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ABSTRACT

Part I. The Adsorption of Capillary-Active Materials at the Dropping

Mercury Electrode

It has been found that the addition of a capillary-active
substance to a solution which is to be analyzed at the dropping mer-
cury electrode brings about & decrease in the diffusion current which
passes as a result of the discharge of the reducible ion. Molecules
of the capillary-active compound, adsorbed on the surface of the grow-
ing drop, appear to deactivate a portion of this electrode surface.

As a result, some of the reducible ions or molecules which reach the
electrode vicinity by diffusion do not actually reach the electrode sur-
face, and the current which passes as a result of the reduction is
consequently decreased. As the concentration of capillary-active
material is increased, the diffusion current decreases to a limiting
value which is apparently dependent upon the amount of surface still left
free on the electrode after a monomolecular layer of material has been
adsorbed. IExperimental verification and theoretical consequences of the

foregoing are described in Part I of this thesis,



Part II, [The Polarogrephic Ansalysis of Nitrite and of Nitrite-

Nitrate Mixtures

It has been found that a solution containing both nitrate
and nitrite ions can be analyzed for both constituents in two polaro-
graphic experiments., With one aliquot part, the diffusion current due
to the two constituents in the original solution is measured. In an-
other aliquot part, the nitrite present is quantitatively oxidized to
nitrate and the diffusion current of the resulting solution is measured
as before. The two experiments provide sufficient data for determining
the quantity of each ion in the solution. The oxidation of nitrite is
conveniently carried out with hydrogen peroxide in acid solution and the
excess peroxide is destroyed catalytically by menganese dioxide in basic

solution.
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Part III. An Electron Diffrasction Investigation of the Structure of

Some Organic Molecules

a) Some Cyclic Derivatives of Ethylene Glycol
The results of an electron diffraction investigation of some
cyclic derivatives of ethylene glycol (chlorophosphite ester, sulfite
ester, and acetal) confirm the configuration assigned by the organic
chemist to these molecules. Non-planarity of the five-membered ring
may be demonstrated only in the chlorophosphite ester, in which also
there is found an abnormally long phosphorus-—to-chlorine bond distance
and a subnormally short phosphorus-to-oxygen bond distance. The co-
valent bond distances in the other molecules were shown to be normal
but no conclusion could be drawn concerning the planarity or non-
planarity of the ring systems.
b) Naphthalene and Anthracene
In an electron diffraction investigation of naphthalene,
the average carbon-to-carbon bond distance has been found to be 1.597
+ 0.02 3. The limits of error cannot be narrowed sufficiently to
vermit a definite choice to be mede among the theoretical models proposed
by various workers, but the configuration suggested by Penney and Coulson
appears to be in best agreement with the observations.
In enthracene, the mean carbon-to-carbon bond distance has

been found to be 1.41g * 0.02 &. Although no statement of the limits of

error for the individual distances could be made, it was concluded that



the best model in the region investigated is different than that provosed

by Robertson, in which the aboms lie at the corners of regular hexagons.




PART 1

The Adsorption of Capillary-Active Substances

at the Dropping Mercury Klectrode



THE ADSORPTION OF CAPILLARY-ACTIVE SUBSTANCES AT THE DROPPING

MERCURY ELECTRODE

The polarographic method of analysis was invented by Jaroslav
Heyrovskyl in 1922, when, at the suggestion of Professor G. Kucera, he
attempted to explain some anomalous inflections in the electrocapillary
curve of mercury in electrolyte solutions containing reducible substances.
The method of analysis is based upon the interpretation of the current-
voltage (c.-v.) curve which is obtained when a dilute solution of a re-
ducible or an oxidizable substance is electrolyzed in a cell in which
one electrode consists of mercury falling dropwise from a fine-bore capil-
lary tube. The value of the polarographic method lies in its suitability
for a simultaneous qualitative and quantitative analysis of very dilute
solutions (107° to 1072 molar).

As the potential applied to a dropping mercury electrode
dipped into a solution of a reducible substance is made more negative,
a2 sharp rise in the current passing between the electrodes is observed
at a voltage epproximately corresponding to the equilibrium reduction
potential of the material in solution. The current gradually approaches
a limiting value, and finally becomes constant and almost independent of
further increase in the applied electromotive force. In the presence of
a comparatively large concentration of a non-reducible electrolyte (which
is used to render negligible the transference number of a reducible ion)

and with all other factors constant, the limiting current is a function




of the concentration of the electroreducible substance, The limiting
current is due to a virtually complete state of concentration polari-
zation at the dropping electrode. The reaction which takes place at the
electrode surface brings sbout a decrease in the concentration of the
reducible substance in the immediate vicinity, and a radial concentration
gradient is set up between the electrode and the body of the solution.
Diffusion of the reducible substance to the electrode is controlled by
this gradient and reaches a limit when the concentration at the elec-
trode surface is effectively zero at all times. With an excess of

some indifferent salt (a "supporting electrolyte") present in the
solution, the effect of migration (induced by the electric field gradi-
ent in the solution) in aiding the approach of the reducible substance to
the electrode is negligible and the limiting current is determined ale
most entirely by the rate of diffusion; hence, it is celled & "diffu-
sion current.' The potential of the dropping electrode (with respect

to an external reference electrode) at that point in the c.-v. curve

at which the diffusion current is one-half of its limiting value is
characteristic, for reversible electrode reactions, of the particular
substance which is being reduced, and is independent of the concen-
tration. This voltage is termed the "half-wave potential."

A guentitative description of diffusion to a growing spherical
electrode was first given by Ilkovic? in 1934, MacGillavry and Ridealz
later succeeded in carrying dﬁt a more rigorous derivation of the
Ilkovic equation, but with an identical result. The fundamental

equation relating the average diffusion current, i3, (observed at the




dropping mercury electrode) to the concentration, C, of the reducible

substance is

1, = knDY/ 202/ 341/6 (1)

where K is a dimensional constant depending on the units employed in
the description of the various quantities, n is the number of faradays
of electricity required per mole of the electrode reaction, D is the
diffusion coefficient of the reducible substance in the given medium,

m is the rate of flow of mercury from the dropping electrode and t is
the drop time. The proportionality, under a given set of conditions,
between the diffusion current and the concentration of a reducible sub-
stance is valid only up to concentrations of the order of 10=, In
less dilute solutions, the current which passes is limited by the satu-
ration of the electrode surface; that is, the electrode surface is not
large enough to accommodate all of the reducible material which may ap-
proach it by diffusion.

The shape of the polarcgrephic wave (c.-v. curve) is deter—
mined by the nature of the reaction which takes place at the electrode.
For a reversible electrode reaction in an efficiently buffered solution,
in which the concentration of the products is effectively zero at all
times, the relation Dbetween the instantaneous current and the applied

voltage 1s given by

~ 0,059 i,

where i is the instantaneous current passing to the electrode under the

applied potential, By,e,, ig is the limiting diffusion current and E1/2



is the half-wave potential.4

The current-voltage curves do not always exhibit the ideal
shape described above. In the polarogrephic analysis of certain mole-
cules or ions, one of the general characteristics of the c.-v. curve
is the pronounced maximum which occurs unless special measures are taken

to suppress it. The maximum is perfectly reproducible5

and usually
independent of the direction in which the applied electromotive force

is changed. As the applied voltage is increased, this feature of the
curve always begins at a point approximetely corresponding to the toe

of the normael c.-v. curve and is characterized by & linear increase in
current until a maximum is reached. The shape of the maximum may vary,
for different substances, from a sharp, almost discontinuous peak, to

a well-rounded hump followed by a more or less rapid decrease to approxi-
mately the expected value of the diffusion current, as predicted from

the Ilkovic equation.

Many attempts have been made to explain the nature and the
origin of the polarographic maximun. Heyrovsky6 and Ilkovic7 attributed
the phenomenon to the adsorption of the reducible substance at the sur—
face of the drop, whereby the concentration of reducible substance in
the immediate electrode area is increased above that in the body of the
solution and normal concentration polarization is prevented. This
theory has been strongly oppesed by Antweiler and von Stackelbergso9
who interpret maxime as an electrokinetic effect. These workers, and
also Frumkin and his coworkers,lo'll'lz have shown conclusively that

there is a pronounced streaming of the liquid around the mercury drop

]



at that stage in the reduction at which a maximum occurs in the c.-v.
curve. Although many attempts have been made to explain the polaro-
graphic meximum, none of them has thus far been accepted as a completely
satisfactory explanation of the phenomenon; all, including the two men-
tioned sbove, appear to meet with serious theoretical difficulties.

Barly in the development of the polarogrephic method of
analysis, it was discovered that maxima could be suppressed by the
addition to the solution of small traces of certain capillary-active
ions (or molecules) or of various non-capillary-active ions or charged
colloids. According to Heyrovsky,5 the Hardy-Schultze rule, with some
exceptions, has been found to hold for the suporession of maxima by non-
capillery-active substences. For the most part, investigators, interest-
ed mainly in practical polerographic analysis, have treated the phenom-
enon as a nuisance, to be eliminated in whatever way possible. The small
effect on the limiting current which sometimes occurred as a result of
the addition of capillary-active substances to the solution was ignored,
especially since incomplete data on diffusion coefficients often render
predictions of the diffusion currents from the Ilkovic equation uncer-
tain, and accurate polarographic analysis is, for the most part, empi-
rical. In the few cases in which the effect was large, aettempted ex-
planations were short, scanty, and highly unsatisfactory.

Although the phenomenon of maximum suppression was early asso-
ciated with the adsorption ofwmolecules at the dropping electrode, the

steric hindrance and concomitant deactivation of portions of the elec-

trode surface which one should expect as a result of the adsorption has




epparently not been considered or discussed. It will be shown here
that the adsorption of a protein at the dropping mercury electrode may
have a large effect in decreasing the limiting current of a reducible
substance, that the decrease is a function of the protein concentration,
and that there is a limiting concentration of protein ebove which ne

further decrease in the diffusion current is observed.,




BXPERIMENTAL PROCEDURES AND RESULTS

a) Prevaration of Solutions and Recording of Polarcgrams

Polerogrems were recorded at 25°C. (¥19) on a Heyrovsky Polarograph,
Type XII, manufactured by E. H. Sargent and Co., Chicago, Illinois.
Oxygen was removed by bubbling nitrogen through the solution, since it
was found to have a large effect on the properties of the c.-v. curves.
Potentials were measured with respect to a saturated calomel electrode
(S.C.E,) which acted as a standard. The polarograms were analyzed ac-
cording to the graphical method, a correction being made as usual for
the residual current.

Experiments were carried out with the dye p-hydroxyphenyl-

azophenylarsonic acid (HPA),

//"r”——-w" /OH
Haxb__“;>N== As =0
% NOH

or with cystine, (HOOC - CH(NHp) - CHpS -)5, as the reducidle sub-

stance. Sodium chloride, 0.15 M., was used as the supporting electro-
lyte and the solutions were buffered at pH 8 with 0.02 M. veronal, the
monosodium selt of diethyl barbituric acid, Hgls = CgHg e« In

7 ~

0=¢C =20
l

solutions of the reducible azo dye, no maximum suppressor is needed in

the range of concentrations which were of interest, although a pronounced




maximum occurs in the c.-v. curve at concentrations above 10=2M, In
the reduction of cystine, thymol was used as a maximum su.ppressor.l3
A variety of protein substances were used. Quantitative ob-
servations were made on solutionscontaining purified horse albumin (pre-
pared by Dr. G. Wright at this laboratory) or crystallized human albumin
(supplied by the Harvard Medical School). The protein content of these
preparations was determined by an estimation of the amino nitrogean with
Nessler's reagent {analyses by Mr. D. Rice). The results in similar
experiments were identical in the two cases. Qualitative comparisons
were made with normal rabbit serum, normal sheep serum, purified rabbit
globulin, azo albumin (diazo-p—arsanilic acid coupled to purified al-
bumin), and anti-Ry serum (rabbit serum which contains antivodies for

the haptenic p-azophenylarsonic acid group).

b) Diffusion Current Constant of p-Hydroxyphenylazophenyl-

arsonic Acid

A test of the accuracy of the Ilkovic equation (1) and a determination
of the ratio (known as the "diffusion current constant") between the
diffusion current and the concentration of HPA was first carried out.
The results of this series of experiments are tabulated in Table I,

and are illustrated in Figure 1, wherein the diffusion current is plot-
ted directly against the concentration. A typical polarogram is re-

produced in Figure 2.




Table I
p-Hydroxyphenylazophenylarsonic Acid

The Ratio of the Diffusion Current to the Concentration of Azo Dye
All solutions 0,15 M. in NaCl, 0.02 M. in Veronal; pH 8;

temp. 259C.; m2/3t1/6 = 1.5038 mg.z/s-sec.'llz.

Conc. of Azo Dye,0 Diffusion Current,iy Diffusion Current Half-Wave

(millimoles/liter, (microamperes, Constant, K! Potential,El/g**
s 4

mm. [1.) pa.) (k' = ‘E;§7§;i7g) (volts vs. S.C.E.)
0.986 3,72 2,50 =0,419
.906 3,38 2,48 .418
725 2.76 2.53 .419
0 362 1.36 2,50 0416
.181 0.69 2,55 «416
+136 « 51 2049 o417
0906 0 34 20486 0422
. 0453 .18 2,60 «42l
.0181 .07 2.53 0420
Average 2e 52 =0,419
Average Deviation 0.03 0.002

* Units of K' are ,4a.-ﬂ.—mﬁ.‘l—mg.‘g/s-sec.l/z

*%  The last figure is considered to be unrelisble
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It may be seen from Table I and from Figure 1 that with all
other factors held constant, there is strict linearity between the
diffusion current and the concentration of the azo dye in the concen-
tration range investigated. The average diffusion current constant, X',
is 2,52 microamperes—liters-millimo1es‘l-milligrams‘z/z—secondsl/z, with
an average deviation of 1.3% and a maximum deviation of 3.2%, well with-
in the limits of experimental error. The half-wave potential was found
to remain constant (within the limits of error of measurement) at -0.42
volts with respect to a saturated calomel electrode.

From the studies of Shikata and Tachil®:1% ang of Nga,16 it
appears that two electrons are involved in the reduction of the azo
group at the dropping mercury electrode and that hydrazo compounds are
the reduction products:

R-N=§-R+2H + 2 —> R-NE-DNH-R. (3)
If the Ilkovic equation (1) is written in the form

K - kopb/2 - “575‘171 e (4)
G ]

m

then, with K' in the units employed in Table I and D in cm.z/sec., the
dimensional constant K has the value 605 'Aa.—sec.-cm.-mg.‘z/g-f.-mm.“l—
Fy‘l, where Fy is the faradsy. Substituting in equation (4) the average
value of K' (from Table I) and setting n equal to 2, the value for the

diffusion coefficient of the azo dye is seen to be

D

4.53 x 10~%cm? /sec.
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This value is in reasonably good sgreement with the value

-6

D = 5.55 x 10 %n? /sec.

which is calculated from the Stokes-Einstein relation between the

diffusion coefficient and the molecular weight of a spherical molecule.”

This result serves to confirm the conclusion of Shikata and Tachi and

of Nga (loc. cit.) with respect to the end-product which is formed as

a result of the reduction. It is evident then that the concentration

of hydrogen ion will affect the position of the wave and that the solu-

tions must be efficiently buffered to insure reproducible results.
Analysis of a typical c.-v. curve of HPA gives a result

which throws question upon the general conclusion of Conant and Prattl?

and. of ‘I'achil8 that the azo-hydrazo systems are reversible., According

i
to equation (2), a plot of the applied potential sgainst log (TE%I)

should result in a straight line with o slope of 0.0295 for a reversible

S e e SR emen  cemy e e omn mms  Gom D e OmD  Gmm e wmn e e Gew ewm  mewm  em G S S b s wOD s s Gmn e e

e . . : <
The assumption of a spherical molecule in this case is a poor one

and accounts partly for the- disagreement betwsen the calculated and the

observed values of the diffusion coefficient. This azo dye molecule un-

doubtedly has an elongated ellipsoidal shape rather than a spherical one.
The Stokes-Einstein relation is given by

D+ N (B
= M V3

TN (Z7hn
where R is the gas constant, T is the absolute temperature, W\ is the vis-
cosity of the medium, N is Avogadro's number, M is the molecular weight of
the dye, and P is the density of the dye. The value 0.00895 poises (dyne-
sec.-cm,~2) was used for the viscosity of the saline solution (I.C.T.),
and the density of the dye was found by Dr. Arthur B. Pardee to be 1.5
gns. /cc.
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two-electron reduction. The results of such an analysis are given in

Table II and are plotted in Figure 3.

Table II

p-Hydroxyphenylazophenylarsonic Acid

Reversibility of the Electrode Reaction

i

Bs.e. ZZ;;IT
(voilts vs. 5.C.E.)
-0,380 0.148
« 390 . 239
400 474
«410 . 866
«420 1.640
»430 2.781
- 440 4,602
.450 8,340

These data correspond to 1.50 electrons per molecule for a
reversible reduction. The reproducibility of this result in curves
obtained from solutions of different dye concentrations makes it im-
probable that the deviation from the valus of 2 for the number of elec-
trons involved in the overall reduction is attributable to an error in
measurement. It may well be that the electrode reaction takes place in
two stages, one being reversible, the other irreversible. In any case,

it must be concluded that the overall electrode reaction is irreversible.

