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Abstract

Data at 298.2 K for aqueous NaCl solutions containing eittighenylglycin, b-(p-hydroxy)phenylglycine, 6-
amino penicillanic acid6-APA), amoxicillin or ampicillin, are reported. The mean ionic activity coefficients of NaCl
were determined from measurements of the responses of a sodium and a chloride ion-selective electrode. The activity
coefficients of the precursors or the antibiotics were calculated from the values of the mean ionic activity coefficients
using the exact cross differential relation between them. The correlation of solubility data using the activity coefficients
measured in this work shows the same puzzling results previously observed in systems containing ami® acids.
2002 Elsevier Science B.V. All rights reserved.
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1. Introduction increase and the rational development of novel,
improved processes is a must for the antibiotics
The discovery of antibiotics and the develop- industry[2]. The work reported here must be seen
ment of their semi-synthetic derivatives had a in that framework. Semi-synthetic penicillins
major impact on therapeutic medicine. Antibiotics are made by adding side chains to the 6-
are SUbStanceS, WhiCh, at low Concentrations, CanNgmino penici"anic acid nucleus. The addition
inhibit the growth of microorganism$l]. More of the side chainsp-phenylglycine or p-(p-

Even though there seems to be no limits to new ampicillin or amoxicillin, respectively.

discoveries, modifications and applications of anti- Ampicillin, amoxicillin and their precursors 6-

biotics, semi-synthetic penicillins are still the .9 penicillanic acid6-APA), p-phenylglycine

working horse and are expected to remain so for : .
. " — and p-(p-hydroxy)phenylglycine present the typi-
the next decade. Therefore, price competition will cal amino acid behavior in aqueous solutions. In

*Corresponding author. Tel.#1-514-398-4494; fax-+1- the absence of a proton donor or a proton acceptor,
514-398-6678. up to 99% of the molecules are in their zwitterionic
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form [3]. In this form, the carboxyl group loses a drawbacks of this method are that attainment of
proton and becomes negatively charged, whereasequilibrium takes a long time and that the accuracy
the amino group gains a proton and becomes is low at low solute concentrations.
positively charged. A recent variation of the electrochemical method
The worldwide need for semi-synthetic penicil- uses an electrochemical cell with two ion-selective
lins has led to the development of large-scale electroded[5], to measure the activity coefficient
production processes. Due to economical restric- of the electrolyte in the solution. The activity
tions and environmental requirements, the produc- coefficients of the other solutes, and of the solvent
tion process based on a synthetic application of if needed, can be obtained through the use of the
biocatalysis has gained wide acceptance. PotentialGibbs—Duhem equation. This method is fast and
economic savings can be obtained from a proper has proved to give reliable results for the deter-
design of the downstream separation processes ofmination of activity coefficients, mainly in the all-
the semi-synthetic penicillins, as the separation of important dilute region. Antibiotics have a low
unconverted reactants is troublesome due to thesolubility, are non-volatile and can degrade when
fairly similar structure of the compound]. dissolved in water. Thus, the electrochemical meth-
Rational design of separation processes requiresod seems to be the most adequate procedure to
knowledge of the phase behavior of semi-synthetic determine the activity coefficients of antibiotics in
antibiotics in aqueous electrolyte solutions. Sys- aqueous electrolyte solutions.
tematic collection of data and the development of
a unifying thermodynamic framework are essential 3. Theory of the experimental method
elements required to support the design of efficient
separations. The method to measure the mean ionic activity
In this work, we study the thermodynamics of coefficients of electrolytes using ion-selective elec-
agueous NaCl solutions containing ampicillin, trodes was standardized by Haghtalab and Vera
amoxicillin, 6-APA, p-phenylglycine andp-(p- [6,7]. The method was later extended to determine
hydroxy)phenylglycine. The activity coefficients the activity coefficients of amino acids in aqueous
of the electrolyte and of the antibiotics in agueous electrolyte solutiond5,8—14. Shortly stated, the

solutions have been determined. difference of the potentials of a cation and an
anion ion selective electrodes, both measured
2. Determination of activity coefficients against a common reference electrode, is related

