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A Relaxation Method for the Determination of Moderately

Rapid Reaction Rates near Chemical Equilibrium

STIG LIJUNGGREN and OLE LAMM

The Royal Institute of Technology, Division of Physical Chemistry, Stockholm 70, Sweden

I

A new relaxation method, based on the equilibrium displacement
produced by a rapid pressure rise, is described. Using the present
technique, the pressure was raised from 1 to 150 atmospheres in about
one twentieth of a second. The relaxation to equilibrium was followed
by & continuous registration of the conductivity of the sample solution.
This technique was employed to study the kinetics near equilibrium of
the carbon dioxide-water system. It was also found possible to cal-
culate the true dissociation constant of carbonic acid.

SYMBOLS

constants defined in text

specific heat

total concentration

equilibrium concentration

concentration of undissociated constituent
concentration of positive ion
concentration of negative ion

partial molar enthalpy of standard state (referred to infinite dilution)
cell constant

equilibrium constant in general

true dissociation constant of CO,
hydration constant of COg

apparent dissociation constant of CO,
forward rate constant

reverse rate constant

eqivalent ionic conductance

pressure; algebraic expression defined in the text
algebraic expression defined in the text
gas constant; cell resistance

entropy

absolute temperature
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o~

time

partial molar volume of standard state (referred to infinite dilution)
partial molar volume of activated state

recorder deflexion

degree of dissociation

equilibrium degree of dissociation

relative change in K on compression from p, to p,

volume compression ratio

finite difference operator; perturbation from equilibrium concentra-
tion

constant of integration

perturbation measure

specific conductance of solution

eigenvalues of matrix

relaxation time

©
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INTRODUCTION

In connection with other investigations at this Institute there arose a
need for a method suitable for the study of the kinetics of certain reactions
with half-times ranging from 0.05 sec up to a few minutes. All reactions
which were studied involved ionic species. For this reason it seemed most
convenient to utilize the conductivity of the solutions. Of the existing met-
hods ! for studying fast reactions, only the rapid flow method of Hartridge
and Roughton 2 seemed to be applicable in the region of rates mentioned. An
estimation showed, however, that it would be difficult to adapt the flow
method successfully to conductivity registration without sacrificing the low
liquid consumption which is characteristic of certain modifications of this
method. From the point of view of general experimental simplicity, a relaxa-
tion method seemed most attractive. This led the authors to the development
of what might be called a pressure jump method. By recording the variation
of conductivity following the application of a rapid pressure rise, the rate at
which the new equilibrium was approached could be studied. There is a simple
relation between the relaxation time (time lag) and the reaction rates (cf.
Refs.3,4). A rather similar method, the temperature jump method, has been
indicated by Eigen 5.

A still simpler relaxation method, which to the authors’ knowledge, has
not been tried as yet, would be a rapid dilution of the sample solution followed
by, for example, conductivity registration.

The pressure jump method is not confined to solutions having an electric
conductivity. The variation of colour, temperature or dielectric constant of
the solution may be used as well. In addition to the relaxation process, the
pressure dependence of the equilibrium constant can be studied by the same
experimental arrangement.

The original flow method®® requires large quantities of liquid. In later modifications 2,
e. g. the stopped flow and accelerated flow methods, this drawback has been overcome. The
flow method has hitherto been applied mainly to biological systems, e. g. enzyme reac-
tions. The rate of hydration and dehydration of carbon dioxide and the rate of the con-
version Cr;0,2~ — HCrO,~ have, however, also been determined in this way®.
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1836 LJUNGGREN AND LAMM

Relaxation methods! have attracted much attention in recent years. In addition to the
pressure jump method described in this paper and the remperature jump method already
mentioned, we have, for example, the method utilizing the equilibrium displacement
caused by a strong electric field, the so called dissociation field effect (or second Wien
offect) 1.2. Owing to the enormous production of Joule heat per unit time, this method
can only be used for very fast reactions. The same thing is true for the sound
absorption method 1.

Proton magnetic resonance has been applied, for example, to the study of the extremely
rapid protolysis of ammonia and various amines 1,7,

A dielectric dispersion method has recently been used to study the dissociation rate of
boric acid 8.

