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Abstract

A novel technique based on Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy was used
to study the transport of benzoic acid ion-pairs/salts in silicone membranes. The benzoic acid ion-pairs were prepared using
various counter-ions with different degrees of lipophilicity, e.g. triethylamine (TA), diethylamine (BxEputylamine ¢-BA),
2-amino-2-methyl-propanol (AMP), and 2-amino-2-methyl-propanediol (AMPD). Silicone membrane, treated or untreated with
propylene glycol (PG), was placed on the surface of a ZnSe crystal and the transport solution was applied to the upper surface of
the membrane. A mathematical model, based on Fick’s second law describing the build up of permeant concentration at the mem-
brane/crystal interface with time was applied to determine diffusion coefficients. Absorption due to the acid (1% ten-
zoate anion (1555 cm) was observed at different regions without the interference from PG or silicone membrane. Benzoate an-
ion, a charged species, was observed to permeate the membrane. The permeation of benzoate anion from sodium benzoate and p
larion-pairs of AMP and AMPD was very low in contrast to their high-saturated concentrations in PG as compareB£ditime
pair. This indicated that benzoate anion preferentially permeates the membrane as an ion-pair rather than a single anion; otherwise
its permeation should correspond to its concentration in PG instead of the lipophilicity of the ion-pairs. Additionally, the diffusion
coefficientvalues of benzoic acid and benzoate anions through the treated and untreated membranes were not statistically different.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many studies have pointed out the important role of
ion-pair formation for transport of the ionic forms of
drugs and peptides through biomembranésupert,
1989; Neubert and Fischer, 1991; Quintanar-Guerrero
et al., 1997; Gelder et al., 1999; Valenta et al., 2000;
Hatanaka et al., 2000Kinetic studies of transdermal
penetration of physostigmine salicylate salt using flow-
through diffusion cells supported the existence of the
ion-pairs as an undissociated form in the donor com-
partment and its partitioning into the stratum corneum
as one entity Pardo et al., 1992 Results from dif-
fusion studies using Franz diffusion cells indicated
the possibility of flux enhancement of lignocaine salts
by ion pairing {alenta et al., 2000 These studies
suggest the transport of ion-pairs without direct ana-
lytical measurements of ions and counter-ions in the
membrane.

Attenuated Total Reflectant Fourier Transform In-
frared (ATR-FTIR) spectroscopy has increasingly been
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2. Materials and methods

2.1. Materials

Benzoic acid, TA, DEt-BA, AMP, AMPD, sodium
benzoate and propylene glycol (PG) were purchased
from Fluka Chemie (Buchs, Switzerland) and used as
received. Acetone, methanol, and other organic solvent
(analytical grade) were obtained from Mallinckrodt
Baker (USA). Silicone membranes (thickness gog)
produced by Samco (St. Albans, UK) were used as
supplied.

2.2. Preparation of ion-pairs/salts

lon-pairs/salts were prepared by direct acid base
reaction. The solution at equimolar amount of each
base was added to the solution of benzoic acid.
Acetone was used as a solvent for preparing all
ion-pairs except the AMPD ion-pair. Since AMDP
does not dissolve in acetone, methanol was used as the
solvent. For preparation of TA and DE ion-pairs, the

used to measure the permeation of compounds acros%ixing solutions were stirred for approximately 10 h

membranes and to determine their diffusion coefficient
(Sammon et al., 2000; Hanh et al., 2000; Elabd et al.,
s2000; Pellet et al., 1997b; Dias et al., 2R0This
technique offers the potential to evaluate and quan-
tify penetrating species according to their specific
absorption bands in real time. In this study, the
transport of ion-pairs through silicone membrane
was characterized using ATR-FTIR spectroscopy.
Although there are differences between the silicone
membrane and stratum corneum, which is a complex
molecular structure, the trends observed are similar
(Valenta et al., 2000A simple membrane like silicone

membrane has therefore been used. Benzoic acid wag,

employed as a model compound. As an organic
acid, its FTIR spectrum can exhibit both charged

(benzoate anion) and uncharged (benzoic acid) bands

at different regions. The benzoate anion bands are
used for monitoring the permeation of the ion-pair
form of benzoic acid. Organic bases such as tri-
ethlyamine (TA), diethylamine (DE}ert-butylamine
(t-BA), 2-amino-2-methyl-propanol (AMP) and
2-amino-2-methyl-propanediol (AMPD) with varying
degrees of lipophilicity were used to form ion-pairs
with benzoic acid and their diffusion coefficients
were compared to that of inorganic ion-pair, sodium
benzoate.

