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A b s t r a c t  

The maximum steady state flux of 171 compounds through PDMS membranes was predicted using a refinement of 
a previously developed empirical quantitative structure-transportability relationship (QSTR) produced using the 
reported flux data for 103 compounds. The model utilized partial atomic charge, solubility, and molecular weight as 
predictors. The predicted data set includes a variety of substituted benzenes, naphthalenes, thiophenes, benzimida- 
zoles, pyridines, quinolines, isoquinolines, pyrimidines, triazoles and lesser numbers of other heterocyclic classes of 
compounds over a wide range of polarity. Maximum steady state flux was measured using isopropyl alcohol as 
solvent. Molecular models of all the compounds were simulated using SYBYL 6.0 molecular modeling software. The 
atomic charge of each individual compound was computed with the Gast-Hfick method using the same software. 
Results show that the simple QSTR equation is capable of accurately predicting the steady state flux of a variety of 
compounds. Contribution of atomic charge to mass transport phenomena was further verified by the prediction of the 
apparent permeability calculated from the steady state flux data. Permeability decreases significantly as the atomic 
charge of diffusant is increased. Predicted results show that atomic charges can be used to represent the polarity and 
be correlated to the polarity-related properties of an electrically neutral compound. 

Keywords: Steady state flux; Permeability; Prediction; Polydimethylsiloxane membrane; Quantitative structure- 
transportability relationship; Molecular modeling; Atomic charge 

1. I n t r o d u c t i o n  

It is well known that  steady state flux th rough  a 
membrane  can be described by Eq. 1 when diffu- 
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sion is membrane  controlled and the concentra-  
tion o f  diffusant in the receiver solution is kept at 
a negligible level (Daynes,  1920; Crank  and Park,  
1968): 

J~s KDCd 
• - h ( 1 )  

where Jss is the steady state flux, K represents 
the part i t ion coefficient o f  the diffusant between 
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the membrane and the solvent, D denotes the 
diffusion coefficient in the membrane, Cd is the 
concentration of the diffusing substance in the 
donor solution, and h represents the thickness of 
membrane. 

A special case for Eq. 1 arises when the donor 
concentration is set to the solubility limit. Flux 
reaches a maximum value and can be described by 
Eq. 2: 

PC~ 
J .... - h (2) 

where Jm~ is the maximum steady state flux, P 
represents the membrane permeability, with P = 
KD, and C~ is the solubility of a diffusant in the 
solvent. 

Eq. 2 shows that the maximum steady state flux 
is a constant for a given system since all the other 
terms in the equation are constants. Flux at solu- 
bility limit is, in some case, similar to drug ad- 
sorption through biological barriers when a 
suspension or other solid dosage form of a low 
solubility drug is administered. The use of solubil- 
ity may also be advantageous in that the relative 
activity of different diffusants in the donor solu- 
tions may be considered the same if the relative 
activity of a pure substance is defined as being 
one. However, permeability is not easy to deter- 
mine. As a result, prediction of flux using Eq. 2 is 
difficult when the values of the required parame- 
ters are not available. 

As indicated for Eq. 2, permeability is the 
product of partition coefficient and diffusion co- 
efficient, both of which are related to the solute- 
solvent-membrane interaction energy. Theoretical 
expressions for the interaction energy and hence 
permeability can be derived but the utility of such 
expressions may be compromised by both the 
various simplifying assumptions used in the equa- 
tion development and the exceedingly tedious 
computation process. Alternatively, permeability 
and hence flux can be effectively estimated using 
simple quantitative structure-transportability rela- 
tionships since the solute-solvent-membrane inter- 
action energy is determined by the structural 
characteristics of the interacting species. 

