5-DBP 1342 0.990 3294.7 169.2 —11.1 1.825
2,6-DBP 1.335 0.992 3279.0 1525 -7.4 1.843 3100
3,4-DBP 1350 0.987 3351.6 169.3 —10.4 1.856
3,5-DBP 1.348 0.989 3316.5 169.7 —10.9 1.837

234TBP 1342 00990 32965 167.9 —11.0 1.829 3000 : ‘ ‘ ‘

2,3,5-TBP 1.341 0.991 3263.8 169.2 —11.5 1.816 0.980 0.985 0.990 0.995 1.000 1.005
236-TBP  1.333 0994 32407 152.7 —7.7 1.829 A

245TBP 1341 0991 3271.8 169.5 —115 1.816 r(O-H),

246TBP 1333 0994 32384 1529 —-8.0 1.826 2400

3,45TBP  1.347 0.990 32943 170.0 —11.2 1.828
2,3,4,5-TeBP 1340 0.992 3249.8 169.2 —11.8 1.810
2,3,4,6-TeBP 1332 0995 32225 1524 -8.1 1.821
2,3,56-TeBP 1.332 0994 32415 150.6 —7.7 1.838 3360
PBP 1.331 0.994 32432 1495 —7.7 1.840

around 152. In these cases, ammonia appears to be repelled =g ss20
by the bulky bromine atom at the ortho position. Such steric =
hindrance is obviously absent in the fluorophenol complexes. g
The severely bent hydrogen bonds in bromophenol complexes = 3280
with di-ortho substitutions are expected to have considerable
consequences on molecular properties of the complexes, as will
be noted in the following paragraphs.

The position and the number of the substitutions at the phenol
ring have systematic effects on the structure and properties of 3200 : : , , ,
halogenated phenol complexes. The- I bond lengthr(O— 0.984 0.986 0.988 0.990 0.992 0.994
H), increases progressively with the number of substitutions,
from 0.984 to 1.003 A in the fluorophenol complexes and from

0.986 t0 0.994 A in the promophenol complexes.. For a given the O—H bond length (&) for halogenated phea@mmonia complexes.
number of halogen substitutiong0—H) decreases in the order  The upper panel is for the fluoropher@mmonia complexes, and the
of the ortho, meta, and para position. The inductive effect of lower panel is for the bromophenedmmonia complexes.
the substituted halogen is responsible for the trends.

The OH stretching frequency(O—H), decreases with the Intermolecular properties, such as the hydrogen bond length,
number of halogen substitutions, from 3402.4 to 3051.2%cm  r(OH:--N), and binding energyAEy,, are also systematically
in the fluorophenol complexes and from 3376.1 to 3243.2'ém dependent on the number and positions of halogen substitutions
in the bromophenol complexes. The reduction 1#O—H) and are strongly correlated with the-® bond length and OH
indicates the weakening of the OH bond and so is the stretching frequency. Figure 3 shows the correlation between
lengthening of the OH bond. Figure 2 plots the values-of r(OH---N) and r(O—H) for fluorophenol complexes (upper
(O—H) vsr(O—H). For the fluorophenol complexes, as shown panel) and bromophenol complexes (lower panel). As expected,
in the upper panel of Figure 2, th€O—H) values are linearly ~ two separate correlations are shown for bromophenol complexes
correlated withr(O—H) (R? = 0.9996). For the bromophenol as a result of the steric effect of ortho bromine atom. Figure 4
complexes, two separate linear correlations are evident, one withshows the correlation betweéin, andr(O—H) for fluorophe-
di-ortho substitutions and the other without, as shown in the nol complexes (upper panel) and bromophenol complexes (lower
lower panel of Figure 2. The reduction in the OH stretching panel). It is interesting to note that the correlations for both
frequencies for the bromophenol complexes with di-ortho complex series with di-ortho substitutions are separated from
substitutions is clearly a consequence of the severely bentthe other complexes. For bromophenol complexes, the separate
hydrogen bond resulting from the steric interference of ortho correlations are understandable based on the noted steric effect
bromine atom. of ortho bromine atom. It is somewhat puzzling to observe the