and the solutions were concentrated under vacuum.
The general procedure for preparing TA ion-pair
(B-TA) of benzoic acid resulted in the formation of
a viscous liquid that did not crystallize. According to
the IR spectrum, this liquid comprises both the acid
and salt form as discussed Section 3 This mixture
was dried under vacuum overnight and further used
for ATR-FTIR studies as a liquid. DE ion-pair (B-DE)
gave a yellow solid when the mixture was allowed to
dry under vacuum; it also contained both the acid and
salt species. Both B-TA and B-DE were used for com-
paring the diffusion coefficients of benzoic acid and
enzoate ion-pairs of each mixture. AMP (B-AMP)
andt-BA (B-t-BA) ion-pairs were precipitated during
the mixing of benzoic acid with each base. The white
precipitates were collected by filtration, thoroughly
washed with acetone, and vacuum dried. Solutions
of benzoic acid and AMPD were concentrated under
vacuum and recrystallized from acetone to give a
white solid of AMPD benzoate (B-AMPD).

2.3. Determination of apparent partition
coefficient

Determination of dichloromethane (G8l,)/water
partition coefficients of benzoic acid ion-pairs/salts
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was performed according to the method previously de- fore and after presaturating the membrane with PG
scribed Zhou et al., 200R Briefly, 2ml of CHCl» overnight.

containing 5mM of ion-pair was mixed with 2 ml of

water by vortexing for 5min. The mixture was then 2.5. Data analysis

centrifuged at 2000 rpm for 10 min. Benzoic acid con-

tent in CHCl, was analyzed by UV spectrometry at Inthe ATR-FTIR experiments, a diffusion model us-
230 nm. The content in the aqueous phase was deter-ng a solution of Fick’s second law that satisfies both the
mined by subtracting its content in the organic phase initial and subsequent boundary conditions was used to
from the total benzoic acid content. The content in the describe the build up of permeant concentration at the
two phases was used to calculate the,CH/water membrane/crystal interface with time. Therefore, dif-

partition coefficient. fusion can be defined kyq. (1)
7 2
2.4. ATR-FTIR studies c_, 4 Z (= 1) —D(Zn + 17r%
4h2
IR spectra were obtained by using an EQUINOX 55 Q)

spectrometer (Bruker, Germany) equipped witha MCT
detector. The Horizontal Attenuated Total Reflectance
Accessory (HATR) was mounted into the sample com-
partment. The internal reflection crystal (Pike Tech-
nologies, USA), which was made of zinc selenide
(ZnSe), had a 45angle of incidence to the IR beam.
Spectra were acquired at a resolution of 4¢énand
the measurement range was 4000—700tmAll spec-
tra (25 scans) were collected every 2 min for 30 minan
every 5 min thereafter. The spectrometer was linked to
a PC equipped with Bruker OPUS software to allow the
automated collection of IR spectra. The IR spectrawere

whereC is the permeant concentration at the interface
attimet, Cp the solubility of penetrant in membrarig,

the diffusion coefficient of penetrant, ahdhe diffu-
sional pathlengthWurster et al., 1993 Assuming that
Beer—Lambert law is obeyed, the concentration terms
can be replaced with experimental absorbance values
to give Eq. (2) whereA is the area under the curve

d of the penetrant peak (at tintpof the IR absorbance
associated with the permeant, af\glthe area under
the curve of the penetrant peak corresponding to the
situation where the membrane is saturated.

imported to GRAMS/AI 7 (Thermo Galactic, USA)for 4 (- 1)" —D(2n + 1)2712:
peak area integration. The integrated absorbance was _ Ao - Z n + 1 T
plotted against the corrected midpoint time of the mea- = @)
surement. All experiments were performed in triplicate

at ambient temperature, 252°C. The values ob/h? andAg were calculated using a pro-

