
Introduction

The study of the colloidal properties of antibiotics is of
interest because the pharmacological activity of these
drugs appears at low concentrations where aggregation
is negligible [1, 2]. However, it is possible that acci-
dental accumulation of the antibiotics can take place at
certain sites in the organism, giving rise to the forma-
tion of aggregates unable to pass through the mem-
branes and consequently rendering the antibiotic
ineffective for therapeutic use. Then, the study of the
self-association of these drugs in aqueous solutions is
important for their biological and pharmaceutical
implications.

Different studies have examined the aggregation of
penicillin drugs. Hauser et al. [3], Kumler and Alpen
[4], McBain et al. [5], and Atwood and Argawal [6]

analyzed the state of aggregation of the penicillin and
established the structure–association relationship. A
feature common to all these studies was the attempt to
ascertain how particle size, electrical charge, and other
properties, inherently colloidal, might affect the mode
of action of these drugs. However, it is difficult to find
studies on this type of compound that relate the ther-
modynamic properties with the mechanism of associa-
tion.

Our most recent studies [7, 8, 9, 10, 11, 12] have re-
ported the micellar properties of several synthetic peni-
cillins in water and in the presence of electrolyte. We
examined the relationship between molecular structure
and self-aggregation characteristics.

The present study extends this work and considers the
properties of oxacillin, whose structure is represented in
Scheme 1, in aqueous solution using conductivity and
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Abstract The aggregation charac-
teristics of oxacillin in aqueous
solutions have been examined by
means of conductivity measurements
over the temperature range 288.15–
313.15 K and by static light scatter-
ing measurements at 298.15 K. Two
critical concentrations were detected
in conductivity and light scattering
over the concentration range
0–0.35 mol kg–1. Light scattering
measurements indicate the forma-
tion of dimers at the first critical
concentration (0.024 mol kg–1) and
the subsequent formation of aggre-
gates with an aggregation number of
8 at the second critical concentration
(0.104 molkg–1). The thermody-
namic parameters of aggregation

were derived from the critical con-
centration data using a mass-action
model that has been modified for
application to systems of low ag-
gregation number. Values for the
enthalpy of aggregate formation
calculated by this method showed
that the aggregation became
increasingly exothermic with
increasing temperature. The values
of the two critical concentrations
show that this penicillin, oxacillin, is
more hydrophobic than other
molecules of similar structure.
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light scattering techniques. Furthermore, we present a
thermodynamic study of the colloidal properties of ox-
acillin. The measurements were carried out over a wide
concentration range, which enables the detection of the
two critical concentrations to be made.

Experimental

Materials

Oxacillin sodium salt, [2S-(2a,5a,6b)]-3,3-dimethyl-6-[[(5-methyl-
3-phenyl-4-isoxazolyl)carbonyl]amino]-7-oxo-4-thia-1-azabicyclo-
[3.2.0]heptane-2-carboxylic acid, was obtained from the Sigma
Chemical Company (catalogue ref. O-1002) and was used as re-
ceived. The product conformed to the purity requirements of the
British Pharmacopoeia and as such contained not less than 98.5%
of the specified compound. Water was double-distilled, deionized,
and degassed before use.

Conductivity measurements

The conductance was measured by using a specific conductivity
meter (Kyoto Electronics, type C-117). The cell constant was de-
termined with aqueous solutions of KCl over the appropriate
concentration range using the molar conductivity data published
by Shedlovsky [13] and Chambers et al. [14]. Water was progres-
sively added to concentrated aqueous solutions of penicillin, of
known molality, using an automatic pump (Metrhom, Dosimat,
model 655). The measuring cell was immersed in a thermostatted
bath, maintaining the temperature constant to within ±0.01 K.
Temperature control was achieved using a Hewlett-Packard Vectra
computer.

