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Ionization constants for 214 dye molecules were calculated from molecular structures using the chemical reactivity 
models developed in SPARC (SPARC Performs Automated Reasoning in Chemistry). These models used fundamental 
chemical structure theory to predict chemical reactivities for a wide range of organic molecules from molecular 
structure. The energy differences between the protonated state and the unprotonated state for a molecule of interest 
are factored into mechanistic components including the electrostatic and resonance contributions and any additional 
contributions to these energy differences. The RMS deviation was found to be less than 0.62 pK. units, which is 
similar to the experimental error. 

INTRODUCTION 

In recent years, the need for physico-chemical constants 
of chemical compounds has greatly accelerated in both 
industry and government. The impetus for this is the 
high cost of laboratory measurements and the need to 
examine the behavior of large numbers of diverse com- 
pounds. Among the latter is a requirement, under the 
US Toxic Substances Control Act, for environmental 
assessment of all new chemicals that are to be manufac- 
tured or used in the USA. 

This situation has resulted in the development and 
widespread use of linear free energy relationships 
(LFER), structure-activity relationships (SAR) and 
other estimation methods particularly in the drug and 
environmental fields. Even so, mythologies and values 
are often not available for those parameters needed in 
the sophisticated mathematical models used for 
environmental exposure assessment. 

Such is the case for upwards of 10% of dyes for 
which pre-market notifications (PMN) are received for 
review by the US Environmental Protection Agency 
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(EPA).’ Recently, the EPA has developed a compu- 
tational procedure that is based on the use of artificial 
intelligence techniques to combine the results of both 
fundamental and empirical approaches much as a very 
knowledgeable chemist might.’ The purpose of this 
paper is to demonstrate the utility of this procedure. 

The pKa of an organic compound is vital to environ- 
mental exposure assessment because it can be used to 
define the degree of ionization and the propensity for 
sorption to soil and sediment by cation exchange. These 
processes, in turn, can determine mobility, reaction 
kinetics, bioavailability, complexation, etc. 

Unfortunately, up to now no reliable method has 
been available for predicting pK, values over a wide 
range of molecular structures either for simple com- 
pounds or for complicated molecules such as dyes, at a 
level of accuracy that is within the experimental error. 
The object of this study was to demonstrate the appli- 
cation of SPARC (SPARC Performs Automated 
Reasoning in Chemistry)’ to the prediction of pK. 
values for complex azo dyes and related aromatic 
amines that may be of environmental significance. 

This new computer program (SPARC) will cost the 
user only a few minutes of computer time and will 
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provide greater accuracy and a broader scope than is 
possible with conventional estimation techniques. The 
user needs to know only the molecular structure of the 
compound of interest to predict its pKa. The user pro- 
vides the program with the molecular structure either by 
direct entry as SMILES (Simplified Molecular Input 
Line Entry System) notation or via the molecular editor 
that will generate the structure and translate it into 
SMILES notation. 

Dyes were chosen for this study for several reasons: 
(1) they are a severe test case; (2) a large number of new 
chemicals (PMN requests) are dyes; (3) many dyes, 
especially azo dyes, and their environmental transform- 
ation products are aromatic a m i n e ~ ~ - ~  and thus are of 
potential toxicological concern; (4) data on most new 
dyes, and also their products and precursor amines, are 
either unavailable or unmeasurable because of the solu- 
bility limitation; and ( 5 )  sufficient data are available to 
provide a comparison between measured and computed 
values. 

SPARC COMPUTATIONAL APPROACH 

SPARC is a prototype computer program being devel- 
oped to predict chemical reactivity and physical proper- 
ties for a large number of organic molecules based on 
fundamental chemical structure theory. At the present 
stage of development, SPARC predicts ionization PKa 
values, electron affinities and numerous physical prop- 
erties such as distribution coefficients, solubilities and 
vapour pressures. 

The approach of SPARC is not to do ‘first principles’ 
computation; rather, it analyzes chemical structure rela- 
tive to a specific reactivity query much as an expert 
chemist might. Hence, SPARC computation methods 
directly utilize the extensive knowledge base of organic 
chemistry. Organic chemists have established the types 
of structural groups or atomic arrays that impart 
certain types of reactivity and have described, in 
‘mechanistic’ terms, the effects on reactivity of other 
structural constituents appended to the site of reaction. 

The computational approaches in SPARC also blend 
conventional LFER, SAR and Perturbed Molecular 
Orbital (PMO) methods.’ In general, SPARC utilizes 
LFER to compute thermodynamic or thermal proper- 
ties and PMO theory to describe quantum effects such 
as delocalization energies or polarizabilities of u elec- 
trons. In reality, every chemical property involves both 
quantum and thermal contributions and necessarily 
requires the use of both perturbation methods for 
prediction. 