]
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c) XEffect of Protein on the Diffusion Current of p-Hydroxy-

phenylazophenylarsonic Acid

The characteristics of what might be called the normal polarographic
reduction of the azo dye having been determined, it is now possible to
consider the effect on the diffusion current of the addition of protein

to the solutions. A series of solutions were prepared containing constant
concentrations of dye, sodium chloride, and veronal, but various concen-
trations of purified horse albumin. A similar series was prepared with
crystallized human albumin. The hydrogen ion concentration was care-
fully adjusted to pH 8, and a polarogram was recorded for each of the
solutions. The composition of the solutions and the results obtained

from the polarograms are tabulated in TablesIII and IV,




Table III
p-Hydroxyphenylazophenylarsonic Acid
Diffusion Current of Dye in the Presence of Horse Albumin

All solutions 9.86 x 10~%M. in dye, 0.15 M. in NaCl, 0.02 M. in

Veronal; pH 8; temp. 25°C., w2316~ 1, 503 mg.g/ssec.'llz.

Conc. of Horse Albumin Diffusion Current Heolf-Weve FPotential

(moles/g. x 107) (pa.) (volts vs. S.C.EB.)®
228 0,94 -0,515
114 1.01 « 513

79.9 1.17 o012
68.5 1.26 . 5l4
57.1 1.48 « 810
45,7 1.76 » 508
40,0 1.84 - 503
28,6 2. 28 475
22.8 .74 -448
11.4 3,30 .431
7.99 3.48 «426
6.85 3.55 «420
5.71 3,75 .419
. 4,57 3.68 .418
1.14 3,79 0416
0.114 3,71 0412

* The last figure is considered to be unreliable.

o
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Table IV
p-Hydroxyphenylazophenylarsonic Acid
Diffusion Current of Dye in the Presence of Human Albumin

All solutions 9.86 x 10-4M. in dye, 0.15 M. in NeCl, 0.02 M. in

Veronal; pH 8; temp. 25°C.; m2/3t1/6 = 1.503 mg.g/s—sec.'llz.

Conc. of Human Albumin Diffusion Current Half-Wave Potential

(moles/€. x 107) (ram) (volts vs. S.C.E.)*
228 0.94 =0,517
114 1.01 « 514

79.9 1.19 « 512
68.5 | 1.24 . 511
57.1 1.45 . 510
45,7 1.75 » 506
40,0 l.84 . 502
28.6 2. 30 472
22,8 2076 . 453
11.4 3. 31 » 430
7.99 3. 52 0427
6.85 3,59 420
5.71 3.68 2418
4,57 3,70 0418
1.14 3,73 415
0.114 3o 74 414

* The last figure is considered to be unreliable.

o
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The similarity of the results recorded in Table III to those
in Table IV is immediately striking. It is apparent that horse albumin
and human albumin have the same effect on the diffusion current of the
azo dye. A comparison of a typical current-voltage curve obtained from
a dye solution containing protein with that from a slightly less concen-
trated dye solution containing no protein is made in Figure 6. The
Qiffusion current of the former has been suppressed far below its normal
value. Control solutions containing protein, salt, and buffer at pH 8,
but no reducible ion, exhibit no diffusion current. In such solutions,
the slowly increasing residual current shows a sharp change in slope in
the neighborhood of the electrocapillary zero, indicating a change in
the cell resistence, due perhaps to the beginning of desorption of the
protein from the mercury surface. It should be noted (Figure 6) that
the diffusion current of a dye solution contalining protein does not
reach a true limiting value, but that after leveling off, it begins to
increase sharply again in the neighborhood of the electrocapillary zero,
almost reaching its normal value before the discharge of hydrogen ion.
It seems likely that the decrease in the diffusion current of the dye
which is brought about by the addition of albumin to the solution may be
attributed to a decrease in the electrode surface available for reduction.
The protein molecules which are adsorbed at the interface may constitute
a real barrier to the approach of dye molecules to the electrode, and
thus prevent a portion of those which reach the electrode vicinity by

diffusion from undergoing reduction. The adsorption of protein at the
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mercury surface may also be expected to be diffusion-controlled; if so,
the average fraction of surface covered by protein during the life of the
drop ;hould increase with increasing concentration in the solution to a
limiting value which corresponds to a monomolecular layer being effectively
maintained over the surface. The diffusion current is found to decrease
to a limiting value which, however, is not zero. It may well be that the
interstices in a monomolecular layer of protein are of such a size that
a portion of the dye molecules may still reach the electrode surface
although no furtkher protein can be absorbed. The abrupt increase in
current which is observed after the initial attainment of the diffusion
current occurs in the neighborhood of the electrocapillary zero, and may
be due to desorption of the protein from the electrode surface. The
initiation of the desorption process is perhaps attributable to the
change in the sign of the charge on the mercury drop as the epplied
potential becomes more negative than that corresponding to the electro-
capillary zero. The electrostatic repulsion of the negatively charged
electrode for the similarly charged protein molecules (at pH 8) may then
begin to overcome the adsorptive attraction of the mercury surface, and
desorption occurs with a resultant increase in diffusion current.

The shift in the half-wave potential Dbrought about by increasing
the protein concentration in the solution should be pointed out here.
This result is not necessarily indicated by the foregoing hypotheses, The
character of the initial wave éppears to change in the presence of pro-
tein, with the current increase becoming more diffuse so that at large

concentrations of protein, the attainment of the pseudo-limiting current
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is almost coincident with the initiation of the desorption process; how-
ever, at low protein concentrations, a half-wave shift in the initial
wave is observed although the resolution of the two waves is complete
(See Figure €, curve B). It must be noted that the composition of the
solutions and the cell characteristics are changed by the addition of
protein, the effects of which are not easy to predict in this irreversible
system. It is well known that changes in the concentration or in the
nature of a supporting electrolyte may bring about unexplained changes
in the half-wave potential of a reducible ion, even in a reversible
system. In this light, it is difficult to determine whether the half-
wave shift in the present work is significant or important. Similar
data for some reversible redox systems would be desirable and enlighten-
ing for the resolution of this difficulty.

The data in Tables III and IV are plotted in Figure 4, from
which it may be shown that an empiricsl equation which describes the

experimental data extremely well is of the form
1 1
1n k(ig - i) = -k Cys (5)

where ig is the diffusion current observed in a solution of azo dye

with albumin concentration CP’ and ié is the minimum diffusion current
observed in similar solutions containing increasingly larger concentrations
of the protein. The validity of this relation is illustrated in Figure 5,
in which a plot of log (i - ié) egainst the protein concentration, Gy,

results in a straight line. An explanation of these phenomena is pre-



- 10 «

sented later in this thesis and a theoretical expression which is in

reasonable agreement with the experimental data, but which is not of the
form of equation (5) is deduced. It appears that either the validity of
equation (5) in this form is coincidental, or the assuuptions made in the

development of the equations later in this thesis are not adequate.

d) Saturation Current at the Dropping Mercury Electrode

In a previous section of this thesis, it has been mentioned that the

ratio of the diffusion current of a reducible substance to its concen-
tration in solution is constant only over a limited range of concentration.
As the concentration is increased, the limited amount of electrode surface
available for reduction becomes important in determining the current
density; that is, above some limiting concentration, the electrode can no
longer reduce all of the molecules or ions which would reasch its surface
if complete concentration polarization were to occur. Consequently, there
is a concentration of dye above which the polarization is incomplete and
the diffusion current attains a maximum value. If, as postulated in the
preceding section, a protein molecule adsorbed at the mercury-solution
interface immobilizes a portion of the electrode for use in reduction, it
would be expected that in the presence of protein, the sa@uration current
will be decreased accordingly. The dropping electrode, in z solution
containing protein, should act toward a reducible ion as if its surface
area were smaller than that calculated from the cepillary constants, and
at a given protein concentration, the fractional decrease of the diffusion

current should be independent of the dye concentration. In order to

o
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examine the effect of protein on the maximum diffusion current, an
experiment was carried out in which the diffusion current was measured
in solutions having a constant protein concentration but various concen-

trations of dye. The results are tabulated in Table V.
Table V
p-Hydroxyphenylazophenylarsonic Acid

Variation of the Diffusion Current with Concentration in
the Presence and in the Absence of Proteins

All solutions Q.15 M. in NaCl; C.02 M. in Veronal, pH 8; temp. 259C.;
mz/stl/6 = 1.503 mg.z/s—sec."l/z.

Conc. of dye Diffusion Current, i}, Diffusion Current in i
in presence of protein* absence of protein, ig TQ
(millimoles/R.) (microamperes) (microamperes) 14
0.181 0.25 0.69 0.36
0.362 0.50 1.36 o 37
0.725 Q.99 2.76 . 36
0.906 1.2 3.38 .36
0.986 1.36 3.72 « 37
1.36 1.80 5.09 « 35
1.81 2,04 5.82 «35
2.7 2013 _ 6.03 035
2,72 2,11 5.98 « 35

* These solutions were 6.1 x 10'6M. in crystallized human slbumin.
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It may be noted in Figure 7 that the maximum current, both in
the presence and in the absence of proteins is reached at almost exactly
the same dye concentration, although the current density is greatly de-
creased in the former case, and that the ratio ic'l/id remains constant
over the entire range investigated. The results of this series of ex-
periments appear to support very strongly the hypothesis of reduced
electrode surface.

e) Effect of Other Proteins on the Diffusion Current of

Azo 2]

Qualitative observations have indicated that other proteins have an
effect similar to that of albumin on the diffusion current of HPA.
Lack of pure materials, however, rendered quantitative studies un-
attractive. The addition, to buffered saline solutions of HPA, of any
of the following materials was found to suppress the diffusion current
of the azo dye appreciablys*

Normal Rabbit Serum

Normal Sheep Serum

Purified Rabbit Globulin

Azoalbumin (diazo-p-arsanilic acid coupled
to albumin)

Anti-R, Serum (rabbit serum containing anti-
bodies for the haptenic p-azo-
phenylarsonic acid group)

No protein-containing substances were found which did not materially

affect the diffusion current of HPA. Control solutions of the above

* In preliminery experiments, a similar qualitative effect was observed
in the reduction of cadmium ions in the presence of gelatin, but this re-
sult may be due largely to a change in the viscosity of the solution,
which would affect the diffusicn coefficient of the cadmium ions.
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proteins ( in the absence of a reducible substance) characteristically
exhibited no diffusion wave, but there was evident, in each polarogram,
2 sharp change in the slope of the residual current line at applied
potentials in the neighborhood of that corresponding to the electro-

caplllary zero.

f) Effect of Thymol on the Reduction of Cystine

A survey of the literature revealed an example in which a decrease in
the diffusion current from solutions of & reducible substance was attri-
buted to the effect of maximum suppressors. Kolthoff and Barnum!® in-
vestigated extensively the effects of gelatin, phenol, resorcinol, thymol,
methylene blue, methyl red and camphor in suppressing the maximum in the
reduction wave of cystine. They observed current suppressions, half-
wave shifts and changes in the shape of the wave. These authors propose
that "cystine must be oriented in a favorable position at the surface of
the electrode before it can be reduced" and that "the capillary-active
substances inhibit this orientation." This picture seems rather unclear
and it is difficult to say whether the authors had in mind an explanation
similar to the present one, or whether they intended to imply only that
the effect was due to the capillary-active substance in a way which they
did not clearly understand.

A orief and very incomplete confirmation of the results of
Kolthoff and Barnum is reportéa in this section. A series of solutions
was prepared in which the concentration of cystine was held constant as
the concentration of thymol was varied. The composition of these solu-

tions is given in Table VI,
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Table VI

Composition of Cystine Solutions

All solutions 0.001 M. in cystine, 0.15 M. in NaCl; pH 1; temp. 259C.;
n?/3:1/6 = 1,503 mg.?/®-sec.”1/?

Solution Number Concentration of Thymol
(moles/€. x 10°)

1 0.00
2 1.00
3 3,00
4 9.00
5 10.0
6 15.0
7 20,0

The polarograms of these solutions are reproduced in Figure
8. The trend is clearly indicated. As the concentration of thymol is
increased, the reduction wave of cystine is shifted to more negative
potentials. From these curves, it appears that the adsorption of a mono-
molecular layer of thymol completely suppresses the reduction wave of
cystine, which is observed only after desorption has begun. At low concen-
trations of thymol, the desorption from the electrode appears to occur at
a potential which is only slightly greater than that corresponding to the
beginning of the reduction of cystine. However, as the concentration of
thymol is increased, there is observed a decrease in the slope of the
initial portion of the reduction wave and an increase in the slope of the
final portion which are analogous respectively to the small diffusion

current observed for HPA in the presence of proteins, and the increase

ﬁ
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in current observed as the desorption of protein occurs. The shift in
the half-wave potential is probably due to the increasing difficulty with
which thymol is desorbed as its concentration increases. IFurther dis-
cussion of the curves is given later.

g) Bffect of Adsorbed Protein MMolecules on the Mercury Droplet

The polerographic experiments carried out with solutions of azo dye in
the presence of proteins were characterized by a reluctance of the mer-

- eury drops to coalesce at the bottom of the electrolysis vessel. The
droplets remained separate and failed to coalesce even after violent shak-
ing or profuse washing. In order to study the adsorption more directly, a
cell was devised in which the mercury droplets formed at the electrode just
above & liguid boundary between & solution which was 2.2 x 10‘5M. in horse
albumin, 0.02 M. in veronal, and 0.15 M. in NaCl at pH 8, and another solu-
tion which was simply 0.75 M. in NaCl. In this way, an attempt was made to
preclude the adsorption of protein on the droplet after it had detached it-
self from the capillary. VWhen the droplets were ellowed to form at zn ap-
plied voltage less negative than ~2.2 volts (vs. S.C.E.), the drops did not
coalesce. ‘When the applied votential was more negative than -2.2 volts,
however, the drops coalesced immediately. NMoreover, when the drops were sl-
lowed to fall, at -2.2 volts or greater into a previously collected pool of
individual droplets, the entire pool slowly fused, a few drops at a time,
as each fresh spherule joined the group. A collection of discrete globules
of mercury could also be made ;o coalesce by passing & platinum electrode,
at a potential more negative than -0.7 volts, through the array. The speed
of fusion increased as the voltage was increased, being extremely slow up

to -1.1 volts and extremely rapid in the neighborhood of 2.0 volts.

o



It seems likely that the apparent discrepancy between ~0.7 volts
for coalescence of the mercury dronlet pool by & platinum electrode and
-2.2 volts for immediate coalescence upon leaving the capillary may Dbe
explained as follows: desorption of the albumin from the mercury surface
occurs at any applied voltage more negative than -0.7 volts (vs. S.C.E.).
However, between -0.7 and -2.2 volts, the charge on the drop, after it
leaves the electrode, is rapidly dissipated and, despite the precautions
teken, albumin is adsorbed on the surface before the drop lesaves the pro-
tein medium. “hen the applied voltage is more negative than -2.2 volts,
it is to be expected that during the growth of the drop, sodium ions from
the solutions are reduced; conseguently, the surface of the falling drop
consists of a dilute sodium amalgsm. The discharge of sodium from this
amalgem, as the drop falls through the solution, may maintain a potential
sufficient to preclude the adsorption of protein.

These experiments, supoorting very stroagly the adsorption hyno-
thesis, lend added credibility to the explanations presented in the pre-

ceding sections which are more fully developed in the following discussion.
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DISCUSSION

It seems likely from the results of the experiments described
that the large effect which proteins have on the polarographic properties
of a solution of a reducible substance may be attributed to adsorption
of the protein molecules on the surface of the dropping mercury electrode.
That such adsorption does occur was recognized early in the history of
polarography and is further borne out in the present work by the reluctance
| of the individual mercury droplets to fuse with one another after depart-
ing from the end of the capillary.

In general, the number of solute molecules adsorbed from any
solution onto a surface increases with increasing concentration, but reaches
a limit when the concentration is such that a monomoleculsr lsyer of ad-
sorbed molecules is maintained over the surface. It will be assumed, in
the following discussion, that these considerations apply to the adsorption
of proteins at the dropping electrode, and inferences will be drawn to ex-
plain the observed phenomens.

That the presence of adsorbed molecules may impede the aporoach
of other particles to the electrode and thus by a steric effect hinder the
reduction has not heretofore been considered. The diffusion current which
passes in a polarographic experiment is dependent upon the number of parti-
cles which reach the electrode for reduction. If a particle is unable to
undergo immediate reduction because that portion of the electrode toward
which it is approaching is covered by a protein molecule, it may be de-

flected back toward the body of the solution. Of those molecules which




enter the electrode vicinity at a given time the fraction which cannot make
contact with the reducing surface and are consequently deflected should be
Just equal to the fraction of the surface which is covered by the adsorbed
material. Complete concentration polarization would hence not be achieved,
the concentration gradient between the electrode surface and the body of
the solution would be less than predicted and a decrease from the normal
diffusion current would be observed.