to the mean ionic activity coefficient of the elec-
There are no data reported in the literature for trolyte by the Nernst equation, written as:
the activity coefficients of antibiotics and its pre- .
cursors in aqueous electrolyte solutions. On the AE=E"+SIn(msy..) @
other hand, a pletora of experimental data are where, considering that studies with different ion
reported for the activity coefficients of amino acids selective electrodes have shown deviations to a
in agueous electrolyte solutions. These molecules Nernstian respons¢6,13, the slopesS is used
are the building blocks of important bio molecules instead of the value of 51.38 mV at 2&. As the
like peptides, proteins and also antibiotics. Two potential of the reference electrode cancels out
major techniques have been used to determinewhen taking the difference, an electrochemical cell
activity coefficients in aqueous electrolyte solu- in which the potential of the cation and the anion
tions containing amino acids: the isopiestic method selective electrode are directly read one against
and the electrochemical method. the other, gives the same results. The determination
The isopiestic method is a simple method to of the activity coefficient in aqueous electrolyte
determine the solvent activity of a solution con- solutions of a second solute is done by measuring
taining non-volatile solutes. The activity coeffi- the mean ionic activity coefficient of the electro-
cients of the solutes can be obtained through the lyte in different electrochemical cells. A cell of
use of the Gibbs—Duhem equation. The major type (1) contains only the electrolyte and water
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and a cell of type(2) contains the electrolyte, while the value ofy? tends to unity, the value of
water and the second solute. In the electrochemicaly? tends to a value different from unity called
cell of type (1): the trace value of the activity coefficient. Clearly,

. . the mean ionic activity coefficient of the electro-
Cation ISE: electrolyténs)|Anion ISE lyte is normalized to unity with respect to the state

the measured potential differencet® | is related of the electrolyte at infinite dilution in pure water.
to the mean ionic activity coefficient of the elec- The activity coefficient of the antibiotic is related
trolyte at molalitymg, v, as follows: to the mean ionic activity coefficient of the elec-
AED=E° +S In(mgy ) (2) trolyte through the exact cross-differential relation:

(5

chemical cell of typdg1). The values ofs andE”, amg am,,
in Eq. (2), are obtained from a fitting of the
experimental values ofAEY  as function of
In(mgy?). The values ofy'? at each molality

are obtained from the literatuf@4]. The potential

difference of an electrochemical cell changes in @
the presence of other solutes due to the change in ”Vu)

the mean ionic activity coefficient of the electro- - _
lyte. In the electrochemical cell of type 2: differentiation with respect taz,, and subsequent

. integration with respect te:g gives a functional
Cation ISE electrolytens) form to obtain the activity coefficient of the second
+solutém,)|Anion ISE solutey, . The function used to the experimental

the difference in potential between a cation and an data of y/y, should satisfy the following
anion ISE is related to the mean ionic activity Poundary conditions:

where the superscripfl) indicates the electro- [0”\%«] :V[an]
mp, T p mg,T.,p

for sodium chloride, the stoichiometric number of
ionsv is equal to 2. Thus, fitting the experimental
results to a function of the form:

=f(mgs,m,) (6)

mg

coefficient of the electrolyte by: 0 asm,—0 at fixed my
° (@3]
AE® =E°+S In(mgy?) (©)) '“yé) _
where_ the superscripf2) indicates the electro- s N 7. yace 20  aSmy—0 at m+0
chemical cell of type(2). As the same ISEs are = @
used in both cell§1) and(2), the values of5 and
E° are the same in Eq€2) and (3). Combining In addition, after the differentiation and integra-
Egs. (2) and (3), the logarithm of the ratio tion implied in Eq. (5), the resulting expression
v2/v® can be determined by: for v2/v{® should satisfy the following
n Y?| AE@-AE® @ conditions:
NP, S 0 asm,—0 at fixed mg
s @
The subscriptng on the left-hand side of Eg. |n% =
i I () D A lmgy
(4) indicates that pothyi ang'® are evaluated N yyvae 20 aSmg—0 at m,#0
at the same molalityng of the electrolyte. As the ‘ )