ATR-FTIR studies were conducted as described gram developed in-house to fit the experimental data to
by Watkinson et al. (1995Briefly, a membrane was  Eq. (2) Values of the diffusion coefficient were subse-
placed between the surface of ZnSe crystal and a sat-quently calculated using the diffusional pathlength.
urated reservoir of permeant in the upper surface of
the membrane. Saturated permeant which provided a2.6. Statistics
constant concentration at all times, with an excess of
solid in case of solid ion-pairs, was applied in the PVC Statistical analysis was carried out using one factor
trough above the membrane. The B-TA ion-pair and ANOVA and the LSD’s multiple comparison proce-
the saturated solutions of benzoic acid, sodium ben- dure. TheP-value of 0.05 was considered significant.
zoate and B-DE, B-BA, B-AMP, B-AMPD ion-pairs
in PG, which were prepared at room temperature, were
applied to the membranes, either untreated or treated3. Results and discussion
with PG overnight.

The mean thickness was determined by mea- A solvent with a high-dielectric constant)(such
suring the membrane at 10 different points using as water £ = 80) is unfavorable for ion-pair forma-
a micrometer. The thickness was determined be- tion. However, the interaction between opposite ions
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Fig. 2. FTIR spectra of saturated solutions of B-AMPD, B-AMP,
Fig. 1. FTIR spectra of PG and saturated solutions of B-TA and B.t-BA and sodium benzoate (Na-BEN) in PG.
B-DE in PG.

) ) ) i ) 1991). However, due to the interference from PG, only
becomes increasingly important in solvents watk anionic absorption bands were observed in the spectra
40 (Kraus, 1958. In this study, PG was chosen as a 4| organic salts. Alkali metal salt itself has no vibra-

solvent because it does not change the properties andjona| spectrum, so the spectrum obtained from sodium

diffusion barrier of the silicone membrarigs etal., g4t shows only the absorption of the anionic species.
200)). Importantly, the absorption bands from PG do ko penzoic acid and benzoic ion-pairs, the ringdC
not interfere in the regions of studi@. 1). Addition- stretching bands were observed at about 1598lcm

ally, the compounds studied are soluble in PG and also (Figs. 1 and 2 These bands were not used for analy-
ion-pair formation would be able to existin PG with  gig 'since they cannot distinguish between the acid and
of 32.1. carboxylate anion.

ATR-FTIR has been successfully used to measure  pgasides the carboxylate anion peak at 1555%m
the permeation of compounds. However, this technique e acid peak at 1700 cr was also detected for B-TA
is limited to IR-active permeants. Benzoic acid and its 5,4 g-.pE Fig. 1). Probably due to the steric hindrance
salt or carboxylate anion are IR-active species and their 5t 1A and DE structures, a tertiary and secondary amine
strong absorption bands occur in different regions. In regpectively, a simple mixing cannot afford a complete
general, the H-bonded carboxylic cyclic dimer peak jon_pair or salt formation. These mixtures were also
of aryl conjugated acids appears at 1710-1680%m employed in the study since it is interesting to charac-
and the non-hydrogen bonded acie-@ stretch oC-  erize the diffusion of both acid and carboxylate anion
curs between 1760 and 1730 ch(Silverstein et al., simultaneously. When the primary amines including
1991; Pavia et al., 19J9The frequency for carboxy-  Appp, AMP andt-BA were used as counter-ions for

benzoic acid, ion-pairs or salts were, however, com-
pletely formed, as demonstrated by the disappearance
carboxylic acid because of resonance. The carboxy- of the acid peak at 1700 cm (Fig. 2).

late anion shows two absorption bands; a strong asym-  Fig. 3shows a typical set of data and the non-linear
metric carboxylate stretching band is usually seen at fit to Eq. (2) Similar diffusion profiles were obtained
1650-1550 cm?, while aweaker symmetric stretching ~ for the others, either in untreated or treated membranes.
band occurs near 1400 cth(Silverstein et al., 1991 The membrane thickness before and after PG treat-
In our studies, only an asymmetric stretching can be ob- ment is not statistically different. Hence, the increase
served at 1555 cit for benzoate aniorFigs. 1 and 2, in membrane swelling by PG is not significant in the

a symmetric stretching band was obscured by the strongcontext of diffusional pathlength. The thickness of the
PG absorption in the same region, 1459-1227&m  membrane was assumed as the diffusional pathlength.
The formation of carboxylate anion requires the pres-  The areas of benzoate anion bands at 1555'dor

ence of a counter-ion. Hence, an “ammonium” band in saturated solutions of B-AMPD, B-AMP and sodium
the 2700—-2200 cm' region should appear in addition  benzoate are much higher than that ofBA (Fig. 2).

