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ABSTRACT

The n-octanol=water partition coefficients (Kow) and water solubilities

(Sw) of 11 phenylacrylates were determined by the shake-flask method.

Their capacity factors (k0) were determined by reversed-phase high

performance liquid chromatography (RP-HPLC) with C18 column and

methanol water eluent. It was found that both log Kow and log Sw had good

correlations with log k0, respectively. Linear solvation energy parameters,

describing the interaction of molecules accurately, were calculated for

these compounds and used to predict their partition properties. Results

demonstrated that three partition properties could be predicted precisely
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with similar models based on linear solvation energy relationships, which

indicated the similarity of their partition mechanisms.

Key Words: QSPR prediction; Partition properties; Phenylacrylates;

LSER; Octanol=water partition coefficient; Water solubility; Capacity factor.

INTRODUCTION

Partitioning is one of the fundamental processes of pollutants in the

environment. Many physicochemical properties, such as water solubility (Sw),

octanol=water partition coefficient (Kow), adsorption coefficient for soils and

sediments (Koc), and the bioconcentration factor (BCF), are relevant to the

partition process.[1–5] Moreover, partition behaviors are also involved in some

biological activity processes.

Derivates of phenylacrylates used widely as intermediary products to

synthesize pesticides, drugs, and spices, are being introduced into the environ-

ment. However, these studied compounds are relatively new, the researches on

their environmental behaviors are few, and selecting appropriate descriptors to

describe their physicochemical and biological properties tends to be difficult.

The linear solvation energy relationship (LSER) concept, developed by

Kamlet et al.,[6] is a general approach to describe solvation and partition or

related properties in diverse media. Within this approach there are three

contributions to the total solute–solvent interaction:

Total ¼ Cavity term þ Dipolarity=Polarizability term

þ Hydrogen bonding term

The cavity term measures the free energy or enthalpy input necessary to

separate the solvent molecules, i.e., to overcome solvent–solvent cohesive

interactions to provide a suitably sized cavity for the solute. The dipolarity=
polarizability term measures the effects of solute–solvent dipole–dipole, and

dipole–induced dipole interactions, and usually is exoergic (release energy).

The hydrogen bonding term measures the exoergic effects of complexation

between hydrogen bond donor solvents and hydrogen bond acceptor solutes or

vice verse. A number of studies have demonstrated that many physicochemical

and biological properties, such as water solubility, Kow, BCF, Koc, solute

retention in HPLC, and biological activity, depend on the interaction of

molecules, which can be predicted through LSERs.[7–11]

In this study, solubility (Sw) and n-octanol=water partition coefficient

(Kow) of a series of ethyl 2-formamido-phenylacrylates were predicted from

chromatographic capacity factor (k0), which is a fast, accurate, and easily
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available method. Furthermore, all of three partition properties (Sw, Kow, and k0)

were described through molecular structure parameters based on LSER

models. The robustness of the obtained models was tested through a modified

Jacknife method and Monte Carlo simulation test.

EXPERIMENTAL

Instruments and Reagents

The HPLC system (Shimadzu, Japan) consisted of a SCL-8A system

monitor, a LC-8A pump, a C-R4A integrator, and a SPD-6AV ultraviolet

spectrophotometer as detector.

Methanol (bought from Merck, German); doubly distilled water; sodium

nitrate (analytical reagent); octanol (analytical reagent).

A total of 11 ethyl 2-formamido-phenylacrylates, kindly provided by the

Chemistry Department of Nanjing University, were proven to have no inter-

ference peaks by HPLC determination. Their structures are shown in Table 1.

Calculation of Linear Solvation Energy

Relationship Parameters

Linear solvation energy parameters, called ‘‘solvatochromic parameters,’’

were previously measured by spectroscopic methods and were afflicted by bad

availability and experimental errors. Wilson[12] introduced quantum chemical

parameters into the calculation of LSER parameters, and developed ‘‘theore-

tical LSER’’ (TLSER). Subsequently, a handy estimation method ‘‘Rule of

Thumb’’ was put forward by Hickey and Passino-Reader.[13] The LSER

parameters included Vi=100, p*, am, and bm, which corresponded to cavity,

dipolarity=polarizability, and hydrogen bonding term, respectively. The calcu-

lated LSER parameters of 11 compounds are also listed in Table 1.

Determination of Capacity Factors (k0)

A Nucleusil7 C18 column, 15 cm� 4.6 mm i.d. (made by Shanghai

Institute of Organic Chemistry, Academic Sinica) was used. Mobile phases

were made by mixing methanol with water in the proportions 100 : 0, 95 : 5,

90 : 10, 85 : 15, 80 : 20, 75 : 25, 70 : 30 (v=v). The flow rate was 1.0 mL min�1.

An aqueous solution of sodium nitrate was used for the measurement of dead

time. All measurements were, at least, duplicated. The average reproducibility
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Table 1. The molecular structures and LSER parameters of 11 tested compounds.

