
3326 YUTAKA OKINAKA AND I . M . KOLTHOFF Vol. 70 

with enhanced electron density in the more pe
ripheral portions. This is a characteristic difference 
of bonding and anti-bonding orbitals. Although 
this may be the expected behavior, again it is not 
necessary tha t every TT-T redistribution give a red 
shift since the basic functional groups may not be 
affected or the nodal properties may actually de
plete the electron density at the basic sites. 

The red shifts observed for the proton donors 
may be rationalized. AU of these data refer to the 
transitions corresponding to the Ai8 -*• B2u transi
tion of benzene, a transition to an excited s tate con
taining nodal planes perpendicular to the plane of 
the ring. The red shift suggests tha t this orbital 
places a nodal plane through the H-bonding func
tional group, so as to reduce the electron density 
at this site. This would cause an acidic group to 
become a bet ter proton donor. Aromatic acids 
(phenol, aniline) should display red shifts whereas 
aromatic bases (anisole, dimethylaniline) should 
display no shift in basic solvents (as is observed, 

T h e rotated dropping mercury electrode (R.D. 
M.E.) recently developed in this Laboratory2 is of 
practical importance because it allows polaro-
graphic determinations a t concentrations of an 
order of magnitude of one smaller than with the 
conventional dropping mercury electrode (D.M.E.) . 
The quant i ta t ive dependence of the limiting cur
rent upon various factors is quite different a t these 
two electrodes. In the present paper the results 
of a theoretical and a systematic practical s tudy of 
the factors which affect the limiting current a t the 
R .D .M.E . are described. In order to determine 
the effect of the height of mercury on the limiting 
current, it was necessary to revise the construc
tion of the electrode previously described.2 The 
expressions derived a t 25° for the average limiting 
current in the absence (eq. 1) and presence of a 
surface-active compound which completely sup-

(1) This research was supported by the United States Air Force 
through the Air Force Office of Scientific Research of the Air Research 
and Development Command under contract No. AF18(000)-1516. 
Reproduction in whole or in part is permitted for any purpose of the 
United States Government. 

(2) W. Stricks and I. M. Knlthoff, THTS JOURNAL, 78, 2085 (1956) 

see ref. 1) and a blue shift in acidic solvents (no 
da ta available). 

Conclusions 
I t seems clear tha t the solvent shifts caused by 

H-bonding solvents contain interesting informa
tion. In addition to empirical correlations which 
may aid in establishing the type of transition, 
these solvent shifts provide clues to the locale and 
nature of electron redistribution in the electronic 
transition. Perhaps the unique aspect is the 
promise for understanding the electronic distri
bution and H-bonding properties of excited states. 
For this purpose absorption and emission studies 
should be combined, if possible, to give the shift 
corresponding to the 0 - 0 transition. 
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presses stirring at the mercury surface (eq. 2) are 

I1 = 230nCD'/2{tn*/HV> + 103D1ZiCnIt)'/* + 

7A5U<,'/'(mty/i\ (1) 

*i = 23OwCiJ1AJmV./1/. + 103P1A(Wi)1A + 
5.76Ul/*v-'/*Dl/'(mt)'/>\ (2) 

where i\ is the average limiting current in /ja., 
n the number of electrons involved in the electro
chemical reaction, C the concentration of the elec-
troactive species in mM, D the diffusion coefficient 
in cm.Vsec , m the ra te of flow of mercury in m g . ' 
sec , t the drop time in s ec , Uo the uniform velocity 
of the solution at the surface of the mercury drop 
in cm. / s ec , U the speed of rotation of the electrode 
in cm. / s ec and v the kinematic viscosity of the 
solution in cm.Vsec. In the presence of surface-
active substances satisfactory agreement between 
calculated (eq. 2) and observed limiting currents 
was found only when the electrode has a relatively 
small orifice (<0.75 mm. in diameter) and a small 
distance between the orifice and center of rotation 
( < 8 . 5 m m . ) . 

As shown in this paper, the first and second 
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terms are much smaller than the third term in the 
brackets of both equations 1 and 2 when Uo or U 
is not very small. Therefore, as a rough ap
proximation, we can write 

ii ~ nCDl/*Uo'/!(mty/> (la) 

ii ~ nCDV>Ulhv-l/'{mtyh (2a) 

If we compare these relationships with the Ilkovic 
equation at the D.M.E. 

id = 607nCDl/2m'/>tl/> 

the following noticeable differences between the 
two types of electrodes are evident: (1) the 
effect of the height of mercury is much smaller at 
the R.D.M.E. than at the D.M.E., because at the 
former the product mt is practically constant with 
varying height of mercury, (2) the effect of applied 
potential and hence drop time t is much larger at 
the R.D.M.E. (~2'A) than at the D.M.E. (*'/•), 
(3) in the presence of a surface-active substance i\ 
is not proportional to D'h at the R.D.M.E., but 
closely to Di/l. 

Theoretical 
When the current is controlled by diffusion and 

the effect of electrical migration is eliminated, the 
current at an instant, t, in the reduction (or oxida
tion) of an electroreducible (or oxidizable) sub
stance is generally expressible by 

*, = nFD JJs\dx/x dS (3) 

where F is the faraday, S the area of the electrode, 
c the concentration at distance x from the elec
trode surface. As far as mass transfer is the only 
process controlling the current, the above funda
mental equation is applicable to the R.D.M.E. if 
the concentration gradient at the surface of the 
electrode is explicitly expressible. According to 
the so-called "Nernst diffusion layer" concept,3 

when an electrode is placed in a stirred solution, 
there exists at the surface of the electrode a thin 
diffusion layer in which there is no motion of the 
solution. In view of the known fact that this 
simple assumption is not generally justified in 
stirred solutions,3 it is necessary to apply hydro-
dynamic principles in order to take into account 
the effect of convection on mass transfer. Assum
ing that a mercury drop is a perfect sphere at any 
instant, the general equation of mass transfer3 is 
given by 

dc 
6) - " ( 

av 2 &c 
£>r2 r br H 

(• dr r d$ r sin 6 d<t>) { 

bc\ 

w h e r e 

A = STe ie [sin e MJ ( S i n ^ ) + s in 2 6 b<t>2 

v, ii and w are the velocity components in r, 6 and 
<f> directions, respectively. The spherical co
ordinates were chosen as shown in Fig. 1. Making 
suitable assumptions to obtain the concentration 
gradient at the mercury surface, equation 4 was 

(3) P. Delahay, "New Instrumental Methods in Electrochemistry," 
Interscience Publishers. In?., New York, N. Y., 1954, Chapter 9. 

X 

Fig. 1.—Spherical coordinates for equation 4. 

solved, which allowed the calculation of the cur
rent using equation 3. 

When a mercury drop is moved in an aqueous 
solution, two extreme situations can be considered 
at the mercury surface. One is the case in which 
flow velocities do not vanish; in other words, 
the solution slips on the mercury surface. This 
phenomenon occurs when the solution does not 
contain surface-active substances.4 The other is 
the case in which flow velocities vanish on the 
mercury surface. Frumkin and Levich6 showed 
that when a mercury drop falls into a solution con
taining a surface-active substance, the slip of the 
solution on the mercury surface is partly or com
pletely inhibited by the formation of an elastic 
film of the surface-active substance on the mercury 
drop. These two different situations on the mer
cury surface are relevant to the experimental re
sults at the rotated dropping amalgam electrode 
introduced by Stricks and Kolthoff.2 They found 
that the limiting anodic current at a rotated dropping 
thallium amalgam electrode increases with rate of 
rotation in the absence of gelatin but remains 
unaffected by the speed of rotation in its presence. 
The larger current at higher speeds of rotation in 
the absence of gelatin is considered to be caused 
by the fact that the tangential flow on the amalgam 
surface enhances a motion within the amalgam 
drop, whereas in the presence of gelatin this motion 
does not occur since there are no flow velocities on 
the amalgam surface. We shall deal with these 
two cases separately, for they are entirely different 
from the hydrodynamic viewpoint. The following 
theoretical statements are made by considering for 
the sake of convenience that the electrode is placed 
in a solution flowing at a speed of U, instead of 
considering that the electrode is moved at this 
speed in the solution. 

Case A.—The solution slips on the mercury sur
face, the situation in the absence of a surface-
active substance. 

(4) B. Levich, Disc. Faraday Soc, 1, 37 (1947). 
(5) A. Frumkin and B. Levich, J. Phys. Chem., 

(1947). 
U.S.S.R., 21, 1183 
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The initial and boundary conditions for equation 
4 in this case are 

c = C when t = 0 (5) 

c = 0 at r = R(t) when t > 0 (6) 

in which R(f) is the radius of the mercury drop a t 
the t ime t. Condition (6) implies tha t the elec
trode reaction takes place instantaneously when 
the electroactive species reaches the mercury 
surface. Equat ion 1 was derived with the assump
tion t ha t the electrode interface is completely 
mobile and the velocity a t any point on the mer
cury surface is uniformly equal to Uo, which is 
different from the apparent speed of rotation of the 
electrode. A complete description of the deriva
tion of equation 1 is given in Appendix 1. 

Case B.—The solution does not slip on the mer
cury surface; the situation in the presence of a 
surface-active substance. 