Polarographic and related methods ®-14 are applicable in cases where the electrode
process is preceded by the reaction to be studied. As an example of a successful applica-
tion of this technique, the determination of the dissociation rate of the complex ion
[Cd(CN),}*- may be mentioned 25,

BASIC THEORY

The effects of pressure on the conductivity of an electrolyte are twofold.
First, the ionic mobilities are changed, due in the first place to the change in
viscosity of the solvent. Second, there is a displacement of the equilibrium
position (¢.e. a change in the equilibrium degree of dissociation) which we
utilize to study the rate of approach to the new equilibrium at the higher
pressure. The equilibrium perturbation is to be ascribed partly to the change
in the equilibrium constant and partly to the pure volume effect, i.e. the
increase of the concentrations due to the volume compression.

1. The pressure effect on the equilibrium constant

For the variation of the equilibrium constant, K, with pressure, p, under
adiabatic conditions we have

(0 InK/op)s = (9 mK[dp)r + (0 mK/[oT), (3T/dp)s,

where 7' is the absolute temperature and S the entropy of the solution. Now,
from thermodynamics we know that

(0 InK[dp)r;= —AV°/RT
(0 mK/oT), = AH°/RT?
(OT1op)s = T(OV [0T)y/C,

where V° and H° are the volume and enthalpy of the standard states (referred
to infinite dilution).

0 WKjop)s = o <[4V + 4w @V,

Realizing that
Ps

In (Ky/K) = [ (0 mKjopsip
b1
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and introducing the ratio
B = Ky/K,

we have

p=oxp | f r InK/op)sdp |~
21

Ps
—AV°4-4H° (0V [0T),/C
- oxp [ [ TAVHAL VT,

dij‘
pl

When working with dilute aqueous solutions, we may disregard the second
term within the bracket in the expression for (0 InK/dp)s since (3V/0T), is
very small for water at room temperature (and zero at the temperature of
maximum density). If the equilibrium involves ionic species, the change in
K is accompanied by a corresponding change in the conductivity of the solu-
tion.

As to the magnitude of the pressure effect, we find that if 4V° = 1 cm3
per mole, then a change of p from 1 to 100 atm will produce a change in K of
4 x 1073, This is sufficient to permit registration of the relaxation process.

2. The volume effect

The volume effect is of course much smaller in a solution than in a gas
mixture, but it is comparable in magnitude to the change in K (¢.e. £) given
above. As an example let us study the dissociation equilibrium

AB=A* 4 B-

C, €4 c

According to the law of mass action we have
cic e, =K

If, now, the pressure is rapidly raised, say, from 1 to 100 atm, all concentra-
tions are instantaneously increased in the same ratio, y, as the volume decrease
of the solution.

’

Co = ‘}/Co
’

Cy = Y0y
Iy !

i 6 = pC.

y can be calculated if the compressibility of the solution is known. As ¢ changes
to ¢/, K will simultaneously change to K’

K' = BK
where f can be calculated using the equation deduced in the foregoing section.
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1838 LJUNGGREN AND LAMM

The equilibrium is perturbed as a result of the changes in ¢ and K. As a
measure for the perturbation, we introduce a quantity @, defined by the rela-
tion

cic leo=(1+0) K

ye4+¥C-[y6, = (1 + O)K
0 = (y—p)/p

Obviously, the two effects, » and 8, may occasionally cancel. On the other
hand, it is possible to obtain a measurable effect even in such cases where
f is very small or equal to zero. It is hard to make any predictions since 4V°
varies appreciably from case to case. (cf. Ref.1$).

Thus

i.e.

3. The change in the ionic mobilities

As discussed by Bridgman 7, the ionic mobilities are themselves functions
of the pressure. However, this effect, being instantaneous, has no influence
on the relaxation time.

4. The relaxation

In order to get an idea of the relaxation process we will study the case of
a weak binary electrolyte * which dissociates according to the formula

k,
AB = At 4 B-
k,
C(l1—e) Ca Ca
Then

where ¢, is the equilibrium degree of dissociation and « the actual degree of
dissociation. k,and k, are the forward and reverse rate constantsrespectively.
The rate equation of the system is

da Ca?

