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n previous publications (BRODERSEN, 1 and 2, 1947) the rate of
inactivation of G-penicillin was examined with regard to it s
,endente on the hydrogen ion concentration and the tempera -
e . The present investigation deals with the variation of th e

activation velocity with the salt concentration .

I. The Mechanism of the Salt Effect .

According to the previously propounded theory of the me-

ianism of the reaction the course of the inactivation is re-
esented by the following diagram :

P11-H+ ---> p '

yfi
Pn- + H+ -T±- HPn --~ P'

	

I I

H

HPnH+ ->- P'

	

II I

!he irreversible reactions denoted by single arrows are
sunned tobe velocity determining, while the protolytic equi-
rintn reactions denoted by the double arrows are assumed t o

ed at such high velocities that equilibrium is establishe d
entarily. In case of great hydrogen ion concentrations re-

Lion III will become dominating . It is not possible on the

of any previous investigations to ascertain whether re -

11,,ii [ or reaction II is dominating in case of small hydroge n

[ concentrations .
1r
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We shall return to this question later on . Meanwhile we shal l

however, omit consideration of the possibility of reaction I ai r

at the same time assume that the concentration of Pn _H +

small when compared to the concentration of HPn .

If ho denotes the velocity of reaction II, and if the oth ,

designations are the same as those used previously, the velociti

of reactions II and III respectively will be :

ho = k o c o ;

	

h+ = k+c+ .

The total velocity will be equal to the sum of these two figure

h = ho+h+ = koto+k+c+ .

For the equilibriums of the reaction scheme we have :

	

f_

	

c_

	

fH+ f~

	

co
ex +

	

= K (o )

fH+ -f°- cH+
co

= K(+ )

	

f+

	

c+

where f denotes the activity coefficients, while K (o) and K( + ) à

the thermo-dynamic dissociation constants which are independ t

of the salt concentration .

For stoichiometric reasons we have

c = co+ c_+ c+ .

As c+ is small compared to e, we have with approximati e

c - co+ c_ .

From this we can find c_ and substitute in (3), so t

we have :

co= +
Ko + fH+ f eH+

a

c+ may now be found by substituting (7) in (4)

(fH+) 2

	

c
f+

K(+) (K( o ) + fH+
Î

cH+ )

0

7 and (8) are substituted in (2), and the velocity constant o f
he whole reaction is found to be :

CH +

f°_K(0) -I- cH+

	

(9 )
f fH +

It is possible to calculate the salt effect from this equatio n
l the variation with the salt concentration of the quantities on
ae right side of the equation is known .

If in stead of assuming reaction II to take place, we consider
lie inactivation to proceed according to reaction I, i . e . through
ie anipho-ion Pn-H+, we find by a deduction analogous to
ie one particularized above, the following equation :

1 . The Salt Effect in Case of Small Salt Concentrations.

Theory.

In the equations (9) and (10) ko, k+, and k+ denote the
çlocitÿ constants for the velocity determining reactions . Such
actions must be supposed to be brought about by collisions
Gl'a ten water molecules and penicillin molecules .

is the water molecules are without electric charge the velocit y
f ' the reaction will be independent of the salt concentration a t
mall values of the ionic strength (BRØNsTED (1924) and CHRI -
Ti:)nisEN (1924)), for which reason k0 , k+ , and k+ may here
c considered to be constant . The values of these quantities a t
n ionic strength of 0 we shall denote k ( o), k(+) , and k ( ± ) . I t

ars from KIRKwooD ' s equation (1924) for the activity coef-

c+ (cH+)2

	

( 8 )
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fo in (10) is substituted by fz

(kw

	

k(+) fz

	