It seems likely that at any given instant in the life of the
drop the fraction of electrode surface which is covered by protein mole-
cules increases with the protein concentration in the solution to a limit-
ing value which corresponds to the adsorption of a monomolecular layer.
Such a monomolecular layer, however, need not completely inactivate the
entire surface of the electrode. If it be assumed that for secondary
layers of protein molecules the adsorptive forces are weak or absent, as
will be true for a soluble protein, except possibly at the isoelectric
pointy the adsorbed film, consisting of a single layer of large ellipsoidal
particles, may, even in closest packing, have holes of a size large enough
to permit some of the reducible material, usually smaller in size, to reach
the electrode and underge reduction. On the other hand, the holes in the
adsorbed film would be too small to allow other protein molecules to fit
among those which are adsorbed in the primary layer. Thus in increasing
the concentration of albumin the effect would be to decrease the diffusion
current of an azo dye to a limi;ing value which would not necessarily be
zero (Figure 4). In this case, the diffusion current is suppressed by

protein adsorption to about twenty-five percent of its normal value. For




comparison, it may be noted that a layer of ellipsoids in closest packing
projected onto a flat surface leave interstices which total about 9.1 per-
cent of the area. The percentage of voids in simple rectangular packing of
ellipses is about 21.5 percent. In view of the present hypotheses, the
monomolecular layer of protein molecules apparently does not arrange itself
into a closest packed array.

Further evidence in support of the present hypotheses is afforded
by an examination of the characteristic effects of saturation of the elec-
vtrode. It has been shown, for example, that the capacity of a mercury
electrode in saturated solutions of capillary-active orgenic substances
depends inversely upon the chain length of the molecule.19 In Pigure 7,
the varistion of the diffusion current with concentration of azo dye in
the presence of a constant concentration of protein is compared with that
in the absence of protein. It is striking that the fractional decrease in
current brought about by a given amount of protein is constant. It may be
inferred that the average fraction of surface covered during the life of
the mercury drop remains constant in the presence of a given concentration
of protein, and that the diffusion current is affected accordingly. It
mast be pointed out that the effects which are discussed here are average
ones, over the surface of the drop, since with portions of the electrode
surface inactivated, the spherical symmetry of the diffusion layer would
be destroyed.

Since the adsorption process at the electrode surface would also
be diffusion dependent, it may be asked whether, at a protein concentration
at which the limiting suppression is achieved, it is possible for enough

protein molecules to reach the electrode to maintain e monomolecular layer

over the surface. Such a calculation must of needs be ideslized since in
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the actual case such factors as the electrostatic forces between the
electrode and the protein molecules and the competition between dye and
albumin molecules for the electrode surface must be considered as well as
the fact that the spherical symmetry of the concentration gradients is
destroyed by molecules which are neither adsorbed nor reduced at the mer-
cury surface, even though they reach the electrode vicinity.

Let it be assumed, for simplicity, that the diffusion of protein
to the mercury drop may be described by the Ilkovic equation (1); that is
to say, that all protein molecules which reach the electrode vicinity are
immediately adsorbed on the surface and are thus effectively removed from
the solution. The Ilkovic equation (1) may be alternately written

N = 0.68 cn?/3¢1[6 pl/2 (6)

where N is the number of moles of diffusing substance reaching the electrode
during the life of the drop, t .. (secs.); D is the diffusion coefficient
(cm.z/sec.); C is the concentration (moles/cc.); and m is the dropping
rate of mercury (mg./sec.).

In the present experiments, m = 1.22 mg./sec. and thax = 5.33 secs.
at approximately the reduction potential of the dye: The diffusion coeffi-

7

cient of horse albumin is approximately 6 x 107 cmz/sec. Consequently,

N = 3.9 x 105, (7)

Since the concentration of albumin at which the diffusion current of azo
dye reaches its minimum value is approximately 1 x 108 moles per cubic
centimeter, it is seen that 3.9 x 1018 nmoles of protein may reach the
electrode under the stated conditions. Assuming again, for simplicity, a

spherical albumin molecule with a density of 1 gm./cc., and a molecular
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weight of 70000, the radius of each molecule is calculated to be 3.03 x
10’7cm. The projected area of a sphere of this radius onto a flat sur-

face is then 2.88 x 1071%

sq. cm., and the projected area for all mole-
cules which mey reach the electrode during the life of a drop is 0.0676
sq. cm. From the known weight of each droplet, 6.6 mg., the maximum area
of the surface is calculated to be 0.0264 sq. cm. Thus, under the ideal
conditions set forth, approximately two and a half times as much protein
may diffuse to the electrode during the life of the drop as is actually
needed to cover the maximum surface attained. The agreement in order of
magnitude is good.

An approximate expression for the reduction of azo dye under
conditions similar to those specified in the preceding calculation may be
derived. Let us assume the Ilkovic equation (1) for the flux of diffusing
molecules to & growing surface to hold, both for protein and for reducible
substance, with the exceptiomsonly that the instantaneous reduction current
is diminished by & fraction equal to the fraction of the electrode surface
which has become covered by protein and that the rate of deposition of pro-
tein molecules is similarly decreased but with a different proportionality
constant. The assumption (which would appear to become increasingly ine
adequate as the protein concentration is increased) is that in effect the
molecules which are not permitted to reach the electrode surface simply
cease to exist insofar as the d?ffusion problem is concerned. Let us denote
by X the area of the electrode per unit area covered by protein at a given
time, t, in the life of the drop. The amount of protein on the electrode
in units of (area excluded to other protein molecules) per unit area is

then k, X, where k, moy be described as the protein-protein blocking factor,
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introduced to express the hypothesis that the inactivation of the surface
with respect to the adsorption of more protein is greater than the area
actually covered by the previously adsorbed albumin molecules. Let us
then write

i=4(1-2X), (8)

where i is the instantaneous reduction current at time, ¢, in the presence
of a concentration, C,, of protein and i, is the corresponding instantaneous
‘current in the absence of protein. Let us denote by T the amount of protein

on the drop in the units of area covered. Then

p = s,x = am/HEPEOR/E o B0 (9)

where 5, is the surface area of the drop at time, t; m is the dropping

rate of mercury and d is the density of mercury. Let us now write

4T _ ,4r
e =3, -3, (10)

where (%%)o is the rate at which protein diffuses toward the drop which,

under our assumptions, is given by the Ilkovic equation. Hence,
aly  _  0.78 1/2, 2/3.1/6
(35 = i D/ %0 24O, (11)

where D is the diffusion coefficient of the protein and ks is introduced

to convert to units of area. k2 is then the number of moles of protein

which cover unit surface area of the drop. From equation (10) and (11),

then,
ar _ 41/6 _ 1T
i o= et/ - i/2 (12)

where a = Qingl/chmz/s, end b = 2KL | Equation (12) is a linear differ-
P iy

ential equation, the solution of which may be found in any elementary
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treatise on differential equations. For this particular equation, a
solution in terms of a useful, convergent, infinite series is:
T = 6/7 at’/8 - 6/7 6/10 avt10/66/7 6/10 6/15 av?t1B/6 .. (13)

From equation (9), then,

T

2
*e2/s T 6/7 afo t+/2 - 6/7 6/10 %‘l t +6/7 6/10 6/13 %E £3/2 .. (14)

and from equation (8),

2
i=1,(1-3X) =atl/6(1-8a4l/2, 6 68b 4 _ 666 ab” 32, (15)
7P 710 0p 710 13 p

where i, = Atl/5 is given by the Ilkovic equation. The average current,

which is measured experimentally, is then given by

.
T=1 jidt = 6/7 arM/8 _ 67 6/10 2274/6 , /7 6/10 813 £aRT/6 L __ (16)
P p
]

where T is the drop time. But

T r
I, - L [iodt - 1 fAtl/sd.t = 6/7 At?/6
LA T

=]

o

2 af
e T T~ T,(6/10 371/2 - 6/10 6/13 %ET+6/10 6/13 6/16 %E.,z/a.-. (17)

Let T, - T= T, and let u = 66T 1/2, Then, from equation (17), since

a/b = p/kl ’

ki 81 | (u/10 - u2/10-13 + u3/10°13-16 - + —==x), (18)
S
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or ky §1 | (), (19)
%
2 3
when f(u) =u/10 = 1 LT - S A TN (20)

10.13 10.13.16
It may Ve shown that f(u) is e convergent series which approaches unity
as W becomes large. The expression f(u) has been evaluated as a function
of W . A number of values are given in Table VII and 2 plot of f(u) against

u  is made in Figure 9.

Table VII

Evaluation of f(u) as & Function of u

u f(u)
0 0.000
1 .093
2 172
3 ° 242
5 + 355
7 0442
10 » 540
14 « 630
15 . 648
20 - . 716
30 « 797
50 . 871

70 <900
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From equation (12),

we GBT = (225D Cem )T, (21)

or from equation (9),

\ \ 2/
433D " C K, T °d (22)
W, (473 ()™

W=

In the present experiments, T = 5.33 secs.; from the known vealues.
D1 bumin = © X 10-7cm. %/sec. and dgg = 13.55 gms./cc., it may be shown
that
k, C
W= 0,925 LB,
ks

(23)
Assuming a spherical albumin molecule with a molecular weight of 70000

and a density of 1, it may be shown that ko, the number of moles of albumin
which, projected, may cover unit area of surface, is 5.76 x 10“13moles/cc.
Since the asymptotic value of the reduction current in the present experi-

ments is about 25 percent of the "true" value, it may be inferred that kj,

the protein-protein blocking factor, is epproximately 1l.33. Hence,

W= 0.214 x 101°cp. (24)

The reduction current to be expected under the stated conditions
may now be cslculated. In Table VIII and in Figure 10, the calculated
values are compared with those observed. In each calculation, g[(Cp) was

obtained from equation (24). The corresponding value for'F6J= &géi was

o

read from Figure 9; from this, icalc. was obtained.
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Table VIII

p-Hydroxyphenylazovhenylarsonic Acid

Comparison of ;;alc. with E;bs.

(moles/ggﬁ X 1010) h B Eéalc. iobs.
228 48,70 0.87 1.29 0.94
114 24,35 «76 1.60 1.0l

79.9 17,08 .68 1.82 1.17
68.5 14.65 .64 1.93 1.26
57.1 12.21 « 59 2.07 1.48
45,7 9.75 «53 2e 24 1.76
40.0 8,55 049 235 1.84
28.6 6.10 .40 2.60 2.28
22,8 4,87 «35 2.74 2.74
11.4 2.44 .21 3.13 3,30
7.99 1.71 .16 3.27 3.48
6.85 1.47 .14 3.33 3.55
5.71 1.22 «12 3.38 3,68
4,57 0.98 .09 3.47 3.70
1.14 0.24 <02 3.66 3,73
0.114 0.02 © .00 3.72 3.74

The agreement between the experimental and the calculated

curves is reasonably good in the light of the assumptions made. It is
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possible to bring about somewhat better agreement by a suitable variation
of the constant, ks, or at the expense of adding another parameter; however,
these modifications would be of an empirical nature, and although there is
much justification for them, they would seem to contribute little to our
knowledge of the system. The agreement afforded by the present treatment
appears to be at least as instructive as the better agreement that could be
obtained by the addition of further constants.

A reasonable theoretical background having been established for
the hypotheses herein presented, it is possible to inquire further into the
nature of the phenomena at the electrode. The effects of electrostatic
forces between the electrode and the protein molecule should be considered.
At pH 8, the albumin molecule has an overall negestive charge, and should be
attracted to an electrode which is positively charged, a situation which
obtains when the applied voltage is more positive than that corresponding
to the electrocepillary zero ( which varies from solution to solution in
the neighborhood of ~0.6 volts vs. S.C.E.). On the other hand, as the
applied voltage becomes more negative than the potential corresponding to
zero charge, the electrostatic repulsion between the electrode and the pro-
tein molecule would be expected to counterbalance and finally overcome the
adsorptive forces, eventually effecting a desorption from the electrode
surface. The experiments described in section (g) bear out these contentions,
since it was shown that a platinum electrode at a potentiel more negative
than -0.7 volts, when passed thr;ugh g collection of individual mercury
droplets formed in a protein solution, brings about their fusion, and that

the rate of fusion increases with increasing voltage.
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The difference in appearance between the current-voltage
curve obtained from an azo dye solution in the absence of protein and
that from a similer solution containing a comparatively large concen-
tration of protein (Figure 6) may easily be explained. In the former
case, the diffusion current reaches a limiting value and remains practi-
cally constant thereafter, whereas in the presence of protein, the dif-
fusion current flattens, but in the region corresponding to the electro-
capillary zero, takes a sharp turn upward and increases with voltage,
fiﬁally approaching the normal limiting current as the hydrogen-ion dis-
charge begins. This is attributed to the gradual desorption of albumin
from the electrode with a concomitant increase of available space at
which the dye may be reduced.

The results, summarized in Figure 8, of adding thymol to solu-
tions of cystine may be similarly explained. Apparently, adsorption of
the thymol molecule (which is smaller than the albumin molecule and con-
sequently leaves only very small holes in the adsorption layer) almost
completely suppresses the reduction of cystine. As desorption occurs at
more negative voltages, reduction may teke place. Since the desorption
may be expected to become more difficult as the thymol concentration is
increased, there is observed an apparent shift in the helf-wave potential
of cystine. These results confirm the experimental observations of
Kolthoff and Barnum (loc. cit.)

The explanation for the Aesorption of thymol is probably noct
based on a simple electrostatic repulsion in this case for at pH 1, thymol

would be expected to exist almost completely as & neutral molecule. How=
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ever, Pachil® and Kolthoff and Barnumt® have shown that camphor is desorbed
from the electrode at increasing negative potentials, and that the desorption
is complete at-1.24 volts (vs. S.C.E.)., It seems probable that thymol is
similarly desorbed at high negative potentials and that the desorption is

due rather to the preferential adsorption of cystine or of water molecules
than to electrostatic repulsion. \

In part (e) of the experimental section, it was mentioned that
in polarograms of control solutions containing various protein mixtures
(but no reducible substance), no diffusion current is observed, and that
in each case, a sharp change in the slope of the residual current line
occurs at applied potentials which are in the region of the electrocapillary
zero of potential. Although no diffusion layer is to be expected in such
solutions, the desorption of proteins from the electrode surface would
bring about a change in the electrokinetic potential at the interface and
would disrupt the linearity of the residuval current line usually observed
in such solutions.

The shift in the half-wave potential brought about by the addition
of proteins to a solution of HPA is not yet understood. We are not at all
positive that the shift is related to the present phenomena. It is often
true in polarographic analysis that a shift in half-wave occurs as a result
of changing certain constituents in the solution. On the other hand, it
may be that there is a very definite relationship between the shift in the
half-wave potential and the decre;se in diffusion current. We have not yet
arrived at a satisfactory explanation for the observed shift and we feel
that this may constitute a serious flaw in our proposed explanation. In the

absence of further experimental evidence, however, we are forced to leave
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this point unexplained.

In reference to the half-wave potential of a reducible ion in
the presence of capillary-active substances, it must be recognized that
adsorption at an electrode is dependent on the applied voltage. The de-
sorption potential of a surface active material is a characteristic of
the molecule or ion and is probably dependent upon the strength of ad-
sorption and on the relative charge of the mercury and the adsorbate. We
may then recognize three possible effects on the half-wave potential. If
the desorption takes place at a more positive potential than that correspond-
ing to the beginning of discharge of the reducible ion, there should be no
effect on the diffusion current or on the half-wave potentisl. Secondly, if
desorption takes place at a much greater negative potential than that at
which the ion reduces, two waves should result. The first will correspond
to the normal polarogrephic wave, but will be suppressed by the immobili-
zation of electrode surface and will resch a limiting value which may or
may not be zero. The second wave wili occur when desorption suddenly in-
creases the available electrode surface for reduction of the ion in question.
Such a situation apparently obtains in the reduction of HPA in the presence
of albumin, in the reductions of methylene blue and of riboflavin which are
cited below, and in the reduction of cystine in the presence of high concen-
trations of thymol, where the wave is completely suppressed. In this last
case, the wave is sharpened consid?rably because of the sudden desorption
at a higher negative potential than that at which the normal reduction
occurs., Thirdly, the desorption may occur in the region of the normal redu-
ction wave. The potential of the inception of reduction will be unaffected,

but as the current is building up to its limiting value, desorption

o
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may begin, and the current will continue to increase until the surface is
completely free of adsorbed material. The effect will be to spread out the
wave and give an apparent shift in half-wave potential to more megative
voltages. Apparently, one observes this in the reduction of cystine at low
concentrations of thymol. Depending upon how smell is the difference be-
tween the reduction potential and the desorption potential and upon how
sharply the desorption occurs, the wave may simply be a very diffuse one,
or it may involve a more or less sharp break in the current-voltage curve.

In addition to the work of Kolthoff and Barnum, a few examples
of phenomena similar to those reported herein have been noted. For example,
f:ialaczo reports that substances, including albumin, possessing high surface
activity interfere with the polarographic determination of saccherin in
beer, decreasing the observed diffusion currents. The original paper is
unevailable at this writing, and no detailed consideration can be given to
the work.

Brdicka®l reports that in the polarographic reduction of methylene
blue and of riboflavin, a small anomalous wave, independent of concentration
when the concentration of reducible ion is above a given value, precedes the
large reduction wave. He suggests that this may be due to the adsorption
of reduction products and he suggests that the so-called anomzlous wave
corresponds to the beginning of reduction, which is suppressed by the ad-
sorption of reduction products. The second wave, representing the true
diffusion current, occurs at a moré negative potential where the products
are desorbed from the electrode. This explanation fits well with the present
work and is apperently a satisfactory explanation of the observations.