5 =kll—e— ")

On integration (cf. Ref.4) at constant K and % we obtain

* An example of a more complicated case will be encountered below in connection with the
system carbon dioxide-water.
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where & is a constant and
l—ea,

k C(2—a,)a,

v is the so-called Langevin time lag. The expression may be rewritten in the
form

3 o a
Wt ] k[ (2_—“0),3
If ¢—a, = Ae is small in comparison with «,, the mtegrated rate equation
becomes approximately

4 a = (da), e7®

where (da), refers to ¢ = 0.
The specific conductance of the relaxing solution is proportional to a:}

x =107 Ca (la+ 1p)

where l,, and ly_ denote the equivalent conductances of A} and B~ respecti-
vely at the elevated pressure.

Hence
Ax = (Ax)e™*

Using this expression, T may be determined by following the variation of x.
The expression for v shows that it depends on ¢,. Since ¢, depends in
turn on C and K, a suitable concentration range must be chosen in each parti-
cular case in order that v may assume a value suitable for measurement.
Having determined 7, the question arises as to whether the value obtained
agrees with the reaction rate at atmospheric pressure. For the variation of
the rate constants with pressure we have 18

(,‘? lr}_’“) |_ av+

dp ri RT

where AV¥ refers to the activated state. Obviously this effect is of the
same order of magnitude as the change in K, ¢.e. about 1 9, for a pressure
variation of 100 atm. As a rule this is within the limit of errors in the deter-
mination of = and k.

THE APPARATUS

A conductivity cell, two types of which are shown in Figs. 1 and 2 *, was
enclosed in a pressure vessel of stainless steel, Fig. 3. The pressure was trans-
mitted from the pressure medium (water or paraffin oil) to the solution in
the cell by means of a flexible polythene tube, Fig. 1. This simple arrangement
proved completely satisfactory in practice. When water was used as pressure

* The cell in Fig. 2 has the advantage of giving a constant current density in every part of
the electrode surfaces.
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1840 LIJUNGGREN AND LAMM

Fig. 1. Conductivity cell. The polythene Fig. 2. Conductivity cell. The electrodes
tube on top of the cell transmits the are curved (harmonic circles) so that the
pressure. current density is nearly constant over the

whole electrode surface.

medium, the knurled screws inside the vessel and the connections to the insula-
ted leads were completely embedded in picein in order to avoid conduction
through the water. The rapid pressure rise was achieved simply by connecting
the pressure vessel to a 150 atm nitrogen cylinder and rapidly opening the

ol

1D
”Illl"‘i

il

A

Fig. 3. Pressure vessel. The electrode leads

pass through teflon cones tightening accord-

ing to the principle of the unsupported
area’ 17,
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Fig. 4. Recording system. A, oscillator; B, Wheatstone bridge (separately balanced
against earth); C, amplifier; D, rectifier; E, recorder; F, conductivity cell.

stopcock. In this way the pressure variation could be obtained without
shock or vibration in less than one twentieth of a second. This sets the lower
limit to the range of time-lags that can be determined. However, it should
possible to improve the present form of the method.

The recording system is shown schematically in Fig. 4. The cell, the isola-
ted| leads of which passed through the cover of the pressure vessel, forms one
branch of a Wheatstone bridge fed from an audio frequency oscillator *.
The detector signal, which at low degress of unbalance is approximately pro-
portional to the relative variation of the resistance of the cell, was amplified **
and rectified. The DC voltage from the copper rectifier was then recorded ***.
The working conditions have to be chosen in such a way that, as far as possible,
the recording system is linear in the whole range used.

Fig. 5 shows an actual registration with 0.01 M KCl in the cell and paraffin
ol as pressure medium. In this case, the whole of the change in conductivity
is due to the change in ionic mobilities and to the pure volume effect.

Fig. 6 shows a registration from an experiment with a carbon dioxide solu-
tion. The instantaneous change, AB, is due to the same reasons as those for
KCI and also to a displacement of the rapid equilibrium: H,CO;=H* 4+ HCO.
The slow change, BC, on the other hand, reflects the relaxation of the hydra-
tion reaction of CO,. The theory of this will be given below.

* At frequencies above 5000 cycles/sec, the mass of the recorder galvanometer prevents
the superimposed AC component (ripple) from being recorded.

** In order to avoid transient distortion (from the building-up process), the band width
of the amplifier must not be too small. (cf. Ref.!%), For this reason, an untuned amplifier was used.