1

K(f) K(e) + K(+) fz +i f cH+ l

6

ficient of an ion with both positive and negative charges that th e

activity of an ion in a diluted salt solution is approximatel y

constant even if an equally large number of positive and nega-

tive charges are added to the charge of the ion . The activit y

coefficient is thus chiefly determined by the surplus number o l

positive and negative charges so that it is possible to conside i

fo = Ç.
As K ( o ) and K() are independent of the salt concentratio n

it is seen that for diluted solutions the salt effect on the inactivatioï

of penicillin must be found to be the same whether we m

equation (9) or equation (10). We shall in the following d i

cussion apply equation (10) .
We have hitherto assumed that at hydrogen ion concentratio n

about 10 -' m penicillin exists as å monovalent, negative ion, P n

which in acid solution combines with a hydrogen ion and forne

the uncharged penicillin molecule HPn. For the purpose of t h

previous investigations which dealt with the rate of inactivati n

at constant salt concentration it is, however, of no importan e

whether HPn is assumed to be without charge or having a positi v

or negative charge or charges, as long as Pn is considered t

have one negative charge more than HPn . The results will

independent of these assumptions, and it is therefore also i n

possible to draw any conclusions from these experiments IAi t

regard to the total charge of penicillin .

It is quite otherwise when the investigation deals with 1l

effect of the salt concentration on the reaction . In this case 11

magnitude of the total charge will be of decisive importance

the calculated salt effect will vary according to the assumed nul l

her of charges of HPn .
In sufficiently diluted solutions it is possible to calculate 1 1

salt effect on the velocity of the reaction corresponding to difler e

charges of HPn in the following manner .

If fn denotes the activity coefficient of an ion of the valenc y

we have :

fir+ = f 1 .

If the valency of HPn is referred to as z, we have :

f =

L z

f fi
K( o) + CH+

z-1

If we now substitute fn = Fr ) , 'we have :

-2z

	

cri+
1 CH+

	

2z-2K -{- C

	

(14)
fi

	

(o )

	

x+

fl can be calculated from Poisson-Boltzmann's equation

fz

	

z2A `/_

-log =	
(DT)

3
'

here A = 1 .82 and D = 76 at 30°C, which for z = 1 give s

	

- log fl = 0 .52 J/J

	

(16)

here J is the total ionic strength of the solution .
Equations (14) and (16) make it possible to calculate the

uendence of the rate of inactivation on the salt concentratio n
r different values of z if the hydrogen ion concentrations an d
e other quantities of equation (14) are known .

Experiments and Calculation.

The velocity constants of the inactivation of penicillin G wer e
termined at 30° C at different concentrations of sodium chloride ,
e measurements being performed according to previousl y
' gibed methods .

i'hree series of experiments were carried out-at the hydroge n
n concentrations 0.024, 0 .0024 and 0 .0004 m respectively .
fluted hydrochloric acid was used as buffer medium during th e
st two series of experiments and diluted acetic acid durin g
e last one. Ordinary glycine and acetate buffers, the buffering
parity of which is greater, were not convenient as the experi-

nts were to be carried out at low values of the ionic strength .
he hydrogen ion concentrations of the solutions used could b e

fo = ft ;

f+ = fz+t ;

c

7

(13)

(15)
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reproduced with an accuracy of 0 .01-0 .02 pH-units and did no

change measurably during the reaction.

In' diluted hydrochloric acid solutions the hydrogen ion co n

centrations were observed to remain unchanged when penicilli n

had been added and to be independent of addition of salt . Th ;

was verified by electrometric measurement by means of. a glas

electrode, the solutions being compared to hydrochloric ac s

solutions of known concentrations with the same sodium chlorid i

concentrations .
During the third series of experiments, which was perform ,

in 0.0095 m acetic acid, it was observed that the hydrogen

concentration decreased somewhat when penicillin was adde, i

and it is likewise necessary here to allow for the fact that d.i ,

sociation equilibrium of aéetic acid is sensitive to salt . 1' ]

hydrogen ion concentration must therefore be determined f

each salt concentration during these experiments . This may

done by calculation or experimentally by comparison with hydr o

chloric acid-sodium chloride solutions . As it is impossil d

however, to use the experimental method at very small ioi i

strengths the hydrogen ion concentration has been determin

at various larger salt concentrations both by calculation a

experimentally . The calculated figures have been found to, cv

form accurately to the experimentally determined results, an d

other hydrogen ion concentrations have subsequently beer d

termined by calculation in the following manner .
By addition of penicillin, which in all the experiments d (

with here was used in an initial concentration of 10 -5 nn ,

reduction of the hydrogen ion concentration is caused which ,

the basis of the law of mass action ,, may be calculated to c i

respond to a consumption of about 17 . 10-5 m hydrogen ion . T I

consumption is constant at different salt concentrations and in

be imagined to be caused by the fact that the penicillin empl o

contains a little bicarbonate . The law of mass action for acetic, a (

may now be used for calculating the hydrogen ion concentiat i

as we have

CE-7+ C EH = 0 .0095 ;