The effect of protein in reducing the diffusion current of the

dye is so large that the possibility of attributing the results to an inter-
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zction between dye and protein molecules in solution is immediately ex-
cluded. If it is assumed that the decrease in current is due to compound
formetion with the concomitant decrease in diffusion coefficient, and if
the data are then trested in a manner analogous to that of Klotz, Walker
and Piven?® according to their derived equation,

1

IR

i =

T
where r is the ratio of molecules of bound dye to total moles of protein,
EA] is the concentration of free dye, and n is the maximum number of dye
molecules which may be bound to a single protein molecule, it may then be
shown that n is of the order of 1000. Spatially, this result is, of course,
impossibly large, especially since Klotz has shown that, for calcium ion,
which is much smaller than the protein molecule, n is 22. In addition, the
data of Figure 7, from which it may be seen that e given concentration of
orotein decreases the diffusion current by a constant fraction, independent
of the dye concentration, is in disagreement with the hypothesis that an
equilibrium between dye, protein, and combined dye-protein is of importance
here. It is not improbable that there is some small effect of interaction,
but of the total decrease in current observed, this can be, at most, of the
order of a few percent.

The confused state of present theories of polarogrephic maxima
makes it a difficult task to present an accurate picture of the role of
capillary-active substances in maximum suppression. However, it seens
very likely that the suppression of mexima is closely related to adsorption
on the electrode surface. We may, as a result of the present work, attempt

to place the use of maximum suppressors upon a less empirical basis. It

seems likely that a capillary-active substence which is desorbed from the

]



electrode at a more positive potential than that at which reduction of the
substance in question occurs will be inactive sas a maximum suppressor. 4
meximum suppressor should be used in accurate polarographic work only when
absolutely required, end then in a minimel concentration. The choice should
probably be such that desorption of the capillary-active material occurs
rather sharply at a potential just slightly more negative than that at which
the maximum in the c.-v. curve is reached. (We cannot, of course, state
Just what thé optimum criterion will prove to be.) The measurement of the
current should be made Jjust beyond this desorption point. A systematic
tabulation of the desorption characteristics of the commonly used maximum
suppressors would be very convenient for these purposes,

The relation of the present work to the phenomenon of mexima and
their suppression should be explored briefly. Antweiler and von Stackel-

8,9 have shown conclusively that a pronounced streaming occurs about

berg
the electrode during the stage in the reduction at which a maximum is ob-
served in the c.-v. curve. There appears to be no diffusion layer, the
reducible substance reaching the electrode by the streaming process. Ant-
weiler points out that the tip of the capillary exerts a screening effect
and prevents the free diffusion of reducible material at this point with

the result that the current density at the bottom is greater than at the
top; there remains in the solution an unequel distribution of the indiffer-
ent ions between the bottom and the top of the drop and consequently, a
tangential potential gradient exiéts in the solution about the drop. The

double layer migrates along this gradient, inducing a streaming of the

solution. This flow brings more reducible ions to the incipient "hot spot,*




bringing about a further inequality in the distribution of indifferent
ions,” and thus the cycle continues., It seems almost certain that the
adsorption of capillary-active substances on these centers of high current
density with consequent immobilization of the given area as an electrode
surface is the mode of action of such substances as maximum suppressors.
The incipient center being deactivated, the whole mechanism for production
of the anomalous current loses its driving force. The concentration of
capillary-active substance, according to this interpretation, need not be
so high as to produce a notable effect on the normal diffusion current be-
cause at any incipient center, the suppressor will be brought to the
electrode by flow as well as by diffusion and because the whole phenomenon
obviously represents a rather narrow choice between the two types of be-
havior which may depend quite sensitively on very small changes in a con-
siderable number of factors including the reactivity of the electrode sur-

fece which we have been discussing.

i i I I I et e T T T S ———

* This explanation is set forth by Antweiler, but it has been pointed out
by Kolthoff and Lingane4 that no consistent picture of the charge distri-
bution about the drop can be drawn for the general case. In addition, the
specific effects observed in the study of maxima are unexplained.




SUMMARY

A search of the literature reveals that although adsorption
of capillary-active materials at the dropping mercury electrode was
considered important in polarographic work almost from its inception,
consideration has never been given to the actual inhibiting effect an
adsorbed ion might have on the reduction of other ions. It has been
shown in this paper that under certain conditions, the effect may be
extremely large although only a small trace of the capillary-active
substance is present.

Polerograms prepered from solutions which contained various
concentrations of serum albumin (either human or horse) buffered at pH
8 with veronal and which, in each case, contained the same concentration
of a dye (p-hydroxyphenylazophenylarsonic acid) and of sodium chloride
indicated that the diffusion current was suppressed to approximately 90%
of its true value at a protein concentration of 1 x 1064, and to an
asyuptotic value of about 256 at 1 x 10™°M.

It seems likely that the albumin, a cepillary-active substance,
is adsorbed on the growing mercury drops, decreasing the surface avail=-
able for reaction with the reducible molecules or ions, and thus decreas-
ing the diffusion current. The fraction of inactivated surface and the
consequent reduction of the instantaneous diffusion current is, at any
stage in the life of the drop, proportional to the diffusion rate of

the protein or accordingly, its concentration. At moderately high concenw-
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trations of protein, however, a monomolecular layer would be formed and
an asymptotic diffusion current would be attained which may or may not
be zero, for a monomolecular layer of adsorbed molecules may well have
interstices large enough so that some of the reducible material can reach
the electrode. The hypothesis of reduced electrode surface is supported
by the observation that at a given concentration of protein, the fractionel
decrease in the diffusion current is constant, independent of the concen-
tration of reducible material.

Such considerations clarify, in part, the decrease in diffusion
current which is observed in this and a number of other cases upon the

addition to the solution of cepillary-active molecules or ions,
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ADDENDUM

In a paper published in 1945, S. Fialazz

reported that the
reduction potential of oxygen at the dropping mercury electrode is
shifted to more neegative values when dyes of the eosine group are present
in the solution. At low concentrations of the dye, only part of the
oxygen wave is shifted. With increasing dye concentration, the shifted
wave incresses at the expense of the qriginal wave until finally, a
single wave occurs at the more negative votential. Fiale atiribvuted
this to the combination of molecular oxygen with the dye.

K. Wiesner in a recent paper24 hes pointed out that, according
to Henrys Law, uwnbound molecular oxygen could not be absent from 2
solution open to the atmosphere and that one should expect the normal
oxygen wave to appear in all the volarograms even if some oxygen were
bound to the dye. Wiesner investigated more thoroughly the role of eosine
and its derivatives in the polarographic depolarization process with a
study of some reversible redox systems, such as quinone, hydroquinone, snd
a number of quinone derivatives. He concluded that the observations could
be attributed to the adsorption of dye on the electrode with a concomitant
suppression of the diffusion current. Furthermore, the effect was ob-
served only when the dye concentration was above a minimum value. Wissner
concentrated his attention on this last observation. He concluded that
the dye, when first adsorbed, behaves as a two-dimensional gas (after

25

Langmuir®” and Volmergs) which cannot inhibit the approach of reducible

ions or molecules, but that after a time (the length of which is devendent
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on the dye concentration), the adsorbate crystallizes, acquiring a defi-
nite structure, and then hinders the reduction process. At low concen=-
trations of dye, the incubation period (during which the adsorbate acts
as a two-dimensional gas) is longer than the drop time, and no effect
is observed. At higher concentrations, the crystallization occurs during
the life of the drop, and a suppression of the current may be observed.
Wiesner supported his conclusions with oscillographic current-time curves.
As the eosine concentration was increased in solutions contain-
ing a constant concentration of a reducible dye, the current was suppress-
ed in a manner similar to that recorded in Figure 4 of this thesis. The
curve analogous to Figure 4 was shifted, however, being preceded by a
flat portion, the length of which varied with the drop time. It appears
that the phenomenon is very similar to that observed in the HPA-albumin
system, except that here no evidence of en incubation period is observed.
The work and the conclusions of Wiesner are in good agreement with the

observations reported in the preceding sections.
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Ilkovic Bquation.(See Table I) All solutions 0.15 M,

in NaCl, 0.02 M. in veronal; pH 8
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Figure 2: A Typical Polarogram of p-Hydroxyphenylazophenylarsonic Acid,
The solution is 9.06 X 10"4 M, in dye, 0.15 M. in NaCl, 0,02 M.

in veronal; pH 8
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The solution is 5 X 10™% M. in dye, 0.15 M. in NaCl,

0.02 M, in veronal; pH 8
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Figure 63 p-Hydroxyphenylazophenylarsonic Acid. A Comparison Between c.-v. Curves
Obtained in the Absence and in the Presence of Albumin, Curve A was
obtained from a solution 9.06 X 10-4 M, in dye, curve B from a solution

9.86 X 10"4 M, in dye and 7.99 X lO—6 M, in horse albumin, Both solutions

were 0,15 M, in NaCl, 0.02 M. in veronal; pH 8
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Figure 8: The Effect of Thymol on the c¢.-v. Curves of Cystine (See
Table VI). All solutions are 0.001 M, in cystine, 0.15 M,
in NaCl; pH 1 -

The concentrations of thymol are as follows:

1) 0.00 X 10~5 M,
2) 1.00 X 10-5 M.
3)  3.00 X 10~° M,
4) 9,00 X 107° M,
5) 10.0 X 10™° M,
6) 15.0 X 10™° M.
7) 20.0 X 10™° M.
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Nitrite-Nitrate Mixtures
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No. 1031]

The Polarographic Analysis of Nitrite and of Nitrite-Nitrate Mixtures'

By BErRTRAM KEILIN AND Joun W. OTvos?

A method for the polarographic determination
of nitrate in the presence of uranyl ion in acid
solution has been described by Kolthoff, Harris
and Matsuyama.® Since in the earlier methods
studied by Tokuoka and Ruzicka*? in which
other cations were used as “activators,” the re-
duction potentials for nitrate and nitrite were
always found to be identical, it was of interest to
us to examine the polarographic behavior of
nitrite in the presence of uranyl ion.

At the acid concentrations necessary for sup-
pressing the hydrolysis of uranyl ion, all but a
few per cent. of nitrite exists as nitrous acid and
the similarity between nitrate and nitrite is thus
greatly decreased. Nevertheless the waves for
the two substances are very similar in appearance
and occur at the same potential.

A method for the separate estimation of nitrate
and nitrite in solutions containing both 4ions is
described in this paper. Use is made of the
additivity of the waves, and of a simple chemical
conversion of nitrite to nitrate without the in-

(1) This paper is based in whole or in part on work done for the -

Office of Scientific Research and Development under Contract
OEMsr-881 with the California Institute of Technology.

(2) Present address: Shell Development Company, Emeryville,
California.

(3) I. M. Kolthoff, W. E. Harris and G. Matsuyama, THIS JOUR-
NAL, 66, 1782 (1944).

(4) M. Tokuoka, Coll. Czechoslov. Chem. Comm., 4, 444 (1932).

(5) M. Tokuoka and J. Ruzicka, #bid., 6, 339 (1934).

troduction of new ions which might interfere with
the determination.

Experimental

Apparatus and Materials.—A Heyrovsky Type XII
Polarograph was used in all experiments. Measurements
were made at 25°. Dissolved oxygen was removed by
passing nitrogen through the solutions. All chemicals were
of reagent grade. The sodium nitrite used in quantitative
experiments was. standardized against permanganate in
acid solution, the primary standard being sodium oxalate.®

Decomposition of Nitrous Acid.—It is known that in
cold dilute solutions and in the absence of air nitrous acid
decomposes to nitric acid and nitric oxide; in the presence
of oxygen, nitric acid alone is produced. Because of the
instability of nitrous acid, a polarographic procedure for
the determination of nitrite in acid solution must involve
some error. Experiments performed in connection with
this investigation have shown that in air and at concentra-
tions which are of interest in polarography the decom-
position of nitrous acid’® is first order and that about six
per cent. decomposes in a half hour at room temperature.
If the nitrite solution is polarographed as soon as possible
after it is acidified, the error arising from nitrous acid
decomposition can be kept below 39%,.

Comparison of the Nitrous Acid and Nitrate
Waves.—Figure 1 shows a nitrous acid wave and
a nitrate wave, each obtained with a solution
1 X 10~* M in the nitrous acid® or nitrate, 2 X

(6) J.S. Laird and T. C. Simpson, TH1S JoURNAL, 41, 524 (1919).

(7) Abel, Z. physik. Chem., 148, 337 (1930).

(8) Bray et al., Chem. Rev., 10, 161 (1932).

(9) Concentrations of nitrous acid, as given in this paper, include
both un-ionized and ionized forms.
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10—* M in uranyl acetate, 0.01 M in hydrochloric
acid, and 0.1 M in potassium chloride. The
two waves are almost identical in shape. There is
no trace of the nitric oxide wave at —0.77 volt
(vs. S.C.E.) reported by Heyrovsky and Nejedly!
for acid solutions of nitrite, probably because
nitrogen was bubbled through the solutions im-
mediately before the polarograms were made.

In neutral or alkaline solutions the reduction
potentials of nitrate and nitrite are known to be-
come more positive in the presence of polyvalent
cations.® This effect has been attributed to the
formation of loose “‘ion pairs” which, because of
their positive charge, facilitate the access of nitrate
or nitrite to the negative electrode. Presumably
the same phenomenon occurs with nitrate in acid
solution in the presence of uranyl ion. Nitrous
acid, however, is uncharged and should not re-
quire the assistance of polyvalent cations for its
approach to the cathode. In preliminary ex-
periments in this Laboratory, nitrous acid in the
absence of uranyl ion has indeed been found to
produce a wave at about —1.0 volt (vs. S.C.E.),
which is approximately the half-wave potential
of the uranyl-activated nitrite wave. This wave
may correspond to that reported by Schwarz!!
for nitrite in acetic acid solution, which extends
from —0.6 to —1.6 volts. Although the uranyl
ion has little effect on the half-wave potential of
the nitrous acid wave, its presence causes an in-
crease in the nitrous acid diffusion current.

16.0 -

12.0

8.0 ! !

40 !

Current, microamperes.

0.0}

—0.40 —0.90 —1.40 —0.40 —0.90 —1.40
Nitrous acid. Nitrate ion.

Potential of dropping mercury electrode, volts vs. S.C.E.

Fig. 1.—Comparison of nitrous acid and nitrate waves.
Solutions are 0.1 M in hydrochloric acid, 0.1 M in potas-
sium chloride, 2 X 10~* M in uranyl acetate, and 4 X 107*
M in nitrous acid and nitrate, respectively; m”%"/¢ = 2.08
mg.z/’ sec.”'/2,

The nitrous acid wave shown in Fig. 1 is a
little over half as high as the nitrate wave, after
correction has been made for the blank uranyl
wave. The diffusion current constants for nitrous

(10) J. Heyrovsky and V. Nejedly, Coll. Czechoslov. Chem. Comm.,

8, 126 (1931).
(11) K. Schwarz, Z. anal. Chem., 116, 161 (1939).
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acid at several concentrations are given in T:/.le I.
For the more dilute solutions the concentration
of uranyl ion was reduced to 5 X 10=° M from
the usual value of 2 X 10=* M. Over a hundred-
fold concentration range of nitrous acid (2 X 10~
M to 2 X 10=3 M), the mean value of iq/Cm*?
15 is 7.45 and the average deviation of the
points from the mean is 4.5%,. Probably a large
part of the deviation is due to the instability of
nitrous acid and variations in the time required to
run a polarogram.

TABLE I

DirrusioN CURRENT CONSTANT FOR NITROUS AcCID AT 25°
m*/'/s = 2.08 mmg.*”/ssec.”'/2 at —1.2 volts vs. S.C.E.;

diffusion current is measured at —1.2 volts vs. S.C.E.;

residual current at —1.2 volts = 2.00 microamperes

Diffusion current
of nitrous acid,
microamperes,

iq K = ig/Cm¥3'/s
A. Solutions 0.1 M in KCl, 0.01 M in HCl, and 2 X 10~
M in UO, (OOCCH3)2

Concn. of
nitrous acid,
millimol§s/liter,

5.125 47.8 4.50"
2.050 31.5 7.40
1.025 15.6 7.30
0.820 12.3 7.20
.512 7.52 7.06
.205 2.92 6.87
.102 1.56 7.35
.082 1.17 6.87
.0512 0.87 8.16

B. Solutions 0.1 M in KCI, 0.01 M in HCI, 5 X 1075 M in
UO, (OOCCHjy):

0.102 1.66 7.83

.082 1.32 7.74

.0512 0.83 7.78

.0205 .324 7.60

.0102 214 10.1°
.00512 sl Ll 10.4°¢

C. Average diffusion current constant 7.45

¢ Not included in the average.

The number of electrons involved in the reduc-
tion of nitrous acid can be calculated with the use
of Ilkovic’s equation: ’

iq = 605nDY:Cm*/st'/s (1)

where 74 is the average diffusion current obtained
at the dropping mercury electrode in microam-
peres, n is the number of faradays transferred
per mole, D is the diffusion coefficient of the re-
ducible substance in cm.? sec.™!, C is its concen-
tration in millimoles per liter, m is the rate of
flow of mercury in mg. sec.™! and ¢ is the drop
time in seconds. The diffusion current constant,
K = 44/Cm**t'/s, as given in Table I, is 7.45.
The value of D for nitrite ion, calculated from
its equivalent conductance,'? is 1.92 X 10~ cm.?
sec.”l. With the assumption that the diffusion
coefficient for nitrous acid is the same as that for
nitrite ion, # can be calculated from these figures

(12) Niementowski and Roszkowski, Z. physik. Chem., 22, 147
(1897).

]
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The value obtained for the electron transfer, #,
is 2.8 faradays per mole.