If there is no slip of the solution on the electrode 
surface as in the case of a solid placed in a moving 
fluid, there must be a velocity gradient between 
the surface of the electrode and the bulk of the 
solution. The type of flow around the mercury 
drop can be estimated by evaluating the Rey
nolds number, Re = Ul/v, where / is the length 
representing the dimension of the electrode, which 
may be taken to be equal to the diameter of the 
mercury drop. For example, for one of our suit
able electrodes the distance between the orifice 
and the center of rotation, d, was 0.74 cm. and the 
weight of a drop of mercury 0.037 g. a t 210 r.p.m. 
The linear speed of rotation, JJ, of this electrode is 
calculated to be about 16 cm. / sec , and the diameter 
of a mercury drop 0.13 cm. just before it is ejected 
from the orifice. Put t ing these values and 0.9 X 
10~2 cm.2, sec. as v of water a t 25° in the Reynolds 
number expression, Re is calculated to be equal to 
230. Provided t ha t there is no significant dis
turbance in the character of flow caused by the 
par t of the glass end tube of the electrode dipped in 
the solution, it is considered from this Reynolds 
number t ha t there will be a laminar boundary layer 
around the mercury drop, at least after it has 
grown to some extent.6 However, at the very 
beginning of the growth of a mercury drop, when 
its size is small, the Reynolds number is certainly 
very small and the type of flow is considered to be 
rather close to Stokes' motion. This stage is of 
short duration and the type of flow will soon be
come laminar with a boundary layer. For ex
ample, the Reynolds number of the above electrode 
becomes 100 at 0.9 sec. with a drop life of 3.1 sec. 
Thus it is reasonable to assume tha t the type of 
flow is tha t with a laminar boundary layer during 
most of the drop life. 

In order to solve equation 4 with this assumption, 
it is necessary to have expressions for the velocity 
distribution in the boundary layer and for its 
thickness, 5. Assuming a curvilinear system of co
ordinates (Fig. 2), whose x-axis is in the direction 
of the wall, the j»-axis being perpendicular to it, 

(6) The transition from laminar to turbulent flow takes place at 
Re = 3 X 105 in the case of a sphere. See, for example, H. Schlichting, 
"Boundary Layer Theory," translated by J. Kestin. McGraw-Hill 
Boole Co.. Inc., New York, N". Y., 1M.V p. 34. 

the Prandt l boundary layer equations for steady 
flow7 generally are given by 

du bu I d * . d2M ,_ 

where u and v are the velocity components in x-
and y-directions, respectively, p the density of the 
solution and p the pressure. Assuming t ha t the 
velocity of flow outside the boundary layer around 
the small mercury drop is uniformly equal to the 
speed of rotation of the electrode, JJ, equations 7 
and 8 can be solved by analogy to the case of a flat 
plate.8 In view of the known fact tha t the tan
gential velocity distribution can be successfully 
approximated by a parabolic or polynomial func
tion with respect to 8 and y,s we shall make the 
further assumption tha t it is given by a poly
nomial of « th degree, which can be written as 

U=U- U(S - y)»/5n (9) 

Prescribing the boundary conditions 

u = 0, v = 0 where y = 0 (10) 

U=U where y = S (11) 

5 = 0 where x = 0 (12) 

we obtain the following expression for <5 from (7), 
(8) and (9) (the mathematical process follows the 
case of a flat plat8) 

5 = V2{2n + 1)(M + l)vx/U (13) 

Thus if a parabolic distribution is assumed, i.e., 
n = 2, we obtain 

5 = VSOvx/ U (14) 

The numerical constant of 30 in equation 14 must 
be determined experimentally because there is no 
theoretical support for the above velocity distri
bution. Somewhat arbitrarily we adopt the value 
of 30 in the mathematical t reatment, a complete 
description of which is given in Appendix 2. 

For case B the initial and boundary conditions 
for equation 4 are 

c = C when I = 0 (1.5) 

c = 0 at r = RS) when t > 0 (16) 

c = C at r = R{t) + S when t > 0 (17) 

in which conditions 15 and 16 are the same as in 
case A and condition 17 implies tha t the concen
trat ion outside the boundary layer is always kept 
equal to the bulk concentration. Under these 
conditions we obtain the following equation for the 
limiting current at 25° in the presence of a surface 
active substance 
n = 230KCD1AJmV1(

1A + 103231A(^i)V1 + 

KU'/iv-V'D'/'imt)'/'] (18) 

where K becomes equal to 5.38, 5.82, 6.00 or 6.10 
depending on whether the tangential velocity 
distribution is assumed to be a linear, a parabolic, 
a third or a fourth degree polynomial. 

Experimental 
Materials.—Conductivity water and 99.99% pure Linde 

nitrogen and C.P. chemicals were used without further puri-

(7) Ref. (3, pp. 94-09. 
(8) Ref. (1, pp. -201-200,. 
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Fig. 2.—Curvilinear coordinates for equations 7 and 8. 

fication except thallous chloride, which was purified by re-
crystallization. Solutions of known concentration of thal
lium and lead were prepared by dissolving weighed amounts 
of thallous chloride or lead nitrate in the appropriate amount 
of water. A zinc solution of known concentration was 
prepared by dissolving a weighed amount of pure zinc in 
dilute sulfuric acid and adjusting the volume. A solution 
of known cadmium concentration was obtained by dissolv
ing an approximately weighed amount of cadmium sulfate 
in water and weighing as anhydrous salt after evaporation 
of an appropriate volume of the solution and drying. 
Nickel (II) perchlorate was prepared by adding an excess 
perchloric acid to the nitrate and evaporating to dryness. 
The nickel content of a solution of the perchlorate was de
termined gravimetrically by weighing as nickel dimethyl 
glyoxime. 

Current Measurements.—Limiting currents were meas
ured with a Leeds and Northrup Electrochemograph Type 
E with damping switch in a suitable position,2 and with a 
manual apparatus as described by Lingane and Kolthoff.9 

All experiments were carried out at 25.0 ± 0.1°. AU re
ported values of limiting currents have been corrected for 
residual currents. 

Measurements of Kinematic Viscosity.—In the experi
ments in the presence of glycerol and sucrose the kinematic 
viscosity was measured with Ubbelohde suspended level 
viscometers, which had been calibrated with standard 
glycerol-water mixtures. 

Electrode.—The R . D . M . E . described by Stricks and 
Kolthoff2 was modified so that the height of the mercury 
column could be varied. The construction and manipulation 
of the modified R . D . M . E . are similar to those of the original 
one. The top and bottom of the plunger of a 2-ml. syringe 
are cut off (see Fig. 3) and the resulting tube is connected 
by Tygon tubing to a top tube as used with a D.M.E. ; 
this constitutes the upper part of the electrode. The lower 
part consists of two units. One of these is made by con
necting an end tube to a capillary. The other unit consists 
of the outer tube of the syringe, the bottom of which has 
been cut off, joined to the wide end of the glass tube A (Fig. 
3). The lower part of the electrode is assembled by placing 
the mercury filled end tube and capillary in the holder of the 
rotating apparatus, and by connecting the small end of the 
glass tube A to the capillary. After this part is positioned 
properly, it is filled with mercury up to the top and the upper 
part of the electrode is connected through the two syringe 
pieces. The syringe is so well ground that the rotation is 
completely smooth; the height of mercury can be raised 
to about 100 cm. from the tip of the end tube without 
leakage of mercury. A detailed description concerning the 
treatment of the end tube with Silicone Dri Film and the 
rotating device is in the previous paper.2 Eccentric rotation 
must be avoided. 

The lower part of the end tube was 50 mm. in length and 
had an outside diameter of 3.5 to 4 mm. (see Fig. 3) . The 
distance between the orifice and the bottom of the end tube 
was about 10 to 12 mm. for all electrodes used in the present 
experiments. The diameter of the orifice varied from 0.4 to 
1.1 mm.; the distance between the orifice and center of rota
tion, d, was from 5 to 16 mm. 

The electrolysis vessel used was a beaker of 250 ml. 
capacity. The volume of the solution was 100 ml. in all 
experiments. 

(9) J. J. T.ingane and I. M. Kolthoff, T H I S JOURNAL, 61, 825 (1939). 

Cut 

Hg leveling bulb 

Tygon tube 

Tygon tube 

Rubber tube 

Holder of rotating 
apparatus 

Metal tube 

3.5-4mm 

Fig. 3.—Assembly of the modified R.D.M.E. 

General Characteristics of the Modified R.D.M.E. Re
lationship between the Height of Mercury, h, and m and t.— 
The general characteristics of the electrode were determined 
by using the same capillary with three different end tubes. 
The capillary used was 3.5 cm. in length of Sargent's capil
lary for D .M.E . , the drop time of which was specified as 2 to 
5 sec. The diameter of the orifice 0 was measured with a 
microscope provided with an eye-piece micrometer. The 
distance between the orifice and center of rotation, d, was 
measured with a micrometer caliper. The results are listed 
in Table I , in which h is the height of mercury corrected for 

TABLE I 

GENERAL CHARACTERISTICS OF THE MODIFIED R.D.M.E. 

DETERMINED IN 1 M NaClO4 WITH AN O P E N CIRCUIT AT 

210 R.P.M. 
End 
tube 

1 

o 

3 

d, 
mm. 

8.74 

6,93 

7.31 

<t>, 
mm. 
1.0 

1,1 

0.75 

cm. 

91.4 
61.4 
51.4 

91.4 
61.4 
51.4 

91.3 
61.3 
51.3 

m,° 
mg./sec. 

20.26 
13.86 
11.52 

20.29 
13.81 
11.55 

20.21 
13.81 
11.53 

sec. 

2.56 
3.72 
4.56 

3.34 
4.84 
5.78 

1.91 
2.77 
3.31 

mt, 
mg. 

