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Summary 

Using a simple two-compartment diffusion cell it has been demonstrated that the 
transport of a model large organic ion (sodium cromoglycate), across a polyamide 
membrane can be altered by the presence of hydrophobic monovalent quaternary 
ammonium ions added tb the bulk donor phase. There is an initial enhancement of 
ion flux at low quatzrnary ion concentration, which is directly related to ammonium 
ion concentration and hydrophobicity. The flux falls markedly at the aqlleous 
solubiiity product between the two ions (where a complex coacervate forms). Results 
are consistent with previous findings using in vivo absorption systems 

In ucdion 

ionized molecules are generally not well absorbed by biological membranes. A 
number of physicochemical and chemical approaches to improving ionized molecule 
delivery have b n made including the formation of prodrugs and soft drugs, etc. 
Additionally, followin stion of ~chanker (~96~) that organza ions might 
pcneu-ate intestinal tract membranes in the form of less polar complexes formed 
with materials (sic) normally present in the lumen, a large number of attempts have 
been made to utili~ ion-pair formation for improvement in drug absorption (e.g. 
Witsan et al., 1981 and references therein). Althou~ the relevance of ion-pair 
formation to the membrane uptake of ionized molecules has been discussed, unfor- 
tunately very little systematic study has been attempted (~~frok and Meijer, 1981) 
to ex~ne how and why ion pairs could be employed in this role. The fo~ation of 



ion pairs between ions of opposite electrical charge is both solute- and environ 
dependent. Sodium chloride dissociates and does not form ion pairs in wate 
does so in liquid ammonia). This is due to the large hydration shell 
these ions, preventing an el~trostat~~ ass~iat~on. however, large or 
opposite dectrical charge can form ion pairs in water (Diamond, 1963; 
al., 1979a), since such ions generally have some hydrophobic portion, 
together, as a result of water structure, can overcome the initial headg 
sheli repulsion. If an oil/water two-phase system is considered, then at the interface 
ion pairs can form between large organic and small i~orga~~~ ions, since the 
dielectric constant of this area is Eow enough to pe~rn~t charge attra’c~ion. 

This suggests that only when large organic ions are used as pairing ions can 
ionized drugs be better absorbed as tlie ion pair. Accordingly, we have been studying 
the effect of pairing-ion structure and concentration on ion-pair formation (Toml~n- 
son et al., 1979a; Tomlinson and Davis, 1980) and liquid-liquid distribution 
(Tomlinson and Davis, 1980), as well as penetration of in vivo biological membranes 
(Tomlinson and Davis, 1976; Davis et al., 1978; Wilson et al., 1981). The in vivo 
findings are that different effects on ion absorption and disposition arise when the 
pairing ion is at a concentration where only ion pairs are formed, than when it is at a 
~n~entration where both ion pairs and complex coacervates form. The possibility 
that these effects are due to changes in the thermodynamic activity of the ion pair. 
resulting in alterations in membrane flux has been investigated; this study gives the 
results of the examination of the effect of pairing-ion hydrophobicity and concentra- 
tion on the flux of a large model ion through an artificial membrane, (polyamide-~~. 

A preliminary report on this study has been made (van Doorema~en et al., 198 1). 

Sodium cromoglycate (SCG) and alkylbenzyldimethyl-ammonium chlorides 
(ABDACs) were as described previously, (Tomlinson and Davis, 1978). 
double-distilled from an all-glass still. All solvents used for 
grade, ant! were from E. Merck (~armstadt, ~.~.~.~. M 
methyl-ammonium bromide and buffer salts were of analytical grade, and were from 
Merck or Fluka (Switzerland). Polyamide-6 membrane had a thickress of 0.2 mm, 
and was from Du Porn, NJ, U.S.A. Dimethylpolysilox membra a thick 
of 0.005 in., and was Silastic (non-reinfor~ed~ from w Corni id~a~d, 
U.S.A. 