	

cE- - cH+ = 0.0001 7

K(EH) = 1 .750 • 10-5 at 30° C . (see HARNED & OWEN, 1934) ,
when, as above, we substitute

fEH = 1 ;

	

f1,- = 1H+ = f i

where fl is calculated from (16) .

The quantities
K(+)
	 ,

Kit)
and K(o) may be found in the

fOllowing way :

The velocity constant k was determined for an ionic strengt h
of 0 in the three experimental series by extrapolation .

The following values were found :

cH+ = 0.024

	

0 .0024

	

0 .0003 1

k = 0 .16

	

0 .028

	

0 .0065

	

for J = 0.

By. substituting these three pairs of figures in (10) we ge t
hree equations in which the three quantities which we are trying

determine are the only unknown quantities as all the activity

The salt effect on the inactivation process in hydrochloric acid . The
abscissa is the square root of the ionic strength . c H+ = 0 .024.

41 + FE - cH+cE_

K(EH) fEH

	

C EI-I
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coefficients are unity. These three equations can be solved In

trial and error, whereby we obtain :

h(+) _ 6 .o

	

k(t) = 25 .3

	

h(o) = 0 .00100
Ii (+)

	

Ii (} )

It is now possible by means of equations (14) and (16) t

calculate the relationship between the velocity constant and (li

ionic strength for different charges of the molecule HPn . T h

results appear from figs . 1	 3 in which the fully drawn curv e

represent these relations . The points marked with circles r e

present the values determined experimentally .

0

	

01

	

02

	

03 dom'

Fig. 3 . The salt effect on the
tivation process in 0.0095 m
acid . The hydrogen ion concentrate

varies with the ionic streng i r .

Conclusion .

The positions of the experimentally determined poins;

compared to the calculated lines show that z is equal to 0, i .

that at hydrogen ion concentrations about 10 -5 the G-peni l

preferably occurs as a single ion with one negative charge, 'v Iii,

r . 14
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a solution of higher acidity equilibrates a molecule without
ny charge .

In fig. 2 it is, however, impossible to distinguish with certaint y
etween the two possibilities z = 0 and z = 1 . The mean error

f the experimental determination of log k in these experiment s
nounts to 0 .02-0.03, so that only the point representing J = 0 . 3
11 be said to show a greater deviation from the line z = 0 tha n

be explained by accidental variations . The theory on which
e calculation of the curves is based is, however, not so accurat e

this ionic strength that any importance can be attached to

c deviation .

	

-

This result with regard to the charge of the penicillin mole-
le is in conformity with the results which we should have

petted to obtain according to the structural formula for peni-

lin propounded by British and American scientists (Committe e
Medical Research and the Medical Research Council, 1945) .
The partition coefficient of penicillin in water and ether i s

, .tit unity for cH+ = about 10-4, decreases at higher hydrogen

concentrations and increases at lower hydrogen ion con-
iilrations . From this one might be tempted to conclude that

nicillin carries the number of charges indicated by the abov e

periments . on the salt effect . It is, however, impossible to draw

v definite conclusions without a more detailed knowledge o f

numerical variation of the partition coefficient .

L'y means of the formulae stated above it is possible to cal -

1?te the dependence of the rate of inactivation of G-penicilli n

the concentration ,6f salts in the solution corresponding to

lees of the ionic- strength below about 0 .1 .

L> The Salt Effect in Case of Higher Salt Concentrations .

Theory.

The equations (9) and (10), which apply to each of the two
,sihle inactivation mechanisms, have been deduced irrespectiv e

the ionic strength. We may therefor use these equations as

basis for the calculation of the effect of salt in solutions of

ïher concentrations as well . In the following we shal l

Fig . 2. The salt effect on the inactiv -
ation process in hydrochloric acid. Th e
abscissa is the square root of the ioni c

strength. C H + = 0 .0024 .
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Nr . 1

discuss the possibility of an approximate calculation of th

quantities in question at higher salt concentrations .