For any chemical property addressed in SPARC, the 
energy differences between the initial state and the final 
state are small compared with the total binding energy 
of the reactant involved. Calculating these small energy 
differences by ab initio computational methods is 
difficult, if not impossible. On the other hand, pertur- 

bation methods provide these energy differences with 
extreme accuracy and with more computational simpli- 
city and flexibility than ab inifio methods. These 
methods treat the final state as a perturbed initial state 
and the energy differences between these two energy 
states are determined by quantifying the perturbation. 
For PKa, the perturbation of the initial state, assumed 
to be the protonated form, versus the unprotonated 
final form, is factored into the mechanistic contri- 
butions of resonance and electrostatic effects plus other 
perturbations such as H-bonding, steric contributions 
or solvation. Molecular structures are broken up into 
functional units called the reaction center and the per- 
turber. The reaction center, C, is the smallest subunit 
that has the potential to ionize and lose a proton to a 
solvent. The perturber, P,  is the molecular structure 
appended to the reaction center, C. The pKa of the 
reaction center is either known from direct measure- 
ment or inferred indirectly from pKa measurements. 
The PKa of the reaction center is adjusted for the mol- 
ecule in question using the mechanistic perturbation 
models described below. 

pKa COMPUTATIONAL PROCEDURE 
SPARC computation begins by locating the reaction 
center within the molecule and the perturber. The 
perturber structure is assumed to be unchanged in the 
reaction. Like all chemical reactivity parameters 
addressed in SPARC, pKa is analyzed in terms of some 
critical equilibrium component: 

’ P-Cf P K ~  P-ci 

where C1 denotes the initial protonated state, Cf is the 
final unprotonated state of the reaction center, C, and 
P is the ‘perturber.’ The pKa for a molecule of interest 
is expressed in terms of the contributions of both P and 
C: 

where (pKa)c describes the ionization behavior of the 
reaction center and SP(pKa), is the change in ionization 
behavior brought about by the perturber structure. 
SPARC computes reactivity perturbations, S,(pKa)c, 
that are then used to ‘correct’ the ionization behavior of 
the reaction center for the compound in question in 
terms of potential ‘mechanisms’ for interaction of P 
and C as 

Sp(pKa)c = GelePKa + SrespKa + GsolpKa + ... (2) 
where 6,,pKa, GelepKa and Gs0lpKa describe the differen- 
tial resonance, electrostatic and solvation effects of P 
with the protonated and unprotonated states of C, 
respectively. Electrostatic interactions are derived from 
local dipoles or charges in P interacting with charges or 
dipoles in C. SelepKa represents the difference in the 
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electrostatic interactions of the P with the two states. 
6respKa describes the change in the delocalization of T 

electrons of the two states due to P. This delocalization 
of T electrons is assumed to be into or out of the 
reaction center. Additional perturbations include direct 
interactions of the structural elements of P that are con- 
tiguous to the reaction center such as H-bonding or 
stearic blockage of solvent access to C. 

In the ionization of aniline, NR’ is the reaction center 
(denoted C) and the phenyl group is the perturber 
(denoted P): 

ONH; - Q-NH~ + H+ 

The ionization equilibrium constant can be expressed as 

(3) 
where (pKa), is the PKa for the reaction center NR2 and 
is equal to 8.93, and 6,,pKa is the resonance contri- 
butions to PKa. 

Resonance effects models were developed and cali- 
brated using light absorption spectra,’ whereas electro- 
static effects models were developed and calibrated 
using ionization pKa values. 

PKa = (PKaIc + SresPKa 

SPARC MODELING APPROACH 
The modeling of the perturber effects for pKa relates to 
the structural representation S-iRj-C, where S-iRj 
is the perturber structure, P,  appended to the reaction 
center, C. S denotes substituent groups that ‘instigate’ 
perturbation. For electrostatic effects, S contains (or 
can induce) electric fields; for resonance, S donates/ 
receives electrons from the reaction center. R links the 
substituent and reaction center and serves as a con- 
ductor of the perturbation (‘conducts’ resonant x elec- 
trons or electric fields). The i and j denote anchor 
atoms in R for S and C, respectively. Perturbations are 
factored into three independent components for the 
structural components C, S and R: (1) substituent 
strength, which describes the potential of a particular 
substituent to ‘exert’ a given effect, (2) molecular 
network conduction, which describes the ‘conduction’ 
properties of the molecular structure R, connecting S to 
C with regard to a given effect; and (3) reaction center 
susceptibility, which rates the response of the reaction 
center to the effect in question. 

The contributions of each structural component are 
quantified (i.e. parameterized independently). For 
example, the strength of the substituent’s electrostatic 
field effect depends only on the substituent; likewise, 
the conduction of R is modeled to be independent of 
the specific identities of both the substituent and the 

quantifies the differential interaction of the initial state 
versus the final state with the electric field, but again 
this susceptibility gauges only the initial state versus the 
final state of the reaction center and is independent of 
both R and S. The rationale for the factoring is to 
remove, to the extent possible, both structural and 
reaction specificity from effects parameterization. This 
provides parameter ‘portability’ and, hence, effects- 
model portability to other structures and to other types 
of reactivity. 