to the two characteristic carbonyl absorption bands of This suggests that the concentration of these species
asymmetric and symmetric stretch&dyerstein et al., is significantly higher than B-BA. In contrast to the

0
z o

late salf €S ] absorption is lower than that for the
0
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Fig. 3. Diffusion profiles of benzoic acid from B-TA liquid and sat-
urated solutions of benzoic acid and B-DE in PG, through treated
silicone membrane.

substantially high concentrations of benzoate anions

from B-AMPD, B-AMP and sodium benzoate, their
permeation through the silicone membrane is very low
as compared to that from BBA. To clarify the per-
meation behavior of these ion-pairs, their lipophilicity
was determined. The log GEly/water partition co-
efficients of B-AMPD, B-AMP, sodium benzoate and
B-t-BAwere—1.25,-1.12,—1.14, and-0.85, respec-
tively. Thus, the low permeation of B-AMPD, B-AMP

115

Table 1
Values of diffusion coefficients of benzoic acid and benzoate anion
from different compounds

Membrane/compounds R 108 (cn?/s)
Benzoic acid Benzoate anion
Untreated
B-DE 8.94+1.12 3.49-1.02
B-TA 3.61+1.83 2.99+0.50
Benzoic acid 11.884.17 -
B-t-BA - 6.97+0.81
Treated
B-DE 8.81+1.48 2.28+0.31
B-TA 2.88+0.08 2.23:0.05
Benzoic acid 11.643.60 -
B-t-BA - 5.66+0.78

The diffusion coefficient of benzoic acid from dif-
ferent sources should be similar, however, the discrep-
ancies were observed as shownTiable 1 Further-
more, the presence of both acid and ion-pair species
in B-TA and B-DE is demonstrated by a considerably
low-diffusion coefficient of benzoic acid from these
sources as compared to that from pure saturated ben-
zoic acid solution. Generally, the diffusion coefficient is
directly proportional to the product of average veloc-

and sodium benzoate may probably be due to their high ity and molecular-mean-free path, which is the aver-
hydrophilicity. Because of their extremely small bands, age distance that a molecule travels between collisions
the diffusion coefficient of benzoate anions cannot be (Castellan, 1983 For B-TA and B-DE, a benzoic acid
determined reliably under the experimental conditions. molecule may travel a shorter distance before its colli-
However, it is important to note that if the benzoate an- sion due to a crowded environment caused by ion-pair
ion permeates the membrane as a single species, andpecies. The diffusion coefficient from these species is

not as an ion-pair, then the permeation of benzoate thus lower than that from pure benzoic acid.

anions from B-AMPD, B-AMP and sodium benzoate
should be higher than that from 8BA. Accordingly,

The diffusion coefficient of benzoate ion-pairs from
B-DE and B-TA is comparable to (but lower than) that

it is hypothesized that benzoate anion permeates thefrom B-t-BA. Unlike B-DE and B-TA, Bt-BA does not

membrane as an ion-pair.

Table 1shows the results of diffusion coefficient de-
termination of benzoic acid and benzoate anion from
various compounds. The diffusion coefficient of ben-

contain free acid. The diffusion of BBA was primar-

ily due to ion-pair associated with PG, whereas those
of B-TA and B-DE were disturbed by other diffusive
species which might shorten their mean free paths, as

zoic acid and benzoate anion from the same compoundreflected in their lower diffusion coefficient values. An-

in treated membrane is slightly less than that in un-
treated membrane but the difference is not statisti-

cally significant. These results demonstrate that pre-

treatment of the membrane with PG does not signifi-
cantly alter the diffusion of the compounds. The sim-
ilarity in diffusion coefficient in treated and untreated
membranes was also reported®gllett et al. (1997a)
using water as a vehicle.