In contrast to the OH bond length, the-©O bond length, separate correlation for fluorophenol complexes with di-ortho
r(C—0), decreases with the number of halogen substitutions, substitutions from the remaining complexes. Intramolecular
from 1.357 to 1.336 A in the fluorophenol complexes and from hydrogen bonding is known to exist in all ortho-substituted
1.353 to 1.331 A in the bromophenol complexes. There are phenols, and it is particularly important for ortho fluoro-
strong linear correlations betweefC—0) and r(O—H) for phenols®3-36 The same hydroxyl group is competed for in-
fluorophenol complexesR = 0.870) and bromophenol com-  tramolecular hydrogen bonding (with ortho halogen) and
plexes B2 = 0.932). Multiple halogen substitutions enhance intermolecular hydrogen bonding (with ammonia). Such a
the overall electron-withdrawing power and strengthen théC competition would unavoidably diminish the strength of inter-
bonding character by shifting electron density away from molecular hydrogen bonding, or the binding energies.
antibonding orbitals of the CO group. As a result, the reduction  In summary, the systematic trends in molecular properties
in r(C—0) with the increasing number of halogen substitutions have been found with the number and positions of halogen
is consistent with the lengthening of the-® bond length. substitutions. Strong and consistent linear correlations have been

3240

0.996
r(0-H), A
Figure 2. Correlation between ©H stretching frequency (cn) and
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1.750 -
-13.0
0.980 0.985 0.990 0.995 1.000 1.005
1700 r(O-H), A
0.980 0.985 0.990 0.995 1.000 1.005
(-1, A 7.0 a di-ortho
1.880 A others
a di-ortho A\NAKA
4 others 3 R = 0.7037
1.860 | € o0
5
< =2
z R’ =0.4598 3
i 1.840 - A =
=
S -11.0 s
b N R® =0.9732
1.820 A
-13.0
1.800 ' 0.982 0.987 0.992 0.997
r(O-H), A
0.984 0.987 0.990 0.993 0.996 ) ] o
©H), A Figure 4. Correlation between the binding energy (kcal mipland
r 'y

Figure 3. Correlation between the hydrogen bond length (&) and the
O—H bond length (A) for halogenated pher@immonia complexes.
The upper panel is for the fluoropher@mmonia complexes, and the
lower panel is for the bromophenrehmmonia complexes.

complexes.

the O—H bond length length (A) and for halogenated pherashmonia
complexes. The upper panel is for the fluoropherashmonia com-
plexes, and the lower panel is for the bromophermhmonia

TABLE 3: Linear Correlations of Available Experimental
pKa Values with Different Molecular Properties of

determined between different molecular properties of the Fluorophenol—Ammonia Complexes and

halogenated phenol complexes.

Bromophenol-Ammonia Complexes along withR? and SD

3.2. Linear Correlations with the Experimental pKj, Values
Values. It is well known that the acidity constant and other parameterx) Na eq R?  SD
physical and chemical properties of a halogenated phenol depend FP—NH, Complexes
on the number and positions of halogen substitutions. Overall, r(c-0) 8 PKa= 186.6X — 243.12 0.965 0.34
the acidity increases with the number of substitutions, and for r(O—H) 8 pKa= —195.2X% + 201.66 0.950 0.41
a given number of substitutions, it decreases in the order of the *(O—H) 8 PKa=0.010% — 26.892  0.954 0.39
ortho, meta, and para position of substitution. On the other hand,rA((E)H'"N) g . Ka=27.0%—41.173  0.952 0.40
. . hb (di-ortho) K,=0.976&+ 17.384  0.999 0.06
the acidity of a halogenated phenol would be reflected in the 5(others) .= 1.150k+20.540 0.855 0.28
structure and interaction in the hydrogen-bonded complexes with
. . BP—NH; Complexes
a proton acceptor such as ammonia. A strong acid forms a strong.c— o) 8 .= 159.1& — 206.06  0.975 0.23
hydrogen bond with ammonia, giving a large binding energy r(0—H) 8 pKa= —379.6% + 383.33 0.987 0.16
and a short hydrogen bond distance. A strong hydrogen bondv(O—H) 2 (di-ortho) K,=0.0145% — 40.98 1
also weakens the OH covalent bond, resulting in an increase in 6 (o.ther?]) K.=0021k—63.947  0.963 0.18
the bond length and a decrease in the stretching frequency. (CH=*N) 2 (di-ortho) - (K= 33.714 — 55.469 1
. L 6 (others) Ka=44.82% — 74.398 0.968 0.17
Consequently it is apparent that the acidity constants of g 2 (di-ortho) p<.=0.983% + 13.947 1
halogenated phenols can be correlated with the molecular 6 (others)  Ka=1.167&+20.522 0.908 0.28