ELECTROSTATIC EFFECTS MODELS 
Electrostatic effects on pKa derive from charges or elec- 
tric dipoles in the appended perturber structure, P, 
interacting through space with charges or dipole in the 
reaction center, C. Direct electrostatic interaction 
effects (field effects) are manifested by a fixed charge or 
dipole in a substituent interacting through the inter- 
vening molecular cavity with a charge or dipole in the 
reaction center. The substituent can ‘induce’ electric 
fields in the R that can interact electrostatically with C. 
This indirect interaction is called the ‘mesomeric field 
effect.’ In addition, electrostatic effects derived from 
electronegativity differences between the reaction center 
and the substituent are termed sigma induction. These 
effects are transmitted progressively through a chain of 
a-bonds between atoms. For compounds containing 
multiple substituents, electrostatic perturbations are 
computed for each singly and summed to produce the 
total effect. 

Field effects model 
The field effect is expressed as a multiple expansion. For 
a dipolar substituent, the field effect may be expressed 
as 

where qc is the change in charge on the reaction center, 
ps is the local dipole of the substituent, Bc, is the angle 
the dipole subtends to the reaction center, De is the 
effective dielectric constant for the medium and r,, is 
the distance from the substituent dipole center to the 
reaction center. If the substituent has a charge, q,, then 
the corresponding equation becomes 

Once again, in order to provide parameter ‘porta- 
bility’ and, hence, effect-model portability to other 
structures and to other types of chemical reactivity, the 
contribution of each structural component is quantified 
(i.e. parameterized) independently: 

reaction center. The susceptibility of C to the field effect &ield(PKa)c = PeieUp = PeleacsFs ( 5 )  
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where a, characterizes the field strength that the per- 
turber exerts on the reaction center; Pele is the suscepti- 
bility of a given reaction center to electric field effects 
that describe the electrostatic charge accompanying the 
reaction, and is presumed to be independent of the per- 
turber. The perturber potential, a,, is further factored 
into a field strength parameter, F (characterizing the 
magnitude of the field component, charge or dipole, on 
the substituent), and a conduction descriptor, ucsr of the 
intervening molecular network for electrostatic interac- 
tions. For molecules containing multiple substituents, 
the substituent field effects are computed for each 
substituent and summed to produce the total effect as 

The electrostatic susceptibility, pele, is a data-fitted 
parameter inferred directly from measured pKa values. 
This parameter is determined once for each reaction 
center and stored in the SPARC database. In 
parameterizing the electrostatic field effects models, the 
ionization of the carboxylic acid group is chosen to be 
the reference reaction center with an assigned pele = 1. 
For all the reaction centers addressed in SPARC, elec- 
trostatic interactions are calculated relative to a fixed 
geometric reference point that is chosen to approximate 
the center of charge for the carboxylate anion, rcj = 1 * 3  
unit, where the lengtb unit is the aromatic carbon- 
carbon length (1.40 A). The pele for other reaction 
centers reflects electric field changes for these reactions 
gauged relative to the reference reaction center. 

With regard to the substituent parameters, each 
uncharged substituent has one field strength parameter, 
F,, characterizing the dipole field strength, whereas a 
charged substituent has two, F, and F,. Fq 
characterizes the effective charge on the substituent and 
F,, describes the effective substituent dipole inclusive of 
the anchor atom i ,  which is assumed to be a carbon 
atom. If the anchor atom i is a non-carbon atom, then 
F,, is adjusted based on the electronegativity of the 
anchor atom relative to carbon. The effective dielectric 
constant D,, for the molecular cavity, any polarization 
of the anchor atom i affected by S ,  and any unit conver- 
sion factors for charges, angles, distances, etc., are 
included in the F,. 

The distance between the reaction center and the 
substituent, r,,, for both charges and dipoles is com- 
puted as a summation of the respective distance contri- 
butions of C, R and S as 

(7) 
This zero-order distance is adjusted for ring systems 

to correct for electric field interactions through space 
and those involving either S or C units. These adjust- 
ments are significant only when C and S are ortho to 
each other: 

r!, = rcj + rij + r i s  

r,, = A &  (8) 

where A is an adjustment constant and is assumed to 
depend only on bond connectivity into and out of the 
R-7r unit (e.g. points i and j). For R-?r units recog- 
nized by SPARC, A factors for each pair ( i J )  are 
empirically determined from data (or inferred from 
structural similarity to other R-?r units) as shown in 
Table 1. The distance through R (rij) is calculated by 
summation over delineated units in the shortest mol- 
ecular path from i to j. All aliphatic bonds contribute 
1.0 unit; double and triple bonds contribute 0.9 and 
0-8 units, respectively. For ring systems SPARC 
contains a template listing distances between each 
constituent atom pair as illustrated in Table 1. 

The dipole orientation factors, cos 0 i j ,  are at present 
ignored (set to 1 -0) except in those cases where S and 
C are attached to the same rigid R-7r unit. In these situ- 
ations, they are assumed to depend solely on the 
point(s) of attachment, ( i , j ) ,  and are pre-calculated and 
stored in SPARC databases. 

Mesomeric field effects 
The electric field derived from substituent-induced 
polarization of ?r electrons is termed the mesomeric 
field. This field will result in an indirect interaction 
between the induced charges in R, with charges or 
dipoles in the reaction center. 