molality of the antibiotic soluten, goes to zero,
at any fixed value of the molality of the electrolyte The subscriptn, in the right hand side of Eq.
mg, the right hand side of Eq4) tends to zero  (8) indicates that bothy ang? are evaluated
andvy? tends to the value of? at the particular at the same molalityn, of the antibiotic. The
molality of the electrolyte. On the other hand, at value of the trace activity coefficient of the elec-
a fixed molality of the antibiotic,m,, as the trolyte in Eq.(7), or the trace value of the acitivity
molality mg of the electrolyte goes to zero, the coefficient of the antibiotic in Eq(8), are not
right hand side of Eq(4) does not vanish and known a priori and they are determined from the
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limiting value of the corresponding function aris-
ing from Eq.(6). By establishing the proper limits
in the integration step, the activity coefficient of
the antibiotic is normalized with respect to the
state of the antibiotic at infinite dilution in pure
water.

4, Materials and methods

The ternary systems studied in this work, using
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model 13-620-518, purchased from Fisher Scien-
tific, Canada, and a Sentek Half-Cell chloride
selective membrane electrode, model 301-75, pur-
chased from Fisher Scientific, The Netherlands
(Catalogue number FSN-205-255@n most runs,

the potential difference between each ISE and a
reference electrode was measured. An Accumet
double-junction ISE reference electrode, model 13-
620-47, purchased from Fisher Scientific was used
for these measurements. In some runs the potential

the electrochemical method, are the aqueous NaCldifference between both ion-selective electrodes

solutions containing the antibiotic precursars
phenylglycine p-(p-hydroxy)phenylglycine and 6-
APA, and the aqueous NaCl solutions containing
the antibiotics amoxicillin and ampicillin. The
experiments were performed in the concentration
ranges between 0.01 and 1.5 pfigd for NacCl,
and between 0 mgkg to the solubility limit of
the antibiotic precursors or the antibiotics.

For all experiments sodium chloride of analyti-
cal grade, 99% purity, A and C American Chemi-
cals (Montreal, Que., Canada was used. The
NaCl was oven-dried at least 72 h prior to use.
phenylglycine, p-(p-hydroxy)phenylglycine, 6-
APA, ampicillin trihydrate and amoxicillin
trinydrate were obtained from DSM Research
(Geleen, The Netherlangisand used as received.
During all experiments deionized water with a
conductivity of less than 0.8S/cm was used. All
concentrations are based on molality, therefore all
additions of chemicals, including water, were

was directly determined. The potential differences
were monitored using an Orion mV-meter, model
EA 920, with an accuracy a@f0.1 mV. While not

in use, the ion selective electrodes were stored in
a NaCl-H, O solution with a molality ofn=0.1-
mol/kg water.

Prior to each measurement for the ternary sys-
tem, a calibration was performed in the binary
aqueous electrolyte solution, in tygé) cells, by
measuring the emf at different salt molalities.
Using literature data for the mean ionic activity
coefficient of the electrolyte the values 8f  and
S of the cell were determined by fitting E¢2) to
the data presented in Fig. 1. Experiments were
performed in two different ways. Some sets of
experiments were performed using constant salt
molality and varying the molality of the antibiotics,
and other sets of experiments were performed at
constant antibiotic molality changing the molality
of the electrolyte. While the first technique gives

weighed. The solutions were kept at a constant a better stability of the response of the ion selective

temperature of 29820.1 K using a 250-ml jack-

electrodes, the latter makes better use of the

eted glass beaker connected to a thermostatic bathantibiotics samples. For experiments at constant

During the experiments the solutions are stirred
constantly with a magnetic stirrer to avoid temper-
ature and concentration gradients in the solution.