Kolthoff, Harris and Matsuyama® report a
five-electron reduction for nitrate in the presence
of uranyl ion. The present result of 2.8 or 3
electrons for nitrous acid indicates that it, as well
as nitrate, is reduced to nitrogen at the dropping
mercury cathode in acid solution in the presence
of uranyl ion.

It is interesting to compare this-value of the
electron transfer for nitrous acid, » = 3, with the
value obtained by direct analysis of the nitrous
acid wave according to the fundamental equation

for a polarographic wave, first derived by
Heyrovsky and Ilkovic.!?
o 0.0591 i
Bae. = By — — = log — (2)

In this equation Eg. and ¢ are corresponding
values for the potential of the dropping mercury
electrode and the current at any point on the
wave, [, is the half-wave potential, and # is
the number of electrons involved reversibly in the
reduction. When log 2/(qa — 7) is plotted against
the voltage, a slope is obtained which corresponds
to a value of » = 1 (Fig. 2). An electron transfer
of # = 1 was also obtained by Kolthoff, Harris
and Matsuyama in an analysis of the nitrate
wave, although the over-all reduction of nitrate
appears to involve 5 electrons. It may be in-
ferred that, under these conditions, neither the
reduction of nitrous acid nor that of nitrate is
reversible. A similar effect has been found by
Orlemann and Kolthoff' in the irreversible re-
duction of iodate and bromate.

Solutions Containing both Nitrate and Nitrite
Ions.—In polarograms of solutions containing
both nitrate ion and nitrous acid, the diffusion
current, above that due to the blank uranyl
wave, is the sum of the diffusion currents due to
nitrate ion and nitrous acid independently. In
Table II; the observed diffusion currents of some
solutions containing these ions together are com-
pared with values calculated from the additivity
relationship

dq = misi/s (T45C, + 13.8C) (3)

where C; and C, are the concentrations of nitrite
and nitrate in millimoles per liter and » and ¢ are

TaBLE 1T

ADDITIVITY OF NITRATE AND NITROUS AcCID WAVES

Solutions 0.1 M in KCl, 0.01 M in HCI, 2 X 1074 M in
UO,(O0CCHs,),y; m¥st'/s = 2.08 mg.%/s sec.”/2

Concn. of Concn. of Diffusion current,
nitrate, nitrous acid, microamperes
millimoles/liter millimoles/liter Obs. Calced.

0.100 0.096 4.35 4.37
.100 .192 5.75 5.86
.100 .384 8.85 8.83
.100 .768 14.9 14.8

(13) J. Heyrovsky and D. Ilkovic, Coll. Czechoslov. Chem. Comm.,
7, 198 (1935).

(14) E. F. Orlemann and I. M. Kolthoff, Turs JOURNAL, 64, 1044
(1942).
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expressed in the conventional units. The coefli-
cients of C; and C, are the experimentally de-
termined diffusion current constants reported
here and in the paper of Kolthoff, Harris and
Matsuyama.?

0.8 — —

e
W
|
|

Logarithm of 7/(iq — 1).
A =
'S =
[ [
| I

—0.8 — —

| ! ! ]

—0.85 —0.90 —0.95
Potential, volts vs. S.C.E.

Fig. 2.—Analysis of nitrite reduction wave in 0.1 M
potassium chloride, 0.01 M hydrochloric acid and 2 X
10~ M uranyl acetate.

From a single polarogram of a solution con-
taining uranyl ion, only a figure representing the
weighted sum of nitrous acid and nitrate concen-
trations can be obtained. To obtain the concen-
trations of the substances separately by the
methods described above it is necessary to run
another polarographic experiment on an aliquot
of the solution after altering the relative amounts
of the two substances in a known way. It is
convenient to do this by transforming one of them
quantitatively to the other. A satisfactory and
convenient method of achieving this transfor-
mation is the quantitative oxidation of nitrite to
nitrate by hydrogen peroxide in acid solution.

HNO, + HzOz e NOa_ + H* + Hzo

If the solution is then made basic, the excess per-
oxide may be catalytically decomposed with
manganese dioxide. The only products of these
two reactions that remain in solution are nitrate,
water and oxygen; no new ionic species are pro-
duced. The uranyl ion must not be added until
the reactions described above are completed and
the solution is again acidified.

A polarogram of the oxidized solution, after
the addition of uranyl acetate, potassium chloride
and hydrochloric acid in the usual concentrations,
gives a diffusion current

it = 13.8m¥/stt/s (C, + C) )
since all of . the nitrite has been converted to
nitrate. From equations (3) and (4), the sepa-
rate concentrations C; and G, of nitrite and nitrate,
respectively, can be calculated.

e
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i5 s g
6.35m/s1'/s (5)
I
13.8m s

C1=

C = G (6)

Procedure for the Polarographic Determina-
tion of Nitrite.—For the determination of nitrite
in solutions where its concentration is between
5 X 107 and 5 X 1073 M, the following proce-
dure is recommended.

Prepare two stock solutions, one being 0.2 M
in potassium chloride, 0.02 M in hydrochloric
acid, and 4 X 10=* M in uranyl acetate; the
other having the same composition except that
itisonly 1 X 10—* M in uranyl acetate.

Dilute 25.00 ml. of the uranyl acetate stock
solution to 50.00 ml. with redistilled water, bubble
with nitrogen gas to make oxygen-free, and meas-
ure the apparent diffusion current due to the
reduction of uranyl ion at a potential of —1.2
volts vs. S.C.E. This current is taken as the
“blank” or “residual” current for the nitrous
acid wave.

Measure a suitable volume of an unknown
nitrite solution into a 50-ml. volumetric flask,
add 25.00 ml. of the appropriate uranyl acetate
stock solution and dilute to volume with redis-
tilled water. (It may be necessary to make a
preliminary run in order to determine the con-
centration of uranyl ion to be used. In general,
if the final concentration of the nitrite ion is to
be above 1 X 10~* M, the stock solution contain-
ing the higher concentration of uranyl acetate is
used. If the concentration is below this value,
the one containing the lower concentration is
employed.) Make the resulting solution oxygen-
free and measure the apparent diffusion current
at a potential of —1.2 volts vs. S.C.E. Subtract
the ‘“residual” current due to the reduction of
uranyl ion from the diffusion current to obtain
the diffusion current due to nitrous acid. The
‘amount of nitrite in the unknown solution can be
found from this diffusion current by referring to
a standard curve, which is constructed by plotting
diffusion current against concentration. Such a
plot is prepared with data, such as are given in
Table I, that are obtained with known solutions.

Analysis of Solutions Containing Both Nitrate
and Nitrite.—Divide the solution to be analyzed
into two equal portions. Add to the first portion
25.00 ml. of the appropriate uranyl acetate stock
solution, and dilute to 50.00 ml. with redistilled
water. Make the resulting solution air-free,
measure the apparent diffusion current, and sub-
tract the “residual”’ current as described above to
obtain the total diffusion current due to nitrate
ion and nitrous acid. To the second portion,
add 2 N hydrochloric acid until it is just neutral
and then add an excess of five drops. Add 1 ml.
of 309, hydrogen peroxide and allow the mixture
to stand at room temperature for thirty minutes.
Add eight drops of 2 N sodium hydroxide and
then introduce a small quantity of manganese
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dioxide. After the evolution of gas has ceased,
decant the solution quantitatively into a 50-ml.
volumetric flask. Add three drops of 2 NV hydro-
chloric acid and then 25.00 ml. of the appropriate
uranyl acetate stock solution, and dilute to vol-
ume. Measure the apparent diffusion current as
before, and again subtract the ‘“residual” cur-
rent. From the two values of the diffusion cur-
rent thus obtained, the concentrations of nitrite
and nitrate originally present in the, unknown
solution may be calculated as described above.

Interferences.—In  general, interferences
which have been described for the estimation of
nitrate® will also be encountered in this deter-
mination. The presence in solution of substances
such as strong bases and phosphates, which pre-
cipitate the uranyl ion, or complex-formers such
as citrate or tartrate will interfere, as will also
those substances, such as oxalates and strong
acids, which discharge at voltages near to that
of nitrous acid. Sulfate ion in a concentration
twenty times that of the nitrite was found to re-
duce the wave height somewhat.

Acknowledgment.—We wish to express our’
thanks to Mr. F. D. Ordway of this Laboratory
for his kind assistance in carrying out the chemi-
cal analyses necessary for this work. We are
also greatly indebted to Mr. Joseph C. Guffy
of the University of Wisconsin for his interest in
this problem and for many most helpful con-
versations on the subject.

Summary

1. In the presence of uranyl ion, nitrous acid
in dilute solutions of hydrochloric acid is reduced
at the same potential at which nitrate is reduced
(ca. —1 volt vs. S.C.E.). The diffusion current is
proportional to the nitrous acid concentration
when the ratio of uranyl ion to nitrous acid is
above a critical minimum. The reduction of
nitrous acid under these conditions involves three
electrons, indicating a reduction to nitrogen, but
analysis of the wave shows that the reduction is
irreversible.

2. A solution containing both nitrate and
nitrite ions can be analyzed for both constituents
in two polarographic experiments. First, the
diffusion current due to the two constituents in
the original solution is measured. With another
aliquot, the nitrite present is oxidized to nitrate
and the diffusion current of the resulting solution
is measured as before. The nitrite can be con-
veniently oxidized by hydrogen peroxide in acid
solution, and the excess peroxide can be destroyed
catalytically by manganese dioxide in basic
solution.

3. Interferences are similar to those encoun-
tered by Kolthoff, Harris and Matsuyama? in the
analysis of nitrate solutions, except that large
amounts of sulfate seem to reduce the diffusion
current.

PAsADENA, CALIFORNIA RECEIVED JULY 18, 1946
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Part III

An Electron Diffraction Investigation of the
Structure of Some Organic Molecules
a) Some Cyclic Derivatives of
Ethylene Glycol

b) Naphthalene and Anthracene
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AN BELECTRON DIFFRACTICH INVESTIGATION OF THE STRUCTURE OF SOME

ORGANIC MOLECULES

Part III of this thesis is devoted fo an account of the
results obtained in a series of molecular structure determinations by
the electron diffraction method. It is convenient to describe the
five compounds which were investigated in two sections. Section (a) is
given to the structure determinations of ethylene glycol sulfite ester,
ethylene glycol chlorophosphite ester, and ethylene glycol acetal, and
section (b) to those of naphthalene and anthracene. The account of the
work is preceded by a brief description of the electron diffraction
method as practised in these laboratories,

The electron diffraction apparatus has been described by
Brockway:l A collimated beam of electrons originating from a hot tungs-
ten filament and accelerated through a potential drop of approximately 40,000
volts is allowed to intersect a stream of gas emanating from & pinhole in a
nozzle pleced just below the path of'the beam. The electrons interact with
the molecules of the gas and then fall upon a flat photographic plate
which, after development, shows a radially symmetric diffraction pattern
that to the eye appears to consist of a series of alternate maxima and
minimae

The diffracted intensity, which is a function of the scatter—
ing sngle, may be described as the resultant of the contributions from the
incoherent and the atomic scattering, which are structure insensitive and

decline monotonically with increasing angle, and from the molecular
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scattering, which is the particular component of interest in the deter-
mination of the structure of the molecule. The intensity of this rapidly
varying component of the diffraction pattern is estimated as a function

of the angle of scattering Dby visual examination of the photographs, where-
by the observer, consciously aiding the contrast-sensitive properties of
his eye, separates this component of the total intensity from the rest.

The observations are interpreted in accordance with the appearance of the
vhotographs and in a manner such that the resultant "visual curve! will
prove useful in comparing the experimental data with theoretical calcu~-

lations made in accordance with the reduced intensity function,

o) - —E  F 3 (25-2(25-25) T
() RORE Z;JZ{ —r s1n (BE9), (1)

where rij is the value assigned to the distance between the iﬁg and .jj';"lrl
atoms in the molecule, K is a constant, %3 is the atomic number and fjy the
x-ray form factor of the il atom, and q = 40/x sin ©/2 (where ©/2 is the
angle of diffraction and A\ is the wave length of the electrons.)

In the interpretation of the experimental data, it is customary
to use the radial distribution method® % in order to obtain a probability
distrivoution of the distances in the molecules. The radial distribution
integral, approximated by a summation, provides a direct method for deter-
mining the frequency of the terms contributing to the intensity pattern
described by equation (1); from the frequency of these terms, the inter-

atomic distances occurring in the molecule may be deduced. The radial

distribution function (RDI) is calculated from the equation,
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Inax 5
rd(r) = j{: I,(a) e~ gin J%%ﬂ , (2)
q=1

where Io(q) is an intensity function taken ffom the visual curve; g is

P
usually so adjusted that e~®d = 0.1 at q = a, The unobservable first

_—
maximum in the visual curve is first estimated roughly and is finally
drawn to agree approximately with that of the theoretical intensity curves.
Generally, models of the molecule in which the interatomic distances dis-
agree with the information obtained from the RDI may be regarded immedi-
ately as representing incorrect structures.

For a final determination of the molecular structureand for an
estimation of the probable limits of error, the correlation method is used.4
Theoretical intensity functions, I(q), are calculated from equation (1) or

(for molecules in which the atoms do not differ widely in atomic number)

from the simplified theoretical scattering formula,

1(q) = k Lf 24 Zi%3 ob150° gy (azay | (3)
ita rij 10

where the symbols are those defined in the preceding discussion, except
that the value assigned for the atomic number of hydrogen is 1.25., This
value is required for g {15 because of the substitution of ZiZj for
(Zi-fi)(zj~fj)/(zi—fj)z and is tolerable otherwise because of the tempera-
ture factor, e’biqu, which is active in the terms of the summation corres-
ponding to X. . .H distances. The temperature factor is applied to account
for thermal vibrations which vary the interatomic distances somewhat about
their mean value. The value given to b is usually 0.00016 for bonded X-H

terms, 0.0003 for X--H terms through one angle, and in cyclic compounds,
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zero for all other terms. X. . .H terms through more than one angle and
H., . .H terms are usually omitted from the summation. Calculations involv-
ing the use of equations (1), (2) and (3) are made with punched cards on
International Business Machines.5

The theoretical intensity curves calculated by equations (1)
and (3) are compared with the visual curve; those which in the opinion
of the observer are an acceptable representation of the appearance of the
vhotographs usually fell within an ellipsoidal or hyperellipsoidal volume
in parameter space if the structure can be determined uniquely. From this
region of acceptability, the observer estimates the limits of error for
each parameter and chooses the model which he believes to represent best
the structure of the molecule. If the structure cannot be determined uni-
quely by the electron diffraction method, it is necessary to desl with two
or more ellipsoidal volumes in parameter space. The estimatlon of the

best model and of the limits of error completes the determination.

a) Some Cyclic Derivatives of Hihylene Glycol

A number of new compounds, involving hitherto unknown ring systems, were

synthesized by Majima and Simanuki and by Lucas, Mitchell and Scully.

Among these are ethylene glycol sulfite ester (I),6 ethylene glycol chloro-

phosphite ester (11)7’8 and ethylene glycol acetal (III).9
C1 CH
N ) ! .
P CH
07 o o7 o o” o
| | \ / \ /
By — CH, H,0 — CH, HoC — CHj
(1) (11) (111)
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The interest in the molecular structure of these compounds centers

about several points. They present new ring systems for investigation
with respect to the plenarity of the atoms and in addition offer an
opportunity to the structural chemist for measuring some interatomic
distances (efg., single-bond sulfur-oxygen) which are not commonly found
in molecules. To the organic chemist, the spatial configuration of the
molecules (I), (II), and (III) is of interest with respect to the possi-
bility of preparing geometric isomers of homologous derivatives. Com-
pounds of the type (IV), for example should form geometrical isomers if

atom X or atom Y is not coplanar with the remaining atoms in the ring.