The contribution of the mesomeric field can be esti- 
mated as a collection of discrete charges, q R  with the 
contribution of each described by equation (4). As is the 
case in modeling the direct field effects, the mesomeric 
effect components are resolved into three independent 
components, S, R, and C, and as 

(9) 
where MF is the mesomeric field effect constant that is 
characteristic of the substituent S. It describes the 
ability or strength of a given substituent to induce a 
field in R,. The term q R  describes the location and rela- 
tive charge distributions in R and pele describes the sus- 
ceptibility of a particular reaction center to electrostatic 
effects. Since the reaction center does not discriminate 
the sources of electric fields, Pele is the same as that 
described previously in discussions of the field effects. 

In modeling the mesomeric field effect, the intensity 
and the location of charges in R depend on both the 
substituent and the R, network involved. The contri- 
butions of S and R, are resolved by replacing the 
reaction center with the surrogate electron donor CHT 
as a non-bonded molecular orbital (NBMO) charge 
source. The NBMO charge distribution from this surro- 
gate donor is calculated from PMO the~ry .~ ’ ’  The 
mesomeric substituent strength parameter describes the 
7r-induction ability of a particular substituent relative to 
the CH2. The magnitude of a given MF parameter 
describes the relative field strength, whereas the sign of 
the parameter specifies the positive or negative 
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Table 1. Geometry parameterization for selected ring systems 

Position on ring Geometry parameters 

Molecule Reaction center Substituent rij Aij cos ei j  

Benzene 1 
1 
1 

1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 

Naphthalene 1 

2 
3 
4 
2 
3 
4 
5 
6 
7 
8 
1 
3 
4 
5 
6 
7 
8 

1.0 
1.7 
2.0 
1.0 
1.7 
2.0 
2.6 
3.0 
2.7 
1.7 
1.0 
1.0 
1.7 
3-0 
3-6 
3.4 
2.7 

0.25 
0.87 
1.0 
0.25 
0.87 
1.00 
0.73 
0.63 
0.64 
0.47 
0.25 
0.25 
0.81 
0.63 
0.98 
0.80 
0.64 

0 -53  
0.88 
1.0 
0.53 
0.88 
1.00 
0.81 
0.83 
0.81 
0.77 
0.53 
0.53 
0.91 
0.83 
0.96 
0.84 
0.81 

character of the induced charge in R,. For PKa, the 
mesomeric field effect for a given substituent is given by 

GMvl,(PKa)c =PCICMF 4ik (10) 
k fkc 

where q i k  is the charge inducted at atom k, with the ref- 
erence probe attached at atom i calculated from on 
PMO theory.2-7 rke is the through-space distance to the 
reaction center as described previously for direct field. 

Sigma induction effects model 
Sigma induction derives from electronegativity differ- 
ences between two atoms. The electron cloud that 
bonds any two atoms is not symmetrical except when 
the two atoms are the same and have the same substi- 
tuents; hence, the higher electronegativity atom will 
polarize the other. The effect is believed to be 
transmitted progressively between atoms. The substi- 
tuent electronegativity effect acts importantly only at 
the atom to which the substituent is attached and any 
effect beyond the second atom is negligible. 

The interaction energy of this effect depends on the 
difference in electronegativity between the reaction 
center and the substituent and on the number of substi- 
tuents bonded to the reaction center. Sigma induction 

effects are resolved into two independent structural 
component contributions of S and C: 

where pele is the susceptibility of a given reaction center 
to electric field effects. Once again, because the reaction 
center does not discriminate the source of the electric 
fields, pelc is the same as described for the field effect; 
xc is the effective electronegativity of the reaction center 
and xs is the effective electronegativity of the 
substituent . 

RESONANCE EFFECTS MODEL 
Resonance stabilization energy in SPARC is a differen- 
tial quantity, related directly to the extent of electron 
delocalization in the neutral state versus the ionizable 
state of the reaction center. The source or sink in P may 
be the substituents or R-T units contiguous to the 
reaction center. As with the case of electrostatic pertur- 
bations, structural units are classified according to 
function. Substituents that withdraw electrons from a 
reference point are designated S + while electron 
donating groups are designated S- . The R-T units 
withdraw or donate electrons, or serve as a ‘conductor’ 
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of T electrons between resonant units. Reaction centers 
are likewise classified as C + and C - , denoting with- 
drawal and donation of electrons, respectively. 

In SPARC, the resonance interactions describe the 
delocalization of an NBMO out of Ci or Cf into a conti- 
guous R-T or a conjugated S + substituent. To model 
this effect, the reaction center is replaced by a surrogate 
electron donor, C H I .  The distribution of NBMO 
charge from this surrogate donor is used to quantify the 
acceptor potential for the substituent and the molecular 
conductor. The resonance perturbation of the initial 
state versus the final state for an electron-donating 
reaction center is given by 

Sres(~Ka)c = pres(A4)c (12) 
where (Aq)c is the fractional loss of NBMO charge 
from the surrogate reaction center calculated based on 
PMO theory; pres is the susceptibility of a given reaction 
center to resonance interactions, and quantifies the 
differential 'donor' ability of the two states of the 
reaction center relative to the reference donor CHF . 