51.9 
51.0 
52.5 

67.7 
66.9 
66.9 

38.6 
38.3 
38.1 

m/h 

0.222 
.226 
.224 

.222 

.225 

.225 

.221 

.225 

.225 

ht 

234 
228 
234 

306 
298 
298 

174 
170 
170 

" The m values were determined without rotation. 

back pressure,10 hbsck = 3.1/(mt)'/i cm. This expression 
was derived from the fundamental formula Pbaok = 2 cr/r 
which gives the difference in pressure between outside and 
inside of a spherical surface of a liquid whose surface tension 

(10) I. M. Kolthoff and J. J. Lingane, "Polarography," Vol. 1, 
Interscience Publishers, Inc., New York, N. Y., 1952, pp. 79-81. 
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is <r and radius r, and is applicable immaterially whether the 
tip of the electrode is upward or downward. Table I shows 
that (1) m is proportional to h, (2) t is inversely proportional 
to h, (3) m is entirely controlled by the characteristics of the 
capillary, and is not affected by the end tube and (4) the 
weight of a drop of mercury, mt, is practically constant with 
changing height of mercury. 

Results and Discussion 
Case A. Absence of a Surface-active Sub

stance.—By putting actual numerical values in 
equation 1 the sum of the first and second terms 
becomes less than 10% of the third term when Lro 
is not too small. For example, when m = 15 
mg./sec, t = 3 sec, D = 10~5 cm.2/sec, n = 1, 
C = 0.1 millimole/1. and UQ = 15 cm./sec, the 
first, second and third terms are calculated to be 
equal to 0.53, 0.03 and 9.59 ^a., respectively. 
Thus if we neglect the first and second terms, 
equation 1 becomes 

i\ = 17HnCD 1 AWA(^) 1 A (19) 

The relationship involved in this equation ac
counts for the following experimental facts: (1) 
ii/n is proportional to C and to Z)1A. This has 
been found to be the case2; (2) i\ is nearly inde
pendent of the height of mercury, because mt is 
constant with varying height of mercury. Ex
perimentally this relationship was found to be 
obeyed, as is illustrated by one example in Table II. 

TABLE II 

LIMITING CURRENTS AT DIFFERENT HEIGHTS OF MERCURY 

IN THE ABSENCE OF SURFACE-ACTIVE SUBSTANCES 

(End tube 3, 0.400 millimole/1., T l + in 1 M XaClO4, 210 
r.p.m.) 

V n (,ua.) 

(vs. S.C.E.) h = 93.5 cm. k = 63.5 cm. 

- 0 . 7 44.0 43.2 
- 0 . 9 43.3 43.1 
- 1 . 1 42.8 42.8 
- 1 . 3 41.0 41.4 
- 1 . 5 38.0 38.5 
- 1 . 7 34.5 34.5 

In the derivation of equation 1, we made an 
assumption that the velocity of flow on the mer
cury surface is uniformly equal to Uo- This 
surface velocity is not simply equal to the speed 
of rotation of the electrode, U, as there are com
plications caused by the viscosity of a real fluid, 
which exerts frictional forces on the mercury-
solution interface, and by the mutual interaction 
between the motion inside the mercury drop and 
the tangential motion of the solution on the mer
cury surface. The presence of even trace amounts 
of surface active substances in the solution lowers 
the limiting current. At potentials other than 
the electrocapillary zero, the existence of an 
electrical double layer exerts a viscous drag result
ing from the forces acting on the two sheets of the 
double layer and decreases the mobility of the inter
face.11 Since the actual surface velocity is un
known, a direct comparison between calculated 
and observed limiting currents cannot be made. 

Levich4 derived the following equation for cur
rents involving maxima of the second kind at the 

(U) A. Frumkin and B. Levich, Ada physicnchim. U.R.S.S., 20, 
709 (1945). 

D.M.E. with the assumption that the electrode 
interface is completely mobile 

i = snFcVVfzVWiQR R* 
in which R is the radius of a given spherical drop. 
Apparently this equation was derived for an un-
expanding liquid electrode. If we substitute R 
with (3mt/4:Trd)1''' where d is the density of mercury, 
and evaluate the average limiting current, we 
obtain 

*'i = (1/0 f i&t = 271OnCD1A LV/^mt) 1A 

where i\ is expressed in terms of ^a. This equa
tion is identical with equation 19 except for the 
numerical constant. 

Case B. Presence of a Surface-active Sub
stance. Relation between i\ and t.—A number of 
experiments were carried out with several different 
end tubes and capillaries at various heights of 
mercury at 210 r.p.m. in solutions of 0.400 va.M 
in thallous ion and 1 M sodium perchlorate in the 
presence of 0.01% gelatin. Some typical examples 
of plots of log i\ vs. log / using different end tubes 
and different capillaries are given in Figs. 4 to 6. 
The limiting currents were measured at various 
applied potentials, and hence at various drop 
times, the other conditions being kept constant. 
The points obtained with end tube 2 (Fig. 4) were 
scattered in a somewhat irregular way, but with the 
other end tubes reasonably good straight lines were 
obtained at voltages between —0.7 and —1.6 v. 
vs. S.C.E. It is seen that the slope increases 
with the diameter 4> of the orifice, and hence with 
the drop weight mt. Equation 2 or 18 predicts 
that the slope should be close to 0.5, because under 
our experimental conditions the sum of the first 
and second terms is of the order of only 15% or less 
of the third term (for some numerical examples, 
see Table IV). The theoretical relationship is 
obeyed approximately with end tube 3 which has 
a relatively small orifice. The deviation in the 
slope from 0.5 for the other end tubes with larger 
orifice must be attributed to the deformation of 
the shape of a mercury drop from a sphere. 

Experimental Determination of K in Equation 
18.—As mentioned in the theoretical part, we 
made the assumption that the tangential velocity 
distribution is parabolic or polynomial in the 
boundary layer. Since this assumption affects 
only the numerical constant K, we must find the 
proper value of K experimentally. This was 
performed by comparing experimental values of 
limiting currents with theoretical values calculated 
from equation 18 where K tentatively was put 
equal to 5.82 (corresponding to a parabolic distri
bution) . 

In the calculation of limiting currents, it is im
portant to use correct D values which were de
termined under the actual experimental condi
tions. The D values at infinite dilution calculated 
from equivalent conductance data are often quite 
different from those under the working conditions 
in polarography, although they are frequently 
used with the original Ilkovic equation for the 
D.M.E. In connection with the development of 
revisions of the original Ilkovic equation, several 
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log*. 
Fig. 4.—Limiting current vs. drop time a t 210 r.p.m. 

(0.4 mAf T l + in 1 M NaClO1 and 0 .01% gelatin; end tube 2, 
0 = 1.1 mm., d = 6.93 mm.). (A) capillary 3, h = 60.6 
cm., m = 20.77 mg./sec., mt a t - 0 . 7 v. vs. S.C.E. = 69.0 
mg. (B) capillary 1,A = 62.2 cm., m = 13.81 mg. /sec , 
mt a t - 0 . 7 v. vs. S.C.E. = 67.5 mg. 

attempts have been made recently to determine 
diffusion coefficients independently by the radio
tracer technique,12'13 the Cottrell technique in con
nection with a proposal of a new modified Ilkovic 
equation14 and the diaphragm-cell technique.15 

However, the reported values, as summarized in 
Table III, do not agree with each other. Since 

TABLE I I I 

DIFFUSION COEFFICIENTS OF M E T A L IONS AT 25° 

Ion 

Tl + 

Pb + + 

C d + + 

Zn + + 

N i + + 

Supporting 
electrolyte 

0.1 AfKCl 
0.005 AfKCl 

1 M KCl 
0 .1 AfKCl 

0 .1 AfKNO, 

1 M KNO, 
0.05 AfKNO, 
2 Af KCl 
1 AfKCl 
0 .1 AfKCl 

.01 Af KCl 

. 1 Af NaClO1+ 

.001 AfHClO1 

Wang, 
et al.o 

1.827 
1.92 

1.001 
0.970 

0.73 
.69 
.940 
.818 
.729 
.712^ 

D X 10>, 
cm. V 
sec. 

Stackel-
berg, 
el al.b 

1.744 
1.91'' 

0.920 
.867 

.690 

.619 

.653 

.743 

.723 

.673 

.676 

Rulfsis 

1.67 

0.75 

0.76 

,, 

. 60 (by Sanborn and 
Orlemann13) 

Infinite6 

dilution 

2.00 

0.98 

0.72 

0.72 

0.69 

" Determined in the presence of 0.0005 Af [H + ] except 
for T l + . Ref. 12a and 12b. b Determined in the presence 
of 0 . 1 % acetic acid except for T l + and 0 .01% gelatin. Ref. 
14. "Ref. 10, p . 52. ' 'Estimated by an interpolation of 
the curve D — y/'c (c is concentration of the supporting 
electrolyte). 

there are three different D values reported for 
thallous ion in 0.1 M potassium chloride, we car
ried out a series of experiments with 0.404 mmole/1. 
thallous ion in 0.1 M potassium chloride in the 
presence of 0.01% gelatin at 210 r.p.m. and calcu
lated K by comparing observed and theoretical 
limiting currents using each of the three D values. 
The experiments were conducted with end tube 3 
which has a small orifice. This end tube is suitable 
for theoretical studies because the deformation 
from a sphere of the growing drop is small. An 

(12) (a) J. H. Wang, T H I S JOURNAL, 76, 1528 (1934); (b) J. H. 
Wang and F . M. Polestra, ibid., 76, 1584 (1954). 

(13) R. H. Sanborn and E. F. Orlemann, ibid., 77, 3726 (1955). 
(14) M. v. Stackelberg, M. Pilgram and V. Toome, Z. Elektrochem., 

57, 343 (1953). 
(15) C. L. Rulfs, T H I S JOURNAL, 76, 2071 (1954). 

0.20 0.65 0.70 0.25 0.60 
log /. 