In recent years, extensive studies have corre- 
lated the maximum steady state flux of different 

classes of compounds through a polydimethyl- 
siloxane (PDMS) membrane to some easily acces- 
sible physico-chemical properties. Several specific 
models using predictors such as hydrophobic frag- 
mental constants, molar refractivity, Hammett 's s 
constants, mole fraction solubility and melting 
point have been developed for the prediction of 
flux of substituted benzenes (Moeckly and 
Matheson, 1991; Matheson et al., 1991), pyridines 
(Hu and Matheson, 1993) and quinolines 
(Matheson and Hu, 1993). Structural fragmental 
constants' methods have also been developed for 
different types of compounds (Laoratthaphong, 
1989; Yang, 1992). In recent studies, a universal 
model using partial atomic charges as predictors 
(Chen et al., 1993) and a CoMFA model (Liu and 
Matheson, 1994) were developed for the predic- 
tion of flux of different classes of aromatic and 
heterocyclic compounds. 

Microscopic partial charge may be considered 
as the intrinsic cause of macroscopic polarity of a 
compound. Partial charge has been successfully 
used to estimate pKa, NMR shift, Hammett 's 
constants (Gasteiger and Marsili, 1980; Marsili 
and Gasteiger, 1980), partition coefficient (Klop- 
man et al., 1985; Bodor et al., 1989), and hydro- 
phobic index (Kantola et al., 1991). Other 
applications of atomic charges have been recently 
reviewed (Cramer et al., 1993). 

The purpose of this paper is to validate the 
capability of a previously developed QSTR model 
for predicting the diffusional properties of an 
extended data set. Maximum steady state flux 
through a PDMS membrane of 171 new com- 
pounds with a wide range of polarity was pre- 
dicted using a refinement of the reported model. 
The contribution of partial atomic charge to mass 
transport phenomena was further verified by the 
correlation of atomic charge to apparent perme- 
ability through PDMS membranes. 

2. Materials and methods 

2.1. Determination oJ steady state f lux ,  solubility 
and permeabili ty 

Measurement of both the maximum steady 
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state flux through PDMS membrane (Silastic ® 
sheeting, Medical Grade NRV, Dow Corning 
Corp., Midland, MI) using isopropyl alcohol 
(IPA) as solvent and the solubility in IPA was 
carried out using the previously reported methods 
(Moeckly and Matheson, 1991; Hu and 
Matheson, 1993). In brief, both steady state flux 
and solubility were determined at 30°C. Neat 
liquids were used as the donor solutions for the 
determination of maximum flux of liquid diffu- 
sants, and, either 50% or 90% saturated solutions 
in IPA were used as the donor solutions for solid 
diffusants. Receiver solution was kept at a 'sink' 
condition. Steady state flux was measured at a 
time region greater then 2.7 times lag time. Steady 
state flux was normalized to a membrane thick- 
ness of 0.1016 cm for all the compounds. Flux of 
solid diffusant was also normalized to the solubil- 
ity in IPA to obtain the maximum steady state 
flux value. 

Some of the flux and solubility data in this 
study was collected in previous studies (Liu, 1990; 
Moeckly and Matheson, 1991; Matheson et al., 
1991; Yang, 1992; Hu and Matheson, 1993; 
Matheson and Hu, 1993). 

Apparent permeability was calculated from the 
steady state flux data by Eq. 3, which is a rear- 
rangement of Eq. 2. 

Jmssh 
P - (3) 

cs  

where P is the apparent permeability (cm/s), 
Jm~s represents the maximum steady-state flux 
(/~ mol/s per cm2), h denotes the thickness of mem- 
brane (cm), and Cs is either the solubility in IPA 
for solid diffusant or the concentration of pure 
substance for liquid diffusant (/tmol/ml). 

The 103 compounds used as training data were 
taken from Table 1 of the earlier report (Chen et 
al., 1993). The 171 new compounds used for the 
prediction of both steady state flux and apparent 
permeability in the present study include the 
mono-, di- and tri- substituted compounds of the 
following classes of, as well as the unsubstituted 
structures of, benzene, naphthalene, pyridine, 
pyrrole, quinoline, isoquinoline, furan, thiophene, 
triazole, benzimidazole, indole, pyrimidine, and 
some other miscellaneous heterocyclic corn- 

pounds. Substituents consist of a wide variety of 
functional groups. 