SOLVATION EFFECTS MODEL 

For acid-base ionization equilibria in aqueous sol- 
utions, Ci and Cf frequently differ substantially in 
degree of solvation, with the more highly charged 
moiety solvating more strongly. Thus steric blockage of 
the reaction center is distinguished from the steric- 
induced twisting of the reaction center incorporated in 
electron delocalization interactions. Differential solva- 
tion is a significant effect in the protonation of organic 
bases (e.g. --NHz, in-ring N, =N), but is less 
important for acidic compounds. 

To model this effect, differential solvation of the 
reaction center is incorporated in (pKa)c, pres and pele. 
If the reaction center is bonded directly to more than 
one hydrophobic group (e.g. alkane or aromatic 
systems) or if the reaction center is ortho to an aromatic 
bridge, then Ssol(pKa) must be calculated. The Ssol(pKa) 
contributions for each reaction center bonded directly 
to more than one hydrophobic group are quantified 
based on the sizes and the numbers of hydrophobic 
groups attached to the reaction center and/or to the 
number of the aromatic bridges that are ortho to the 
reaction center. 

INTRAMOLECULAR H-BONDING EFFECTS 
MODEL 

Reaction centers that are ortho or per; to substituents 
in ring systems might interact with those substituents 
through intramolecular H-bonding and thus affect the 
PKa. For each reaction center that is ortho or per; to a 
substituent, SPARC calculates the H-bonding contri- 
butions for each reaction center with each substituent 
SH-B(PKa). SH-B(PKa) describes the H-bonding differ- 

ences of the initial state versus the final state of a 
reaction center with a substituent. For reaction centers 
that might H-bond with more than one substituent, the 
H-bonding contribution for each substituent is calcu- 
lated and the stronger contributor to this effect is 
selected. 

STATISTICAL EFFECTS MODEL 

All the SPARC perturbation models presented thus far 
describe the ionization of an acid at a single site. If a 
molecule contains multiple equivalent sites, a statistical 
correction is required. For example, if a first ionization 
constant, K, is computed for a single site, but the 
molecule has n such sites, then 

Sstat(PKa)c = log(na/nb) (13) 
where a and b refer to the acid and base sites, 
respectively. 

RESULTS AND DISCUSSION 
Figure 1 shows SPARC-calculated versus observed 
values of ionization equilibrium constants in water at 
25 OC for COZH, AsOzH, POtH, BOZHZ, SeO3H, OH 
and SH as acid reaction centers and NRz, aromatic 
in-ring N and =N as base reaction centers. The pKa 
calculator was first parameterized (trained) using 
measured ionization constant for more than 775 com- 
pounds. The root mean square (RMS) deviation for the 
set was found to be equal to 0-22 PKa units (for pKa 
sample calculations and performance of the SPARC 
PKa calculator for simple molecules, see Ref. 2). The 
reaction center PKaS (pKa)c for COzH, OH, SH and 
NRz were measured values, whereas the rest of the 
reaction centers were trained values inferred directly 
from PKa measurements and stored in SPARC data- 
base. Tables 2 and 3 show substituent and reaction 
center parameters, respectively. 

3 0 J 10 I S  

Observed 

Figure 1 .  Observed versus SPARC-calculated pK. values for 
IUPAC organic compounds 
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Table 2. pK. substituent characteristic parameters' 

Species Fr F, MF E, Xs 

COzH 
COT 
POzHz 
BOzHz 
so F 
OH 
SH 
0- 
S -  
NRz 
NR*H+ 
CH3 
NOz 
C=N 
OR 
SR 
1 
Br 
c1 
F 
in-ring N 
inH+-ring N 
so2 
=N 
=NH+ 
=O 
PO 
As0 

1.524 
0.900 
1.100 
1.686 
5.037 
1.448 
5.476 
5-584 
6.482 
1.060 
6.543 
0.OOO 
8.305 
7.056 
1.897 
2.007 
3 * 924 
4.100 
4.070 
4.100 
6.468 
6-520 
7.116 
6.068 
0.600 
4.973 
3.910 
2.910 

0.OOO 
- 1.030 
0.OOO 
0-OOO 

-0.544 
0.OOO 
0.OOO 

-3.064 
-2.882 
0.OOO 
0.176 
0.OOO 
0.OOO 
0.OOO 
0.OOO 
0.OOO 
0.OOO 
0-OOO 
0-OOO 
O*OOO 
O*OOO 
3.156 
0-OOO 
0.OOO 
1.OOO 
0.OOO 
1.OOO 
O*OOO 

1 -077 
4.723 
0.700 
1.500 
3.752 

-4.712 
- 0.873 
-3.673 
- 1.418 
- 5.852 
- 1.272 
- 1.912 

1.992 
1.445 

- 2.985 
-0.830 
O*OOO 

-0.050 
-0.332 
- 0.834 

0-775 
4-200 
2-779 
2-10] 
8.800 
4.000 
0.OOO 
0-OOO 

0.073 3.21 
0.800 2.85 
0.080 2.70 
0.OOO 2.40 
2.040 3.20 

14-97 4-87 
12.00 2.76 
7.577 3.10 

10.38 3.34 
27-47 2-62 
15.00 3.80 
0.129 2.30 
2.330 2.10 
2.418 3-09 
5.637 2-99 
3.094 2-80 
4.928 3-12 
3-012 3.46 
1.498 3.64 
0.800 3.75 
2.080 - 
9-007 3-80 
3-547 3.60 
0.098 - 
4.600 - 
2.339 - 
0.800 - 
0.600 - 

'F, = dipole direct field parameter; F,, = charge direct field parameter; 
MF = mesomeric effect parameter; E, = resonance parameter; xs = electro- 
negativity parameter. 