Fig. 5.—Limiting current vs. drop time a t 210 r.p.m. 
(OAmMTl+in 1 Af NaClO4 and 0 .01% gelatin; end tube 4, 
<j> = 0.9 mm., d = 6.55 mm.). (A) capillary 3, h = 75.6 
cm., m = 26.90 mg. / sec , mt a t - 0 . 7 v. vs. S.C.E. = 49.5 
mg. (B) capillary 4, h = 63.5 cm., m = 9.60 mg. /sec , 
mt a t - 0 . 7 v. vs. S.C.E. = 48.7 mg. 

1.38 
1.36 

S 1-34 

o5 1.32 

1.30 

1.28 

^ ^ Siope~0.55 

i 

B 

^ ^ S l o p e ~ 0 . 5 2 

o 

0.35 0.39 0.43 0.48 0.52 0.56 

log*. 
Fig. 6.—Limiting current vs. drop time at 210 r.p.m. 

(0.4mAf T l + i n 1 Af NaClO1 and 0 .01% gelatin; end tube 3, 
<j> = 0.75 mm., d = 7.31 mm.). (A) capillary 1,A = 62.2 
cm., m = 13.81 mg. /sec , mt a t - 0 . 7 v. vs. S.C.E. = 38.2 
mg. (B) capillary 4, h = 63.5 cm., m = 9.70 mg. /sec , 
mt a t - 0 . 7 v., vs. S.C.E. = 36.8 mg. 

example of sets of calculated and observed values 
is shown in Table IV. The last column of Table 
IV is the experimental factor which should be 
multiplied by the tentative value of K, 5.82, in 
equation 18. In the calculation of limiting cur-

TABLE IV 

DETERMINATION OF K 

(0.404 mAf T l + in 0.1 AfKCl, 0 .01% gelatin 
210 r .p.m.) 

V 

End tube 3, 

Capil 
lary 
no. 

h, 
cm. 
72.2 

mg./ 
sec. 

15.87 

vs. 
S.C.E. 

1 52.2 11.47 

4 78.5 12.10 

4 63.5 9.77 

4 53.6 8.21 

- 0 . 
- 1 . 
- 1 . 
- 1 . 
- 0 . 
- 1 . 
- 1 . 
- 1 . 
- 0 . 
- 1 . 0 
- 1 . 3 

.5 - 1 . 
- 0 
- 1 
- 1 
- 1 
- 0 
- 1 
- 1 
- 1 

t, 
sec. 

2.36 
2.28 
2.13 
2.00 
3.24 
3.13 
2.90 
2.76 
3.12 
2.95 
2.74 
2.57 
3.79 
3.62 
3.36 
3.14 
4.49 
4.28 
4.00 
3.71 

obsd., 

23.5 
22.8 
21.9 
21.1 
23.0 
22.5 
21.2 
21.1 
23.3 
22.9 
21.9 
20.9 
22.7 
22.1 
21.3 
20.6 
22.3 
21.6 
20.8 
20.2 

Calcd. values 
1st 2nd 

term 
2.89 
2.88 

2.01 

term 
0.58 

.58 

.56 

.55 

0.58 
.58 
.56 
.55 

0.59 
.58 
.56 
.55 

0.68 
.57 
.56 
.55 

0.58 
.57 
.56 
.55 

( * * • ) 

3rd 
term *" 

20.21 0.991 
19.86 .974 
19.20 .964 
18.61 .953 
20.13 0.992 
19.79 .984 
19.04 .957 
18.58 .977 

0.995 
1.005 
0.992 

.972 
0.988 

.982 

.979 

.976 
0.981 

.969 

.962 

.968 

20.29 
19.72 
19.01 
18.42 

20.09 
19.64 
18.92 
18.29 
20.04 
19.57 
18.92 
18.23 

• * = {t'i(obsd.) - (1st + 2nd terms))/(3rd term), K = 
5.82*. 
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Ion 

Tl + 0 

Pb + +* 

Cd + +'' 
Zn + +'' 

TABLE V 

COMPARISON OF OBSERVED AND CALCULATED LIMITING CURRENTS OF SEVERAL M E T A L IONS 

(End tube 3, capillary 4, 210 r.p.m.) 
C, m, t, i\ (obsd.), i\ (calcd.), >ia. 

mM — — Tr " " " 
Supporting 
electrolyte 

Ni + +'' 

0.005 AfKCl 
1 JWKCl 
0 .1 M K C l 
0 .1 AfKNO 3 

1 Af KNO8 

0.05 Af KNO, 
2 Af KCl 
1 AfKCl 
0 .1 AfKCl 

.01 AfKCl 

. 1 Af NaClO4 + 
0.001 AfHClO1 

* X 10s, 
cm.Vsec. 

0.898 
.853 
.892 
.887 
.825 
.894 
.825 
.853 
.892 
.898 

.897 

0.101 
.502 
.507 
.460 
.400 
.400 
.400 
.400 
.400 
.200 

.378 

mg./sec. 

6.68 
9.86 

12.19 
12.19 
9.83 
6.66 
9.86 
9.86 

12.19 
9.84 

9.86 

v 
- 0 . 9 ^ 
- 0 . 7 " 
- 0 . 7 ' 
- 0 . 8 ' 
- 1 . 3 e 

- 1 . 5 * 
- 1 . 4 5 e 

- 1 
- 1 
- 1 

35e 

28 

3d 

t, 
sec. 
5.45 
3.99 
3.24 

24 
47 
43 
29 
40 
02 
72 

-1 .3 8 3.52 

*l (obsd.), 

5.59 
39.0 
38.6 
31.0 
24.6 
22.7 
28.2 
25.4 
25.6 
11.8 

20.3 

K: 5.76« 

5.71 
39.4 
39.3 
3 0 . 4 ' 
24.1 
23.4 
28.0 
25.6 
25.0 
12.1 

19.9* 

K: 5.97 t> 

5.82 
38.5 
37.7 
29.5 
22.3 
22.9 
24.6 
24.4 
24.5 
12.0 

20 .5 ' 

K : 6 . 1 B C 

35.3 
32.2 

21.1 
" With the D values reported by Wang, et al. (Table I I I ) . » With the D values reported by Stackelberg, et al. (Table I I I ) . 

c With the D values reported by Rulfs (Table I I I ) . d Versus mercury pool anode. • Versus S.C.E. / Using the D value 
reported by Rulfs (Table I I I ) . » In the presence of 0 .01% gelatin. * In the presence of 0 .01% starch. < Using the D 
value reported by Sanborn and Orlemann (Table I I I ) . 

rents, 0.892 X 1O-2 cm.2/sec. was used as the 
kinematic viscosity of 0.1 M potassium chloride 
and a value of D = 1.827 X 10~5 cm.2/sec. as re
ported by Wang and Polestra. This example 
shows that the factor x was practically constant 
with varying m and t. The same was found also 
when other D values were used. We repeated two 
more sets of experiments and determined K from 
a total of 56 measurements of limiting currents, all 
of which were obtained with the same end tube 
at 210 r.p.m., but with various capillaries at 
various heights of mercury. The average values of 
x were calculated to be 0.990 ± 0.021, 1.025 ± 
0.021 and 1.059 ± 0.022 with D values of 1.827 X 
10~6, 1.744 X 10-5 and 1.67 X 10~5 cm.2/sec, 
respectively. By multiplying 5.82 by these x 
values, the average values of K became 5.76, 5.97 
and 6.16, respectively. These K values are used in 
Table V for the calculations of the limiting cur
rents of ions different from thallium. 

Typical experimental data in Table IV also 
show that the effect of the height of mercury on the 
limiting current is much smaller than at the D.M.E. 
as predicted from the theoretical equation because 
(mt) 1^ in the third (principal) term of the equation 
is constant with varying height of mercury. 

Comparison of Observed and Calculated Limit
ing Currents of Several Metal Ions with Different 
Diffusion Coefficients.—In order to examine the 
validity of the proposed equation with respect to 
the relationship between i\ and D, several experi
ments were carried out with solutions of thallium, 
lead, cadmium, zinc and nickel at various concen
trations of supporting electrolytes. The experi
ments were conducted with end tube 3 and capil
lary 4 at 210 r.p.m. In the experiments with 
heavy metal ions starch was used as a surface-active 
substance instead of gelatin because a small frac
tion of the heavy metals is bound by gelatin.2 

Starch is not bound by the heavy metal ions and 
0.01% was found sufficient to suppress completely 
maxima of the second kind. The kinematic vis
cosities were calculated from densities and specific 
viscosities, which were taken from the International 
Critical Tables, or measured with an Ubbelohde 
viscometer. 

The observed and calculated limiting currents 
are tabulated in Table V. Using the above three 
values of K the calculated values of limiting cur
rents were obtained by employing the various 
values of D listed in Table III. The best agree
ment between calculated and observed values was 
obtained with diffusion coefficients determined by 
the radiotracer technique. This result lends sup
port to the reliability of the D values determined 
by this technique and to the conclusion that 
reliable values of D can be derived from measure
ments with the R.D.M.E. The good agreement 
between the theoretical value of if of 5.82 and the 
experimental value of 5.76 indicates that the 
average tangential velocity distribution in the 
boundary layer is closely approximated by a 
parabolic function, v. Stackelberg, Pilgram and 
Toome14 determined their values of D in the 
presence of gelatin for all of the ions used in the 
present experiments, while we did not use gelatin 
except for thallous ion. This accounts, in part 
at least, for the lower values of the limiting cur
rents calculated with their D values. 

Results Obtained with Various End Tubes at 
Various Speeds of Rotation.—The validity of the 
proposed equation 18 was further tested with re
spect to the correlation between i\ on the one hand 
and m, t and U on the other. Experiments were 
carried out with solutions of thallous ion in 1 M 
sodium perchlorate, 0.05 M potassium nitrate and 
0.1 M potassium chloride in the presence of 0.01% 
gelatin. 