2.2. Molecular modeling and atomic charge 
calculation 

Molecular models of all the compounds were 
created using a molecular modeling software 
package (SYBYL 6.0, Tripos Associates, Inc., St. 
Louis, MO) on a workstation (SiliconGraphics 
4D 120GTX, Silicon Graphics, Inc., Mountain 
View, CA). Atomic charges were calculated using 
the Gast-Hiick method in the same software pack- 
age. 

All the 171 new compounds along with their 
molecular weight (MW, g/mol), solubility (Cs, 
/~mol/ml) and the selected atomic charges are 
listed in Table 1. The Cs values for liquid diffu- 
sants were calculated from the density of the pure 
substances, since neat liquids were used in the 
diffusion experiments. 

3. Results and discussion 

The Gast-Hiick method used in this study is 
one of several approximate schemes for estimating 
atomic charges. Other methods (Levine, 1988; 
Tripos, 1992) may result in different charges, and 
hence, different regression coefficients. But, the 
final results may be similar (Klopman and Iroff, 
1981; Kantola et al., 1991; Cramer et al., 1993). 

Partial atomic charges were chosen previously 
(Chen et al., 1993) as predictors for flux according 
to the following empirical selection rules: 

(1) the charge on a hydrogen atom is higher 
than 0.1 and the hydrogen atom is not involved in 
intramolecular hydrogen bonding; 

(2) the charge is on heteroatoms which contain 
unshared electron pairs, all of which are unconju- 
gated. 

The identification of intramolecular hydrogen 
bonding that is needed to satisfy the first selection 
rule can be accomplished by either using literature 
results or molecular modeling results. The soft- 
ware used in this study can display the in- 
tramolecular hydrogen bond. In the predicted 
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data set, compounds which were shown to be 
capable of intramolecular hydrogen bonding in- 
clude salicylic acid, methyl salicylate, ethyl salicy- 
late, 8-hydroxyquinoline, 8-quinolinecarboxylic 
acid, 2-fluoroaniline, 2-fluorobenzaldehyde, 2'-hy- 
droxyacetophenone and 2-nitrobenzoic acid. 

An unconjugated electron pair(s) was defined as 
the unshared electron pair(s) in the outer shell of 
the atom which must not form a hyperconjugated 
system with a neighboring rr-electron system. 

The empirical model previously developed cor- 
relating flux through the PDMS membrane to 
partial atomic charges, mole fraction solubility 
and molecular weight is given in Eq. 4 (Chen et 
al., 1993): 

log Jms,~ = 0.256 -- 4.176~eH -- 1.388~ep + 

3.807 (~  eH x ~ Cp) + 

0.634 log MF - 0.008 MW 

0.753 imidazole + 0.626 amine (4) 

s = 0.217; r 2 = 0.972; F = 468.3; n = 103 

where Jmss is the maximum steady-state flux 
(/~mol/s/cm2), eH denotes the charge value on a 
hydrogen with charge higher than 0.1; ep is the 
absolute charge value of a heteroatom which con- 
tain unshared electron pairs in the outer shell and 
all of which are unconjugated; MF represents 
mole fraction solubility of diffusant in isopropyl 
alcohol; MW denotes molecular weight (g/mol); 
imidazole and amine are indicator variables for 
the imidazole class and for aliphatic amines. 

Comparison of Eqs. 2 and 4 shows that the 
mole fraction solubility term in Eq. 4 corresponds 
to the solubility term in Eq. 2, and all the other 
terms on the right hand side of Eq. 4 described 
the membrane permeability, a product of parti- 
tion coefficient and diffusion coefficient. Both the 
partition coefficient and the diffusion coefficient 
depend on the solute-solvent-membrane interac- 
tion energy. Molecular interaction modes can be 
classified into three types: dispersion, polar, and 
hydrogen bonding interactions (Hansen, 1967). 
Dispersion energy is related to polarizability, 
which in turn is related to the size of the interact- 

ing species. In addition, the energy for the cre- 
ation of a cavity in the membrane during the 
diffusion process is also related to the size of the 
diffusing molecule. Molecular weight is an ap- 
proximation of molecule size and thus the MW 
term explained part of the interaction energy of 
the system. Both polar and hydrogen bonding 
interactions are electrostatic in nature. Conse- 
quently, the charge terms in Eq. 4 roughly charac- 
terized the polar and hydrogen bonding 
interaction in the system. 