Table 3. SPARC pKa reaction center parameters 

Reaction center 

COzH 
SOJH 
AsOzH 
POzH 
BOzHz 
SeO3H 
OH 
SH 
NRz 
in-ring N 
=N 

(PK& 

3.75 

6.99 
2.96 
8.26 
4.64 

7.34 
9.83 
5.03 
5 . 0 6  

-0.5 

14.3 

Pele 

1 *OOO 
0.890 
0.618 
0.403 
0.798 
0.714 
2.260 
2-058 
3.282 
5.548 
4.051 

Pres 

-1.100 
-3.200 
0-OOO 
0-OOO 

- 0.050 
- 0.400 
18.65 
3.769 

19.328 
-6.204 
-6.236 

x c  

2.591 

2.210 
2.792 

2.300 
2.512 
2.793 
2.422 

- 

- 

- 

- 
- 

The pKa calculator was then tested on data for ca 
3000 compounds from the International Union of Pure 
and Applied Chemistry (IUPAC).8'9 The RMS devi- 
ation for this large set of compounds was found to be 
0 . 3 5  pKa units, which was approximately the same as 

experimental error. A report on this PKa performance 
test for IUPAC-approved organic compounds is in 
preparation. lo 

SPARC was also used to estimate 358 pKas for 214 
azo dyes and a number of related aromatic amines 
(Tables 4-12). The results of this test are shown in 
Figure 2. For these compounds, the RMS deviation was 
0.62 pKa units. The experimental error in the measured 
pKas for some of these dyes can be as high as 2 PKa 
units. Consider the case of molecule 99 where the PKas 
for the first PO3H2 group are 2.5 and 7 . 3  whereas those 
for the second PO3H2 group are 1 * 5  and 5 . 5 .  This mol- 
ecule is symmetric and the PO3H2 groups are well 
removed and it is expected that the pKas for the two 
PO3H2 groups should be the same within a statistical 
term of 0 . 3 .  In addition, the pKas for the PO3H2 in 
molecule 22 are 1.9 and 7 .3 ,  which indicates that the 
second 4-chloro-2-phosphonophenylazo in molecule 99 
has no effect on the first PO3H2 group. The two PO3H2 
groups are too far away from each other to be affected 
electrostatically. Hence, the differences in the pKas are 
due to the statistical factor as shown in the calculated 
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Table 4. Observeda versus SPARC-calculated pKa values for compounds 1-26 

1 COzH 
2 OCH3 
3 
4 OH 
5 OH 
6 OH 
7 OH 
8 OH 
9 OH 

- 

- 10 
11 
12 
13 AsOaHz 
14 NO2 
15 
16 
17 - 
18 - 

20 
21 
22 
23 COzH 
24 CZO3H3 
25 
26 

- 
- 

- 
- 

19 S03H 
- 
- 

- 
- 

OH 

OH 
NHz 
NHz 

OH 
OH 

- 

- 

- 
- 
- 
- 
- 

OH 
OH 
OH 
OH 
SOaH 
OH 
OH 
OH 
OH 

OH 
OH 
OH 

- 

OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
NHz 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
NHz 
OH 
OH 
OH 

continued 
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Table 4. (Continued) 

PKa PKa PKa ' PKa ' PKa ' 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

1 l4 
2 ' 6  

3 ' 6  

4" 
5 I '  

6 l6 
7 l2 
8 l 3  

98 
108 
118 
128 
13* 
14' 
15' 
16' 
17' 
18' 
19' 
208 
218 
228 
23' 
24' 
25' 
26' 

3.5 4 * l R t  
8.8 9-2R'0 
9.2 8.4R'0 
8-4 8- lR" 
1 - 4  l.SR" 
6.0 6 - p 1  
8.0 1-4R11 
1.6 1.4R" 
7.0 6*8R11 

10.4 10*8R" 
11.3 10-7R" 
7.8 9.4R" 
3.9 4.4AsOd1 
9.0 8.9d OH 
8-6 8.lRI0 
8-8 8.9R'0 
9.2 8 ~ 9 ~ ' ~  
9.4 Il .ORI0 
9.3 9.3R10 
8.9 8 ~ 9 ~ ' ~  
8.9 9.1R'0 
0.6 0.5d SOiH 

4.0 3-9R' 
3.0 4*2Ri 
9.5 8*4R10 
3.0 4.2R' 

10.2 9.0R'" 

11.9 l l * 7 R i  
11.6 12R1 

10.5 10.7Rf 11.9 12.6" 
9.3 l l*lRI 12-4 12.7l' 
9.2 9.6R3 

9.5 11R" 