properties of the corresponding hydrogen bonded complexes.
The available experimentaKp values for seven fluorophe-
nols and eight bromophenols are listed in Tables 4 and 5. These |t is clear from Table 3 that strong linear correlations are
experimental K, values are correlated with the molecular obtained for the K, values of fluorophenols and bromophenols
properties discussed above and least-squares linear regressiongith the molecular parametenfC—0), r(O—H), »(O—H),
are performed. The resulting regression equations are given inr(OH---N), and AEy, respectively. The consistent and strong
Table 3, along with th&? and SD values. As a representation, correlations of the i§, values are inherited from strong internal
Figure 5 shows the strong linear correlations @—0) with correlations of molecular properties of hydrogen-bonded com-
the correspondingiy, values of fluorophenols and bromophe- plexes discussed previously. As shown by the regression
nols. Similarly, Figure 6 gives the correlationsr¢®—H) with equations, the Ig, of a fluorophenol decreases witlO—H)
pKa values of the halogen-substituted phenols. and AEy, and increases with(C—0), »(O—H), andr(OH---

2 The number of compounds used in correlations, including phenol.
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TABLE 4: Predicted pK, Values for Fluorophenols from

Linear Correlations

predicted K, values

compound Eaexp r(O—H) »(O—H) r(OH--:N) avg SD
phenol 9.99 9.65 9.66 9.81 9.71 0.09
2-FP 8.73 9.12 9.09 9.00 9.07 0.06
3-FP 9.29 9.24 9.24 9.21 9.23 0.02
4-FP 9.89 9.51 9.51 9.55 9.52 0.02
2,3-DFP 8.73 8.69 8.52 8.65 0.11
2,4-DFP 8.58 9.18 9.14 9.18 9.17 0.02
2,5-DFP 8.58 8.54 8.34 8.49 0.12
2,6-DFP 7.51 7.11 7.11 6.98 7.07 0.08
3,4-DFP 9.14 9.12 9.06 9.11 0.04
3,5-DFP 8.71 8.68 8.59 8.66 0.07
2,3,4-TFP 8.60 8.56 8.35 8.50 0.13
2,3,5-TFP 8.17 8.10 7.89 8.05 0.14
2,3,6-TFP 6.53 6.50 6.44 6.49 0.04
2,4,5-TFP 8.52 8.46 8.24 8.41 0.14
2,4,6-TFP 7.00 6.97 6.85 6.94 0.08
3,4,5-TFP 8.68 8.63 8.50 8.60 0.09
2,3,4,5-TeFP 8.11 8.02 7.81 7.98 0.16
2,3,4,6-TeFP 6.37 6.35 6.29 6.34 0.04
2,3,5,6-TeFP  6.00 5.90 5.88 5.96 591 0.04
PFP 5.53 5.77 5.76 5.83 5.79 0.04
apK, values from ref 31.
10.50
o FPs L X3
A BPs
9.00 = = = :Linear (FPs)
Linear (BPs)
g 7.50
6.00 - [
<
4.50
1.328 1.336 1.344 1.352 1.360
r(C-0), A

Figure 5. Correlation of the &0 bond lengths (A) of halogenated
phenot-ammonia complexes with the acidityKp values of corre-

sponding phenol compounds in aqueous solution.

N). Not surprisingly, the correlations ofKp with some
properties are divided into two separate groups, one for theoretical results from literature. Shown in the table are the
substituted phenols with di-ortho substitutions and the other average values of prediction using multiple molecular parameters
without. Note that only two data sets are used to generate theas well as those using only the-® bond length,r(O—H).