No. Structures am bm Vi p*

1 0.50 1.43 1.314 2.25

2 0.50 1.65 1.457 2.38

3 0.50 1.87 1.600 2.51

4 0.50 2.45 1.512 2.33

5 0.50 1.39 1.404 2.37

6 0.50 1.39 1.404 2.37

7 0.50 1.39 1.404 2.37

8 0.66 1.63 1.454 2.67

9 0.66 1.63 1.454 2.67

10 0.50 1.64 1.193 2.06

11 0.63 1.60 1.617 2.45
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of each determination was better than 1.0% relative. Table 2 shows the

extrapolated capacity factors at pure water.

Determination of Water Solubility (Sw)

Sw values were measured with the shake-flask method at 25� 0.5�C, as

described by the Organization for Economic Cooperation and Development’s

(OECD) guidelines for testing of chemicals.[14] Each measure was done in

triplicate bottles. The exact concentration of the sample was determined with

UV 2201 UV–VIS spectrophotometer.

Determination of n-Octanol=Water Partition Coefficients (Kow)

Kow values were determined with the shake-flask method according to

the standard procedure of OECD[14] at 25�C. After equilibrium was achieved,

the mixed solution was centrifuged, and the concentration of compounds in

aqueous phase was determined with a spectrophotometer. Kow values were

calculated from the quotient of the volume-based n-octanol and water con-

centrations. The average reproducibility of each determination was better than

1% relative.

All of the determined values of Kow, Sw, and extrapolated kW
0 at pure water

eluent, are listed in Table 2. The statistical analyses were done using the

STATGRAPHICS program.[15] The QSPRs were obtained with the stepwise

procedure using forward selection.

RESULTS AND DISCUSSION

Prediction of log Kow and log Sw from HPLC Capacity

Factor (log k0)

The relationship between log k0 and methanol concentration in mobile phase

given by Snyder et al.,[16] is: log k0 ¼ log kW
0
� s�jCH3OH. Where kW

0 represents

the k0 value for a compound if pure water is used as eluent, s is the slope of

regression curve, and jCH3OH is the volume percentage of methanol in eluent.

The regression coefficients for the studied compounds are all above 0.99.

A lot of studies have shown that capacity factors obtained by RP-HPLC

correlate well with Kow and Sw,[5,10] and HPLC, used for determining Kow and

Sw, has become a formal method.[17] In this study, it was found that there were

good linear relationships between logKow and logk0W [Eq. (1) in Table 3],

logSw and logk0W (Eq. (2) in Table 3), respectively.
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The statistical significance of the equation is indicated by the fact that the

calculated F value exceeds the tabulated value at the 99% confidence level

(F(1,9,0.01)¼ 10.6). From Eqs. (1) and (2), it appears that Kow and Sw can be

predicted by the HPLC capacity factor. The determined, calculated log Kow and

log Sw values are shown in Table 2. From Eq. (3), it can be seen that there is a

strong correlation between log Kow and log Sw, as of previous reports.[18]

Prediction of log Kow, log Sw, and log kW
0 from Linear Solvation

Energy Relationships

The linear solvation energy parameters are powerful tools in predicting both

physicochemical properties and biological activities of pollutants, and have

especial priority in describing the interaction between solutes and solvents.

Equations (4)–(6), presented in Table 3, were developed by using multiple

stepwise regression analyses. They describe the relationships of log Kow, log Sw,

and log kW
0 based on LSER parameters, respectively. It can be seen that both of

descriptors am and bm are positively correlated with log Sw, while negatively to

log Kow and log kW
0 . However, most interesting, is that the same two variables am

and bm enter in all of three equations. Considering the molecular structures of these

studied compounds, it is not strange that they have similar parent structure, which

include some proton accepting atoms, such as the O atom in ��CHO, ��COOH,

and N atom in ��NH��. This is in accordance with the higher t-value of bm in

Eqs. (4)–(6). In addition, the whole molecule is a large conjugated system.

The introduction of electron-donating groups (such as ��OCH3,

��OCH2��) into the benzene ring, would increase the electronic cloud density

on the ring, activate the benzene ring, and increase the aqueous solubility. On the

contrary, the electron-withdrawing group, such as ��Cl, would decrease electron

cloud density on the phenyl ring, and lead to low solubility. However, the

introduction of a ��NO2, electron-withdrawing group, increased the solubility.

It might be considered that ��NO2 decreased the cloud density on phenyl ring,

but would form a hydrogen bond with the solvent water molecule and increase

solubility. Therefore, the compound is much easier to partition into aqueous

phase than into organic phase (octanol, methanol) due to the strong interaction

between solute molecule and solvent water molecule. Equations (4)–(6) are

highly significant at the level better than 0.01 (F(2,8,0.01)¼ 8.65). The student

t-values for each coefficient also are very large compared to the significance

level of 0.05 (t(11,0.05)¼ 1.80). Besides, there was no serious multicolinearity

between the two entering variables (am and bm). The plot of fitted values against

observed values based on Eqs. (4)–(6) are shown in Fig. 1.

2072 Wei et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



F
ig

u
re

1
.

T
h

e
p

lo
ts

o
f

fi
tt

ed
v
al

u
es

v
s.

o
b

se
rv

ed
v
al

u
es

b
as

ed
o

n
E

q
s.