Static light scattering measurements

Static light scattering measurements were performed at 298.15 K
using a Coherent DPSS 532 laser light scattering instrument
equipped with a 0.5 W solid laser operating at 532 nm with ver-
tically polarized light. The solutions were clarified by ultrafiltra-
tion through 0.45-lm filters with the ratio of light scattering at
angles of 45� and 135� not exceeding 1.10. The refractive index
increments of the oxacillin aggregates were measured at 298.15 K
using a Mettler Toledo RA-510 M precision refractometer, giving
a variation with concentration of 0.0787 kg mol–1. No inflection
in the refractive index was noted, and the same value of the re-
fractive index was used for aggregates present over the entire
concentration range.

Results and discussion

Critical concentrations

A representative plot of specific conductivity, j, as a
function of the molar concentration, c, for oxacillin in
aqueous solution at 288.15 K is shown in Fig. 1. Similar
plots were obtained at temperatures between 288.15 and
313.15 K. In all cases, the plots of j against c show two
breaks, corresponding to the first and second aggrega-
tion. According to the Williams method [15], the critical
concentration is usually obtained from the intersection
of the fitting lines of the conductivity–concentration
plots above and below the breakpoint. For the criterion
of the fit, the best correlation coefficient was chosen.
The precision of the method depends on the width of the
concentration range over which the change in the
physical properties is observed. As seen in Fig. 1, where
the specific conductivity (at 288.15 K) of oxacillin
against concentration is plotted, this change is gradual.
To obtain a value of the critical micellar concentration
(cmc) by the Williams method, we used the plots of the
specific conductivity versus the logarithm of the con-
centration shown in Fig. 2. Similar plots were obtained
for the other temperatures.

The analysis of Figs. 1 and 2 shows the existence of
two breakpoints in the conductivity, identified as critical
concentrations and denoted by arrows. The first critical
concentration represents a preassociation state, which
can be associated with the formation of small primary
aggregates. The second critical concentration may then
self-associate the primary aggregate to form larger
aggregates. In order to identify these two critical con-
centrations, we refer to the first concentration as the

Scheme 1. Oxacillin

Fig. 1. Specific conductivity of oxacillin in water as a function of
molal concentration at 288.15 K. The arrows denote the critical
premicellar concentration (cpc) and the critical micellar concentra-
tion (cmc)
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critical premicellar concentration (cpc) and to the sec-
ond as the cmc. The values obtained for the cpc are
shown in Table 1, and we can see that these results are
similar to those of other penicillins previously reported
[9, 15]. In some drugs with similar characteristic features
of association a model has been proposed [7, 12]. In this
model, the drugs form trimers or tetramers at the cpc
and, by self-assembly, side-to-side stacking results in
micelles being formed at the cmc. The cmc values at each
temperature are shown in Table 1.

The variation in the two critical concentrations of
oxacillin with temperature is shown in Fig. 3. This plot
was fitted to the equation

lnXCC ¼ aT 2 þ bT þ c; ð1Þ

where Xcc is the cpc or the cmc expressed as a mole
fraction and a, b, and c are the fitting constants of the
best fit obtainable. These values are shown in Table 2.
The curves pass through a minimum at 300 K at both
critical concentrations.

As seen in Table 1, the values of the cpc and the cmc
are lower than the same critical concentrations for the
other penicillins. We can therefore deduce that oxacillin
is more hydrophobic than other penicillins, such as
cloxacillin, dicloxacillin, or flucoxacillin [7].

Aggregation characteristics

The plot of the scattering intensity, S90, of the solution
relative to that of toluene against the oxacillin concen-
tration at 298.15 K is shown in Fig. 4. This plot shows
discontinuities at two well-defined critical concentra-
tions. The first critical concentration, cpc, with a value
of 0.024 mol kg–1, was determined as the intersection of
the scattering curve and the theoretical monomer line
(shown as a dashed line in Fig. 4), and represents the
scattering from unassociated molecules. The second
critical concentration, cmc, was taken at the inflection
point of the scattering curve at higher concentration. A
second inflection point has been reported for a wide
range of surfactants, and has generally been interpreted