To obtain emf-values in NaCl solutions a Na -
ISE, a CI" -ISE and a double junction reference
electrode were used. Two different sodium and
two different chloride ion-selective electrodes were

electrolyte molality, the response of the electrodes
is calibrated using electrolyte concentrations close
to the one used in the measurements. For experi-
ments at constant antibiotic concentration, the
calibration has to cover the whole range of molal-
ity to be used in the experimental run. Both
procedures were additionally tested in runs with

used. For sodium we used an Orion Ross Glassand without reference electrode. In the latter case
membrane electrode, model 8411BN purchasedthe response of the anion and cation ISE’'s were
from Fisher Scientific, CanadeCatalogue number  measured directly, one against the other, instead of
13-641-822, and a Sentek Glass membrane, model measuring separately the response of each elec-
315-75, purchased from Fisher Scientific, The trode against the double junction reference elec-
Netherlands. For chloride we used an Accumet trode. The Sentek electrodes were used only for
Epoxy Chloride Indicating Half-Cell electrode, the measurements of the system containing amox-
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49.726 mV. For a particular calibration made
before a ternary run, the values of the constants
could be slightly different from these overall val-
ues, as they are sensitive to experimental circum-
stances such as the concentration of the solution
in which the ISE are stored and time of storage.
Table 1 presents the values of the standard devia-
tion o, determined assuming a normal distribution,
calculated as:

300

250

100
 [mv)

] Z (AE%éas; - AE%i%)i)

" 9
n—1 ©

wheren is the number of experimental data points.

Although there is not much difference between

using or not using a reference electrode, there

Fig. 1. Calibration of the response of the electrodes in aqueous Seems to be a small reduction in the drift of the

g=

ln(m\:y‘:l ) (-]

NaCl solutions at 298.2 K. All experimental points collected
during calibrations in this work have been included. Full circles
correspond to the experimental points for the cell formed by a
Ross sodium glass ISE and an Accumet chloride solid state

response of the cell when using the reference
electrode. The larger standard deviation found for
the electrochemical cell using the Sentek ISE is

ISE. Open squares correspond to the cell formed by a Sentek prqbably due to the fact that less experimental
sodium glass ISE and a Sentek chloride solid state ISE. The points were measured.

lines correspond to an overall linear fitting of all points for the A detailed discussion of the results obtained for
cell. each ternary system is presented below.

icillin. Their response was validated by measuring 5.7. System NaCl+H,O+ 6-APA
the mean ionic activity coefficient of NaCl in
aqueous solutions containing glycine and compar-  Mean ionic activity coefficients of the electro-
ing the results obtained with those reported in the |yte in the system NaGtH,O+6-APA were
literature. Differences were within the margin of obtained from measurements in runs at fixed salt
the experimental error. molality, and also in runs at fixed antibiotic molal-
ity. The experimental results for the ratio
v2 /vy obtained from experiments at constant
antibiotic molality, m, are presented in Fig. 2
As stated above, calibrations of the response of together with the results obtained at constemt
the ion-selective electrodes in the binary, H O- The agreement of both sets of measurements is
NaCl system were performed prior to every meas-
urement of a system containing an antibiotic. All
experimental points obtained in the calibrations
are presented in Fig. 1. The two lines presented
correspond to the two different sets of electrodes Electrochemical Cell
used. The overall calibration constants for the cell

5. Results and discussion

Table 1
Number of points(n) and standard deviatiotw) for the cal-
ibration of the electrodes

n

> . Ross N& and Accumet Cl , ISEs 72 0.884
Wlth a ROSS SOdlum g|aSS ISE and Accumet ChIO‘ with an Accumet reference electrode
ride solid state ISE ar&°=287.60 mV antl= Ross N& and Accumet Cl 252 1.083
50.592mV. For a cell with a Sentek sodium glass  Wwithout a reference electrode
Sentek Na& and Sentek Cl 25 3.959