\ / R = any group other than H

(1v)

In this investigation, some essumptions were made in calcu-
lating theoretical intensity curves for correlation with the visual curve.
The general assumptions are described here and any special ones are pre-
sented below in connection with the compounds to which they svply. The
bonded C-H distance was taken to be 1.09 R. with a temperature factor
applied as described previously. The plane of H-C-H was taken to be normal
to that of C-C-0 and to bisect the engle. Unless specific evidence could
be obtained from the data, the angle C-C-H was adjusted by the method of
least strain in which the deviation from 109°28' is held constant for all

angles about a particular carbon atom.

o
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With the assumption that a plane of symmetry exists in the
molecules, the structure of each may be completely described by the speci-
fication of three bond angles and four bond distances. Of the four bond
distances, only three (expressed as ratios to the fourth) need be considered
as parameters in determining the shape of the molecule. The fourth dis-
tance (the size parameter) is determined at the very last by a comparison
of the positions of the main features in the visual curve with those in
the best theoretical curve. Although the number of paremeters is reduced
to six, a complete determination of the limits of error by the correlation
method still involves an almost impossibly long procedure. Conseguently,
in order to reduce further the number of necessary calculations, maximum
use was made of the information to be obtained from the radial distribution
function, and of some rational assumptions which were compatible with
experience in the study of molecular structure. In the geometrical models
considered, the bonded carbon-carbon and carbon-oxygen distances were
arbitrarily assigned the value which was indicated in the respective RDI,

0

end the group o G/o was taken to be coplanar. Other essumptions were

made in the individual cases. lModels were considered in which the remaine-
ing paremeters were subjected to a systematic variation about the values-
obtained from the RDI. Theoretical intensity functions were calculated

on the basis of these models, a "best fit" to the visual curve was obtain-
ed and a tentative set of the limits of acceptable variation of each of the
parameters was determined on the basis of a gqualitative comparison of the
celculated curves with the visuwal curve. It was desired, furthermore, to
extend these limits to include some measure of the possible errors incurred

in arbitrarily fixing some of the shape parameters., Consequently, each
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previously fixed parameter was assigned a "working deviation" from the
fixed value; each was varied in turn by approximately this amount in a
model having the other distances corresponding to those in the hest curve
obtained in the previous correlation procedure. The effects of these
variations on the chosen calculated curve were noted and the tentative
limits assigned previously to the determined parameters were revised to
include the sum of these effects and to include an estimate of the experi-
mental and random errors inherent in the method. Hence, the final state-
ment of the limits of acceptable vaeriation are to be interpreted as follows:
if the arbitrarily fixed parameters are correct within the assigned work-
ing deviation, the limits of error of the determined parameters are as
reported in the investigation. Thus the conclusions as to the limits of
error of the structural parameters which were measured have been arrived
at with a consideration of the validity of the assumptions which were made

in their determination.
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EXPRRIMENTS AND RESULTS

i - Bthylene Glycol Sulfite Lster

The sample of ethylene glycol sulfite ester used in this
investigation was prepared by Mrs. G. Guthrie by the action of thionyl
chloride on ethylene glycol in methylene chloride solu.t‘.ion.s'9 The com=
pound hydrolyzes rapidly in water and boils at 169-172°C. Purification
was effected by vacuum distillation, and the fraction boiling at 61l.2-
61.89C./12 mm. (uncorr.) was used in the electron diffraction experi-
ments., The sample was admitted to the diffraction chamber through the
standard high temperature nozzle which was maintained at approximately
100°C. The jet—to~film distance was 11,00 cm. The wave length of
electrons in the preseant work was 0.06085 K., determined against zinc
oxide smoke.lo The photographs showed features extending to ¢ values
of about 100.

The radial distribution function R of Figure 1 has strong
mnaxima at 1.08, 1l.42, 1,63, 2.46, and 2.95 K. These distances are in
complete agreement with & model of ethylene glycol sulfite ester in which
the angle 0=-C~C is lll°, the ring oxygens and carbons are coplansr and the

bond distances are as follows:

$-0 1.64 K. (Single bond)
S=0 o le42 (Double bond)
C~-0 1.42
-0 1.52
C-H 1.09

However, the position of the sulfur atom relative to the assumed 0\C o’




plane is not located definitely by the RDI. The pesk at 2.95 3. may
correspond either to the sulfur-hydrogen distance in a model in which
the ring system is entirely coplanar (B of Figure 1) or to the oxygen-
carbon distance (through two angles) in a model in which the plane of
0-5-C mekes an angle of about 30° with that of 0-C-C-C (C of Figure 1).
The two theoretical intensity curves (B and C) were distinguishable only
by an incipient doubling in the last meximum of curve A, the absence of
which was felt to be confirmed upon reexamination of the photographs.

The ring was esssumed to be planar,* the C-H and S-H distances were fixed

0
at 1.09 and 2.95 A., respectively, and the ratios %f% and %E% were assumed

to be %&gg and %4§§ , values which were in good agreement with the RDI

peaks and with the results obtained for similar distances in other mole-
cules.** The parameters -0, / C-C~0, and / O~S=C were subjected to a

systematic variation about the values indicated for them in the RDI. Some
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*  The author feels that this conclusion is somewhat uncertain since the

region in which the difference occurs is low in intensity and difficult to
interpret. In addition, there could probadbly be found a small change in
some other parameter of the non-planar model which would bring the last
feature back to coincidence with the visual curve without materially alter-
ing the rest of the curve., If non-plenarity of the ring were proved, how-
ever, other results which are reported more definitely in this paper would
not necessarily be invalidated, as the effect (on the other curves) of mov—
ing the sulfur =tom out of the plane would undoubtedly be equally small.

** The value of 1.52 2. is somewhat shorter than that usually accepted
for the carbon-carbop bond distance. In order to account for the strength
of the peak at 1.42 §. in the RDI (compared to that at 1.63 A.), it was
necessary to take equal values for the S=C and C-0 distances at 1.42 A.,
and to teke a shorter distance for C-C than is usually found. It is of
interest that in similar oxygen-containing compounds, the C-C distance may
also be slightly short; viz., 1.51 * 0.02 A. in diethyl ether, il 1,51
0.03 A, in dioxane,ll and 1.52 * 0.02 A. in ethylene glycol.12
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theoretical intensity functions are shown in Figure 1. Those based upon
models in which [ 0-C=C is 108° are characterized by too low an intensity
in the region between q = 30 and q = 60 (D and E), whereas those based on
models with / 0-C-C = 114° (I and J) are likewise unsatisfactory because
of a common lack of prominence of the fourth maximum and also because of
a doubled ninth minimum in nlace of the pronounced shelf which lies be-
tween the seventh maximum and the ninth minimum in the visual curve. A
good. fit to the visual curve is afforded Dby curve G, which corresponds to
a model with $-0 = 1.64 R., / 0-0-0 = 111°, and / 0-5=0 = 106°.

In models corresponding to G, the previously fixed parameters
were veried in turn by a small amount as described in the introduction to
this section. The resultant curves are exemplified by K in which the C-C
distence is increased by 0.01 3. No material change may be noted. How-
ever, combined changes in these previously fixed parameters bring about
variations in the theoretical intensity curves similar to those which
occur as a result of changing the angle 0-S=0, and to & lesser extent of
changing the S-0 distance. Consequently, upward revision of the error
limits for these determined parameters was required.

An attempt was made to establish the rigidity of the 0-5=0
angles by assuming an entirely coplanar average structure in which the
oxygen atom outside the ring vibrates symmetrically above and below the
plane. This effect was simulated by applying appropriate temmerature
factors to the terms corresponding to distances which would be affected
by such a vibration. It was concluded that though showing improvement

in the relative width of the ninth and tenth maxima, these models are
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outside the region of acceptability because of the incipient doubling of
the eighth maximum in comparison with the seventh maximum end because of
the shift in position of several of the main features. Similarly, models
were calculated (A) in which the oxygen atom outside of the ring vibrates
about the mean position assigned in Model G, in which the S5=0 bond makes
an angle of 67° with its projection on the plane of the ring. Curve A is
considered acceptable despite the disagreement with the visual curve in
the last maximum; this discrepancy is not considered sufficient to rule
out models of this type (see footnote page 74).
The values assigned to the structural parameters of ethylene

glycol sulfite ester on the basis of this investigation =znd the probable

limits of error are as follows:

C-H 1.09 2. (assumed)
S-H# 2.95
C-C* 1.52 (£0.03 3.)
C-0* 1.42 (zo0.02 &.)
S=0% 1.42 (*0.02 .)
5-0 1.64% 0.05 3.

L 0-C-0 111+ 8¢

Lo-s80 106+ 8°

% These are the parameters fixed in the correlation procedure, the values
for which are taken from the RDI. The cuantities in parentheses are the
variations of these distances within which the stated limits of error of

the determined parameters hold.
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The agreement between the intensity function for this model
(which is based on a planar configuration of the ring) and the visual
curve is shown (Table I) by a comparison of the positions of the main

features. A non-planar ring structure is not definitely excluded.
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Table I

Bthylene Glycol Sulfite Ester

Average (17 features)

Average deviation

qG/qobs

0.940%
0.908*
0.883*
0.983
0.993
1,011
0.997
0.987
0.997
1.001
1.000
1.001
1.004
1.010
1.005
1.012
0,996
0.981
1.001
0,998

0.999

0.007
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Figure 1: Electron Diffraction Curves for Ethylene Glycol

Sulfite Ester




Model 5=0

1.41
1.41
1.41
l.42
1.42
l.42
1l.42
1.42
1l.42
1l.42
l.42
l.42
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Table of Parameters (Figure 1)

Ethylene Glycol Sulfite Ester

5-0

0
1.64 A.
1.64
1,64
1.6%7
1.67
1.61
1.64
l.64
l.64
1.61
1.64
1l.64

oo om;
VDRIV

L 6=0-0 L 0-8=0 L 6-0-§

111° 106° 108°30!
111 108 108930
108 106 102°
108 103 108°30!
108 106 108°30!
111 106 1089301
111 106 108°30!
111 109 108°30!
114 1086 108°30¢
114 109 108°30!
111 108 1089301
111 106 1290301 #*

* Term in summation corresponding to non-bonded C---0 distance at

3.28 X. omitted.

*%  Thig is the mean position.

The temperature factor e-aqz with a

0.0003 was applied to the Ce-=0 distance at 3.86 X

All models

5=0

C~0

C-H

S-H

1.42 1. (except A, B, and C)
1.42
1.09

2.95
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ii - BEthylene Glycol Chlorophosphite Ester

The sample of ethylene glycol chlorophosphite ester used in
this investigation was prepared by Mr. C. N. Scully by the action of
phosphorus trichloride on ethylene glycol in methylene chloride solution.7'8
The compound was purified by vecuum distillation and the fraction boiling
at 42-43°/12 mm. was used in preparing electron diffraction photographs.
The compound is of special interest because of the extremely high chemical
activity of the chlorine atom. Hydrolysis occurs rapidly in water or in
moist air with the evolution of hydrochlcoric acid; extensive decomposition
of the pure material with the formation of a bright orange precipitate
(probably phosphorus) was observable a few days after purification.

Diffraction photographs were taken at temperatures ranging
from 20°C. to 100°C. with the use of a heated, glass nozzle designed by
Dr, 8, Claesson for high temperature work. In obtaining dense photo-
graphs, a Dbeam-stop, designed by Mr. H, G. Pfeiffer, was placed between
the jet and the film to reduce the background scattering. The jet-to-
film distance was 10.93 cm. Features were observed at q values extend-
ing to about 105. The photographs were examined independently by this
author and by four other investigators* and a visual curve (V of Figure
2) was drawn to represent the final compromise among these workers with
respect to the interpretation of the diffraction pattern. The general
agreement was good but some differences in the interpretation of fine
structure in the pattern were registered by the various observers; e.g,
in the prominence of the second and fifth maxima and in the extent of
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* Dr. V. Schomzker, Dr. K. W. Hedberg, Mr. G. Guthrie, and Mr. H. G.
Pfeiffer,
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doubling in the ninth and eleventh maxima. In the assignment of limits
of error by the correlation method, liberal allowance was made for these
differences in interpretation. The finally chosen theoretical intensity
curvesatisfies all observers in that each of the features in contention
is an acceptable compromise among the various observations.

The radial distribution function, R, is shown in Figure 2.
Peaks are observed at 1,55, 2,11, 2.43 (diffuse), 2.85 end 3.20 K, It
is immediately striking that no maximum is observed at 1.76 g., a posi-
tion corresponding to the sum of the covalent bond radii of the atoms,
for the P-O single-bond distance. The absence of this peak, coupled
with the strength of the maximum at 1.54 g., led to the conclusion that
the P-0 distance in the molecule is considerably shorter than might be
predicted. An analysis of the first peak in the radial distribution
curve (as a sum of Gaussian peaks of suitable area) indicated the follow-
ing most probable interatomic distances in the molecule: (-0 = 1.41 K.,
C-C = 1.52 K., P-0 = 1.58 %. The maximum at 2.11 X. corresponds to the
bonded P-Cl distance, which is considerably greater than 2.00-2.05 g.,
observed for the P-Cl distance in POCl;, POF,CL, PSClyz, FFCly end similar
compounds. The diffuse peak at 2.43 ﬁ. corresponds to the cross-ring
distances (through one angle), P=-~C, 0-=0, and 0-~C, and the peaks at 2.85
and 3.20 K. correspond respectively to the Cl--0 and Cl——-C distances. No
geometrical model containing the indicated bond distances and a planar
ring can be formulated which wili'satisfy the last three pesks in the RDI.
For example, such a model with / 0-C-C = 107° gives reasonable agreement
with the peak at 2.43 g., but if the Cl--0 distance be fixed at 2.85 X.,

the Cl=-~C distance is found to be 3.67 2., in severe disagreement with
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3. 20 R. indicated in the RDI. The theoretical intensity function for
this plansr model, curve A, is shown in Figure 2. The general shape of
the region comprising the first, second, and third mexims and minima is
in severe disagreement with the visual curve.

An excellent fit to the RDI was afforded by a model in which

O\
C-C

of the chlorine atom was fixed at a distance of 2.85 X. from each oxygen

the group P was assumed planar with / 0-C-C = 107°. The position

) 0
and 3.20 A,, from each carbon. With the bond distances P-C = 1.58 A.

o)
and P-Cl = 2.11 A., the phosphorus is fixed in a position such that the

plane of 0-P-0 mekes an angle of about 30° with that of O\ /0.

For the correlation procedure, o number of assumptions were

C=C (V] . 1.52 1.41
e d Pt £ . T —— et e
P-C an R were fixed at 1 and 11’ the

0-C~C angle was tentatively assigned a value of 107°, It is not to be

mades the ratios

inferred that the weak contribution of the C-C distance to the theoreticel
intensity curves is well-defined Dby the RDI, but since this term was of
little significance in the asummation and since the distance, 1.52 K., in
combination with the other bond distances as stated, resulted in the best
fit to the first main peak in the RDI, this value was assumed to Dbe best,
The remaining parameters were systematically varied as follows:
L C=0~F from 109 tc 113°, / 0-P-Cl from 99 to 103°, and P-0 from 1.55 to
1.64 2. Equation (3) was used in all calculations except that resulting
in curve JA. The non-bonded X. . .H distances were omitted in a2ll ex-
cept the finally accepted curve.— Some representative theoretical intensity
curves are shown in Figure 2. The effect on the curves of a variation

in the P-C distance is shown by curves B, C, and D. In increasing the

F-0 distance, the main effects throughout are to strengthen the second

maximum, to weaken the fifth maximum, to strengthen the feature which in
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these curves occurs between the eighth and ninth maximum (but which in
more acceptable curves occurs on the outside of the ninth maximum) and
to decrease the doubling in the eleventh maximum, Curves with P-0 as
short as 1.55 K. (B) invariably show an inacceptable reversal of the
relative strength of the seventh and eighth maxima and of the corresvonding
minima. These discrepancies are corrected in curves with P-0 = 1.858 K.
or somewhat greater. The sequence, curves C,E, and F exemplifies the
effect of increasing the angle C-0-FP from 109 to 111°.  The result, in
general, is to weaken the second maximum, to strengthen the fifth mexi-
mum, to move the doubling from the ninth minimum toward the ninth maxi-
mum, and from the eleventh maximum toward the eleventh minimum. The
generzl effect of an increase in the angle 0-P-Cl is exemplified by the
sequence, curves G,H, and E. The second maximum is weakened, the fifth
maximum becomes more prominent, and the feature which in curve G occurs
as an asymmetry on the outside of the ninth maximum moves to the inside
of the ninth minimum in curve E. The nature and the position of the
eleventh maximum, which is strongly doubled in these curves, is altered
somewhat by this variation, but apperently is not improved in comparison
with the visual curve.

The theoretical intensity function which best combines the
features of the curves described above corresponds to a model in which
the P-C distance is 1.60 K., and the angles C-0-P and 0-P-Cl are 110°
and 100°, respectively. This cuf&e, I of Figure 2, compares well with
the visual curve in many features. The nature of the region comprising

the fifth and sixth maxima and minima is quite acceptable and the character




of the region between the sixth maximum and the eleventh minimum is very
good in that the envelope covering the maxima end that covering the minima
show respectively the concave upward& and concave downward curvature which
was finelly agreed upon by all observers. A number of discrepancies, how-
ever, in comparison with the visual curve may still be noted. The second
maximun gppears to be too strong in comparison with the third, the seventh
maximum is a trifle too strong compared to the sixth, the ninth meximum is
too strongly doubled and the eleventh maximum appears to be too sharp.
Definite improvement in all of these festures is noted with the application
of a temperature factor, e-aqz’ to the term corresponding to the Cl-C
distance (curve J). The value assigned to g is 0.0003 which corresponds

to a distribution of distances about the mean in the form of a Gaussian
curve with half-width equal to approximately 0.1 R, An apprecisbly smaller
value for g results in more doubling of the ninth maximum than we are will-
ing to accept, whereas 2 lerger value has no further noticeable effect on
the curve.

The agreement of curve J with the visual curve is considered to
be excellent. The ninth maximum was held to be a weak and indistinct
feature, quite broad with perhaps a slight tendency toward doubling. The
eleventh meximum was first drawn by this author to be strongly doubled
much as shown in curve H, but after examination of three heavy pictures
piled atop one another, it appears wery likely that no such strong doubl-
ing exists, and that the eleventh maximum in curve J is an excellent
representation of this feature. Other observers did not make a similar
mistake in the interpretation of this feature. The second maximum in

curve J is somewhat stronger in comparison with the first and third than

had been drawn in the visual curve. Some improvement is noted in curve
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JA in which the reduced intensity function, equation (1) was used instead
of equation (3) to calculate the initial portion of the curve. Equation
(1) is a closer approximation to the appearance of the photographs, especi-
ally in molecules containing atoms of widely differing atomic number. The
shift in the second minimum in going from curve J to JA may be attributable
to the use of a step function in approximating the dependence of f on g.
The second maximum in curve JA is still somewhat stronger than is desirable
but is acceptable for this difficultly interpretable region of the film.