*** A direct writing recorder, the Mingograph, manufactured by the Elema Co., Stockholm,
Sweden, was used. The ink is sprayed on to the recording paper by a small, light nozzle. This
eliminates the friction between pen and paper and enables rapid processes to be recorded on
ordinary paper. The instrument was originally designed for medical purposes.
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1842 LJUNGGREN AND LAMM

| 5

—Isec lsec

Fig. 5. Record obtained with 0.01 M KCl. Fig. 6. Record obtained with a CO, sol-
ution. AB, rapid’ change; BC, slow change
(relaxation curve).

Fig. 6 also illustrates the method of evaluation used. We have
y=1y, e

Hence, if y is plotted in a logarithmic scale versus time, then —1/7 is obtained
as the slope of the line.

Theoretically there should be no lower limit for the rates of reactions
which can be determined by the method. The following facts have, however,
to be considered. On compression to a hundred atmospheres, the temperature
of the medium may rise by several degrees.* Thus heat is slowly transferred
to the conductivity vessel, changing the conductivity of the electrolyte. This
may mask the change in conductivity if the reaction studied is slow (large 7)**.
If the reaction is fast the heat of the compression is less disturbing ***. How-
ever, the advantage of using a pressure medium at the temperature of its den-
sity maximum (if it has one), e.g. water at 4°C, becomes apparent. For fast

* The adiabatic heat of compression obeys the equation already stated:
(0T|0p)s=(T|Cp)0V[dT)p

Assuming that (0T/dp)s remains constant, we may easily calculate the temperature rise®on
compression to a hundred atmospheres. Approximate values for some common substances are
{at room temperature):

Substance Temperature rise (°C[100 atm )
Pentane 3.5
Ethyl ether 3.15
Benzene 2.45
Rubber 0.84
Paraffin 0.84]
Glycerol 0.49
Mercury 0.28 !
2.5 % KCI in aq. 0.16
Water 0.07] (20°C)
» 0 ( 4°C)
Brass 0.10
Glass 0.03 -
Porcelain 0.007
Nitrogen gas 71.5 (caled. in a different way)

** Tn experiments with solutions having a high conductivity, the Joule heat evolved in the
-¢ell must also be considered.

**% For such rapid reactions where the heat conduction can be neglected, the femperature
jump method may have an advantage over the present one, since it permits a more rapid applica-
tion of the perturbation. However, the rate of application of the pressure might be considerably
increased using, for example, »a bursting membrane» technique (compare e.g. 1%%0),
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processes, paraffin oil is superior since the turbulence resulting from the appli-
cation of pressure is damped much more rapidly in paraffin oil than in water.
In addition, paraffin oil is a superior electrical insulator. It was found practical
to use agar in the water to increase its viscosity to approximately that of paraf-
fin oil.

The electrodes of the cell were treated with HNOg/HCI and then carefully
washed before each run. In the experiments with carbon dioxide solutions,
unplatinized electrodes were used in order to prevent adsorption on the
electrode surfaces.

THE SYSTEM CARBON DIOXIDE-WATER

a. Relaxation time. The system carbon dioxide-water is an example of a
case which is more complicated than the simple binary electrolyte case treated
above. In this system, there is an intermediate stage, the hydration of CO,,
so that the dissociation proceeds according to the formula

ky k
CO, + H0 === H,CO, k@ H+ 4+ HCO,
2 4
There is also a competing reaction path
CO, + OH- & HCOT

which, however, does not become important unless p H> 8 (cf. Ref.?!). Hence,
the system will obey the following rate equations

de
Zrco, kICco, -+ szH,CO.

di
de ! —

g_;io_i = kyCco, — koCu,co, kscx,co, + k40:12:

dcii 2
—_— == C —_— k c

at | 3CH,CO, 4C+

where
€4 = Cy+ = CHCo,
‘We will now introduce

CCO, = C(O:Oz + Al
Cu,co, = Ci,c,0 + 4o

¢y = €% + 4

where 4,, 4,, and 4; denote small deviations from the equilibrium concen-
trations (denoted c°).