ISE and Sentek chloride solid state ISE the con-

ithout a ref lectrod
stants are equal taE°=145.26 wiihout & reference electrode

mV and=
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e Table 2
! e1S=0.010 Constants for Eqs(10) and (12)
omS=0.028
AmS=0.148 System a b c n o
= - —e
oms=1.072 e, . NaCl+H,O+ 6-APA 3769 61.4 1149 77 0.0219
" NaCl+H,0+ ampicillin 1733 74.2 837 68 0.0177
1,4 R NaCl+H,0O+amoxicillin® 299 8.2 1431 57 0.0065
7 . oo @System measured with Sentek ion-selective electrodes.
v o/ o R — Number of points used in the fitz), and standard deviation
of the fit (o).
! 7 % o
o .
1,2 o ° o % Eq. (7). The parameters, b andc are reported in
A o, Table 2 together with the number of points consid-
°© a ered and the standard deviation of the fit, defined
9‘ o a - I AT ,Dn‘ 0, o as:
‘o “ED 9’3&7 - o v
1,0 T T n (@) 2 2
0 0,003 0,006 0,009 0,012 Z[In[’yz—;] —In(%] ]
my [mole/kqg] F Y+ Jmeas, Y Jtit,i
o= 11

Fig. 2. Ratio of the mean ionic activity coefficients of sodium n—1

chloride in the presence and in the absence of 6-APA as a

function of the molality of the antibiotic. Large symbols cor-

respond to measurements performed changing the molality of . .

Nagl at constant molality og the 6-APA. SrgalglJ symbols cglr— from Eq. (:!‘0) are presen_tgd In Flg._ 3

respond to measurements performed changing the molality of 1€ ratio of the activity coefficients of the

6-APA at constant molality of the electrolyte. Lines are used antibiotic in the presence and in the absence of

to indicate points of the same set. electrolyte, obtained combining E45) and Eq.
(10), has the form:

acceptable considering the fact that the set of

measurements at constant antibiotic molality 2,0

The experimental points at constant molality of
the electrolyte together with the curves obtained

requires either a new calibration of the cell before RS . .
each measurement or the use of an overall calibra- mmS=0.028 "
tion performed before the complete set of meas- 1,5 | ameci 075
urements. The results obtained at constant .
electrolyte concentration are considered to be more
reliable, asAE™”Y is a constant at constant and Lo ¢
it is measured before each run. Fig. 2 shows that & "
the mean ionic activity coefficient ratioy®/y> , s ) °°
increases with increasing, at constantms. The ol o
results at constant molality of the electrolyte were v /° e
fitted with different empirical functions. The fol- Lo |10 o
lowing function was found to fit well the experi- o am A e
mental results using the least number of adjustable :‘i,A,rr’f”’” e o o e o oo
parameters: 1,0 (et ,

2 0 0,003 0,006 0,009 0,012
[ Yt — imA (10) mx [mole/kg]

YL s (14bmg)(1+cm,)

This function, that has no physical model

Fig. 3. Fitting of the experimental results with E4.0) for the

system NaCk H,O+ 6-APA. Symbols are experimental points;

behind, meets the limiting conditions required by lines are the results of the fit.
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8 1,4
——nA=0,004 emS=0.005
omS=0.010
71 ——nn=0.008 mmS=0.020 "
AamS=0.200 e .
g J ——mA=0,011 emS=0.980 .
1,3 4 . ’
5 4
2
¥ e
ln =& ° o
'Y;“ 4 4 e
3 Y+1 L,2 S
Y. / n L] - —
/ u -
2 4 -
j/om
1 o
Q T T T T S —_ -4 °
0,0 0,2 0,4 0,6 0,8 1,0 4 . .
ms [mole/kg) —o -
T
0,005 0,010 0,015

Fig. 4. Values of the ratio of the activity coefficients of 6-APA,

in the presence and in the absence of sodium chloride, as
obtained from Eq(12). Points are not experimental, they are
used to identify the molality of 6-APA.

my [mole/kg]

Fig. 5. Fitting of the experimental results with Hd.0) for the
system NaCkH,O-+ampicillin. Symbols are experimental

@ points, lines are the results of the fit.