During the course of the investigation, the effect of variations
in the fixed parameters was investigated. Of the variations investigated,
A (C-C) = 0.02 ﬁ., A(C-0) =0.03 2. and A(/ 0-C-C) = 2°, the largest
effect was shown by the last-named. Curve K corresponds to a model simi-
lar to that for curve G, but with the angle 0-C=C = 109°, Changes in
these fixed parameters by the amounts indicated appear to be similar in
effect on the curves to changes in the angles 0-P-Cl and C~0-FP of about
1/20, end would appear to add this uncertainty to the determination of
these parameters.

In the determination of the error limits, a good deal of weight
was attached to the appearance of single features. The nature of the
eleventh maximum is affected quite strongly by variations in the P-0 dis-
tance, but not so strongly by changes in the angle parameters. Thus,
from the correlation procedure slone, a limit of error of 0.02 K. was
assigned to the P-0 distance, The eleventh maximum is certainly not so
broad and doubled as is shown in curves with P-0 = 1.58 3., nor so sharp
as is shown by curves with P-0 = 1.64 K. (L). Temperature factors improve

this feature very little in these curves. A variation in the angles C-0-P

and 0-P-Cl have marked effects on several features: the fifth maximuom,
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the relative height of the seventh, eighth and ninth maximsa, the shape

of the ninth maximum, etc. A consideration of the relative changes brought
about in these features have led to & limit of error of 2° for each of the
angle parameters C-0-P and 0-P=Cl from the correlation procedure alone. A
consideration of the average deviation of ebserved g values from those celcu-
lated and of the errors introduced by variations in the fixed parameters,

led to the following structural parameters for ethylene glycol chlorophos-

phite esters

C-H 1.09 1. (assumed)
0=C 1.52  (* 0.02) l.#
C-0 1.41 (¥ 0.03) 2%
P-C1 211 ( £ 0.02) A.*
L 0-C=C w07 (*2)°
B-0 1.60 * 0,04 A.
L C-0-F 110 * 2.8°
L 0-p-C1 100 T 2,5%x

* These are the parameters fixed in the correlation procedure, the
values for which are taken from the RDI. The guantities in parenthesis
are the variations of these distances within which the stated limits of
error of the determined parameters hold.

*% The chlorine atom vibrates about this mean position such that the
distribution of Cl-0 distances is in the form of a Gaussian curve of half-
width = 0.1 R.

The positions of the main features of the visusl curve are

conpared in Table II with those of curve J. There is good agreement with

an average deviation of less than one percent.
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Table Il

Bthylene Glycol Chlorophosphite Ester

Min Max

% ES qJ/q0

1 5,47 6.4 0.989%

1 9.48 9.5 1.002%

2 11.58 11.7 1.010%

2 15,04 15.4 1.024

3 17.156 17.5 1.020

3 19.67 20.0 1.017

4 Ae 16 4.2 1.002

4 29,39 9.1 0.990

5 35, &4 34,9 0,988

5 37.72 37.5 0,294

6 40,21 39.9 0.992

S 43,05 42,5 0.987

7 47,31 47.2 0,998

7 50,98 51l.3 1.002

8 54,98 55.0 1.000

8 58, 56 58.6 1.001

9 62,75 62.4 0,994

9 66.64 66,1 0.992

10 73.84 738 0.999

10 78.11 78.1 1,000

11 838. 2L 82.9 0.996
11 88.97 89,3 1.004 (center of gravity)

12 95, 64 95,7 1.001

12 99.26 99.4 1.001

13 103.12 102.2 0.991

13 105.97 106.0 1.000

Average (23 features) 0.999

Avergge deviation 0.007

* Not included in the average
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Table of Parameters (Figure 2)

Ethylene Glycol Chlorophosphite Ester

Model P-0 L 0-P-C1 L C-0-P
A 1.58 101° 116°
B 1,55 103 109
0 1.58 103 109
D 1.61 103 109
E 1.58 103 110
F 1.58 103 111
G 1.58 99 110
H 1.58 101 110
I 1.680 100 110
Jet 1.60 100 110
Ja¥# 1.60 100 110
K 1.58 99 110
5 1.64 103 110
All models
C-C 1.52 &.
B0 1.41
P~C1 2.11 (except model K in which
L C-C-0 1070 P-Cl = 2.13 A.)
C-H 109

* The non-bonded hydrogen distances have been omitted from all theoretical
intensity calculations except J and JA

+ Teuperature factor, e—aqg’ apolied to Cl-C distance (a = 0.0003)

¥ liodel JA is similar to J except that the theoretical intensity
function is calculated according to equation {(1).
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iii - HEthylene Glycol Acetal

The sample of ethylene glycol acetal used in this investigation
was prepared by Mrs. G. Guthrie in an original two-step synthesis.9
Di-n-amyl acetal was first prepared by the action of n-amyl alcohol on
paraldehyde in the presence of dry hydrogen chloride gas. After puri-
fication, the di-n-amyl acetal was treated with ethylene glycol in the
presence of p-toluenesulfonic acid. An exchange of the alkyl groups
resulted with the formation of ethylene glycol ecetal (b.p. = 82.5°C.)
and the regeneration of amyl alcohol,

Electron diffraction photographs were taken at room temperature.
The gas was admitted to the chamber through the standard low-tempera-
ture nozzle which, in one series of experiments, was equipped with a
beam-stop. The jet-to-film distence was 10.95 cm. Features were ob-
served on the photographs at q velues extending to about 100. The
visual curve, V, is shown in Figure 3.

Ethylene glycol acetal is a homologue of ethylenemethylene di-~

oxide, the structure of which was determined by Dr. W, Shand. Ml He

chose, as the Dbest structure for his compound, a model in which the

ratio =0 is .40
c-C 1.54

105°37', However, the theoretical intensity curve corresponding to

and the ring is coplenar with the angle 0-C-C =

this model deviates markedly from his visual curve in two important
features. I believe that this model is not the correct one for the
structure of ethylenemethylene dioxide.

The estimated visual curves of ethylenemethylene dioxide and of

ethylene glycol acetal show a great similarity which is borne out by &

comparison of the diffraction photographs of the two compounds. The




region comnrising the sixth and seventh maxima is broad and somewhat
doubled and appears to be definitely weaker than the following eighth
maximum as drawn by this author and by Dr. Shand. The general aspect of
this pegion is denied by the model chosen by Shand.

The visual curve, V, and the redial distribution integral, R, of
ethylene glycol acetal are shown in Figure 3. In the RDI, peaks were ob-
served at 1.13, 1.44, 2.03, 2.30, 2.80, 3.18, and 3.60 &., the last being
quite diffuse. A good epproximation to the maximum at 1l.44 R. was calcu-
lated from Gaussian curves representing C-0 and C-C distances of 1.43
and 1.53 K. respectively. The peak at 2.30 2. is sharp, symmetrical, and
of theoretical half-width, from which it mey be inferred that the C--C,
0--0, and 0--C distances through one angle are all vefy cleose to this value.

An examination of the peak at 1.44 2. in the RDI and a considerstion
of the sitructure determination of ethylenemethylene dioxide led to the
conclusion that an attempt to resolve the two C-C or the two C-0 distances
would be futile., In the correlation procedure, it was deemed more profit-
able to determine the bond angles in the molecule than %o attempt a re-
determination of C-C and C-0 distances for which the values indicated are
in good agreement with those found by Shandll in similar comvounds.* The

D n e  an co on a— — ww o ——— oo —— - oown vt tman v e rme  wmra e W e wma  nwn e s e o o S

*  Hthylenemethylene dioxide: C-C = 1.54 * 0.05 A.; C-0 = 1.42 * 0,03 A.
all angles = 108°; probably planar.

Trimethylene oxide: C-C = 1,54 T 0,0
L C-C-C = [/ C-C-0 =88.,5*3; [C-0-C =9
in 15-20°.

1,4-Dioxane: C-C = 1,51 * 0.04 K.; C-0 = 1.44 * 0.03 £.; / C-0-C =
112 + 5°; [ 0-C-C = 109} = 5°; "chair" form.

1,3,5-Trioxane: C-0 = 1.42 * 0.03 A.; [/ C-0-C =/ 0-C-0 = 112 + 3°%;
fichair' form.

I+ -

O = 1046 I 0.0Z ﬁ.;
s probably planar withe-




ratio %=% wes held constant at %Aig. The angle 0-0-C in the ring

wes varied from 104° to 108°, the angle C-0-C from 105° to 109°, and

the angle 0-C~C' (C' is the carbon atom not contained in the ring) from
100 to 104°. Within the region of varistion is found a smaller region

of geometrically impossible models which, of course, could not be calcu-
lated. The calculation of theoretical intensity curveswas carried out
with the use of equation (3). A number of representative theoretical
intensity curves are shown in Figure 3. In all except the finally ac-
cepted curve, non-bonded X. . .H terms were omitted from the summation.
Curves A, B, and C correspond to models in which the five-membered ring is
planar, with the ring engle, 0-C-C, equal to 104, 106, and 108° respec~
tively. Of these, only B, which is similar to Shand's chosen model of
ethylenemethylene dioxide, is considered acceptable. A and C are inac-
ceptable beyond q = 50. Of the models conteining a non-planar five-
membered ring, three types may be considered depending on the position of
the carbon atom, C', relative to the two glycol carbon atoms in the ring.
Curve D represents the "chair" form, and curve E the "cradle" form, in
each of which the group O\C_CIO is planar; curve F represents the
"staggered ring" form, in which one of the glycol carbon atoms is above,
and the other is below, the plane of 0-C-0, and the projection of the
C-C'" bond bisects the angle 0-C-0. The distances in each of these models
are in reasonable agreement with the RDI. Curve E, corresponding to the
"cradle" form, is in excellent gualitative agreement with the visual curve.

The curves D and F are considered to be unacceptable because of the strong

doubling of the sixth and seventh maxima. It is highly probable, however,




that acceptable models of the "chair' and staggered ring'" form could

be found. In the remainder of the correlation procedure, only models
corresponding to the Y"eradle form" were considered. A number of these
are shown (G, H, I, J, K). The acceptability of these curves, in gener-
al, had to be decided by the nature of the region comprising the sixth,
seventh, and eighth maxima and minima.

An attempt to resolve the two different C-0 distances in the
molecule served to Jjustify the original assumption that a definite re-
sult could not be obtained. The average of the C-0 distances was deter-
mined to be 1.43 ¥ 0,03 3., but a change of 0.05 %. in the individual
distances (holding the aversge constant) resulted in curves which were
considered still acceptable. The application of a temperature factor
to the term corresvonding to the 0---C distance at 2.84 X., apparently
doeg not change curve E by an appreciable smount in any feature. This
may be inferred from curve M in which this term is omitted completely.
The sixth and seventh maxima remain acceptable and the ninth maximum is
weekened such that it approximates more closely the visual curve; this,
however, occurs in a difficultly interpretable region of the fidm and is
not considered significant.

A comparison of the positions of the main features in the visual
curves with those in curve B is made in Table III. The structural para-

meters for ethylene glycol acetal are as follows:

C-H 1.09 3. (assumed)
C-C (individual) 1.53 (assumed)
-0 (individual) 1.43 £ 0.05 A.
C-0 (average) 1.43 * 0.03 A.

L ©-C-0 106 * 4°

L c'=c-0 101.5 * 40

/ C-0-C 106.5 * 4°

o
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Table III

Ethylene Glycol Acetal

Min  Max a4 Gy a5/,
1 8.2 7.5 0.908*
1 11.71 11.0 0.939%
2 14,83 14.1 0.951%
2 19.17 19.2 1.002
3 24,55 24.4 0.994
3 28,94 29.1 1.006
4 32,87 33.9 1.031%%
4 36,58 36.8 1.006
5 40. 86 40,3 0.986%*
5 45,42 44,9 0.989
6 49,75 50.1 1,007
6 54.19 55.0 1.015%%
7 56,41 57.8 0.990
7 62.01 61.6 0.993%*
8 66. 89 66.9 1.000
8 71.88 71.7 0.997
9 76.80 6.2 0.992
9 80.43 79.9 0.993
10 84.02 83.4 0.993
10 88.40 82.0 0.995
11 93.62 93,3 0.997
11 99.05 98. 2 0.991

Average (19 features) 0.998
Average deviation 0.007

* Not included in the average
¥ In computing the average and average deviation, these quantities
were given half weight since the measurements of gy were subject to
errors introduced by the St. John effect.
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Figure &: BElectron Diffraction Curves for Ethylene Glycol acetal
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Table of Parameters (Figure 3)

Bthylene Glycol Acetal

Model® L 0=C~C L 0-C-C! L C-0-C
A 104° 115° 100°
B 106 110 102
c 108 104 104
D 105° 37! 101044¢" 106952!
B 1059371 101944! 106°52!
F 105°37! 101944 106952¢
G 104 100 105
H 104 104 107
I 104 104 109
J 106 100 107
K 106 104 109
L 106 102 107
M 105037! 101944 106°52!
All models
0
C-0 1.43 A, (except model M)**
ey 1.53
C-H 1.09

* The non-bonded hydrogen terms are omitted from all models except
model ¥, in which all terms are included, calculated and temperature-
factored as described in the introduction.

*%¥ In model M, the bonded C-C distances in the group O\C_c/o are

¢
1.40 &., end in the group 4/, are 1.45 i.
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DISCUSSION

The molecules of ethylene glycol sulfite ester, ethyléne glycol
chlorophosphite ester and ethylene glycol acetal have been found to con-
tain several interatomic distances which are appreciably different from
those which might have been predicted from & consideration of the co-
valent radii of the atoms. The most striking discrepencies are ob-
served in the structure of the chlorophosphite ester. The value for
the P-0 bond distance, obtained in the present work, is 1.60 Z., con=-
siderably shorter than the theoretical distance for a normal covalent
single~-bond, calculated either from the covalent radii suggested by
Paulinglz'l4 (1.76 3) or from the Schomaker-Stevenson rela.tionshipl5
(1.71 &.). Indeed, the value 1.60 2. just corresponds to one-half co-
valent double-bond cheracter for each P-0 distance,calculated from the
Pauling radii and the Pauling formule for vnercent double-bond character.
In addition, the P-C1l bond distance, 2.11 K., in this molecule is signi-
ficantly greater than that which 1s predicted from the same sources
(2.09 K. and 2.01 g., respectively). According to theories of resonance,

after Panling,16

the interpretation of these apnarent snomalies may be
made in terms of ionic or double-bonded structures which, in contributing
to the state of the molecule, would be expected to affect the distances
in a way indicated by the experimental results. Several possible
structures are written below. In each of these, the adjacent charge rule
and the octet rule for first row elements are satisfied. Structure (I)

is aclassical representation of a molecule in which normal covalent single-

bond distences would be exhibited. If a structure of the type (II),

O
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resonating with its equivalent,(IIa), completely described the state
of the molecule, the P-0 bond would have one-half double-bond character
but the P-Cl bond would only be lengthened by about 0.05 K. from the
normal covalent distance.t? This could not completely account for the
discrepancies, especially since the unfavorable distridbution of charge
between the phosphorus and the oxygen atoms mekes it unlikely that this
structure would contribute to so great an extent to the state of the
molecule. (III) would be expected to shorten the P-O bond distance by
only 0.03 2. Structure (IV), resonating with (IVa), might reasonably
account for the observed strucéure of the molecule. In (IV) and (IVa),
the coulomb attraction of unlike charges would be expected to be very

weak in contrast to & normel X Y ionic bond; in addition, since the

]
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electronic configuration about the phosphorus in (IV) is different from
that in (I), an extra van der Waals' repulsion between the electrons of
C1” and the unshared pair on the phosphorus may well account for the
increase in the interatomic distance. The postulation of ionic charac-
ter for the chlorine atom is in line with the high chemical activity ob-
served in the molecule. TFurthermore, if the molar refractivity of the
chlorophosphite ester by compared with that of, say, the methoxyphos-

¢ .
phite ester /P\o , which might Dbe expected to exhibit a normal covalent

o)

\ 7/

L —CHy
structure analogous to (I), one observes an exaltation of refractivity in
the chlorophosphite ester corresponding to approximately one-third of a
double~bond.* This mey or may not constitute evidence in favor of structures
(IV) and (IVa) since the validity of the =zdditivity rule for second row
elements has not definitely been shown. However, Mitchell” has shown that,
for phosphorus in a large number of compounds of the type discussed here,
the efditivity rule is quite reliable.

It may also be pointed out that an effect analogous to that

reported here has Deen observed in nitrosyl chloride. In this compound,

0
the N-O0 and N-Cl distances ere 1.12 and 1.98 A., respectively, instead

0
of the calculated values 1l.21 and 1.69 A, This has been explainedl8 by

* ’Mitchell7 has carried out this calculation as follows: Assuming the
average values for the atomic refractivity of carbon, hydrogen, and oxygenl?
and assuming the sdditivity of the atomic refractivity to yield the molar
refractivity, values of the atomic refractivity of phosphorus were calcu-
lated from the experimental vsalue for the methoxyphcsphite ester and

several of its homologues. Using an aversge of these values for phosphorus
(the deviations being small), and using an average value for chlorine,17

the molar refractivity of the chlorovhosphite ester was calculated. The
observed value deviated from the calculated value as indicated in the text.
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resonance between the normal covalent structure, 5¢i—ﬁ=6=, and the
ionic structure ¢¢iﬁ' :N=0* . The situation is similar in nitrosyl
bromide.