J. Phys. Chem. A, Vol. 110, No. 1, 200861

10.5
© FPs
A BPs
9 = = = :Lincar (FPs)
Linear (BPs)
X 75 S
6 Ttee,
<
4.5 r " -
0.980 0.985 0.990 0.995 1.000 1.005
r(0-H), A

Figure 6. Correlation between the-€H bond length (A) of haloge-
nated phenetammonia complexes with the acidityKp values of
corresponding phenol compounds in agueous solution.

regression equations for di-ortho fluorophenols or bromophenols
because of the limited availability of experiment#pralues.

3.3. Prediction of K, Values for Fluorophenols and
Bromophenols. The K, values of all fluorophenols and
bromophenols are generated from the regression equations given
in Table 3. Tables 4 and 5 list the predictel pvalues of
fluorophenols and bromophenols, respectively, from the regres-
sion equations for different properties, along with the average
pKa values, the corresponding standard deviations, and the
available experimental values.

Consistent §, values for both fluorophenols and bromophe-
nols are predicted from the regression equations using different
molecular properties, as evidenced by small standard deviations
for the average i, values, 0.040.16 for fluorophenols and
0.03-0.27 for bromophenols. Even the predicted, values
from the regression equations based on two data points are in
good agreement with those from multiple data equations. For
example, the K, values of 2,3,6-TBP from the two data-point
regressions of(OH), r(OH---N), andAE, 6.01, 6.19, and 6.38,
respectively, are very consistent with 6.13 and 5.98 from the
eight data-point regressions gC—0) andr(O—H).

Table 6 compares predicte&pvalues of phenol, fluorophe-
nols, chlorophenols, and bromophenols with the available

TABLE 5: Predicted pK, Values for Bromophenols from Linear Correlations

predicted K, values

compound Kaexp r(C-0) r(0O—H) v(O—H) r(OH---N) AEny avg SD
phenol 9.99 9.80 9.92 10.18 10.09 10.01 10.0 0.15
2-BP 8.45 8.20 8.60 8.78 8.59 8.82 8.60 0.25
3-BP 9.03 9.10 9.09 9.20 8.98 9.00 9.07 0.09
4-BP 9.37 9.36 9.17 9.31 9.17 9.05 9.21 0.12
2,3-DBP 7.89 8.14 8.21 8.21 8.21 8.13 0.14
2,4-DBP 7.79 7.86 8.03 8.07 7.94 7.98 7.98 0.08
2,5-DBP 7.56 7.53 7.55 7.43 7.57 7.53 0.06
2,6-DBP 6.6F 6.46 6.74 6.57 6.67 6.67 6.62 0.11
3,4-DBP 8.83 8.63 8.78 8.80 8.36 8.68 0.19
3,5-DBP 8.06 8.45 7.99 8.02 7.93 7.84 8.05 0.24
2,3,4-TBP 7.62 7.57 7.59 7.58 7.66 7.61 0.04
2,3,5-TBP 7.32 6.93 6.88 6.99 7.08 7.04 0.17
2,3,6-TBP 6.13 5.98 6.01 6.19 6.38 6.14 0.16
2,4,5-TBP 7.32 7.11 7.05 7.03 7.05 7.11 0.12
2,4,6-TBP 6.08 6.17 5.94 5.98 6.08 6.08 6.05 0.09
3,4,5-TBP 8.32 7.53 7.54 7.54 7.48 7.52 0.03
2,3,4,5-TeBP 7.19 6.66 6.57 6.75 6.77 6.79 0.24
2,3,4,6-TeBP 5.95 5.60 5.75 5.93 5.98 5.84 0.16
2,3,5,6-TeBP 5.92 5.90 6.02 6.48 6.38 6.14 0.27

apK, values from ref 31° Reference 32¢ Value excluded from the calculation oKpaverage and standard deviation.
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TABLE 6: Comparisons of pK, Values of Halogenated Phenols from Different Methods