Ya_

@
Ya

_ 2va
my DAHL4c my)?

these systems behave similar to the system con-
taining 6-APA, the effect of the antibiotic on the
ratio of the mean ionic activity coefficient of the
electrolyte decreases in the order: 6-APA, ampicil-
lin, amoxicillin, as shown by the change in the

x (b)/mg—In(1+b/my)) (12)

As in Eqg. (5), we have kept the stoichiometric
number of ions of the electrolyte, as a symbol
although for sodium chloride its value ig=2.
The results calculated with Eq12) for the ratio

of the activity coefficients of 6-APA in aqueous L1 | emezg-0to
solutions of sodium chloride and in pure water, at nns=0.100 .
the same antibiotic molality, are depicted in Fig. . ems—1.024 o Lo
4. The lines representing the calculated results ' e
have been extrapolated up to the saturation molal- - N
. R K 1,08 4 Y
ity of the antibiotic in the corresponding electrolyte ‘o 0o ©0©
solution. J 0 gt

Y+ L,06 / o T [

(&) ¢ © i e
5.2. Systems NaCl+H,O+ampicillin and + " / - i .
amoxicillin - P

All experiments for the systems containing ,A,,,fn—;—ff; . -
ampicillin and amoxicillin in aqueous NaCl solu- .
tions were performed at constant molality of NaCl, ‘
0,002 0,004 0,006 0,008

mg. At each molality of electrolyte, before starting 0
the weighed additions of antibiotic, the response
of the ion selective electrodes was calibrated using Fig. 6. Fitting of the experimental results with BQ.0) for the

the type 1 cell. The experimental results are pre- system NaCkH,0+amoxicillin. Symbols are experimental
sented in Figs. 5 and 6, respectively. Although points; lines are the results of the fit.

m, [mole/kgl
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Table 3
Constants for Eq9.13) and (14)

J.M. Hamelink et al. / Biophysical Chemistry 95 (2002) 97-108

System a b c n o
NaCl+H,O+b-phenylglycine —165.4 248.3 2.581 29 0.0118
NaCl+ H,0+ p-(p-hydroxy) 6.26 0.147 —0.509 354 0.0144

phenylglycine

Number of points used in the f{tz), and standard deviation of the fitr).

axes of Figs. 3—6. The experimental results were points measured and the standard deviation of the

fitted with Eq. (10) and the values of the adjust-

fit, as defined by Eq(10). The ratio of the activity

able parameters are reported in Table 2, togethercoefficient for the antibiotic precursor, in the pres-

with the number of experimental points collected
and the standard deviation of the fit as given by
Eqg. (11). The ratio of the activity coefficient of
the antibiotic in a sodium chloride solution to the
activity coefficient of the antibiotic in pure water
is, again, given by Eq(12).

5.3. Systems NaCl+H,0+ D-phenylglycine and
+ D-(p-hydroxy)phenylglycine

Most experiments of systems containimgphen-
ylglycine and p-(p-hydroxy)phenylglycine were
performed at constant antibiotic molality,,. As

discussed previously, this technique produces less
precise results than the measurements at constan

electrolyte composition. However, its use is justi-
fied here due to the insensitivity of the ratio of
activity coefficients of the precursors to the molal-
ity of the electrolyte. In addition, for the case of
D-phenylglycine the ratio of the mean ionic activity
coefficients is also quite insensitive to the concen-
tration of p-phenylglycine, and, thus, close to
unity. For the case ab-(p-hydroxy)phenylglycine,
the mean ionic activity coefficient of the electro-
lyte decreases with the addition of the pre-
cursor and reaches a minimum value of
approximately 0.99 at a 0.04 molality a-(p-
hydroxy)phenylglycine, and then increases up to a
value of 1.03 at 0.12 molality of the precursor.
After some preliminary trials, the following func-
tion was selected to fit the data:

2
In Y+

@
Y+

am2+cm,

— (13
1+b\my

mg

ence and in the absence of the electrolyte, obtained
from Egs.(13) and (5), takes the form:

2v(2am, +c)
2

(2
In YA~

D
YA

my

X (by/ms—In(1+b/m)) (14)

Again herev=2, although for generality we
have kept the symbol in Eq14).