Suppose the ion PnH + is activated by collision with wat e

molecules whereby a complex is formed which may either b

subjected to an irreversible decomposition or return to the origin a

condition : a positive penicillin ion and a water molecule .

-PnH + -{- H 2 O 7(t Pn*H +H 2O -4- Pn ' .

1f we further suppose the irreversible action to proceed slow l

when compared to the reversible action so that the complex i

in equilibrium with penicillin ion and water, we have :

c+CHao f+fH,O

	

K .
c+

	

f i

As the velocity of the irreversible conversion of the bulle

complex is equal to the velocity at which PnH + is consumed

we have :
aF k

c+k+ = c i k i

	

( '? 1

where k+ represents the probability of the irreversible trai l

formation of a molecule Pn*H+H 2O within unit of time . We Iv]

assume that this quantity is independent of the salt concentratio l

It is difficult to obtain any idea as to the accuracy of this a ,

sumption. It is based on the hypothesis that a substance t l

molecules of which are transformed spontaneously through a

irreversible reaction will exhibit a velocity of reaction indepe i

dent of the salt concentration .

In equation (20) we shall further substitute

f+ _ fH-

the buffer complex and the penicillin ion having the same char

and almost the same molecular weight, since the differenc e

merely the relatively small water molecule .

By now applying equations (20) any (21) at the salt co l

centration 0 and at some other salt concentration, we ge t

fO cH, O
k + = k (+)

1 3

here k(+) is k+ for a salt concentration of 0 and
c(H,o) is the

uncentration of water for a salt concentration of 0. The fraction
n equation (23) is very nearly equal to the ratio of the wate r
apour pressure of the salt solution to that of pure water at th e
[me temperature . For a 4-molar sodium chloride solution thi s
tao is 0 .87 . If we make the further approximation of assuming
his fraction to be unity, we hav e

k+ = k (+)

	

(24)

l ich means that the velocity constant of the irreversible trans -
Liiation of the positive penicillin ion is independent of the sal t

oncentration .

The investigations performed by HAMMET & MARTIN (1934 )
with regard to the influence of the potassium chloride concen-

ration on the hydrolysis of ethyl acetate by means of hydro-
hloric acid support the view that the approximation represente d
y the assumptions made here is not more rough than warrante d
) the purpose .

By a quite analogous deduction we obtain

ko = k( o )

	

and

We shall now consider the dependence on the salt concen-
r lion of the activity coefficients of the equations (9) and (10) .

iH +
can only with a rough approximation be considered t o

constantly independent of the salt concentration. As thi s
nantity, however, only occurs in the second term of the paren -
,esis of (9) and (10), which in case of the hydrogen ion con-
ntrations used here only amounts to about one tenth of the su m

,I the two terms, we shall consider it to be unity for all sal t
neentrations .

LAMMSON & ADELL (1931) have determined the dependenc e

the sot concentration of the activity factor f fns- for 24
fa

'lirrent acids which, as regards charge, are of the same type a s
Hr,tic acid. On the basis of these measurements in connectio n
ith the determinations performed for a-dinitro phenol by HAL -

& KoRriÜM (1934), HARNED & OWEN (1943) propounded th ec (I3ao)

(25)= k(f)
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rule that the variation of the activity factor with the ionic strengt h

is approximately independent of the acid used, consequently ih

activity factor for an acid at a certain salt concentration ma ,

be taken to be the same as that of another acid for which thi ,

quantity has been determined at the salt concentration in questior ;

Moreover the activity factor is, according to HARNED & Ow° r

equal to fH -i-fcl-, a quantity for which they give numeric a

values in a number of excellent tables . However, the law ()in(
applies when the neutral salt added is the same . If f. insti'

potassium chloride is used in stead of sodium chloride, the vile ,

of the activity factor will change . We shall consider this law to

hold also with regard to penicillin. The approximation thus mar ?

should, according to the statements by LARSSON & ADELL aïi l

HARNED & OWEN, cause an error in log k which is smaller;

than 0 .1 .