The tracer diffusion coefficients of thallous ion 
in sodium perchlorate and potassium nitrate are 
not available in the literature. However Wang1!a 

and Wang and Polestra12b concluded from ex
perimental results that observed diffusion currents 
at a D.M.E. agree better with values calculated 
from the Strehlow-^Stackelberg equation18'17 

id = mrnCD'/'lm'/H'/' + ADl/*(mt)lh\ 

where A is equal to 17, or more accurately 16.7, 
than with values calculated from the original 

(16) H. Strehlow and M. v. Stackelberg, Z. Elektrochem., Si, 51 
(1950). 

(17) O. H. Miiller, Natl. Bur. Stand. Circular 524, Aug. U (1953). 
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TABLB Vl 

COMPARISON OF OBSERVED AND CALCULATED LIMITING CURRENTS OF T l + IN THE PRESENCE OF 0 .01% GELATIN AT VARIOUS 

ELECTRODES 

End d, 
tube mm. 

2 6.93 

4 6.55 

3 7.31 

6 6.58 

5 6.32 

7 5.16 

10 8.46 

9 10.54 

8 15.98 

1 M NaClO4 (v 

*, 
mm. 

1.1 

0.9 

.75 

.42 

.35 

.5 

.5 

.7 

.7 

C, 
mM 

0.400 

.402 

.400 

.402 

.400 

.400 

.400 

1.00 

1.0U 

0.392 

.404 

.404 

.404 

= 0.870 X 10- 2 cm. 

Capillary 
r.p.m. 
210" 

300° 

210" 

6006 

210" 

150" 

75" 

210" 

210" 

210° 

210° 
150° 
75° 

150° 
75° 

150° 
75° 

•Vsec.). 

3 

1 

4 

3 

4 

4 

1 

4 

4 

4 

5 

5 

6 

5 
5 
5 
4 
4 
5 
5 

A. 
cm. 

75.6 

52.2 

64.0 

75.6 

78.5 

35.8 

92.2 

53.5 

93.5 

53.5 

93.5 

87.3 

60.2 

90.2 

75.0 
75.0 
75.0 
78.0 
78.0 
90.0 
90.0 

8 In 0.05 M KNO, 

m, 
mg./sec. 
25.63 

11.55 

9.80 

26.90 

11.84 

5.46 

20.29 

8.14 

13.87 

8.15 

13.87 

8.15 

8.92 

6.15 

7.79 

7.47 
7.47 
7.47 

12.00 
12.00 
9.02 
9.02 

V vs 
S.C.E. 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- .7 
- .7 
- .7 
- .7 
- .7 
- .7 

j (» = 0.894 X 10"2 

/, 
sec. 

2.66 
2.40 
5.86 
5.37 
3.66 
3.26 
1.84 
1.65 
4.11 
3.69 
2.17 
1.96 
1.92 
1.66 
4.51 
4.00 
3.25 
2.87 
5.56 
4.92 
4.03 
3.59 
6.87 
6.11 
2.92 
2.60 
3.33 
2.98 
4.48 
4.00 
3.42 
4.19 
5.31 
3.87 
4.90 
4.02 
5.60 

cm.2 /sec) . 

(i (obsd.), 
^a. 

29.7 
27.6 
29.2 
26.6 
25.0 
23.2 
25.3 
23.4 
24.2 
22.3 
16.8 
14.8 
23.1 
21.6 
22.1 
21.0 
20.6 
19.5 
20.4 
19.1 
17.2 
16.4 
16.7 
16.0 
43.8 
40.9 
38.0 
36.4 
17.7 
16.9 
20.5 
19.4 
15.7 
24.4 
20.3 
24.9 
20.6 

Il (calcd.), 
Its.. 
29.9 
28.5 
28.5 
27.3 
25.1 
23.8 
25.4 
24.2 
23.9 
22.8 
20.9 
19.9 
23.4 
21.9 
21.6 
20.5 
21.1 
20.0 
20.6 
19.4 
17.5 
16.6 
16.8 
16.0 
44.6 
41.9 
38.2 
36.2 
17.7 
16.8 
20.1 
19.1 
15.8 
25.8 
21.4 
27.4 
23.5 

0 In 0.1 M KCl (» 
0.892 X 10"8 cm.Vsec) . 

Ilkovic equation {A = O)18 and the Lingane-
Loveridge equation (A = 39),18 when tracer dif
fusion coefficients are used for D. In accordance 
with the above conclusion, we calculated the dif
fusion coefficient of thallous ion in the given 
media from the diffusion current data obtained 
with a D.M.E. and the Strehlow-Stackelberg 
equation. The D values of thallous ion in 1 M 
sodium perchlorate and in 0.05 M potassium 
nitrate thus calculated are 1.74 X 1O-5 and 1.85 X 
1O-5 cm.Vsec, respectively. 

Experimental and calculated limiting currents 
are listed in Table VI. With end tubes 2 and 4, 
which have a large orifice, the differences between 
the observed and calculated values at —1.3 v. 
were consistently more negative than those at 
— 0.7 v. probably as a result of deviation from a 
sphere of a drop. The observed values with end 
tubes 3, 6, 5, 7 and 10 at 210, 150 and 75 r.p.m. 
are in agreement within a few per cent, with the 
calculated values at both of the applied potentials. 

(18) Ref. 10, pp. 34-46. 

The diameter of the orifice of these end tubes 
varied between 0.35 and 0.75 mm., and the dis
tance between the orifice and center of rotation 
varied between 5.2 and 8.5 mm. At 600 r.p.m. 
with end tube 3, the observed results failed to fit 
the equation. A possible reason for this dis
crepancy is that the fraction of the surface area of 
the mercury drop inside the orifice and therefore 
not in contact with the solution at a higher speed 
of rotation is greater than at a lower speed of rota
tion, because the ejected mercury drops are smaller 
at a higher speed of rotation than those at a lower 
speed of rotation because of centrifugal force 
effects. The main reason for the discrepancy 
found at high speeds of rotation is attributed to 
the effect of the motion of the solution caused by 
the vigorous rotation of the electrode. We 
assumed in the derivation of the proposed equation 
that the velocity of outer flow is equal to the 
apparent speed of rotation; in other words, the 
electrode rotates in a medium at rest. Actually, 
however, especially at a high speed of rotation, the 
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TABLE VII 

E F F E C T OF THE KINEMATIC VISCOSITY ON THE LIMITING CURRENT OF THALLOUS ION IN THE PRESENCE OF 0 .01% GELATIN 

(End tube 3, capillary 4, 210 r.p.m., m = 12.05 mg./sec") 
Wt. % 
glycerol 

26.7 

26.7 

10.2 

Sucrose 

30.9 

14.2 

0 

Supporting 
electrolyte 

0.1 Jtf KCl 

.05 MKNOu 

.05 JWKNO, 

0.05 AfKNO 3 

.05 JIfKNO3 

.05 JWKNO3 

y X 102, 
cm.Vsec 

1.827 

1.829 

1.138 

2.673 

1.309 

0.894 

D X 10», 
cm.Vsec. 

0.968 

0.999 

1.57 

0.781 

1.34 

1.85 

C, 

0.804 

.804 

.804 

0.804 

.804 

.402 

V vs. 
S.C.E. 

- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 

- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 
- 0 . 7 
- 1 . 3 

sec 

3.11 
2.78 
3.13 
2.81 
3.12 
2.83 

3.10 
2.80 
3.11 
2.80 
3.13 
2.79 

*i (obsd.), 

26.0 
24.3 
27.0 
25.3 
40.3 
37.8 

21.8 
20.6 
35.4 
33.0 
23.7 
22.3 

*l (calcd.), 
*ia. 

27.4 
26.1 
28.1 
26.8 
40.3 
38.6 

22.6 
21.6 
35.6 
33.9 
23.3 
22.1 

° The m value was constant within the viscosity range investigated. 

end tube serves as a stirrer giving rise to a swirling 
of the solution, and the solution moves in the same 
direction as the rotation of the electrode. Thus 
the velocity of rotation relative to the solution 
becomes smaller than the apparent speed of rota
tion and accounts for the fact that the calculated 
value of the limiting current is considerably greater 
than the experimental one. A similar effect is 
observed at the lower speeds of rotation when the 
distance between the orifice and center of rotation 
of the electrode is increased; this results in an 
effective swirling motion of the liquid caused by the 
rotation of the end tube. The effect is particu
larly pronounced with end tube 8 (d = 16 mm.) 
even at 75 r.p.m. and is still observed with end 
tube 9 (d = 10.5 mm). It is clear that for theo
retical studies it is essential to choose an end tube 
of proper dimensions so that more or less well-
defined and reproducible hydrodynamic conditions 
can be obtained. 

Influence of the Kinematic Viscosity on the 
Limiting Current.—It is known that the diffusion 
current at the D.M.E. is greatly affected by the 
change of viscosity of the solution to be electro-
lyzed because of the variation of diffusion coeffi
cients of electroactive species. In the case of the 
R.D.M.E., the viscosity of the solution is expected 
to exert an effect on the hydrodynamic boundary 
layer thickness in addition to the variation of the 
diffusion coefficient. This effect is related to the 
term v~l/' in equation 2. In order to examine the 
validity of the expected relation, experiments were 
carried out with thallous ion in 0.1 M potassium 
chloride and in 0.05 M potassium nitrate in the 
presence of 0.01% gelatin, the viscosity being 
varied by adding glycerol or sucrose. 