"Observed values might have more than one value, depending on the source. 
Superscripts are reference numbers. 
Superscripts are the ionizable reaction centers. 
pK. values for two or more reaction centers are identical within 0.1 pK. unit. 
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Table 5 .  Observed' versus SPARC-calculated pKa values for compounds 27-69 

RB R7 
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Table 5.  (Continued) 

P& P K ~  pKaC pKaC 
Mol. 
No. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

27 
28 Is 
29 l4 
30'' 
31 l6 
3216 
33 ' 6  

34" 
35" 
36" 
37 
38' 
398 
40 
41 
42' 
438 
448 
458 
46' 
478 
48' 
498 
50' 
51' 
52' 
538 
548 
5 5 8  
56' 
578 
58' 
598 
60' 
61' 
62' 
63' 
64' 
65' 
66' 
67' 
68' 
69' 

7.3 
6.0 
4.2 
7.7 
11.5 
11.5 
11.8 
12.0 
8.0 
7.0 
8.1 
7.5 
7.3 
8-2 
7.5 
7.3 
2.0 
6.6 
4.0 
4.3 
7.30 
7.2 
3.6 
7.4 
7,5 
8.0 
7.6 
11.4 
7.5 
6.6 
2-4 
11.7 
10.8 
11.4 
11.3 
11.3 
8.1 
11.6 
11-4 
11.5 
10.5 

11.6 
7.30 

13.5 
12.5 
12.2 
12.4 

11.8 
13.0 
12.4 

12.2 
13.0 
12.6 
11.9 
12-6 
12.5 
11.8 

12.5 
12.5 
4-4 

12-4 

12.1% 
12.2% 
12*7R6 
12.3& 
12-6RJ 
1208~' 
12.0% 

12.7Rs 

g .   AS OM-' 11.2 1 

See Table 4. 
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Table 6. Observed' versus SPARC-calculated pK. values for compounds 70- 101 

70 COzH 
71 COzH 
72 COzH 
73 COzH 
74 COzH 
7s COzH 
76 COzH 
77 COzH 
78 COzH 
19 COzH 
80 
81 
82 - 
83 - 
84 
85 - 
87 - 
88 
89 
90 - 
91 AsOiHz 
92 COzH 
93 COzH 
94 COzH 
95 
96 SO3H 
97 OH 
98 
99 PO& 

100 
101 AsO3Hz 

- 
- 

- 

86 SO3H 

- 
- 

- 

continued 
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Table 6. (Continued) 

PKa ' PKa PKa' P K ~  ' 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

70: 
71 
72' 
73' 
748 
75' 
76' 
77 
78' 
79' 
80' 
818 
82' 
83 
84' 
85' 
86' 
87' 
88' 
89' 
9 0 8  
76' 
92' 
93 8 
948 
958 
96' 

978 

98' 

9 9 8  

1008 

1018 

9.0 
9.8 
9.9 
10.3 
10.4 
10.6 
11.2 
10.3 
10.3 
10.5 
8.4 
8.1 
8.5 
8.9 
10.3 
10.3 
9.9 
9.6 
9.4 
9.2 
9-4 
2.0 
10.1 
10-3 
10.0 
9-3 
0.9 
11.6 
1.3 
11.9 
0.3 
7-2 
0.6 
5.5 
0.3 
7.2 
3.3 
6-5 

14.5 
14.4 
14.5 
15-2 
14.3 
14.4 
14-2 
14.8 
14.7 
14.8 
13.7 
13.5 
13.5 
14.3 

14-7 
14-2 
14.0 
14.3 
14.6 
12.0 
14.6 
14.6 
14.6 
14.2 
1-9 
14.4 
2.5 
14.5 
0.6 
9.7 
0.8 
7.2 
1.6 
9.4 
4.0 
9.0 

14*2b 
14*2b 
14*2b 
14.2d OH 
14-3b 
14-4b 
14*5d OH 
14*2b 
14*3b 
14.1 
13*3d OH 
13.5' OH 
13.5b 
14.0d OH 

14.1 OH 
14*Od OH 
14.1 OH 
14.1' OH 
14.1d OH 
11*5b 
15*ld OH 
14*6d OH 
14*6d OH 
14.5d OH 

14.2d OH 

14-5d OH 

1.6d SOiH 

1.8d SOiH 

1.4d SOiH 
7 . 7 d  POiH-' 
1.1 d SOiH 
7.3d POiH-' 
1.5d SOiH 
7.3d P0iH-I 
4.1d COzH 
g.9d A$O,H-' 

'-dSee Table 4. 
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values. The same case applies for molecules such as 101 
and 100. The reported RMS interlaboratory deviations 
between the different observed values for azo dyes and 
related aromatic amines where more than one measure- 

the errors in our calculated values are comparable to 

The utility of such data is illustrated by the following 
analysis. 

I5 - 

ment was reported is 0.64. 8s9 We therefore believe that 
2 
2 experimental error for these complicated molecules. v) I -  

10 - 

0 -  

5 -  

.P@' 
. 6  

Table 7. Observed a versus SPARC-calculated pK, values for 

N=N 

compounds 102- -110 

102 
103 
104 
105 
106 
107 
108 
109 
110 

OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 

OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 

P K ~  P K ~  ' 
Mol. 
No. Obs. Calc. Obs. Calc. 