this work other theoretical work from literatidre

compound gaexp avg r(O—H) a b c d
Phenol 9.99 10.00 9.92 10.00 9.93 9.74 9.88
3-FP 9.29 9.23 9.24 9.05 9.33
4-FP 9.89 9.52 9.51 9.26 9.90
2-CP 8.52 8.46 8.61 9.16 8.29 7.66
3-CP 8.79 8.92 8.90 9.32 9.15 8.92 9.29
4-CP 9.37 9.13 9.08 9.50 9.15 9.44 9.84
2,3-DCP 7.71 7.90 8.04 8.68 7.54
2,4-DCP 7.90 7.94 8.11 7.28 7.86
2,5-DCP 7.30 7.35 7.50 8.45 7.38
2,6-DCP 6.78 6.49 6.53 7.03 6.82
3,4-DCP 8.62 8.43 8.43 8.68 8.63 8.56
3,5-DCP 8.25 7.87 7.86 8.56 8.53 7.97
2,3,4-TCP 6.94 7.53 7.71 8.54 7.16
2,3,5-TCP 7.23 6.79 6.96 7.90
2,3,6-TCP 5.80 5.65 5.56 6.63
2,4,5-TCP 6.72 6.90 7.14 6.48 6.94
2,4,6-TCP 5.99 5.78 5.67 6.51 6.31
3,4,5-TCP 7.84 7.39 7.57 8.01
2,3,4,6-TeCP 5.22 5.11 5.09 5.61
2,3,5,6-TeCP 5.03 5.05 5.09 6.16
PCP 4.74 4.84 4.70 572 4.89
2-BP 8.45 8.60 8.60 9.43
3-BP 9.03 9.07 9.09 9.75 9.15
4-BP 9.37 9.21 9.17 9.64 8.94
2,4-DBP 7.79 7.98 8.03 8.95
2,6-DBP 6.67 6.62 6.74 6.43
3,5-DBP 8.06 8.05 7.99 8.48
SD 0.23 0.28 0.56 0.34 0.17 0.36

a Experimental and predictedgvalues for chlorophenols (CPs), dichlorophenols (DCPs), trichlorophenols (TCPs), tetrachlorophenols (TeCPs),
and pentachlorophenol (PCP) are taken from ref 17. Predidtedadues from other theoretical work: (a) ref 13, (b) ref 7, (c) ref 9, and (d) ref
10. SD values are calculated in reference to experimental values.

Note also that the kg, values of chlorophenols are taken from Acknowledgment. This work was supported in part by The
the previous study’ The literature values are based on Camille and Henry Dreyfus Foundation (Award No. TH-00-
correlations using (column a) AM1 partial charges of the 028) and California State University, Fullerton.
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in the gas phase and solution phase calculated using semiem2 contain the optimized geometrical parameters of all 19
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calculated using density functional and ab initio methdsD ammonia complexes calculated at the B3YLP/6-8%15(d,p)
values, calculated in reference to experimental values, are givenlevel of theory, respectively. This material is available free of
for the different theoretical methods. The relatively small SD charge via the Internet at http://pubs.acs.org.
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set of compounds clearly show that the method proposed in References and Notes

this study is capable of predicting reliable and consistéat p

(1) Schneider, M. HPersistent poisons: chemical pollutants in the
values.

ervironment The New York Academy of Sciences: New York, 1979.
(2) Karns, J. S;; Kilbane, J. J.; Duttagupta, S.; Chakrabarty, AAppI.
Environ. Microbiol. 1983 46 (3), 1176-1181.

(3) Schultz, T. W.; Bearden, A. P.; Jaworska, JISBR QSAR Efiron.

- . . Res 1996 5, 99-112.
The method for the prediction ol values using ammonia (4) Aptula, A. O.; Netzeva, T. I.; Valkova, I. V.; Cronin, M. T. D.;

as a probe molecule has been applied to two classes ofSchultz, T. W.; Kuhne, R.; Schuurmann, Quant. Struct.-Act. RelaR002
halogenated phenols, fluorophenols and bromophenols. The2l 12-22. _
method is efficient and straightforward, and the results are () Kawamoto, K.; Urano, KChemospherd989 18, 1987.