Experimental and calculated limiting currents 
are tabulated in Table VII in which the values of 
D were calculated with the aid of the Strehlow-
Stackelberg equation from the data obtained with 
a D.M.E. The equation was found valid when v 
was varied from 0.89 to 1.3 X 1O-2 cm.Vsec, but 
at higher viscosities the apparent effect of viscosity 
tended to become greater than expected from the 
equation. This is a natural result of the funda
mental assumptions underlying the boundary 
layer theory itself. Prandtl's boundary layer, 

equations 7 and 8, on which our theoretical treat
ment is based, are derived from the general Navier-
Stokes equations with the aid of the simplifications 
which can be introduced as a consequence of the 
small values of viscosity. This corresponds to the 
condition that the boundary layer thickness should 
be very small as is clear from the relation that the 
thickness of the boundary layer, 8, is proportional 
to v'/'. From equation 14 the boundary layer 
thickness in 30.9% sucrose solution under the 
present experimental conditions, for example, 
is computed to be 0.83 mm. at 90° from the forward 
stagnation point just before the mercury drop 
comes off. This amounts to about a half of the 
maximum diameter of the mercury drop, 1.7 mm., 
which is contrary to our original assumption that S 
is very small compared with the size of a mercury 
drop. The boundary layer theory is a limiting 
theory at zero viscosity, and the assumptions made 
in the derivation of the boundary layer equations 
are satisfied with an increasing degree of accuracy 
as the Reynolds number increases, i.e., the vis
cosity decreases.19 Thus it is to be expected that 
the proposed equation will also give more satis
factory results as the viscosity decreases. 

A theoretical treatment may be possible also 
for the other limiting case of a very large viscosity. 
However, as is known from hydrodynamics, the 
experimental results at intermediate viscosities 
cannot be interpreted by an interpolation between 
the two limiting cases. In addition, the quantita
tive effect of the viscosity on the diffusion current 
at the D.M.E. is still incompletely known. Be
cause of such difficulties, a quantitative interpreta
tion of experimental results at moderately high 
viscosities is at present impossible. 

Current-Time Relation during Individual Drop 
Life.—From equation 2 it follows that the equation 
of the instantaneous limiting current in the pres
ence of a surface-active substance is given by 

23OMCZ)1AI (7/6) mV.i'A + (4/3)103Z)V«(w«)Vi 
(3/2) 5.76 U'/'v-'/>D'/>(mt) 1A) (24) 

A few experiments were conducted to examine the 
validity of this equation. The current was meas
ured in terms of the iR drop across a 10,000 ohm 

(19) Ref. 6, p. 115. 
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standard resistor in series with the R.D.M.E. 
cell by using a fast response Sanborn Industrial 
Recorder, Model 127, combined with a preampli
fier, Model 126. The maximum sensitivity of this 
instrument is 50 mv. per cm., and the paper was 
driven at a speed of 25 mm./sec. A manual polaro-
graph was used to apply the constant voltage to the 
cell circuit. 

Although the total applied voltage can be kept 
constant, the actual potential of the R.D.M.E. 
decreases as the drop grows because of the iR loss 
across the standard resistor. In the example 
given here, the maximum current was 18.1 ^a., 
so that the decrease of the actual potential of the 
RD.M.E. amounted to 0.181 v. However, as 
shown by Lingane20 with a D.M.E., this magnitude 
of the variation in potential causes no perturbation 
of the current-time curves provided the total 
applied voltage is large enough to keep the poten
tial of the R.D.M.E. in the limiting current region 
during the lifetime of a drop. 

The present experiments were carried out with a 
0.201 miW thallium solution in 0.05 M potassium 
nitrate in the presence of 0.01% gelatin with end 
tube 3 at 210 r.p.m. The m value was equal to 
12.05 mg./sec. The total applied potential was 
— 0.9 v. vs. S.C.E., and hence the potential of the 
R.D.M.E. decreased to -0.719 v. at the end of the 
drop life. An example of the current-time curve is 
shown in Fig. 7. 

The disagreement between the observed and 
calculated current-time curves was significant in 
the region of early drop life. This trend is also ob
served with the D.M.E. Lingane20 attributed it 
mainly to the variability of m during the drop life 
caused by the larger back pressure exerted on the 
young drop and also to the non-sphericity in the 
early life of the drop. In the case of the R.D.
M.E. the variation of m is much smaller because 
the lumen of the orifice is larger than that of the 
capillary used with a D.M.E. For example, for 
the end tube used in the present experiment whose 
diameter of orifice is 0.75 mm., the back pressure 
calculated from the formula Pback = 2 <r/V10 amounts 
to ca. 1.7 cm. at the beginning and ca. 0.8 cm. at 
the end of the drop life. Therefore, from the ex
pression m = k(h - Aback), the variation of m is 
calculated to be only ca. 2.5% when the height of 
mercury is kept at 40 cm.; this variation is too 
small to account for the difference between the ex
perimental and theoretical curves in Fig. 7. With 
reference to the non-sphericity of the mercury drop, 
the deviation of the shape from a sphere at the early 
life of the drop is considered to be greater at the 
R.D.M.E. than at the D.M.E. because of the larger 
lumen of the orifice at the R.D.M.E. As the most 
important reason for the discrepancy, however, one 
cannot overlook the variation of the hydrodynamic 
conditions during the drop life. As mentioned in 
the theoretical part, at the beginning of the growth 
of the mercury drop, the Reynolds number is so 
small that the boundary layer theory fails to ac
count for the hydrodynamic situation at the very 
early drop life. There is no doubt that a few math
ematical simplifications are also responsible which 

(20) J. J. Lingane, T H I S JOURNAL, 78, 788 (1953). 

0 1 2 3 

t(sec). 

Fig. 7.—Current-time curve; end tube 3, capillary 4, 
210 r.p.m., h = 78.5 cm., 0.201 taM, Tl+ in 0.05 M KNO. 
and 0.01% gelatin; , experimental; , theo
retical. 

were made for the purpose of obtaining a practical 
expression of the average limiting current. 

We have discussed so far several aspects on the 
applicability of the proposed equation of the 
limiting current. Limitations of the equation are, 
of course, ascribed to the fact that some ideal situa
tions were assumed which are somewhat different 
from the actual conditions. For example, the 
following assumptions are not fully justified even 
with an end tube whose dimension is in the recom
mended range; (1) the mercury drop is at any 
instant a perfect sphere which expands from its 
center outwards symmetrically, (2) the rotation of 
the electrode does not swirl the solution at all, 
(3) a laminar boundary layer is developed at any 
instant in the drop life, (4) the thickness of the 
boundary layer is expressed by the simple function 
(13). The fourth assumption is considered to be 
only a rough approximation from the purely hydro-
dynamic viewpoint, because it does not account for 
the separation of the boundary layer, which occurs 
on a body of revolution such as a sphere as a result 
of the acceleration in the front half and the deceler
ation in the rear half of the sphere. Since the ex
pression for the boundary layer thickness was ob
tained by analogy with a fiat plate, this assumption 
corresponds to a neglect of the curvature of the mer
cury drop as far as the boundary layer thickness is 
concerned. An attempt was made to make use of 
the expressions for the boundary layer thickness 
and the velocity distributions derived by taking the 
effect of curvature into consideration.21 The final 
equation thus obtained is so involved and im
practical that it is not given in this paper. At any 
rate, it is gratifying that only one numerical con
stant had to be determined empirically to obtain 
a satisfactory equation of the limiting current. It 
is considered that this empirical factor probably 
compensates on the average for the error resulting 
from the simplifications mentioned above. 

Acknowledgment.—We wish to express our 
thanks to Dr. S. Ito of the Department of Mathe-

(21) Ref. 6, p. 165, p . 218. 
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matics of the University of Minnesota for his kind 
help in solving the differential equation. 

Appendix 1 (Case A) 
It is assumed throughout the following mathemat

ical treatment that solutions to be electrolyzed are 
incompressible and the variation of c is marked only 
in the vicinity of the mercury surface. 

Considering a spherical surface of radius r which 
is slightly larger than a growing mercury drop of 
radius R(t), and letting the volume enclosed be
tween the two spheres be e, we have 

4irr»/3 = 4v\R(t) }3/3 + e = iiraH/Z + e 

where a = (Sm/iird)1/; d denoting the density of 
mercury. I t follows from this that 

in which FjW s are spherical surface harmonics. 
Function (A7) has the properties 

bp G(w,0,f) G(«,W) - 0, g 
lira 

£«—•0 / ; G(U,?,J')g(«,5')dr «(0.0 

and 

(A9) 

for any bounded continuous function g(w, £) such 
as g(w, 0) = 0. Function (A8) is the fundamental 
solution of the following differential equation on the 
unit sphere 

OT 

and W has the properties 
bW 

= AW = A'W where A'W 

*•£ — in B' bB' V 
. ., bW\ . 1 b2W 

and hence 
Ar 
At 

S-
3r2 

_1_ / r 8 - 3t /4ir \ 
3r« V / ; 3r2 \ / 

When we consider the velocity of motion of a point 
on the spherical surface of radius r resulting from 
the growth of the mercury drop, it is clear that 

Hm ff W[T1B1B',v,<p')H{T,e',«>')dS' = H(O1B,*) 

for any continuous function H (T,8,<P), and 

ff W(T,B,B',VIV')AS = ff W( ',v,<p')AS' = 1 
(AlO) 

r - R(t) « R(t) and 4irr3/3 » e, and hence where 5 is the unit sphere, dS = sin 8d8d<p, and 
dr/di = r/Zt. Assuming that the r component of 
the flow velocity is negligible in comparison with 
the ^-component we get 

v S r/3t (Al) 

By putting u — Uo and (Al) into equation 4 and 
neglecting w, we obtain 
be _ IbH , 2 be , 1 \ r dc IZ0 be , . „ 

Substituting the variables r and 2 by 
a " Zl1I* and i\ = r/aOI> 

equation (A2) becomes 
be D IbH , 2 be 1_ \ _ Upo be 
be o ! W V bv v* ) 307, be 

Putting T = Da/a*, £ = 77 — 1 a n d / = 77c/C, we get 
from the above equation 

a*U<,T bf 

dS' = sin $'dd'd<p' which is an area element on the 
unit sphere. 