6. Modeling the solubility of antibiotics in elec-
trolyte solutions

The modeling of the solubility of amino acids
fn electrolyte solutions has been the subject of
recent studie§15-1g. We consider here the case
of a binary system formed by a pure compound
solid in equilibrium with a saturated solution of
compoundA in a solvent. The difference between
the chemical potential of a pure soldl and the
standard state chemical potential of compound
in the liquid mixture, in molality scale, can be
written as:

ApC= RTIN(mga% st (15

where m$2'° is the solubility of solutet in the
solvent andy5'° is the corresponding activity
coefficient at saturation. The superscript 0 is used
here to denote the binary system. Addition of the
second solute, the electrolyte in the case considered
here, to a solution saturated in compoufddoes

not change the value afu° if the solute is pure
A and the morphology of the solid phase does not
change. The activity coefficients of compourdd

The values of the adjustable parameters are are evaluated in all cases with respect to the

reported in Table 3 together with the number of

reference state of compourdat infinite dilution
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—— amoxicillin
4| —<— 6-APA

—— ampicillin
—8— serine
—— DL~valine
—0— DL-alanine
s —&— glycine

. T

,0 0,5 1,
ms [mole/kg]

0 1,

Fig. 7. Ratio of the molality of a biological molecule at satu-
ration in an agueous electrolyte solution to the molality at sat-
uration in pure water.

in the pure solvent. In order to verify the invariance
of the chemical potential of the solid phase, for
the case of a solution saturateddirin the presence
of another solute we write the equivalent to Eq.
(15) as:

A =RTIn(m$N 33 (16)

Whether the solute changes in its solid state can
be shown by subtracting Eq16) from Eg. (15),
to obtain:
Ap—Ap°
RT

iy

sat,Q,, sat,0
nmy OYA

We emphasize that the standard state for the
activity coefficients of the antibiotic is the same
in Egs. (15) and (16). For the antibiotics and
precursors, the ratio of the activity coefficients
was evaluated by extrapolation of Ed.2) or Eq.
(14), depending on the case. Thus, plotting the
right hand side of Eq(17) vs. the molality of the
second solute detects the variability or invariability
of the chemical potential of the compound A in
the solid phase. In order to show the dramatic
effect of the activity coefficients of the biochemi-
cal compounds, Fig. 7 shows the values of the
ratio (m53Ym529 as a function of the molality of
the electrolyte. The values of the saturation molal-

In (17
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ity of the compounds studied in this work are
those obtained by Rudolpfl9]. Data for four
amino acids reported in the literatue5—1§ have
also been included in the figure to show the effect
of molecular weight. Fig. 8 depicts the values of
the right hand side of Eq17), as a function of
the molality of the electrolyte. Notably, the differ-
ence between the chemical potentials of the solid
phase is quite large for amoxicillin and for 6-
amino penicillanic acid. In fact, Fig. 8 shows that
the increase in chemical potential is larger for the
compounds with larger solubilities.

7. Discussion and conclusions

Activity coefficient data for the NaCl-H O sys-
tems containing the antibiotic precursargphenyl
glcyine, p-(p-hydroxy)phenylglycine and 6-APA
and for the NaCl-H O systems containing the
antibiotics ampicillin and amoxicillin were
obtained using the electrochemical method. Addi-
tional details on the background of the method
and the experimental results, including the testing
of a different set of ion selective electrodes, are
given elsewherg2(].

The ratio of the mean ionic activity coefficient
in the NaCl-H O systems containing the anti-

—— amoxicillin
—X— 6~APA

—a&— ampicillin
—e— serine

—o— DL-valine
—o— DL-alanine
—&— glycine

My Ya
sat,0_sat,0
my Y

0,5 1,

ms [mole/kg]

Fig. 8. Ratio of the activity of a biological molecule at satu-
ration in an aqueous electrolyte solution to the activity at sat-
uration in pure water.
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biotic precursors p-phenylglcyine and b-(p-
hydroxy)phenylglycine was found to be rather
insensitive to changes in the NaCl concentration.
The mean ionic activity coefficient in the NaCl-
H,O system containing>-phenylglycine is also
only slightly sensitive to changes in thephen-
ylglycine concentration and, as a result, the ratio
of the mean ionic activity coefficients in both cells
is close to unity. The mean ionic activity coeffi-
cient in the NaCl-H O system containinp-(p-
hydroxy)phenylglycine shows a small dependence
on the precursor concentration.