(4
)–

(6
),

re
sp

ec
ti

v
el

y.

Three Partition Properties for Phenylacrylates 2073

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Robustness Test

In order to test the robustness of the obtained equations, a modified

Jacknife test was used. In this study the test sample is a small one (n¼ 11), so

leave-one-out method was selected, one observation was randomly deleted

each time, and regression was rerun for the rest of the 10 observations. The

procedure was repeated 11 times, and all of 11 regression statistics were

averaged. The overall results of the deletion study are summarized in Table 4.

It is seen that the Eqs. (4)–(6) are quite robust. None of the regression

parameters for the diminished data sets are significantly different from those

for the full data sets. Furthermore, when an observation was deleted, the

predicted value of the deleted one could be computed, and the residuals could

also be obtained. The average residuals for the diminished data sets are 0.065,

0.055, 0.050; close to the original residuals 0.062, 0.049, 0.046 for full data

sets based on Eqs. (4)–(6), respectively. This aspect of the study tests the

predictive quality of the model, and the results demonstrate that the obtained

equations have high predictive ability. The frequency distribution of multiple

correlation coefficients of regressions is shown in Fig. 2.

Considering the structures of tested compounds and the frequency

distribution of multiple correlation coefficients, it can be concluded that

the distribution of structure fragment would affect the robustness of the model

to a great extent. In addition, some useful information can be extracted from

the frequency distribution of residuals that came from the difference of

observed values and the predicted values of the model (Fig. 3). It is

necessary to test the distribution of residuals for evaluating the model. The

K-S method was selected, and the results showed that the frequency

distribution of log Kow, log Sw, and log kW
0 conformed to the normal func-

tion X�N(�5.450� 10�16, 0.0112), X�N(8.478� 10�16, 0.0072), and

X�N(�3.734� 10�16, 0.0052), respectively. Based upon the above analyses,

the obtained models are so robust that they are suitable to predict the log Kow,

log Sw, and log kW
0 values of new chemicals.

Monte Carlo Simulation Test

The Monte Carlo technique for testing the prediction performance of a

regression equation permits using all data available for deriving the regression

equation and does not require estimating degrees of freedom. These are

especially important when the sample is small.[19] Due to only 11 observations

being available in our present work, the Monte Carlo simulation was

conducted to determine whether the prediction of the regression equation

was reliable.
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Take, log Kow, for example. The null hypothesis is that the observed

log Kow of Eq. (4) is independent of structural descriptors (am, bm) when using

the Monte Carlo simulation to test the regression in Eq. (4). Eleven bogus

values of predicted log Kow were generated with a random number generator,

stochastically sampling from a normal distribution (2.271, 0.3562) of experi-

mental observations. A regression equation was developed between these 11

bogus values of log Kow and the structural descriptors, and the correlation

coefficient of this spurious equation was recorded as R2*. The structural

descriptors were not changed in any manner when the spurious equations were

Table 5. The results of Monte Carlo simulation test.

Original

distribution

function Range of R2

Significance

level

(K-S test)

Frequency

distribution

function

Eq. (4) N(2.271, 0.3562) 0.002�0.772 0.641 Beta(0.968, 3.548)

Eq. (5) N(�2.758, 0.3602) 0.0001�0.822 0.630 Beta(0.844, 3.439)

Eq. (6) N(1.311, 0.3282) 0.002�0.828 0.607 Beta(0.991, 3.932)

Figure 5. The changes of variables a1, a2 as the adding of R2* one by one.
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derived; only the predicted values were varied. Repeating such a Monte Carlo

simulation 250 times resulted in 250 sets of 11 random numbers of log Kow,

as well as 250 spurious equations and their corresponding R2*, with the

range from 0.002 to 0.772.

On the basis of results of K-S goodness-of-fit test, applied to the fitted

empirical distribution of R2*, obtained from the Monte Carlo simulation, the

significance level is 0.988; greater than 0.05 suggests significant sufficiency of

fit and no distinct difference from a Beta distribution (a1¼ 0.968, a2¼ 3.548)

(Fig. 4). From the Beta probability distribution of R2*, it is known, that for a

probability of 0.975 (two sided), it is necessary to exceed a critical value of

0.641 to determine the significant difference between the values of R2 and R2*.

Since R2 0.913 in Eq. (4) is greater than R2* in our study, it can be regarded

that the prediction by Eq. (4) differs considerably from the random prediction

by spurious equations; therefore, Eq. (4) is reliable. Based on Eq. (4), the

log Kow values could be predicted, to some extent, from quantum chemical

parameters. The results of log Sw and log kW
0 are similar to log Kow’s, which are

listed in Table 5.

As for the Monte Carlo simulation test, the more times the random numbers

are generated, the higher the reliability of the test. Theoretically, the natural

distribution function would be obtained if there were enough generation times,

even if it was irrelevant to the original distribution of the simulation sample.

In this paper, the random numbers were generated from normal distribution

functions, all of 250 R2* of three samples conform to Beta distribution

functions. It was obvious, that the variables a1, a2 tended to a relatively stable

value as the 250 R2* were added in one by one (shown in Fig. 5).
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