Fig. 2. Specific conductivity of oxacillin in water as a function of
the natural logarithm of molal concentration at 288.15 K. The
arrows denote the cpc and the cmc

Table 1. Critical premicellar concentrations (cpc), critical micellar concentrations (cmc), standard Gibbs energies, enthalpies, and en-
tropies of premicellization (DG0

p, DH0
p , DS0p) and micellization (DG0

m, DH0
m, DS0m), respectively, of oxacillin sodium salt at different

temperatures

T (K) cpca

(molkg–1)
cmca

(molkg–1)
DG0

p
(kJmol–1)

DH 0
p

(kJmol–1)
DS0p
(Jmol–1K–1)

DG0
m

(kJmol–1)
DH0

m
(kJmol–1)

DS0m
(Jmol–1K–1)

288.15 0.0296 0.1327 –8.1±0.4 19.7±0.5 96.6±0.9 –18.4±0.4 38.0±0.7 195.8±10.2
293.15 0.0247 0.1196 –8.6±0.3 12.0±0.5 70.3±0.8 –19.1±0.4 23.9±0.5 146.7±9.2
298.15 0.0233 0.1087 –8.8±0.3 3.7±0.2 42.2±0.5 –19.8±0.4 8.7±0.2 95.8±5.4
303.15 0.0236 0.1066 –9.0±0.5 –5.1±0.2 12.7±0.2 –20.2±0.5 –7.5±0.2 42.1±2.3
308.15 0.0261 0.1132 –8.9±0.4 –14.5±0.4 –18.2±0.3 –20.3±0.5 –24.7±0.5 –14.3±0.8
313.15 0.0307 0.1357 –8.8±0.4 –24.6±0.5 –50.5±0.6 –20.0±0.5 –43.2±0.8 –74.1±6.1

aEstimated errors ±0.0005

Fig. 3. Natural logarithm of cpc and cmc of oxacillin in water as a
function of temperature. The solid line was calculated from Eq. (1)

626



in terms of a transition from spherical to cylindrical
micelles [1]. Amphiphilic drugs, notably those based on
a phenothiazine ring system, also have two or three
critical concentrations [16, 17], although, with such
drugs, the additional critical concentration is thought to
denote a restructuring of the stacked aggregates rather
than a sphere-to-rod transition. The second distinct in-
flection in the scattering curve, occurring at a concen-
tration of 0.104 mol kg–1, was identified as the cmc.
These critical concentrations are in good agreement with
the values obtained from conductivity measurements.

The aggregation number, N1, and the effective
charge, z1, corresponding to the cpc were calculated
according to the Anacker and Westwell [18] treatment in
which the light scattering from solutions of ionic
aggregates is represented by

K 0m2

DR90
¼ 2m3 þ N�1

1 ðz1 þ z21Þm2

2N1 þ ð2N1Þ�1ðz1 þ z21Þf 2 � 2fz1
h i

m3 þ z1m2

;

ð2Þ

where DR90 is the Rayleigh ratio of the solution in excess
to that of a solution at the critical concentration, m2 is
the molality of the micellar species in terms of monomer,
m3 is the molality of any supporting electrolyte, and

f ¼ ðdn=dm3Þm2
=ðdn=dm2Þm3

, with n the refractive index
of solution. K¢ for vertically polarized light is defined by

K 0 ¼
4p2n20ðdn=dm2Þ2m3

V 0

Lk4
; ð3Þ

with n0 being the refractive index of the solvent, V0 the
volume of solution containing 1 kg water, L is Avoga-
dro’s number, and k the wavelength of the incident light
(532 nm ). Expansion of Eq. (2) in powers of m2 leads to