Methods 

(i) L)iffusion cell. The rate of transfer of ions across a polymeric rnernbr~~~~ was 
examined at 6O*C (+O.l*C) using a two-compartment diffusion cell, ~mPrised of 
two water-jacketed parts, (350 cm3 ~apa~ities~~ with the membrane clamPed 
the two. The donor and acceptor compartments were filled with 300 cm> of an 
aqueous solution of the ion(s) and 350 cm3 of water, respectively. The membrane was 



where A is the a unt of ion lea the donor solution in time, t, throug 
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3) have studied the sorption of drugs by polyamide (nylon) powder and film, 
have concluded that partition takes place, with a definite correlation existing 

the slope of the partition isotherm and liquid phase solubility. Importantly, 
al. ( 1974) have demonstrated that the relatively slow transfer of ions across 

~~~~ membrane at 3Cr°C may be enhanced in the presence of counter ions (sic), 
with an excess of counter ion causing transfer across a concentration gradient. These 

orkers suggested transfer was taking place mainly by partitioning and diffusion 
to a much lesser extent trough pores. Ad~tion~ly, the concept of a carrier 

incorporated into a membrane that facilitates ion transport has attracted increased 
~tt~~ti~n in recent years (Pefferkom and Varoqui, 197S), including notably the 
raent study by Barker and Hadgraft (1981) who have shown that large anion 
~~a~~~rt across a lipid membrane can be increased by incorporation of pairing ion 
rnta, the membrane, such that the pairing ion is ionized at only one side of the 

mbrane. 

= COMPLEX COACERVATE 

ABDAC n-&k?-sok&lised species 

lktheme I gives the physicochemical equilibria possible between SCG and ABDACs 
ip~ this study. Previously (Tomlinson and Davis, 1978, 1980), these equilibria were 
‘examined quanti;tatively and were shown to be highly dependent upon both the 
relative concentrations of both large ions and ABDAC hydrophobicity. Below the 
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Fag. 1. Amount of cromoglycate ion in the acceptor cclmpartment, (A), with time in the absence {open 
datum pomts) and presence of ABDACs of differing alkyl chain-length. Initial donor compartment 
correntrations. SCG SX 10M4 mol-dm-g, ABDAC 1.5 X 10. 4 mol.dm ‘, (ABDAC homalogue number 
given next to appropdatc data.) 

F5g 2. Relationship between ABDAC fhrx, J. (rnol~~-‘~crn-~ ), at 6OT and alkyl chain-length, N, in the 
(open datum points) and presence of ion pair-forming amounts of cromoglycate ion. (Initial 

?tor compartment concentrations as for Fig. 1. Drawn lines are regression lines according to Eqns. 3 



aqueous ~~u~i~ty ~~~~ct, (K,), SCG and ABBAC exist as water soluble I : I iun 
pairs (Tomlinson and Davis, 1980a) in equilibrium with their free ions, with the 
interaction being due to electrostatic attraction and water-structure-enforced 
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solvophobic effects (Tomlinson and Davis, 198Ob). However, in the presence of an 
oil phase, 2: I ion pairs form which then transfer into the non-polar phase. At and 
above the aqueous solubility product a 2: 1 complex coacervate is formed which 
results in effect in a two-phase system of coacervate-rich and coacervate-poor 
phases. 

Since the free-energies of ion-pair formation and transfer (between immiscible 
solvents) are additive and constitutive molecular properties (Tomlinson and Davis, 