0= klcgo, -+ kZC%,co,
0= klcceoz - kzc%zcoa - k3c¥I.C0’ + k4(coi:)2
0 = k3c%:coa - k4(cg:)2
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For small 4 we may put
ch=(c3)? + 203 4y = (02 P+ ksds/k,

where ky; = 2c3k,
In this case there results

d4

_(ﬁl = —kydy + ked,

d4

T: = kydy — kady — k3dy + ksdy
d4

T; ‘-—_-‘kada bl k5ds

or written in matrix notation

d4

ky —ky 0 4,
A=\ —k k+k —k ); 4=| 4,
0 —ky ks 4s
The general solution of this system, which is easily obtained on diagonaliza-

tion of the matrix (cf. e.g. Frost and Pearson 22 or Matsen and Franklin 23),
can be written as linear combinations of exponential functions

where

3
A = o™ AO or Ar = Z brs e_ls
s=1

where b, are constants (components of the eigenvectors) and A, are the eigen-
values of the matrix, or solutions of the secular equation:

k—2  —k 0
0 —ky k=2

This equation has three solutions

=0
2y = 3(p+9q)
Ay = $(p—1q)
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where
=1y + ky+ ks + ks
q = [P — 4(kyks + koks + kyks)]Vs
Now lim 4, =0, r = 1,2,3.
t-»00
Hence by =0, r=1.23.

The second term in the expression for 4,, i.e. b2 e *, becomes negligible
very quickly since 4, is large (ks,ks>>k,,k;). Thus the relaxation is approxima-
tely described by

A, = bya 6—1"
and we have for the relaxation time
T = 1/23

or, since (k ks + kokg -+ kyks) (< p?, we may approximate

%=ls=% p(l—V1—4 -klka""k”:f'"'klkﬁ) ~

P
_ Faky Rk - kyky Rk o+ Rk kg
p Koy 4+ kg + k3 + k5
Utilizing the fact that k;,k,({ks k5, we may approximate further
1 kyky + kokes + knks Iy - Koy
T kg + kg T kst
Resubstituting
ky = 2k,
we obtain
1 2k, ky
Sy f AT
T 2k,cl + kg

Denoting the true dissociation constant of H,CO; by K, = k;/k,, we finally
obtain
1 . 261’52

T zk1+32c;+Ks

This expression agrees asymptotically with those given by Eigen 24 for the

two limiting cases *, 2¢2>> K, and 2¢3>) K,. The former is equivalent to the
simple case treated in the preceding section.

* 2c3 (( K means that the dissociation of H,CO, is practically coraplete, 4. e. we are concerned
with the reaction: CO; + Hy,0 = H+ 4 HCOj;. In this case we have

1/t = ky + 2k,c1 (K.
2¢3 5> K, means that the dissociation of H,CO, is very small, 4. e. we would have the reaction
CO, + H;0<H,CO;, with the rate of relaxation determined by 1/t = k;+k,.
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b. Expertmental. In view of the theoretical considerations given above,
it is now possible by carrying out experiments at various concentrations to
determine the rate constants k,, k, and the true dissociation constant K, as
well as the hydration constant K;. For, utilizing the fact known from earlier
investigations that k, {{ k3 *, the equation

1
T

may in our case be replaced by

Denoting the equivalent ionic conductances by I, we have for the conductivity
(neglecting the difference between the actual equivalent conductivities and
those at infinite dilution):

% = 10732 (I8+ + lico;)

J=Rx

Now

where J is the cell constant and R the resistance of the cell. Hence
1/cg = 1073 (I12+ + l&co;) RIJ
If this is inserted in the expression for v we obtain
T = 1/ky + 103K, (I§+ + lico;) R/2Jk,

Consequently we may plot = versus R to obtain a straight line.'
The results of the experiments are given in Table 1 and shown in Fig. 7.

Table 1. Chemical relaxation time for aqueous solutions ** of CO, at 4°C and 150 atm

pressure.

R Reorr *** T
5.24 kQ 5.20 kQ 0.76 sec
5.24 5.20 0.77
5.98 5.93 0.62
5.98 5.93 0.61
9.13 9.06 0.75
9.13 9.08 0.72
9.13 9.06 0.83

13.7 13.6 0.92

13.7 13.6 0.95

16.4 16.2 1.30

16.4 16.2 1.19
* cf. Table 2.

** The carbon dioxide solutions were prepared by bubbling CO, through conductivity water
and then diluting to the desired concentration. Since losses of CO, were difficult to avoid, it
is more reliable to use the conductivity for the concentration determination throughout.

*** R orr denotes the values corrected for the volume change on compression to 150 atm.
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T
sec

1.5

¥ / "/

y 3
/ *
0-5/
0
0 5 10 15 20 ka R

Fig. 7. Plot of t versus R from experiments with CO,—H,0 at 4°C.