other factor that influences the diffusion coefficient of
these ion-pairs is their molecular size. Diffusion co-
efficient is inversely proportional to the square root
of molecular weight Castellan, 1988 The molecu-

lar weight of TA (101.19) is higher than that of DE
(73.14) and-BA (73.14). Moreovert-BA, a primary
amine, might be able to form a stronger ionic bond with
benzoate anion than DE and TA, which are secondary
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and tertiary amines, respectively. The small and com- Gelder, J.V., Witvrouw, M., Pannecouque, C., Henson, G., Bridger,
pact size of B-BA ion-pair compared to B-TA and G., Naesens, L., Clercq, E.D., Annaert, P., Shafiee, M., Mooter,
B-DE may also contribute to the higher average ve- G.V.D., Kinget, R., Augustijns, P., 1999. Evaluation of the po-

locity of this ion-pair when collisions take pl th tential of ion pair formation to improve the oral absorption of
ocity o S lon-pa en collisions take place, thus two potent antiviral compounds, AMD3100 and PMPA. Int. J.

yielding higher diffusion coefficient values. Pharm. 186, 127—136.
The area ratios of benzoic acid to benzoate anion Hanh, B.D., Neubert, R.H.H., Wartewig, S., 2000. Investigation of
for saturated solution of B-TA and B-DEFig. 1) are drug release from suspension using FTIR-ATR technique: part |.

1.4 and 0.75, respectively. This suggests that the con- Determination of effective diffusion coefficient of drugs. Int. J.

. . e . . Pharm. 204, 145-150.
centration o_f benzoic acid in B-DE is lower than th_at N iatanaka, T., Kamon, T., Morigaki, S., Katayama, K., Koizumi, T.
B-TA. The higher mean-free path for benzoate anion of  2000. ion pair skin transport of a zwitterionic drug, cephalexin.
B-DE ion-pair should contribute to the higher diffusion J. Control. Release 66, 63-71.
coefficient of B-DE as compared to that of B-TA. The Kraus, C.A., 1956. The ion pair concept: its evolution and some
diffusion process of these ion-pairs, however, was set _applications. J. Phys. Chem. 60, 129-141.

. . L. . . Neubert, R., 1989. lon pair transport across membranes. Pharm. Res.
in different conditions. Whereas the diffusion of B-DE 6. 743747 P P

took place in association with PG, the diffusion of B-TA  neubert, R., Fischer, S., 1991. Influence of lipophilic counter ions
was purely a random walk of the ion-pair through the on the transport of ionizable hydrophilic drugs. J. Pharm. Phar-
membrane. Without a solvent, the B-TA ion-pair might macol. 43, 204-206.
be more tightly bound to each other than the B-DE ion- Pardo, A., Shiri, Y., Cohen, S., 1992. Kinetics of transdermal pene-
. . . L tration of an organic ion pair: physostigmine salicylate. J. Pharm.
pair. The smaller size of the B-TA ion-pair m'lght'offset Sci. 81, 990-995.
its high concentration of free acid, thus the diffusion co-  pavia, p.L., Lampman, G.M., Kriz Jr, G.S., 1979. Introduction to
efficient of the B-TA ion-pair is slightly lower than that Spectroscopy: a Guide for Students of Organic Chemistry. Saun-
of the B-DE ion-pair. ders College, Philadelphia, pp. 54—68.
In conclusion, using the ATR-FTIR technique, the Pellet M-A,, Watkinson, A.C., Hadgraft, J., Brain, K.R., 1997a.
S . . Comparison of permeability data from traditional diffusion cells
absorb‘?‘”ce, characteristics of pgrmeant_s can be mom' and ATR-FTIR spectroscopy. Part I. Synthetic membranes. Int.
tored with time. Furthermore, this technique provides 3 pnarm. 154, 205-215.
evidence for the transport of a charged species as anPellet, M.A., Watkinson, A.C., Hadgraft, J., Brain, K.R., 1997b.
ion-pair. The permeation of the ion-pair will be more Comparison of permeability data from traditional diffusion cells
important if the counter-ion is lipophilic. This informa- and ATR-FTIR spectroscopy. Part Il. Determination of diffu-

i ts th fi . ts f h d sional pathlengths in synthetic membranes and human stratum
10N sUpports tne use or iIon-pairing agents ror ennance corenum. Int, J. Pharm. 154, 217—227.

transport of ionic species through biomembranes. Quintanar-Guerrero, D., Allemann, E., Fessi, H., Doelker, E., 1997.
Applications of the ion-pair concept to hydrophilic substances
with special emphasis on peptides. Pharm. Res. 14, 119-127.

Sammon, C., Yarwood, J., Everall, N., 2000. A FTIR-ATR study
of liquid diffusion processes in PET films: comparison of water
with simple alcohols. Polymer 41, 2521-2523.
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