It is interesting to observe that atomic charge 
correctly represents the electronic interaction be- 
tween the diffusion medium and most of the 
compounds under study. One of the advantages 
of using partial atomic charge is that partial 
charges provide digitized parameters for many 
different structural characteristics. The difference 
between benzene and pyridine can be represented 
by the partial charge of the nitrogen on the 
pyridine ring and serves as an example of such an 
advantage. The polarity difference among differ- 
ent substituents can also be compared in terms of 
atomic charge. However, partial charge, calcu- 
lated by the present method and chosen by the 
stated rules, does not explain the specific elec- 
tronic effect of the imidazole ring system and 
compounds of aliphatic amine. 

The atomic charge of the nitrogen in a nitro 
group was not used in the previous model by the 
stated selection rules since this nitrogen does not 
contain an unshared electron pair in the outer 
shell according to hybridization theory. The nitro- 
gen in the nitro group possesses a positive charge 
value, while the nitrogen in all other groups pos- 
sesses a negative charge value. Subsequent exami- 
nation found that if the positive charge of the 
nitrogen in nitro group is included, better pre- 
dicted results can be obtained for nitro com- 
pounds. Thus, the positive charge on the nitrogen 
in a nitro group was included in addition to the 
charges selected by the previously stated rules. 

In addition, molar solubility of a diffusant is 
easier to determine then mole fraction solubility 
and thus is a more convenient parameter to be 
used in QSTR study. For the above reasons, the 
QSTR model was reanalyzed using the original 
data set (Chen et al., 1993). The resultant rela- 
tionship is given by Eq. 5: 
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1OgJmss = --2.497 -- 4 . 3 3 9 ~ e +  -- 1 . 5 3 1 ~ e _  

+ 4 .065 (~ ' e+  x Z e  ) + 

0.649 log Cs - 0.00651 M W  - 

0.640 imidazole + 0.689 amine (5) 

s = 0.238; r 2 = 0.966; F = 386.5;n = 103 

where Ze+ is summation of the charge values 
of  hydrogen atoms with charge higher then 0.1 
and the positive charge of a nitrogen a tom in a 
nitro group, and Y,e__ represents the sum of  the 
absolute charge values of  all other heteroatoms 
with unshared electron pairs in the same 
molecule. 

Both the regression coefficients and the quality 
of  the calculation using Eq. 5 are similar to those 
of  Eq. 4. The change of  the constant term in Eq. 
5 resulted from the use of  solubility in units of  
#mol/ml,  which was about  1000 times larger in 
value than mole fraction solubility. Better predic- 
tion results were obtained by using Eq. 5 rather 
than Eq. 4. 

Eq. 5 was applied to predict the flux of  171 new 
compounds which were not included in the equa- 
tion development. In the present data set, the 
imidazole class is not included. Thus, the indica- 
tor variable for this type of  compound can be 
removed and the model for prediction is further 
simplified to Eq. 6. 

1OgJms s = --2.497 -- 4 . 3 3 9 ~ e +  -- 1.531 y ' e  

+ 4 . 0 6 5 ( Z e +  x ~ e  ) + 

0.649 log C, - 0.00651 MW + 

0.689 amine (6) 

Predicted results using Eq. 6 are listed in Table 
1. The excellent relationship between the pre- 
dicted and the experimental maximum steady- 
state flux is expressed by Eq. 7: 

Exp. log Jm~ -- 0.088 + 

0.954 Pred. log Jms~ (7) 

= 2 = 0.922; Fp = 2002; n = 171 sp 0.268; rp 

where the subscript p represents prediction. 
Ideally, the slope of the plot of  experimental 