K 0m2

DR90
¼ Aþ Bm2 þ :::; ð4Þ

where

A ¼ 4N1 ð2N1 � fz1Þ2 þ z1f 2
h i�1

ð5Þ

and

B ¼ z1Að2m3Þ�1 ð1þ z1ÞN�1
1 � A

� �
: ð6Þ

The properties of the aggregates formed at the cmc were
determined by application of the general fluctuation
theory of light scattering for a multicomponent system
to surfactant solutions following the method of Anacker
and Jacobs [19]. Estimation of the size of the aggregates
formed at the cmc is more speculative. We assumed that
these aggregates are formed by a single-step association
of the aggregates present at the first critical concentra-
tion, and are in equilibrium with the primary aggregates.
This method of treatment of the static light scattering
data gives only an approximate indication of the size of
the micelles formed at the cmc, assuming that the ag-
gregates formed at the cpc are particles with charge z1,
which aggregate at the cmc, with an aggregation number
N2. We have previously applied this method to other
systems exhibiting this type of association process, such
as dicloxacillin and flucloxacillin [7], and penicillin V [9].
According to Stockmayer [20], the turbidity, s, due to a
micellar component of a three-component system with
regard to the solvent is given by

s ¼ C3 þ C4m0
2

C1 þ C2m0
2

Hn022V
0m0

2

� �
; ð7Þ

where H=16pK¢/3 and m0
2 is the molality of the micellar

species at concentrations above the cmc,

n02¼ð@n=@m0
2ÞT ;P ;w1;w3

;

C2¼z2ðz2þ1Þ/m0
2

�
N2;

C3¼ hðhþ/ÞN2þz2ðz2þ1Þf

ðf 21 =N2Þ h=ðhþ/Þ½ 	�2f1z2h
�
m3;

C4¼z2/;

where T is the absolute temperature, P is the pressure, w1

Table 2. Values of the parameters a, b, and c corresponding to
Eq. (1) for the first critical concentration (cpc) and the second
critical concentration (cmc)

Parameter cpc cmc

a (K–2) 143.4±7.1 125.8±14.9
b (K–1) –1.01±0.05 –0.878±0.099
c 1.7·10–3±7.8·10–5 1.5·10–3±1.6·10–4

Fig. 4. Variation of the scattering ratio, S90, with concentration, c,
of oxacillin in water at 298.15 K. The dashed line represents the
monomer. The arrows denote the cpc and the cmc
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is the number of water molecules, w2 is the number of
micelles, z2w2+hw3 is the number of counterions, hw3 is
the number of drug ions and coions, f1=N2n3/n2, is the
aggregation number, and z2 is the charge of the micelle.
Expansion of Eq. (7) in powers of m0

2 leads to

Hn02V
0m0

2

s
¼AþBm0

2; ð8Þ

where

A¼C1

C2
¼ hðhþ/2ÞN2

hðhþ/Þ2N2
2 þhðz2þz22Þf 2�2hðhþ/Þz2fN2

; ð9Þ

B¼ðC2�C4AÞA
C1

¼
/A z2þz22�z2AN2

� �
hðhþ/Þm3N2

: ð10Þ

A andB can be determined experimentally as the intercept
and limiting slope, respectively, of the Hn02V

0m0
2

�
t versus

m0
2 plot. By solving Eqs. (9) and (10) simultaneously, the

following expressions for z2 and N2 are obtained:

z2¼
h/ðhþ/Þ3m3B
h i1=2

þhðhþ/Þfm3B

ðhþ/�fAÞ/A ; ð11Þ

N2¼
ðz2þz22Þ/A

hðhþ/Þm3Bþz2/A2
: ð12Þ

The approximate mean aggregation number of the ag-
gregates of oxacillin in the first association process from
Eqs. (3), (4), (5), (6), and (7) was N1=2. Although the
curvature of the light scattering plot in the concentration
region cpc<oxacillin concentration<cmc is indicative of
aggregate charge, the precision of the data was not suffi-
cient to permit a meaningful estimation of the effective
charge, z1, of these small aggregates. Application of
Eqs. (8), (9), (10), (11), and (12) to the second aggregation
process gave n=4.The analysis of the light scattering data
indicates the formation of dimers at cpc=0.024 molkg–1,
with a low charge due to counterion binding. In our data
analysis, we speculate that the aggregates formed at the
cmc result from the association of four of these primary
aggregates and therefore have a mean aggregation num-
ber of n=N1N2=8. There is a similarity between the ag-
gregation characteristics of oxacillin and other penicillins
[7, 21].