Now we consider the differential equation 
b*k bh n 

bi*~ATb~e = ° (Al l ) 

The solution of this equation, which satisfies the 
conditions h = 1 + £ when 6 = 0, and h = 0 when 
£ = 0, 6 4= 0, is given by 

-£\/Jr7972 J2 
V JT JO 

exp(-X2)dX + £ (A12) 

If we put g = / — h, we obtain the following equa
tion for g from (A4) and (All) 

Sr S f 2 ^ ( I + * ) 2 

£ - 3 + * ^ g + ̂ - g (AW, 
(A3) 

+ A/ ^ E (A4) 

3.D2U + I) SS 
Since the condition r — R(J) « R(t) is equivalent 
to £ < < 1, we can put 1 + £ ̂  1. For the sake of 
simplicity, we put A = a1 Uo/3D2 = const. Then 
(A3) becomes 

^ = W 
S T d j 2 

By changing the variables as above, the initial and 
boundary conditions 5 and 6 become 

/ = 1 + I when r = 0 (A5) 
/ = 0 when £ = 0; T > 0 (A6) 

In order to solve (A4), we define the functions G 
and W as 

G(w,£,S) — 

The initial and boundary conditions for this equa
tion are 

g = 1 when r = 0 (A14) 
g = 0 when £ = 0,T 4= 0 (except where 9 = 0) (A15) 

Now we consider the function 

bT'ffsdS'foG^-^')W^-T'' 
e,0',*>,*>')g(T\S\0V)ds' = 

ffsdS'foGW\' be -, + A'h 
& * ( T \ « ' , * ' ) 

dr 

1 r ( a 
= exp -j - ^ -

2\l7T0> 4« 

By integrating both sides of the above expression 
from 0 to T and using (A14), (A15) and the proper
ties of G and W explained above, we obtain 

exp -i -< a + n1 

4u 
(A7) 

T,$,9,<P) s: Gdi' 

W(T,9,B',CP,V') = J ] exp \-rl(l + 1)! r,<«(8,¥>) Vi t w(0V) 
/,A 

(A8) 

/oT^//sd 57o"(-™T ' i + GW*'H ~ 
GW (A16) 
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and hence 

From (AlO) the second term of the right-hand side 
of the above equation becomes 

bG J>'/J>7;(-S^iP+ 
&t 

A'h -

d| br'J ^ 

If we define A(O, £) = 1 + £ in (A12), then h is in
finitely differentiable on the surface 5 . Thus 

CC A'A dS' = 0. From (A12) we obtain 

bh 
b ? = WirfV exp l ~ ^ 7 V (A18) 

Except the region of very small T' , (A18) is small. 
Because we integrate the concentration gradient 
with respect to t ime to obtain the average limiting 
current expression, the effect of the contribution of 
(A18) a t small values of r' on the final expression 
can be neglected. Thus we neglect the third term 
in the brackets of (A17). I t can be seen, further
more, by applying the successive substitution 
method to equation (A16) t h a t the first t e rm in 
the brackets of equation (A17) is also small. Thus 
(A17) can be simplified as 

4 ' !^277 e w ( -c ) f 
and therefore 

//.(D..."-* VJ <*»» 
From equation (A12), we obtain 

//,GD.-."-VT-JT 3 - + — 
2(1.79O)Vi^U + 4x (A20) 

F rom (A19), (A20) and the r e l a t i o n / = g + h it 
follows t ha t 

Ifs (IX=O d5 - ^ + 4^ + 3-580 **W = 
+ 4ir H oi / .n i / . ( A 2 1 ) 31AP1A D1AjV. 

On the other hand, we have 

W / r - R M VcJrA = O(1A L d | J{ = o 

^. (SX = O ^ 
Thus, from (A21) and (A22) we obtain the follow
ing expression for the concentration gradient in the 
radial direction on the surface of the electrode inte
grated over the total surface area 

/£(1),-™™""-
&//, (8),-. <•""--c M ) + 

3.58Ox1AWAa1Ai1AX 
a/1-

47TOi1A + 

Therefore the average limiting current is given by 

) 
(3.580) TT'A WMW 

D1A dt 

vn-nu i(6)4'A3ViOTV./V. , 3'Ax1AD1A(mi) 1A 
( 7X1AdVi 41Ad1A 

(3.580) EZ0V(W)1A? 
31Ad1A S 

By put t ing numerical constants T = 3.1416, d = 
13.54 a t 25°, we obtain 

ti = nFCDVt !0.238W1Ai1A + 2.452D1A(Wi)1A + 
0.562WA(Wi)1A) (A23) 

where i\ is expressed in a., C in mole/ml. , D in 
cm. 2 / s ec , W in g . / sec , Ua in cm./sec. and t in sec. 
Converting the uni t of current into jua., and put
ting F = 96500 coulombs, equation 1 is obtained. 

Appendix 2 (Case B) 

The tangential velocity component in the bound
ary layer can be writ ten as 

u = U[2 \r - R(t)}/S - {r - R(t)}*/S*] (A24) 

where 5 = V30vR(t)8/U. The velocity compo
nent, v, is given by (Al) , and w = 0 as in Case A 
(Appendix 1). 

Changing the variables r and t by TJ = rt~l/ 

and ^ = Ztl/', equation 4 can be writ ten as 

be 
bs -»(S+fg+»-(5-; )S-

su be 
3TJ be 

(A25) 

in 

From (Al) , v ^ 3i?A2 in the region r - R(t)« 
R(t) and hence 17 — a « a, in which a = (3OT/ 
47r<2)'A = R(t)/t'/>. In addition, dc/dif.dc/dr, 
d2c/dr2 , Ac, dc/d0 ^ 0 outside the range r — 
R(t)« R{t), and therefore bc/bt) ^ 0 outside the 

range 77 — a « a. Hence ( T , - -) ^- = 0 

equation (A25). Pu t t ing n]c(s,rj,d,<p) = f{s,rifi,<p), 
equation (A25) becomes 

Sf = D (& + I Af) - 2f ^ 
cv VdT)2 + ,,2 A /y 37, do 

In the vicinity of r ^ R(t), 77 ^ a. If we pu t £ = 
77 — 0, this equation becomes 

By transforming the variables as above, the initial 
and boundary conditions 15, 16 and 17 can be 
writ ten as 

/(O1JA*.) = (a + QC (A27) 
/(S1O1A,*.) = 0 when s > 0 (A28) 

f{s,t(s,(f),$,«>) = {a +S(S1B))C (A29) 

where 

S(s,Q = V90va8/Us 

In order to obtain a solution of equation (A26), 
first we consider the differential equation 

-»(§? + £*)-£g (A26) 

D1A 
r>'~ su bh __ -

'&«» 3o b9 (A30) 



3338 YUTAKA OKINAKA AND I . M . KOLTHOFF Vol . 79 

A s o l u t i o n of t h i s e q u a t i o n m u s t sa t i s fy t h e con 
d i t i o n s 

h(s,0,d) = 0 

h{sMs,e),0} = (o + S(s,9) \C 

-^z := 0 except when { < < a 
off 

W h e n £ < < a, w e o b t a i n f rom (A24) 

£* ~ J. u2Ul/'s,/^ 
3a ~ Za \ / 9 0 T O 9 

^ = &s'/!0 

(A31) 

(A32) 

(A33) 

-'/>£ 

(A34) 

•\/81Oxa!0 

w h e r e 

6 = 2 !7VVVSlOvO3 = constant 

T h e r e f o r e , (A30) b e c o m e s 

„ b*h , , / „ , / 0 oh . 

C h a n g i n g t h e v a r i a b l e s b y p u t t i n g 

z = (b/D) '/V/»0-'/«{ and « = 9 (A35) 

(A34) b e c o m e s 

D V * V « . - . ( g + * I ) - bV.DV.sz g = 0 (A36) 

A p a r t i c u l a r s o l u t i o n of (A36) c a n b e o b t a i n e d b y 
s u b s t i t u t i n g h, w h i c h sat isf ies t h e e q u a t i o n 

bz2 + 2 bz 

b y s g i v e n b y ( A 3 5 ) . I t is 

h(s,t,ff) - A J 0 ' exp ( - 0 df + B = 

4 i 7 (1/3, &s*/i£V6P0V«) + 5 

w h e r e A, A\ a n d 5 a r e c o n s t a n t s , a n d 

(A37) 

T(x,z) = / ; .-*,* 

w h i c h is a n i n c o m p l e t e g a m m a f u n c t i o n . S i n c e 
(A37) is a p a r t i c u l a r s o l u t i o n 

Ks,1,9) = 4i7(l/3,foV«{s/6£9Vi) + X2£ + B U s : const.) 
(A38) 

is a l so t h e s a m e . F r o m (A31) , (A32) , (A33) a n d 
(A38) , w e o b t a i n 

5 = 0 

a n d AMl/S, 3 0 c / 6 D ) + A3S(S1B) = Ca + Cb(sfi). 
T h e r e f o r e 

A1 = Co/7(1/3, 30^/6D), ^ 2 = C 

T h u s w e o b t a i n f rom (A38) 

Co 7(1/3,6SVi4VePeVt) 
/j(s, {,8) = 

7 ( i / 3 , 3O1//6D) 
+ C? (A39) 

T h i s is t h e u n i q u e so lu t i on of (A30) w h i c h satisfies 
t h e g iven c o n d i t i o n s . 