versus predicted flux should be unity and the 
intercept should be zero. The t-ratio of  the inter- 
cept in Eq. 7 is - 1 . 7 7 ,  which shows that the 
intercept is not significantly different from zero. 
The coefficient of  0.954 in Eq. 7 is also close to 
the ideal value of unity. The small standard error 
of  prediction indicates that accurate prediction is 
attained. The prediction capability of  Eq. 6 is also 
demonstrated by the number  of  new compounds 
that the equation predicted. Usually, the number 
of  new data points that a conventional quantita- 
tive structure-activity relationship (QSAR) model 
can predict well is much smaller than the number  
of  compounds used to develop the model. Results 
in this study show that atomic charge approach is 
not subject to such a limitation. The number of 
new compounds predicted by Eq. 6 is almost 
twice the number used to develop the model. In 
addition, new classes of  compounds,  such as tria- 
zoles, pyrimidines, isoquinolines, acridine and an- 
thracene, plus new functionalities such as urea, 
amide, acetal and organic sulfide are also included 
in the predicted data set. The excellent predicted 
results for such an extended data set indicate that 
the atomic charge model is robust. 

The contribution of  atomic charges to flux was 
further correlated to the apparent  permeability 
(P). The previously reported data of  103 com- 
pounds (Chen et al., 1993) was again used as a 
training data set to develop an equation for pre- 
diction. Results are given by Eq. 8. 

l o g P  = - 3 . 4 9 0  - 4 . 3 3 9 ~ e +  - 1 . 5 3 1 ~ e  

+ 4 . 0 6 5 ( ~ e +  x ~ e  ) - 

0.351 log C~ - 0.00651 M W  - 

0.640 imidazole + 0.689 amine (8) 

s = 0.238; r 2 = 0.814; F = 59.3;n = 103. 
Except for the constant and the solubility 

terms, all the other coefficients and the standard 
error of  estimation in Eq. 8 are the same as those 
in Ecl. 5. The difference in the constants resulted 
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f rom the mul t ip l ica t ion  o f  flux by a m e m b r a n e  
thickness o f  0.1016 cm. The  change o f  coefficient 
for  log Cs also resulted f rom the division o f  flux 
by solubi l i ty  in Eq. 3, and  the coefficient o f  log C~ 
in Eq. 8 was exactly as expected.  The  negative 
sign for  log Cs in Eq. 8 indicates  that  solutes with 
higher  solubi l i ty  in the I P A  solvent  will be less 
likely to pa r t i t ion  into the membrane .  As a result,  
pa r t i t ion  coefficient and  hence permeabi l i ty  may  
be smal ler  for a more  soluble substance.  The 
excellent agreement  o f  Eqs. 5 and  8 shows that  
the a t t r ibu t ion  of  charge effects to appa ren t  per-  
meabi l i ty  is valid. The decrease in R- squa re  and 
the F -va lue  for  Eq. 8 resulted f rom a smal ler  
range o f  log P than  Jmss in the same da t a  set. 

Eq. 8 was used to predict  the appa ren t  perme-  
abi l i ty  of  171 new compounds .  Predic ted  results 
are l isted in Table  1. I t  is interest ing to note  that  
the p red ic t ion  residual  is the same for bo th  log P 
and log Jm,,s for  each compound ,  and,  as a result,  
the s t anda rd  er ror  of  pred ic t ion  for log P remains  
the same as that  for  log Jms~' A s t anda rd  er ror  o f  
0.264 shows that  p red ic t ion  is s tat is t ical ly accu- 
rate to within a fac tor  o f  two. These results 
indicate that  the exp lana to ry  capabi l i ty  o f  the 
pred ic tors  remains  the same for bo th  targeted 
propert ies .  

The  advan tage  o f  using the present  a p p r o a c h  
for flux and  permeabi l i ty  is that  all the pa rame te r s  
needed are easily accessible. The  only p a r a m e t e r  
that  requi red  exper imenta l  measuremen t  is solu- 
bility. Solubi l i ty  in IPA can also be es t imated  
using a f ragmenta l  a p p r o a c h  that  has been devel- 
oped in this l abo ra to ry  and will be r epor ted  sepa- 
rately. Thus,  permeabi l i ty  and flux o f  small  
molecules  th rough  the P D M S  m e m b r a n e  can now 
be predic ted  wi thout  knowing  the actual  pa r t i t ion  
coefficient and  the diffusion coefficients in the 
membrane .  
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