Thermodynamics of self-association

The thermodynamic properties of the association pro-
cess at the lower critical concentration (cpc) of oxacillin
were derived by the application of the mass-action
model, as shown in the following. The equilibrium
constant, Km, for the formation of aggregates may be
written as [22]

Km ¼ Mpþ½ 	
G�½ 	nv�p Svþ½ 	n ; ð13Þ

where G–, Sv+, and Mp+ represent the counterion, the
surfactant ion, and micelles of aggregation number n
and net charge p. In our case, for low aggregation
numbers, we can use the expression [22, 23]

1

Km
¼ nvnv�p nðvþ1Þ�p½ 	 2nðvþ1Þ�2p�1½ 	

nðvþ1Þ�p�2


 nðvþ1Þ�p½ 	 2nðvþ1Þ�2p�1½ 	
nðvþ1Þ�p�1½ 	 2nðvþ1Þ�2pþ2½ 	XCPC

	 
nðvþ1Þ�p�1
;

ð14Þ

where v is the valence of the monomer and Xcpc corre-
sponds to cpc as a mole fraction. To apply this equation,
p/vn, the degree of ionization, a, of the aggregation must
be calculated as the ratio of the gradient of conductivity
against concentration above and below the critical
concentrations [24]. The value obtained for a was 0.80.
The value of the net charge of the aggregate may be
expressed in terms of the degree of ionization and the
aggregation number as p=Na. N corresponds to the

Fig. 5. Standard free energy, standard enthalpies, and standard
entropies of aggregate formation per mole of monomer for
oxacillin in water at different temperatures. The thermodynamic
parameters for the two aggregations considered are represented:
cpc (circles), cmc (squares)
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value obtained by static light scattering measurements.
In the second aggregation (we assume that this is mic-
ellization), the micellization constant is written as
Eq. (14) with values for n=N1N2=8 and a=0.67, and
Xcpc will be Xcmc, which is the cmc as a mole fraction.

The standard Gibbs energy change per mole of
monomer, derived from the mass-action model, is given
by

DG0
m ¼ �RT

N
lnKm ð15Þ

and the standard enthalpy of aggregation follows from
the application of the Gibbs–Helmholtz equation to
Eq. (15), giving

DH0
m ¼

@DG0
m

�
T

@ 1=Tð Þ

� �
p
¼ �RT 2

N
@ lnKm

@T

� �
p
: ð16Þ

The entropy of aggregation can hence be obtained from

DG0
m ¼ DH0

m � TDS0m: ð17Þ

The values of DG0
m, DH

0
m, and TDS0m are given in Table 1

and plotted in Fig. 5. The use of Eqs. (15), (16), and (17)
for thermodynamic parameters of micellization implies
that the size, shape, and degree of ionization of the

aggregates do not change with temperature and pres-
sure. The values of the Gibbs free energy corresponding
to the first aggregation (premicellization) are smaller
than the Gibbs free energy of the second aggregation
(micellization). These low values of the Gibbs free en-
ergy of aggregation in the two critical concentrations are
of the same order as those derived for both short-chain
surfactants [25] and for drugs [26], and indicates rela-
tively weak amphiphilic character. For the premicellar
concentration, this effect is more important, as seen in
the lower value of the Gibbs free energy. The higher
values of the Gibbs free energy at the second aggrega-
tion are consistent with the higher aggregation number
in the micellization.

The change from positive to negative values of both
DH0

m and DS0m with increasing temperature suggests that
at low temperatures the hydrophobic interactions are the
major driving force in the aggregation and are associ-
ated with the release of structured water from hydro-
phobic hydration around the aromatic rings of the
molecule. From a temperature of 300 K, the London
dispersion is the dominant interaction. We can observe
that DH0

m and DS0m are higher than DH0
p and DS0p, which

is in agreement with the behavior of the aggregation
number.
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