Finally we shall consider the calculation of f±/f0 .
KIRKWOOD (1934) has devised a formula for the calculaiai ;

of the activity coefficient f± of ampho-ions . The formula II ,

on the following conditions :

1) The ampho-ions must be spherical .

2) The concentration of the ampho-ions must be so •sit ' H

that the inter-ionic forces between these ions may be negle t

3) The dipole moment of the ampho-ions must be very I ,

compared to that of the solution .

4) No deviations, except of electric nature, from the f ., >

applying to diluted solutions must occur .

5) Corrections of the type stated by GRONWALL-LA ME '

(GRONWALL-LA MER & SANDVED (1928)) originating from

linear terms of the Poisson-Boltzmann equation must be sui h '

Out of these conditions only those listed under 2) and 3) n

be assumed to be fulfilled in this case . To overcome this cliff- , t

the following consideration is set forth :

Let us consider the above-mentioned rule propounde d

HARNED & OWEN :

f-fH -+-
= constant

f0

which holds only in case the composition of the salt used t '

same, but which applies irrespective of the acid employed

',Nr . 1 4

e consider fH+ in this equation to be independent of the aci d
'Ned, we have

f_ = fo • constant

	

(27)

ï . e . the activity coefficient of any monovalent anion may b e
(dasidered to be a product of two factors : the activity coefficient

' at the corresponding uncharged molecule and a constant whic h
is independent of the nature of the anion, but dependent on th e

sit employed in the solution . This' constant may be said to
present the share contributed by the negative charge to th e
tivity coefficient of the ion .

An analogous relation may also be deduced for monovalent
psitive ions . HAMMET & MARTIN (1934) have shown that the

action velocity of the hydrolysis of ethyl acetate with acid s
ries as the equilibrium concentration of a positively charge d

ilicator of the type ammonia-ammonium ion, irrespectively o f
11e nature and concentration of the salt added . The hydrolysis
f ethyl acetate is assumed to proceed via the formation of a
,onovalent cation consisting , of an ethyl acetate molecule an d
hydrogen ion. If we assume the velocity to be proportional t o

the concentration of this cation, it will be seen that the dissociatio n
quilibrium of the esters as well as of the indicators employe d
'niist be independent of the latter, which means that a relatio n
analogous to equation (26) will apply, henc e

= f0 • constant .

	

(28)

On the basis of the equations (27) and (28) it would now b e
natural analogically to conclude that

1

	

f~ = fa - constant .

	

(29)

l'he constant of this equation represents the effect of th e
,,l arges upon the activity coefficient, and it is seen to be equa l

1 I if we assume f0 to be unity, i . e . if we neglect non-electrical
-n [ :ihutions towards the activity coefficient. With a certain ap-
a d imation we should be able to assume that it is this electrica l
eutril ution which we obtain from Kirkwoo d 's formula, for which
edson. we shall replace f~ by f± /fo in this formula, the mor e

as the latter quantity forms part of equation (10) .

15
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These considerations cannot, of course, lay claim to any ex a

validity. As, however, exact methods for the calculation of t!

activity coefficient are lacking, it is the author's intentio n

attempt to use the results obtained according to the descril s

method, and by comparison with experimentally determin

values form an idea of the reliability of the procedure .

Kirkwöod's formula is as follows :

- D lnf = - Q 0
Do

	

2DkT

	

1-;- x a

(2n -1)Qn

(2n-1) (n -}-1) 2 a2 n-1

Kn-1 (x a)

n b 2 n-{-1 x 2 Kn_1 .(x a )
K1,+1(xa)+

(n+ 1)(2n-1) (2n+ 1) a2n-1

is found from the equation :

ekelrkrePn (cos Vkl)

Pn being the ordinary Legendre functions which for low val

of n have the following configurations :

Po(x)

P 1

//

(x )

P
2(

X)

vkl is the angle between the distances represented by . r ;

re from the centre of the molecule to the charges ek and

is the total number of charges .

In (30) we further hav e

x2
_ 8cNe2 J

1000 DkT

N is Avogadro's number, 6.06 • 10 23

e is the charge of the electron, 4 .774 • 10 -10 E .S .U .
k is Boltzmann's constant, 1 .375 . 10-1 6

J is the ionic strength of the solution .