N e x t p u t t i n g / — h = g, we c a n w r i t e t h e follow
ing e q u a t i o n f rom (A26) , (A27) , (A28) a n d (A29) 

bs 
r, /d 2 g . 1 . \ SU 
D (4 + a* Ag) ~ Za %+> 

bh 
ds 

w i t h t h e b o u n d a r y c o n d i t i o n s 

g(0,S,9,<p) = aC, (h(0,i;,6) = Cf from (A39)) ) 
g(s,0,6,<p) = 0 when s > 0 > 

|s,8(s,9). 0 

(A40) 

(A41) 

I n o r d e r t o solve e q u a t i o n (A40) , w e define t h e func
t i o n s G a n d W a s 

I] 
4Ps ) 

\ (g + SV 
ADs 

(A42) exp 

W(s,e,e',?,<?') = E e x P ) - —» W + i) [ -
I, k ! a ' 

YiW(B,<p) F1W(S',*'') (A43) 

in w h i c h F j ^ ' s a r e sphe r i ca l su r face h a r m o n i c s . 
F u n c t i o n s (A42) a n d (A43) h a v e t h e p r o p e r t i e s 
s imi l a r t o (A7) a n d (A8) in A p p e n d i x 1. 

W i t h re fe rence t o / we c a n i gno re t h e s l igh t dis
c o n t i n u i t y a t £ = S(s,0) w h e n i t is i n t e g r a t e d t o 
o b t a i n ( A 4 4 ) ; a n d h is a s m o o t h f u n c t i o n o v e r t h e 
w h o l e r eg ion . T h e r e f o r e , f r o m / — h = g, g c a n b e 
r e g a r d e d a s a f u n c t i o n w h i c h c a n sa t i s fy ( A 4 1 ) . 
T h u s 

o7'JfsdS'foG^-s'^')W^-s'-
o,e',<p,v')g(s',i;',e',<p')dz' 

JJs Jo I 3a be' 
D 

A'h(s',i',0') 
bh{s'j',e') 

ds' 
d f 

B y i n t e g r a t i n g b o t h s ides of t h e a b o v e e q u a t i o n 
f rom 0 t o 5 a n d u s i n g (A41) a n d t h e c h a r a c t e r i s t i c 
p r o p e r t i e s of G a n d W, w e o b t a i n 

Jfs g(s,i,e,<p)dS = 4xC J 0 " G(s , | , | ' )o d j ' + 

/oS d i7o"G ( s-^' ) d ?7/ s{-
su Qg 
3o be 

^ ^ - IM as' 
O2 OS ) 

'; + 
(A44) 

I n (A44) t h e t e r m 

If, (-Z)U" 
is neg l ig ib ly s m a l l c o m p a r e d w i t h t h e first t e r m of 
t h e r i g h t - h a n d s ide , a s c a n b e seen b y a p p l y i n g t h e 
success ive s u b s t i t u t i o n m e t h o d . F r o m t h e p r o p 
e r t y of t h e L a p l a c i a n on a s p h e r e i t fol lows t h a t 

Cf A'h d S ' = 0 

I t c a n b e seen t h a t t h e v a l u e of 

s bs' 

is a lso negl ig ib le as is c lea r f rom t h e f a c t t h a t t h e 
fol lowing express ion is e v a l u a t e d t o b e v e r y s m a l l 

bh C ( / _ bjV>V\ ) 3V'bV'j 
bs 7(1/3, 30 v/QD) r X P \ 6P9V.yJ 2ViZ)Vis'AeV. 

T h u s , (A44) c a n b e s implif ied as 

/VD s Jo LXP 
HszJV) 

ADs S 

I t fol lows f rom t h i s t h a t 

JX 
/ 0 " j e x p ( -

ag(s,o,e,g>) d 5 

4TTC 

2Wm 

exp -j — 

4Fs)S iadi 

(S + ?')! 

4Ps P-1 I ] . «• 

47roC/\/ irPs 

(A45) 

bV.DV.sz
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On the other hand, we obtain from (A39) 
dh(s,0,9,<p) Ca 3'AS1As1A 

as 
+ C (A46) 

-Kl /3 , 30*/6D) 2'/.D1AsV. 

Generally, when Z is very large 
y(X,Z) ~ T(X) - Z*-le-z{l + 0 (1 /Z) ) 

where T (X) is a gamma function. In our case, 
Z = 30v/6Z> = 5 X 10-2 /10-6 > 10s. Therefore 

[ r (1/3) - 7(1/3,2)] ~ « - w » 

Accordingly we can put 7(1/3, 30v/6I>) = T(V3). 
Thus from (A46) we obtain 

From (A45), (A47) and (A48) we obtain the follow
ing expression for the concentration gradient in the 
radial direction at the surface of the mercury drop 
integrated over the total surface area 

J/, ©,.„,'*•'«-'MT 
2</»3V'x'/«( wt)'/i 

<fV. 
3'/'(1.7Q)T1AtT1A(Wt)1Aj 
r ( l / 3 ) 30'ApVKi1AD1A 

(A49) 

/ / , ^ -
3VId1As1AaC , 

2 1 Ar(VS)DV 

2'A3'A(1.79) wb'/'s1/' Ca 

sin 9 ,„ , 

-7,a,+ 
ATC 

+ 4TC (A47) 
r(l/3)DV. 

From c(t,r,8,<p) = i rVfo fcM = (a + S)"1/^, 
£,0,¥>) and f(s,0,8,<p) = 0 we can write the relation 

\ZrJr-l 
bf(s,o,e,<p) 1 - (bJ) (*) 

a \ 5 T ) / , = - O \brjr-

a* ae + 
bh(s,0,8,<p) j 

at i 
(A48) 

where T (V3) is equal to 2.680. Using the same 
numerical constants as for (A23) we obtain the 
following equation for the average limiting current 
expressed in terms of amp. 

= MfCD1A 10.238WVIt1A + 2.452D1A(^t)1A + 

0.438^Av-1AD1A(Wt)1A) 

The numerical constant of the third term in the 
brackets corresponds to a parabolic velocity distri
bution. Converting the unit of current into /*a. 
we obtain equation 18. 
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The addition of methyl radicals to several acetylenic compounds was investigated. The activation energies of these ad
dition reactions were found to be higher than those observed in the addition reactions involving the corresponding ethylenic 
compounds. At the same time it was observed that the entropies of activation are also higher in the additions to the acety
lenic compounds. The following pair of compounds were compared: acetylene-ethylene, methylacetylene-propylene, di-
methylacetylene-the butenes-2, phenylacetylene-styrene, and diphenylacetylene-the stilbenes. I t is suggested that the 
difference in the reactivity of a C e C triple bond as compared with a C = C double bond arises from two factors. The T 
electrons in the shorter C s C bond interact more strongly and consequently higher activation energy is necessary for the 
addition process which utilizes one of these electrons. On the other hand, the cylindrical symmetry of the C ^ C bond 
leads to higher entropy of activation than the planar symmetry of the C = C double bond. 

During the last few years a considerable amount 
of work has been carried out in these laboratories on 
the addition of radicals to aromatic and olefinic 
compounds.1-6 The reactions investigated are 
represented by the general equation 

R + A —>- R.A 
where R denotes a radical, A represents a molecule 
of an aromatic or an olefinic compound, and R.A 
represents the primary addition product which, of 
course, is also a radical. Most of these investiga
tions dealt with the addition of methyl radicals, 
and the relative rate constants of such additions, 
denoted as methyl affinities, were measured by the 
ratios fa/ki, where the subscripts refer to the two 
reactions7 

CH, + solvent — > • CH4 •+- solvent radical (1) 
CH, + A *• A.CH, (2) 

(1) M. Levy and M. Szwarc, THIS JOURNAL, 77, 1949 (1955). 
(2) M. Szwarc, J. Polymer Set., 18, 89 (1955). 
(3) A. Rembaum and M. Szwarc, THIS JOURNAL, 77, 4468 (1955). 
(4) F. Leavitt, M. Levy, M. Szwarc and V. Stannett, ibid., 77, 5493 

(1955). 
(5) R. P. Buckley and M. Szwarc, ibid., 78, 5696 (1956). 
(6) J. Smid and M. Szwarc, ibid., 78, 3322 (1956). 
(7) The same solvent was used in each series of investigated com' 

pounds A's. Hence, fci remains constant throughout the series. 

The investigation reported in the present com
munication deals with the addition of methyl radi
cals to acetylenic compounds. The main purpose 
of this study was to find how the reactivity of a C = 
C triple bond differs from that of a C = C double 
bond, and to interpret this difference in terms of 
electronic structures of the respective compounds. 

Experimental 
The following acetylenic compounds were investigated: 

acetylene, methylacetylene, dimethylacetylene, phenyl-
acetylene, diphenylacetylene, and dimethyl ester of acetylene 
dicarboxylic acid. Acetylene was purchased from Mathe-
son Co. and was 99 .5% pure. The gas was deaerated and 
then distilled from trap to t rap, the middle portion being 
collected. In some experiments the gas used was twice 
distilled. This additional purification did not affect the re
sults indicating that our rate constants for acetylene are 
genuine. 

High purity grade methylacetylene and dimethylacetylene 
were obtained from Farchan Research Laboratories. These 
compounds were used without further purification. Phenyl-
acetylene and diphenylacetylene were prepared and puri
fied by Dr. Bader from Aldrich Chemicals.* Finally, the 
dimethyl ester of acetylene dicarboxylic acid was prepared in 
our laboratories from the respective dicarboxylic acid. The 
ester was purified by fractionation in vacuo. 

(8) We take this opportunity to thank Dr. Bader {or his assistance. 
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