102'5 
10315 
104'5 
105" 

107" 
108" 

10615 

10912 
110'2 

5.7 
5.7 
9.3 
6.0 
5.8 
9-3 
6.1 
6.8 
6.2 

13.4 
13.5 
14.0 

13.7 
12.9 
13.5 
13.0 

Table 4. 
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Table 8. Observed' versus SPARC-calculated pKa values for compounds 11 1-127 

No. RI Rz R3 R4 R5 Rs R7 

111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 

- 
OH 
OH 

OH 
COzH 

- 
- 

C02H 
CO2H 
- 

OH 
- 

OH 

- 
c1 
Br 

AsO~HZ 

- 
- 

CH3 
OH 
OH 

- 
OH 
OH 
OH 
OH 
- 

~~~~ ~~ ~~ 

PKa ' P K ~  PKa 
Mol. 
No. Obs. Calc. Obs. Calc. Obs. Calc. 

11116 
112" 
113" 
114" 
115" 

1179 
1189 
1199 
1209 
121 
1229 

1 169 

1239 
1249 
125' 
1269 
1279 

8.1 
7-8 
6-6 

11-4 
6.7 

11.6 
11.5 
6.4 
7.9 

-2.5 
2.8 
2.9 
3.0 

- 1 . 3  
-1.6 

8.2 
-3.5 

11.5 l l - 4 d  OH 

12.2 11 -7R' 

11-4 11.3R' 

a - d  See Table 4. 
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ZQ 

Table 12. Observed* versus SPARC-calculated pK, 
values for compounds 198-214 

ZQ rn 

0 w+ y&t 210 21 1 

=+&+Rz@ 212 0 S W  

p&J++- 213 

\ 
C h  

214 

iy 
im 199 

pKa P K ~  ' 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. 

'-d Sec Table 4. 
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Table 11. Observeda versus SPARC- 
calculated pKa values for compounds 

194-197 

p ?  
N H 2 W  NH2 

No. R I  R2 

194 H H 
195 CH3 CH3 
196 C1 Cl 
197 OCHi OCH3 

PKa& RZ PKalNR2 
Mol. 
 NO.^ Obs. Calc. Obs. Calc. 

1949 3.7 3.8 5.1 5.0 
19519 4.0 3.7 5.3 4.9 

2.5 - 3.9 196 - 
19719 - 3.6 - 4.9 

a.b See Table 4. 

ENVIRONMENTAL IMPLICATIONS FOR DYES 
Although sorption of inorganic ions by soil and sedi- 
ment has been studied extensively, rigorous methods 
are not available for quantitatively predicting the extent 
of such equilibria for organic ions in aquatic systems. 
It has been shown, however, that aromatic amines sorb 
in a fashion characteristic of cation exchange and that 
sorption decreases with increasing pH above the 
pKa.2'-23 Hence it usually is assumed that compounds 
will sorb strongly if they have a pKa below or near the 
pH of natural water, i.e. ca 5-7. This is, of course, in 
addition to hydrophobic sorption of the unprotonated 
species that can be predicted from the compound's 
octanol-water partition coefficient or its water 
solubility. 24 

Table 10 gives previously unavailable PKaS for a 
number of disperse azo dyes and, as might be expected, 
most of the pKas are 3 or less. Hence it is reasonable to 
expect hydrophobic effects to play an important role, or 
even dominate, sediment sorption of such compounds. 

Importantly, disperse dyes of the type shown in Table 
9 are reduced in anoxic sediments with formation of 
amine products of the types shown in Tables 10 and 
12. 3s25 Although the pK. of most of these compounds 
is not available from the literature, the SPARC pK. 
estimates are about 5-6. Hence these amines are likely 
to be sorbed strongly by cation exchange. Further, this 
conclusion would not change even if the constants are 
in error by the amount expected for SPARC. 

Similarly, the carcinogenic benzidine moiety is 
expected to result from sediment transformation of 
many direct dyes and It has been shown 
that benzidine (compound 194)2' and dichlorobenzidine 
(compound 196)23 undergo the above-mentioned pH- 
sensitive sorption by soil and sediment. Even though 
the PKa has not been measured for dichlorobenzidine, 
the estimated data in Table 11 clearly support the strong 
sorption observed experimentally. 23 

Specifically, the data show that, for dyes, many of 
the toxic amines resulting from environmental trans- 
formation, most likely in the benthic sediments, are 
also likely to be sorbed strongly to sediment or soil. 
However, it should be noted that this generalization 
cannot be applied to compounds that ionize through 
proton loss, i.e. anions. 

CONCLUSION 
The SPARC model predicts pK. values that are as 
reliable as most experimental measurements for a wide 
range of molecular structures. Further, the model 
permits the prediction of pK. values for many com- 
pounds that are not amenable to experimental 
measurement. 

Application of the model to azo dyes and their 
degradation products shows that most disperse dyes will 
probably sorb by a hydrophobic mechanism rather than 
by ion exchange. The data also suggest that the reverse 
is probably true for the aromatic amine products that 
result from reductive cleavage of the azo bonds. 
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