The functions Kn(x) can be found fro m

2 5 n! (2n - s)i
xs .

s! (2 n)! (n-s) !

D is the dielectric constant of the solution .

Do is the dielectric constant of the solvent .

b is the radius of the molecule with the activity coef-
ficient f.

a is the sum of b and the mean value of the radii of
the ions of the salt solution .

It is improbable that the penicillin molecule is spherical .
e value chosen for b must consequently to a certain extent
based on an estimate . If a spatial model of the molecule o f
penicillin is drawn, it will be seen that the sphere which ap-

oximates the penicalin molecule most closely has a radius of
Å. On the basis of the figure 0.268 cm2/24 hours at 10 C for

,! diffusion const 'int of penicillin determined by KLENOW (1947) ,

is calculated from Riecke's equation to be 4 .7 Å and from
)ke's equation to be 5 .2 Å (BRODERSEN & KLENOW, 1947) . The
,eeific.-gravity of the molecule is in this case taken to be 1 .3 .
r m the formula for G-penicillin advanced by British an d
nerican scientists a molecular weight of 334 is obtained . On
is' basis b is calculated to be 4 .7 Å for this molecular specifi c
axity.

We shall consider the figure 4 .7 Å to be the most probabl e
lue for . b .

From roentgeno-crystallographic data the mean radius of th e
Jinni and the chloride ion is calculated to be 1 .0 A. HARNE D

Ct WEN are of the opinion that at the moment of collision th e
stance between the centre of the sodium or chloride ion an d

Kgi . Danske Videask . Selskab, Mat .-fys . Medd. XXIV,14.

	

2

x

Qn

1= 1k= 1

P3(x)

P4(x) = 8 (35x 4 -30x2 +3)

P S (x) = (63 x5 - 70 x3 + 15 x)

where

s=0

(33)
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the surface of the other ion is greater than 1 Å . According t

measurements performed by GRONWALL, LA MER & SANDV L

(1928) this distance is about 2 Å . According to HARNED & Owr

the difference between these values is due to hydration of i
ions. KIRawooD, whose investigations are of a more recent dat

than those performed by GRONWALL, LA MER & SANDVED, i s

the opinion that the figure 1 Å should be used . With regard t

KIRKwooD's own experiments the best conformity between ti t

figures for the activity coefficient of glycine obtained by ca

culation from the formula and those determined experimentall

is obtained at a value of 0 .7 A, although the figure 1 .0 Å al s

gives fairly good conformity . GRONWALL, LA MER & SANDVED

figures are determined by means of conductivity measuremen t

and it therefore seems desirable, to use the figures found by th e

authors, when the purpose is to calculate the conductivity . i

our case, where the purpose is to calculate an activity co e

ficient by means of Kirkwood's formula, it appears natural t

use a value which has proved statisfactory in connection wi t

this formula . Here we shall therefore consider the "effectiv

mean radius" of the sodium and chloride ion to be 1 . 0

This figure is thus, to a certain extent, empirically determint i

By choosing this value instead of 0 .7 Å we have avoids

an inconsistency with the crystallographic figures . a is ih i

5 .7 Å .

We shall assume the distance between the charges of ti t

penicillin ampho-ion to be the same as the distance between t l

charges in an a-amino, since the configuration of the par t

the molecule to which the charges are attached is the same i

both cases . WYMAN (1934) has determined the dipole mom ,

of a-amino acids to be 20 x 10 -18 E.S.U. From this we On

R = 4.2 Å .
With regard to r, the distance from the centre of the molt ( . u i

to the charges, we shall take it to equal b, assuming the chat g

to be located on the surface of the molecule .