. . (6) Serjeant, E. P.; Dempsey, Bnization Constants of Organic Acids
reliable and consistent. A range of calculated molecular proper- i, aqieous SolutigrPergamon:  Oxford, 1979.

ties for the hydrogen-bonded complexes with ammonia, prima- (7) Tehan, B. G.; Lloyd, E. J.; Wong, M. G.; Pitt, W. R.; Montana, J.
rily involving the acidic hydroxyl group, can be independently 257-;2Manallack, D. T.; Gancia, Ruant. Struct.-Act. Rela002 21, 457~
uf‘ig to prledlclt ConS'SteT.t results (r)]f neart'ly Eq”al ?Cculfaf.y- Al 6 silvestro, T.: Topsom, R. DTHEOCHEM1990 206, 309.

of the molecular properties are shown to have simple linear g\ gonirmann, GJ. Chem. Phys1998 109 9523.

correlations with the i, values, allowing reliable prediction (10) Liptak, M. D.: Gross, K. C.; Seybold, P. G.; Feldgus, S.; Shields,
from as little information as g, values of two compoundsina  G. C.J. Am. Chem. So@002 124 6421.

series. Nevertheless, two of the properties, theHond length (11) Gruber, C.; and Buss, \Chemospherd989 19, 1595.

and OH stretching frequency, stand out to be the best descriptors. ggg CH:latlrnaz;i 'V'T' j'%hh‘ig‘gzﬁ’:gf’r’&:ggogséég é?é-

There are, howeyer, special considerations arising from ;tenc (14) Richardson, W. H.: Peng, C.: Bashford, D.: Noodleman, L.: Case,
hindrance and intramolecular hydrogen bonding in unique p. A, Int. J. Quantum Chenl997, 61, 207.

molecular structure and environment. (15) Gross, K. C.; Seybold, P. Gt. J. Quantum Chen2001, 85, 569.

4. Conclusions



pKa Values of Fluorophenols and Bromophenols J. Phys. Chem. A, Vol. 110, No. 1, 200863

(16) Mandado, M.; Mosquera, R. A.; Grana, A. K@hem. Phys. Lett Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

2004 386, 454. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
(17) Han, J.; Deming, R. L.; Tao, F.-M. Phys. Chem. 2005 109, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
1159. Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

(18) Han, J.; Deming, R. L.; Tao, F.-M. Phys. Chem. 2004 108 D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
7736. Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
(19) Han, J.; Lee, H.; Tao, F.-Ml. Phys. Chem. 2005 109, 5186. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
(20) Ahn, D.-S.; Park, S.-W.; Lee, 8. Phys. Chem. 2003 107, 131. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
(21) Sodupe, M.; Oliva, A.; Bertran, J. Phys. Chem. A997 101, W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
9142. M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.11; Gaussian,
(22) Pejov, L.Chem. Phys2002 285 177. Inc.: Pittsburgh, PA, 1998.

(23) Becke, A. D,J. Chem. Phys1993 98, 5648.

(24) Frisch, M. J.- Pople, J. A.: Brinkly, J. 8. Chem. Phys1984 80 (31) Serjeant, E. P.; Dempsey, Bnization Constants of Organic Acids

3265 in Aqueous SolutignrPergamon: Oxford, 1979.
(25) McGrath, M. P.; Radom, LJ. Chem. Phys1991, 94 (1), 511. (32) Kuramochi, H.; Maeda, K.; Kawamoto, Environ. Toxicol. Chem
(26) Lee, C.; Fitzgerald, G.; Planas, M.; Novoa, JJJPhys. Chem 2004 23 (6), 1386.
1996 100, 7398. ) ) (33) Kovacs, A.; Macsari, IJ. Phys. Chem. AL999 103 3110.
) 3‘(121)5 gLatalkar Z.; Bouteiller, Y.; Scheiner, Ehem. Phys. Lettl995 (34) Borisenko, Konstantin B.; Hargittai, THEOCHEM 1996 388
" : 107.
(28) Latajka, Z.; Bouteiller, YJ. Chem. Phys1994 101, 9793.
(29) Kim, K.; Jordan, K. D.J. Phys. Chem1994 98, 10089. (35) Koll, A.; Parasuk, V.; Parasuk, W.; Karpfen, A.; Wolschann] P.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, Mol- Struct 2004 690, 165.
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,; (36) Kovacs, A.; Szabo, A.; Hargittai,Acc. Chem. Re002 35, 887.