A straight line has been fitted to the points in Fig. 7 using the method of
least squares. The equation of this line is

T=aR + b
where
a = (0.045 4- 0.006)10% sec ohm™
b = (0.409 -+ 0.025)sec
Thus
ky=1/b = 2.4 sec?
and with

K, =2 X 108 Jha/(08+ + lcor)
insertion of the various quantities yields
K, =1.6x 10

In these experiments, a cell with J = 0.21 cm™ was used.
If we denote the hydration constant of carbon dioxide by K,:

‘Kh = cH,CO,/cCO, = kl/kz
and the apparent primary dissociation constant of carbonic acid by K,,:

__ Cu+ - Cuco,
Cco, + Cu,co,

sh

Acta Chem. Scand. 12 (1958) No. 9



1848 : LIJUNGGREN AND LAMM

it is well known that
KsKh
1+ K,
Inserting our values for K, and k, and the known 2 value of K, (interpola-
tion yields K, = 2.94 X 1077 at 4°C) we obtain
K, =18 x 10
ky = 4.4 X 1073 sec™? mole? 1

Ksh =

c. Discussion. The results of our present investigation at 4°C and
150 atm are *

ky, = 4.4 X 1073 sec™ mole? 1
ky = 2.4 sec?
K, = 1.8 x 10-8
K, = 1.6 X 104

Some previous results are given in Table 2 for comparison.

Table 2. Previous results for %, k,, Ks and Kj,.

Ref.| Investigator Method ky ky K K, temp.
O

C

26 |Saal 1928 flow method, conductivity | - 8 13.5

26| » 1928 » » hydrogen

electrode 10.2 20

27 |Roughton 1935 » » rapid thermal 12.1 19.7
27 » 1936 | » » photoelectric 9.5 15
28 |Roughton 1941| » » rapid thermal 1.97(2.5 x 10-¢ 0
28 » 1941} » » » » 19 14
28 » 1941 » » » » 30 27
29 » 1949 » » » » 0.002] 2.0 1/1 000 0
29 » 1949 » » » » 10,013, 11.0 1/ 826 15
29 » 1949 | » » » » 10.033| 26.6 1/ 807 25
29 » 1949 | » » » » [0.110| 89.0 1/818 38

30 {Wissburn et. al.
1954 high field conductivity 1.56 x 1074|1.95 x 10-*| &
30 » 1954 » » » 1.76 x 10-¢{2.16 x 10-%| 15
30 » 1954| » » » 1.72 x 10-4|2.59 x 10"3} 25
30 » 1954] » » » 1.67 x 107%{2.94 x 10-3| 35
30 » 1954 » » » 1.59 x 10-4|3.15 x 10-3| 38
30 » 1954| » » » 1.60 x 10-4|3.23 x 10-3| 45
31 [Meier &
Schwarzenbach
1957|flow method,glass-electrode

(ionic strength = 0.1) 0.025( 10 10-3,58 20

* It was observed that curves corresponding to a much shorter relaxation time were obtained
at 18°C consistent with the temperature dependence of the rate constants. However, no quantita-
tive experiments were carried out at this temperature.

By carrying out experiments at two different temperatures, it would, however, be possible
to determine the activation energies of the various steps of the reaction between CO; and water.
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A NEW RELAXATION METHOD 1849

The dispersion of the points in Fig. 7 indicates that the precision of the
method is not yet very great. There are two imperfections in the electric
circuit which should be mentioned. One is the deviation from linearity of
the rectifier. Although the recording system was calibrated before each run,
a certain loss of accuracy is always obtained. The other is the “overshoot’
effect produced by the resonance compensating arrangement of the recorder.
This imperfection is present in all mechanical oscillographs and cannot be
avoided unless very particular measures are taken. These systematic erros
together with the accidental errors of the recording system and errors in the
evaluation of the relaxation curves cause an error in the = values obtained of
an order of magnitude from 10 9%, to 20 9, in unfavourable cases. It seems
however that, using more elaborate components in the electric system, it
will be possible to increase the accuracy.

The low ionic concentrations in the experiments with the volatile CO,-
water system makes these determinations particularly difficalt.

In the experiments it was observed that the balancing capacitance of the
cell had to be changed when the pressure was applied. This was considered
to be without influence on the determinations. It would be possible, by the
use of a phase sensitive rectifier, to study this effect which is, at least in part,
of a purely mechanical nature (a change in the capacitance of the leads).
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