Moreover we shall assume that D equals Do, irrespecti

the salt concentration .
We are now able to calculate f t /fo . From the quantiti

formulae (9) and (10) we have as yet no knowledge 01 tl~

hydrogen ion concentration . Like some of the experimert

+r . 14

	

1 9

e effect of small salt concentrations dealt with in the preceding
'ction, these experiments were performed in a 0 .0095 m aceti c

the hydrogen ion concentration of which is dependent o n
le salt concentration. The calculation of the interdependenc e
i the case of small salt concentrations has been dealt with in
ie section in question . The formulae set forth may, by ap-

roximation, be extended to solutions of a somewhat highe r
)acentration by subjecting the activity coefficient to a treatment
ta.logous to that described above . The hydrogen ion concen-

ations calculated in this manner are found in table 1 .

Results .

The values of the velocity constant for different concentrations
sodium chloride determined by means of formulae (9) and

il) are to be found in table 1 . These two relations are represented
curves in fig . 4 in which the experimental results are plotted .
With regard to experimental method reference should be mad e
the section on weak salt solutions . The measurements deal t

here, are a direct continuation of the experimental serie s
armed for low concentrations .

Table 1 .
(. Referring to fig . 4) .

0 .000320 4

0 .000360 8

0 .000375 5

0 .000385 7

0.000406 0

0 .000417 0

0 .000448 9

0 .0004626

0 .0004466

0 .000376 6

3a4

	

0 .000300 3

c13 +

calculate<<

ff

f0

from Kirkwood' s
formula (30 )

1 .00

0 .9 8

0 .97

0 .9 6

0 .9 3

0 .8 9

0.8 2

0 .6 7

0 .52

0 .3 8

0 .29

-log k
from eq. (9 )

2 .1 8

2 .2 1

2.2 2

2 .2 2

2 .23

2 .25

2 .2 5

2 .2 6

2.2 6

2 .2 2

2 .17

-log k
from eq. (10 )

2 .1 8

2 .2 0

2.2 0

2 .2 0

2 .20

2 .20

2 .1 7

2 .1 0

1 .9 9

1 .82

1 .65

2*
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Fig. 4 . The salt effect on the inactivation process in 0 .0095 m acetic acid at gre n
salt concentrations . The curves are plotted from the equations (9) and (10) ;
first of which is based on the assumption that the molecule HPn is labile ,
the second on the assumption that PN-H+ is labile . The point QQ repres e

has been determined as the mean value of a great number of determination s

It will be seen that there are considerable discrepancies hetw +

the experimentally determined figures and those calculated 1 1 ,

formula (9), while the conformity with the course calcula l

according to (10) is quite good . As appears from the manne r

which these two equations were deduced formula (9) is h a

on the condition that a penicillin molecule without clamp ,

unstable, due to the prescence of a hydrogen atom in th e

boxyl group. Formula.(10) is on the other hand based on th

suroption that it is only possible to inactivate the unch

penicillin molecule by converting it into an ampho-ion, the 111 + 1

bility being caused by the combination of a hydrogen io n

the nitrogen of the amid() group. The question is now whet(' r

is warrantable, on the basis of these calculations and experim, i

to accept as correct the theory on which (10) is based .
The inaccuracy of the calculation performed with equat i

(9) as a basis is essentially due to the inaccuracy attache d

1) the assumption that ko is constant, 2) the calculation

fo/f fH+, and finally, 3) the calculation of eH+, hence the se(1 1

term of the parenthesis, at the hydrogen ion concentrations i l

with here, is rather small compared to ko . It is possible to of,tt

n- idea - of the variation of ko with the salt concentration by con -
tiering the dependence of the rate of transformation of anothe r
ncharged molecule on the salt concentration . HARNED cC PFAN -
FIEL (1922) have examined the dependence of the hydrolysi s
ethyl acetate by 0 .1 ni hydrochloric acid on the concentratio n

f potassium chloride, which Was added in amounts varying from
to 3 m. They found a variation in log k of 0 .02 . Apart from
is . investigation the literature seems to present no examples o f
terminations of this type of dependence which appear reliable
ough to warrant an application in this connection .

According to the statements in the theoretical section on the
!ciliation . of fo/f f Fi + the error to which this calculation i s
hject cannot be supposed to cause en error greater than 0 .1 in

k; As the calculation of the hydrogen ion concentration i s

sed on the same theoretical suppositions as the calculation o f
e activity coefficient, the error originating from this calculatio n

nt be supposed to be of the same order of magnitude . As ,

wever, the conformity between calculated and experimentall y
termined hydrogen ion concentrations is even better than might
y e been expected on this basis, the error is probably eve n
aller .