1980a), then, if ion-pair formation can alter cromo~Iycate ion flux, these properties 
should be reflected in the findings. Indeed this was found to be the case, such that in 
the absence of pairing ion, the flux of SCG at 60°C through polyamide-6 membrane 
is 5.36 X IO- l3 mol. s- ’ - cme2 (initial concentration 5 X IQe4 mol - dmW3), whereas 
in the presence of ABDAC (I.5 X 10B4 mol e dmV3) there is a marked increase in 
cromoglycate flux (‘Fig. 1) which is dependent upon the length of the ABDAC alkyl 
chain. Due to their large hydrophobic character .QBDACs penetrate polyamide-6 at 
this concentration in the absence of cr~mo~yc~te ion (Fig.2), with the found 
relationship between flux (J) and’quaternary ammonium alkyl chain length N being 

logJ,==O.I08N- 12.9 n=3,r=0.995 (3) 

where n and r are the number of data points and the correlation coefficient, 
respectively, and where subscript A refers to ABDAC flux. In the presence of 
cromoglycate ion this r~Iationship alters (Fig. 2) to give: 

logJ,==0.216N- 13.9 n=4,r=O.999 (4) 

The doubling in the slope coefficient indicates a 2: I stoicbiometry of interaction 

Fig. 3. Relation between ABDAC alkyl chain-length, N, and SGC flux, J, (mol~~-‘~crn-~), at 60°C for 
differing initi~ donor ~omp~tment ion ~~r-fo~g concentrations of quaternary Arnold ion. Initial 
SCG concentrations 5 X 10q4 mol.dm- 3. (Key: lines A-D are for ABDAC compartment concentrations 
of 2X 10m5, 5X 10e5, 1.5X 10e4 and 5.0X lo-’ mol.dm-‘, respectively). 



T
A

B
L

E
 

I 

FL
U

X
 

O
F 

C
R

O
M

O
G

L
Y

C
A

T
E

 
IO

N
 

T
H

R
O

U
G

H
 

PO
L

Y
A

M
ID

E
-6

 
M

E
M

B
R

A
N

E
 

A
T

 W
’C

 
IN

 T
H

E
 

PR
FS

E
N

C
E

 
O

F 
D

IF
FE

R
E

N
T

 
C

O
N

C
E

N
T

R
A

T
IO

N
S 

O
F 

A
 S

E
R

IB
 

O
F 

A
L

K
Y

L
B

E
N

Z
Y

L
D

IM
E

T
H

Y
L

A
M

M
O

N
IU

M
 

C
H

L
O

R
ID

E
S 

A
B

D
A

C
 

co
nc

en
tr

at
io

n 
(m

ol
.d

m
-‘

) 
Fl

ux
 

of
 c

ro
m

og
ly

ca
te

 
’ 

(m
ol

as
- 

‘-
cm

 -
2)

 

.- 
A

B
D

A
C

 
al

ky
l 

ch
ai

n 
ca

rb
on

 
nu

m
be

r:
 

8 
IO

 
II

 
12

 
13

 
14

 

1.
0x

 
10

-5
 

2.
0x

 
10

-5
 

5.
0x

 
10

-5
 

i.O
X

 i
O

+ 
1.

sx
 

IO
 

‘z
 

5.
0x

 
lo

-*
 

1.
0x

 
10

-3
 

2.
0x

 
1O

-3
 

5.
0x

 
1o

-3
 

1.
0x

 
10

-2
 

5.
8 

x1
0-

‘3
 

6.
4 

x 
lo

- 
‘*

 

9.
0 

x 
lo

-‘
3 

1.
15

x 
lo

-l
2 

IS
O

X
 

lo
- 

Ii 
1.

20
x 

lo
- 

I2
 

1.
65

x1
0-

‘2
 

2.
58

 x
 l

o-
 

I2
 

2.
47

 x
 I

O
- 

I2
 

3.
81

 X
 I

O
- 

I2
 

4.
03

x 
lo

-‘
2 

3.
16

X
 I

O
-‘

* 
3.

56
X

 I
O

- 
I2

 

6.
5 

X
 I

O
-l

3 
6.

5 
X

 lo
--

” 
8.

1 
X

 I
O

-l
3 

8.
6 

x 
lo

-l
3 

1.
25

X
 I

O
-l

2 
2.

11
x1

0-
‘2

 

2.
08

 X
 I

O
- 

” 
2.

56
X

 
lo

-‘
* 

3.
41

 x
 I

O
- 

‘2
 

3.
49

x 
lo

- 
‘*

 
3.

55
 x

 l
o-

 
I2

 
3.

32
X

 I
O

- 
I2

 
3.

74
 x

 l
o-

 
I2

 
1.

99
x 

lo
-‘

* 
2.

41
 X

 1
P 

I2
 

9.
8 

x1
O

-‘
3 

1.
48

X
 I

O
-‘

* 

6.
9 

X
 l

o-
l3

 
9.

3 
x 

lo
- 

lj 
1.

81
 x

 I
O

-‘
* 

2.
64

x 
IO

-‘
* 

3.
00

x 
lo

-‘
* 

2.
78

X
 l

o-
‘*

 

1.
06

x 
IO

_‘
2 

5.
2 

X
lO

-‘
3 

6.
9 

X
10

-1
3 

1.
05

x 
IO

_‘
2 

2.
05

 X
 l

o-
 

I2
 

3.
30

x 
lo

-‘
* 

3.
30

x 
10

-‘
2 

1.
55

x 
lo

-‘
2 

9.
2 

xl
O

-‘
3 

5.
3 

x1
0-

” 

SC
G

:A
B

D
A

C
 

so
lu

bi
lit

y 
pr

od
uc

t 
b 

at
 6

0°
C

 
(r

~~
l~

dr
n-

~)
’ 

I.
1 

x 
10

-5
 

7.
9 

x1
0-

8 
5.

5 
X

lo
-9

 
5.

0 
x1

0-
‘0

 
4.

9 
x 

lo
-”

 
3.