The ratio of the mean ionic activity coefficient
in the NaCl-H O systems containing 6-APA, ampi-
cillin and amoxicillin show a similar behavior. The
ratio of the mean ionic activity coefficient decreas-

J.M. Hamelink et al. / Biophysical Chemistry 95 (2002) 97-108

solutions[15]. Precipitation experiments of glycine
in aqueous sodium chloride solutions were carried
out and, while no change in the electrolyte con-
centration was detected by precipitation, the crys-
tallographic form of the glycine precipitate clearly
changed depending on the electrolyte concentration
in the solution[15]. At low salt concentrations,
glycine precipitates in the form of fine particles
and, as the salt concentration increases, the crystals
become needle-like and grow in siZ&5]. The
logical conclusion, with the information available,
was that the fugacitfchemical potential of the
solid phase glycine changed with the concentration
of salt of the mother liquoufl5]. Although this
explanation is reasonable, it is also possible that
the activity coefficients of the biological molecule

es with increasing salt concentration and increasesdetermined by the electrochemical method have a

with increasing antibiotic concentration. The effect
of the antibiotic on the ratio of the mean ionic
activity coefficient decreases in the order 6-APA,
ampicillin, amoxicillin. The antibiotic activity

systematic error that increases with an increase in
the concentration of the electrolyte. Experiments
were carried out by Gad2l] to measure the
activity coefficients ofpL-Serine and KNQ@ in

coefficients for these systems show also the sameaqueous solutions by the isopiestic method and by

gualitative behavior. The ratio of the antibiotic
activity coefficient increases with increasing salt

concentration and decreases with increasing anti-

biotic concentration.

Combination of the activity coefficient data with
available solubility data for the antibiotics and
precursors[19] made it possible to calculate the
difference in chemical potential of the solid state
in the H,O-solute and the H O-solute-NaCl sys-
tem. The ratios of the activity coefficients at
saturation were evaluated by extrapolation of Eq.
(12) or Eqg. (14), depending on the case. Based
on available informatior{19], the activity coeffi-
cients of the biomolecules at saturation in pure
water were set at unity. This assumption is exactly
equivalent to the use of Eq12) or Eq. (14) with

the two-ion-selective-electrode method. The small
difference in the results obtained cannot possibly
explain the effect discussed above. The minor
difference in results obtained by both methods was
thought to be due to inaccuracy of the isopiestic
experiments that took several weeks to attain
equilibrium. In additional experiments, Gda2]
precipitatedpL-alanine by cooling down to 298.2
K agueous solutions saturated in the amino acid at
348 K at different concentrations of NaCl, well
below the saturation concentration of the salt. The
purpose of these experiments was to observe the
solid phase amino acid crystals in contact with the
mother solution from which they were formed.
Again, it was observed that crystals formed at low
salt concentration were quite different from crys-

the right hand side evaluated at the saturation tals formed at higher salt concentrations. While

molality of the biomolecule in the electrolyte
solution. Both of these ways of looking at the
correction introduced by the ratio of activity coef-

these simple experiments, that are easy to test in
any laboratory, justify the assumption that the
observed changes in the solid phase of an amino

ficients seem reasonable. Thus, the fact that the acid may explain its solubility behavior, in this

chemical potential difference increases with an
increase in the molality of the electrolyte is intrigu-

work with antibiotics and their precursors, a similar
explanation is not suitable. In fact, crystallographic

ing and it remains unexplained. This phenomenon studies on the solid phase of antibiotics formed by

was previously observed in the study of the activity
coefficients of amino acids in aqueous electrolyte

precipitation from electrolyte solutions at different
salt concentrations have failed to show a difference
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in the crystallographic structure. For the systems financial support. The authors are also grateful to
studied here, the effect of the approximation intro- DSM Research, the Netherlands, for donation of
duced by the extrapolation of Eq&l2) and (14) the chemicals. One of u€l.M.H.) is especially
requires further study. Work on this area is pres- grateful to the Kluyver Laboratory for Biotechnol-

ently in progress.

8. Nomenclature

ogy for financial support to register for two terms
as a Visiting Research Student at McGill Univer-
sity, where this work was done.
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