It is thus on the whole not very probable that the error to
ich the calculation of log k from equation (9) is subject is
re than 0 .4, if the hypothesis with regard to the mechanis m

reaction on which (9) is based is correct. As the deviatio n
ermined experimentally in some cases is as great as 0 .7, it

) be said that most probably the assumptions on which formul a

is based are incorrect .

It we now consider the calculations based on equation (10) ,

sill at once be seen that the difference between the experimen -

y- determined and the calculated values is smaller than th e

eeted maximum error . This good conformity must, however ,

some extent be ascribed to incidental circumstances, as th e

iditöns on which the application of Kirkwood ' s equation i s

;d are not completely fulfilled, and some of the assumption s

fisve made in order to be able to calculate the individua l

.onstants are rather uncertain . The conformity found shows ,

r, that the deviation from the course calculated accordin g

'Illation (9) as regards direction and order of magnitude
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' corresponds to the deviation which should be expectedto occur

..NF . 14 . 2 3

if the instability of penicillin is assumed to be due to the taki u

up of a hydrogen ion at the nitrogen atom in the four-membere d

ring .
It is thus highly probable that the factor which decide ,

whether a penicillin molecule is stable or unstable in a slighll t

acid solution is the existence of a hydrogen ion linked to th e

above mentioned nitrogen atom, while the degree of dissociatio n

of the carboxyl group only influences to a certain extent th e

velocity at which the inactivation takes place (BRODERSEN, 194 )

This theory becomes even more probable when one considt i

that the inactivation must be assumed to consist in an openi »

of the four-membered ring and that inactivation in s t r o n g !

acid solution, as shown in the above quoted work, is due t

the taking up of a hydrogen ion at this point of the molecul e

Summary.

I. The result of the calculation of the salt effect on the i n

activation of G penicillin in acid solution is dependent on tL

electric charge of the penicillin molecule and on whether t t

assume the inactivation in slightly acid solution to be due to tI

taking up of a hydrogen ion at the nitrogen atom in the fou r

membered ring or to the taking up of a hydrogen ion in l h

COO-group .
The location of the hydrogen ion is of no importance in stea l

salt solutions .
II. A formula (14) from which the salt effect may b ,

culated at small ionic strengths is deduced . This equatio n

tains the electric charge of the acid penicillin molecule .

From this formula the salt effect on the inactivation in

and 0 .0024 m hydrochloric acid and in 0 .0095 m aceti c

which sodium chloride is added is calculated for different

of the electric charge . In the case of the last mentioned so h

allowance is made for the fact that the hydrogen ion concenir<~i r

varies with the ionic strength .

By comparison with the experimentally determined sai l

it appears that the acid penicillin molecule is uncharged, ,an

Le penicillin ion present in a neutral solution has a single nega -
`e charge .

III. An attempt is made to calculate the salt effect at high
inie strengths on the basis of the two theories on the reactio n

mechanism indicated above . To be able to carry out these cal -
Illations it is necessary to make a fairly large number of simpli -

, ing assumptions, which, of course, renders the results les s
eliable . A comparison with the experimentally determined figure s

, lwws, however, good conformity with the calculation method
F ,thich is based on the assumption that the instability is due t o
L fact that a hydrogen ion has been taken up at the nitroge n
ttgtn in the four-membered ring ;

An estimate of the errors to which the calculations are subjec t
is shown to confirm this theory about the reaction mechanism ,
à theory which is also supported by previous investigations .

The expenses of the experiments dealt with in this paper hav e
linen covered by grants from "Medicinalfabrikantforeningen" .
The penicillin used was kindly placed at my disposal by Pro-
ts,er . K. A . JENSEN, M . D . HELGE BRODERSEN, cand . act . per-
hutted the calculations . I am indebted to the late Professo r
1 . N . BRØNSTED, Ph. D . and Professor J . A. CHRISTIANSEN, Ph.

it instructive conversations during the work .

orn the Department of General Pathology, ,University of Copenhagen .
sor K. A . Jensen, M . .7) .) .
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