4 
x 

IO
-‘

* 

’ 
!&

al
 

so
di

um
 

cr
om

og
iy

ca
te

 
w

nc
en

tr
at

io
n 

5 
X

 1
0V

4 
m

ol
 -

dm
 -

 3
. 

b 
T

om
lin

so
n 

an
d 

D
av

is
 

(1
98

O
b)

. 



93 

between the large organic ions, but since ion-pairing reduces the amount of free ion, 
one cannot calculate from these experiments whether this indicates that formed ion 
pairs as such traverse the membrane, or whether ion association between the large 
ions simply increases the concentration of each ion at the hydrocarbonaceous 

rane surface. Notwithstanding the mechanism of this behaviour, in the con- 
tiatration region (Table 1) where only ion pairs and free ions exist, an increase in 
ABDAC chain-length results in an increase in SCG flux (Fig. 3). It can be seen that 
the relationship between improved cromoglycate flux and ABDAC chain-length is 
dependent upon the initial pairing-ion concentration. At an initial ABDAC con- 
centration corresponding to I+. 4 the relationship is given by: 

log Js = 0.080N - 12.6 n = 4, r = 0.999 (5) 

where subscript S refers to SCG flux. Thus at ABDAC concentrations below their 
micellization concentrations (Mukhayer et al., 19X), an increase in pairing-ion 
hydrophobicity (which results in the formation of a more hydrophobic ion pair) 
increases the flux of cromoglycate. 

It would be attractive to consider the ABDAC ions as ideal for effecting the 
enhanced transfer of SCG (and similar ions) across membranes (whether biological 
or analytical); however, as discussed previously, at higher concentrations these ions 
and SCG fcrm a hindered precipitate (complex. coacervate) whose properties are 
very different to those of the ion pair. Levine et al. (1955) have shown that the 
absorption of organic compounds through biological membranes is reduced by the 
formation of stable salt complexes. Thus it is to be expected that the formation of 

-5 -4 -3 -2 
CONC 

Fig. 4. Flux of cromoglycate ion through polyamide-6 (mol.s-‘*cm-*) at 60’ in the presence of 
concentrations (mol.dmW3) of C,,BDAC below and above the 2: 1 aqueous solubility product, (K,), 
between both large organic ions. (Initial SCG concentration 5 X lo-* mo! .dm-?) 

Fig. 5. MUX of cromoglycate ion through polyamide-6 (mol.s- ‘-cm--2)V at 6OT in the presence of 
5X 10e3 mol.dm-’ ABDACs, such that only the CsBDAC:SCG system is below the ;!: 1 solubiiity 
product. The unbroken line is the regression line according to the correlation given by Eqn. 6. (Initial 
SCG donor compartment concentration 5 X 10m4 mola dme3.) 

IJX 
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complex coacervates between large hydrophobic ions would a priori reduce in vitro 
membrane flu. This is indeed found. Fig. 4 gives the effect of C, I BDAC on SCG 
BW at concentrations of pairing ion below and above those causing coacervation. It 
is clcariy demonstrated that the increase in ABDAC concentration in the donor 
~m~~trnent is limited when the combineId con~ntratio~s of ABDAC and SCG 
reach their 2: 1 aqueous solubility product (Table 1). Since further increases in 
amounts of C,,BDAC complex more cromoglycate ion, there is a demonstrated fall 
m SCG fhlx. 

As complex coacervation between these ions is increased as the ABDAC becomes 
larger, (Tomlinson and Davis, 1978), in the complex coacervate concentration region 
an increase in ABDAC size should reduce SCG flux. Fig. 5 shows this to be the case, 
such that 

b3 Js = -0.172N - 9.30 II = 5, r = 0.993 w 

It should be realized that the initial SCG and ABDAC concentrations (both 
5 X iOm3 mol s d me3) mean that only the sign of the slope coefficient in Eqn. 4 can 
be compared with that of Eqn. 3, and not the regression c~ff~~ents themselves. 

Table 1 gives the combined results of SCG flux through a polyamide-6 membrane 
in thIe presence of ABDACs of varying hydrophobicities and at concentrations above 
and below the aqueous solubihty products. These data show a complex pattern of 
behaviour (which has been moddled using at three-dimexlsional piotting procedure). 

-11.0 

Fig. 6. Three-dimensional model pl,ot of the iflterrelationship between cron~~)glyc~te ion flux (mol +s i ‘- 
cm-21, at 60°C and ABDAC alkyl chain-length, and ABDAC donor compartment concentration 
(mol.dlm-3). (Initial donor comparl.ment concentration of SC0 SX 10W4 mol~dm-‘). The shaded area in 
the x-h pfane indicates the area of comclex coacervation between SCG and the ABDACs with this initial 
SCG dlonor cornpat tment concentration. 
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the ABDACs. 

of this complex ~ba~our is given in Fig. 6. A number of 
First, at low ABDAC chain-length an increase in 

increase in SCG flux. Second, a raising of 
the rate of SCG flux increase which, third, limits 

c~n~nt~atio~ level, Fourth, above the limiting flux 
inbreed in its concentration results in a sharp decrease in 

ABDAC concentrations SCG flux falling below that 
which is due to the fact that nearly all the SCG 

ure of the shape of SCG flux behaviour in the 
his initial SCG concentration level of 5 X lo- 4 

flux stank is approximately the same (4 X 10- I2 mol e 

e of the ABDAC used, and finally the ridge of maximal flux 
sition of the 2: 1 aqueous solubility products between SCG and 

‘This study clearly shows that the penetration of a hydrocarbonaceous membrane 
by 8 large organic ion can be greatly altered by the presence of a large organic ion of 
o~~ite el~tr~c~l charge. It is demonstrated that, for any one pairing ion, an 
increase i:3 crorn yeate ion flux through polyamide-6 membrane is increased in a 
region of ion-pair formation, that this increase is limited by the formation of 
eompfex c~c~~ate, and that further increases in quaternary ammonium ion con- 
contrition produce a marked reduction in cromoglycate ion flux. It is postulated that 
the increase in flux is due to the properties >I formed ion pairs, and that decrease in 
flux above the solubility product is due to a decrease in the thermodynamk activities 
of both large ions. It is not possible to conclude from these experiments whether the 

ion pairs cross the membranes in the pore network or via a membrane 
process or both. An cxperimena performed using dimethylpolysiloxane 

men~br~n~ showy that neither free cromo~ycate nor SCG in the presence of 
ounts of ABDAC transported across this pore-free membrane. 

80) have concluded at ion pairing between phenothiazines and 
crease the i~~terfaci transport rate of phenothiazines across an 
brandy conversely it has been shown recently (Kinkel et al.. 
eial transport of c~~o~amphe~icol succinate across such mem- 

branes is in~r~~s~~ in the presence of phosphonium ion. These current contradic- 
tions ~mdic~t~ that furtlt~r work on ion~p~ir systems could be involved in understand- 
in more about the nature of ion-pair formation, particularly with respect to 

ion structure and surface activity. 
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