The major difficulty in the proposal of structures (IV) and
(IVa) is that the experimental results require that these contibute
almost completely to the state of the molecule to the exclusion of any
appreciable quantity of (I), which should represent a state of energy
equal to or lower than that of (IV). One might be tempted to formulate
structures which show two double-bonds or a triple-bond in the ring;
these, however, are extremely unsatisfactory with respect to the distri-
bution of charge. Consequently, for an interpretation of the results in
terms of multiple and/or ionic bonds, one is forced to accept resonance
between (IV) and (IVa) with perhaps a small contribution from (I) as
representing the structure of the molecule. It may, of course, be that,
as set forth by Pitzerl® in a recent article and by others, the postu-
lation of multiple bonds for other than first row elements is unjustified,
but this language does present o plausible basis for the interpretation
of many apparently anomalous resulis,

It should perhaps be wointed out that s number of anomalous
P-C and P-Cl distances have previously been reported. In P406,20 P4010,20
and P40684,21 the "single-bond" P-Q distances have the values 1.65, 1.62,
and 1.61 R., resvectively. These correspond to something less than 50%
double-bond character in the bénd but, contrary to the statement of
Hampson and Stosick, the distances cannot be satisfactorily explained on

the basis of ionic or multiple-bond structures. In PClg, which has the

form of a trigonal bipyramid, the two P-Cl bonds which are directed along

o
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the three-fold axis of the molecule are 2.12 g. in length. However,

it is very probable that this is not anslogous to the present work, since
in P015, the chlorine atoms suffer severe steric interazctions, with those
farthest from the central phosphorus atoms having the grester number of
close CL. . .Cl interactions. In ethylene glycol sulfite ester, the
single-bond S5-0 distance has been determined to be 1l.64 2., significantly
shorter than that predicted from the Pauling covalent radii or from the
Schomaker-Stevenson modification (1.70 and 1.69 %., respectively). 1In
terms of wmultiple bonds the discrepancy corresponds to apvroximately 12
percent double-bond cheracter in each S-0 bond. No anomaly is necessari-

ly indicated here, since structures of the type (V), resonating with (Va)

may reasonably be written. Contributions from these will satisfactorily

g 5
\ \
+4§\u /§* *
0 0: 0 0:
\ / \ I
HZC -CH2 H?C CHz
(v) (Va)

account for the observations. The only value for a single-bond S-0
distance that has previously been revorted is that found by Westrink

and MacGillevryzz

for the ¥ -modification of (SOz)z. Their value of

0 -
1.60 A, is in more serious disagreement with predicted values than is
the present work. However, no great nrecision is claimed for the atomic

positions.

O
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It is of interest that the C-C distance in each of the mole-
cules appears to be slightly shorter than that usually found. This is
in agreement with values for this distance in ethylene glycol, diethyl
ether, =nd dioxane (see footnote, p. 92). These discrepancies found in
the present work cannot, however, be considered significant since the
limits of error of these distances have been assumed rather than deter-

mined.
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SUMMARY

A determination of the molecular structure of three compounds,
ethylene glycol sulfite ester, ethylene glycol chlorophosphite ester,
and ethylene glycol acetzl has been carried out. In esach compound, the

minimum symmetry Cs-m and & planar configuration of the group O, 2

C-C

was assumed. In the sulfite ester, the assumption of a planar ring led

%0 2 reasonable structure in good agreement with the data, although non-
planar structures could not be excluded. The symmetry Cop~Fmm was ruled
out, but vibration of the 0-5=0 angle about the position finally assigned
could not be proved or disproved. In the chloropvhosphite ester, the ring
is definiteiy non-planar; the plane of O/P\O makes an angle of about %0°
with that of O\C_do. In the acetal, the favored structure contained a
non-planar ring, but a range of planar ring models falls within the region
of acceptability. In the three molecules, a number of anomalous distances
are found and an interpretation of these apparent anomalies is discussed

in terms of multiple end ionic bonds. The structural parameters of the

three molecules are as follows:

Bithylene glycol sulfite ester

C-H 1.09 8. (assumed)
S-H 2.95 o *
c-C 1.52 (£ 0.03) A.*
C-0 1.42 ( £ 0,02) *
8=0 - 1.42 (£ 0.02) =
$-0 1.64 * 0,05 K.

] ¢-6-0 111 t 2°

L 0-S0 106 * 3°

]
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Bthylene glycol chlorophosphite ester

C-H 1.09 K. (assumed)
C-C 1.52 ( £ 0.09) R.#
C=0 1.41 (¥ 0.03) *
P-C1 2,11 ( * 0.02) *

L 0-C-C 107 (£ 2)° "
P-0 1.60 * 0.04 k.

L C-0-P 110 * 2.8°

/ 0-P-C1 100 * 2.8°

The chlorine atom vibrates sbout its mean position such that
the distrivution of Cl——-( distance is in the form of a Gaussian curve
of half-width =0.1 R.

Ethylene glycol acetal

C-H 1.09 2. (assumed)
C-C (individval) 1.53 (assumed)
C-0 (individusl) 1.43 * 0.05 R
=0 (average) 1.43 £ 0.05

L 6=C-0 106 * 4°

L ct-Cc-0 101.5 * 49

L 0-0-C 106,5 x 4°

C!' is the carbon atom outside of the ring

* In these structure determinations, an attempt was made to estimate

the additional errors brought into the investigation by the assumption
of certain parameters in the molecules. The starred parameters are

those fixed in the correlation procedure; the values were taken from the
RDI. The gquantities in parentheses are the variations of these distances
within which the stated 1limits of error of the determined parsmeters
hold.
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ii Naphthalene and Anthracene

The stability and the characteristic arcmabtic properties of
toth naphthalene and anthracene have suggested the formulation of re-
sonating structures for these compounds similar to those proposed by
Kekulé/for benzene. In benzene, the contribution of equivalent structures,
whether they be of the Kekuléj the Dewar or the Claus-Armstrong-Baeyer
type, results in complete six-fold symmetry in the molecule. In naph-
thalene, however, resonsnce between the nearly equivalent structures of
lowest energy, (VI), (VII), (VIII), should result in a molecule in which
the bonds have differing amounts of double-bond charscter (IX). The
length of a C~C bond with 1/3 double-bond character should be, after
Pauling%8 1.42 E.; that of 2 bond with 2/3 double-bond character should

]
be 1.37 A. Similarly, in anthracene, resonance among the structures

(vi) (VII) (vIIy) (1Ix)

(X), (XI), (XTI) and (XIII), which are nearly equivalent and lowest

in energy, should result in bonds with double-~bond character as in (X1V).

(x) (X1) (X111)

Yo A

Y

(XIV)
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The lengths of C-C bonds with 1/4, 1/2, and 3/4 double-bond character
should be 1.44, 1.39, and 1.355 K. respectively.

A number of other treatments, inspired by quantum mechanics,
have been given to the structure of naphthalene. In addition to the
calculation by Pauling, which is outlined above, predictions of inter-

stomic bond distances have been made by Lennard-Jones and Turkevich,‘g

4 2

by Coulson, by Penney S and by Brockway,Beach and Pauling.g6 The
results of these calculations are summarized in Table IV. The bonds

are designated a, b, c, and d as depicted in (IX) above.

Table IV

Theoretical Bond Lengths in Naphthalene

a b (o4 ol reference
Pli 1.42  1.42 1.39 1.42 20
Pyt 1.40  1.44 1,39 1.42 26
g, T 1.44 1.40 1.39 1.40 24
0™ 142 1.4l 1.8 1.40 24
L-d" 1.37 1.39 1.37 1.39 23
py¥i 1,42 1.40 1.38 1.40 25

i From consideration of double-bond character in each bond for equal
contributions of (VI), (VII), and (VIII} (Pauling)

ii From Sherman's wave function®' considering contributions of 42
possible structures (Brockway, Beach and Pauling)

iii From empirical consideration of bond interaction  (Coulson)
iv From a valence-bond treatment of resonance (Coulson)

v From a molecular-orbital treatment (Lennard-Jones and Turkevich)

vi From a valence-bond treatment of resonance (Penney)
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Theoretical treatments of the anthracene molecule have not been
as numerous nor, in general, have the results been as precisely stated
as was the case for naphthalene. The results of numerical calculations

8

by Pauling and coworkerst8:26 ang by Michailov<® are summarized in Table

V. The bonds are designated a, b, ¢, d, and e as depicted in (XIV) above.

Table V

Theoretical Bond Lengths in Anthracene

a b c a e reference
Pt 1.44 1.44 1.356 1.44 1.39 18
Pt 1,474 1.453 1.395 1.446 1.425 26
nildi g 44 1.416 1.375 1.41 1.396 28

i From consideration of double-bond character in each bond for equel
contributions of (X), (XI), (XII), and (XIII) (Pauling)

ii From Sherman's wave function®’ (Brockway, Beach and Pauling) (by Michailov)

iii TFrom a valence-bond treatment of resonance, after Penney25

(Michailov)

Determinations of the structures of ctystalline nz,aph’cha;!.eneg9
and anthracene®0 have been made by Robertson. The molecules were re-
vorted to be vplanar, with atoms at the corners of regular hexagons. The
C-C bond distances were reported to be equal and, in each molecule, to
have the length 1.41 2, Pa.u_'l.ing—g6 has noted small deviations from regu-
larity in Robertson's Fourier projection of the naphthalene molecule and
has interpreted these to indicate that the carbon-carbon distances are

not truly equal.

o
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An electron diffraction investigation of the structure of
naphthalene was carried out by Specchia,gl but only an average value,
1.397 ﬂ, was arrived at for the C-C bond distances.

The present work, a determination of the structures of naph-
thalene and anthracene in the gas phase, is a completion of an lavesti-
gation begun in 1941 by Dr. Jurg Waser, who prepared electron diffraction
photographs of the two compounds and calculated a number of theoretical
curves for naphthalene., The large number of parameters which were to
be determined in each molecule necessitated a procedure somewhat differ-
ent from that which is ususlly followed in electron diffraction investi-
gations. The distances reported by Robertson in nephthalene and anthra-
cene were, for each case, in reasonable agreement with the.peaks in the
radisl distribution function. Theoretical intensity functions which were
calculated from these models, however, were not in full agreement with
the visual curve. The parameters of the Doy model were varied indivi-
dually about the values assigned in the Robertson model, which was used
as a standard for comparison. From a consideration of the effects of
each of these parameter variations on the theoretical intensity curves,
it was vossible to suggest o model, the intensity function for which
would be in best agreement (in the range investigated) with experimental
observations.

The estimation of limits of error for the individual parameters
in naphthalene end anthracene is almost impossibly difficult, since the
treatment of each problem by a systematic correlation procedure is not
feasible. Conseqguently, I have attempted only to estimate the limits of

error for the average bond distance, to determine the model which, in the

]
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region of parameter spaceconsidered, appears to result in the Dest
possible sgreement with experimental observations, and to indicate the
perameter variations to which the theoretical intensity functions are
most sensitive.

In the parameter range investigated, the variations in the
qualitative aspect of the theoretical curves are gquite small; as a re-
sult, much of the comparison of these curves with the visual observations
was made on the basis of the relative positions of the features. Indeed,

the final choice of a favored model was based upon these considerations.,

i Naphthalene

The electron diffraction photographs were taken by Dr. Waser
with the use of the standard high-tempersture nozzle. The jet-to-film
distance was 10.91 cm. Features were observed at g values extending
to about 100,

The visual curve, V, for naphthalene and the radial distribution
function, R, are shown in Figure 4. Peaks are observed at 1.39, 2.20,
2.43, 2.78, 3.08, 3,73, and 4.20 2. These distences are in reasonsble
agreement with the Robertson model. Some theoretical intensity functions
for moleculear models of symmetry Dzh are also shown in Figure 4. The
Robertson model (Curve A) is seen to be acceptable within the limits of
experimental error. Similar models, with angles different from 1200
become unsatisfactory (B and d) in the region of the tenth and eleventh
magima and also in the relative nositions of many of the main features.
The shift in these positions is much larger than that brought about by a

change of 0.03 R. in any bond distance. No combinetion of such chianges
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has been found which brings curves B and C back to coincidence with the
observations. Consequently, it may be that the allowable variation in
the angle is as little as 29, although z precise statement cannot be made
from this examination of a comparatively small number of curves.

A comparison of the relative positions of the main features
in curves B-E and G-L with the visual curve led to the suggestion of a
model, corresponding to curve F, which, in the range of parameters con-
sidered, best represents the appearance of the photographs., Curve F,
after adjustment of the size parameter, corresponds to the following

models

e 1.42, L.
b 1.4‘04

¢ 1.38,

d 1.404

L o 120°

A conclusion concerning the average bond distance in naphthalene
was reached in the following manner: for each of a large number of models
(in the region of parameter space under consideration), the everage bond
distance was multiplied by the 6733 for the corresponding theoretical
intensity curve. The mean of t@e resultant set of numbers was taken as
the average bond distance. The maximum deviation from the mean was taken
as the probable limit of error. The value finally arrived at was 1.597120.02 %;
Of the individual parameters, the angle « appears to be most

precisely determinable by the electron diffraction method. The precision
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in the individual bond distances, as might have been predicted from the
relative effect of displacing the various atoms in the molecule, apoears
to be in the order > ¢ > 4 > a.

A numbver of errors in the interpretation of the photographs
apoear to have been made. The height of the fifth meximum was thought
to be greater than that of the sixth, and the strength of the tenth maxi-
nmum was overestimated. From reexamination of the photographs with parti-
cular reference to these features, it was estimeted that curve F is o
better representation of the photographs in these regions than is the
visual curve. These errors are probably not serious since all theoretical
intensity curves which were considered are similar in the particular
aspects which were misinterpreted.

A comparison between the positions of the main features in the
selected model, which is just Penney's (see Table IV, Py), it happens,
and in Robertson's model with those in the visual curve is made in Table

Vi.



Min Max
1
1
2
2
3
3
4
4
5
5
6
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7
8
8
9
9
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11
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12
13
13
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14
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Teble VI

Naphthalene

Average deviation

¥ Not included in the average

- g S

%4

7.60
10.08
13.92
17.84
23.44

29,44
31.20
34,24
40,00
44,40
47.88
50.40
51.45
53.73
55,28
59,84
64.56
67.28
69.84
72.48
73.76
76,32
80.80
83.44
84,64
87.72
90,08
92.32

a4/ %

(0.990)*

(1.000)*
0.995
1.008
0.987

o e e s
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Figure 4: ZXElectron Diffraction Curves for Naphthalene

>
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Teble of Paremeters (Figure 4)

Naphthalene
A

d
Model a b c a Lt
A 1.40 1.40 1.40 1.40 120
B 1.40 1.40 1.40 1.40 118
¢ 1.40 1.40 1.40 1.40 122
D 1.36 1.40 1.40 1.40 120
i 1.44 1.40 1.40 1.40 120
F l.42 1.40 1.38 1.40 120
G 1.40 1.44 1.40 1.40 120
H 1.40 1.40 1.26 1.40 120
I 1.40 1.40 1l.44 1.40 120
J 1.40 1.40 1.40 1.38 120
K 1.40 1.40 1.40 1.44 120
L 1.40 1.36 1.40 1.40 120

All models oplznar with symmetry_Dgh
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ii __Anthracene

The electron diffraction photographs were taken by Dr. Waser
under conditions similsr to those in which pictures of naphthalene were
prepared. The jet-to-film distances were 10.91 cm. and 20.25 cm.; pic-
tures at the longer camera distance were taken to zid in the estimation
of fine structure in the intensity pettern at swall g values.

The visual curve, V, is shown in Figure 5. Peasks in the radial
distribution function, R, are obtserved at 1.09, 1.41, 2.17, 2.42, 2.83,
3.37, 3.70, 4.19, and 4.98 2. Beyond 5.5 2., no significant peaks ap-
veared in the RDI. The procedure followed in applying the corfelation
method was similar to that ontlined in the introduction to part III b
and to that used in determining the structure of naphthalene. The para-
meters of the Doy model, a, b, ¢, d, e, « and /3 (as shown below), were
varied individually about the values assigned in the Robertson model, A

of Figure 5, which was used as a standard for comparison.

The attempt to determine individual bond distances in anthracene
was of no avsil. The differences in the theoretical intensity curves shown
in Figure S5 are, for the most part, too small to permit one model to be
chosen over other models on the basis of qualitative comparison. The best
model was chosen on the basis of a comparison of the positions of the main
features with those in the visual curve. Variations in the distances g or

4 (curve H, I, J, K) bring aebout such small changes in the intensity

functions that extremely wide limits of error must be assigned to these
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distances. On the other hand, an increase in either the distance D1 or
e (curves G and 0) brings about similar variations in the positions of
the main features so that only an average of these two distances may be
stated.

The Pauling model of anthracene (curve P), described in the
introduction to this section, is considered to be within the acceptable
region. The diffuse nature of the next-to-lsst maximum, the reversed
asymmetry in the last minimum end the general dissgreement in the positions
of these features occur in a region in which the visual curve must be
considered uncertain. Consequently, in the absence of more serious dis-
agreement, curve P is considered acceptable. By comparison with the
visual curve, G is best in agreement with observed data, the average
deviation of Qgpnyc/dypg being 0.007. Average deviations of Qgaye/dobs
for curves A, M, end O are 0.009, 0.009, and 0.010 respectively. Curve
G, after adjustment of the size parameter, corrgsponds to the following

models

The average bond distance, determined as in naphthalene from

a consideration of the q?qo for each of a large number of curves, was

0
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The most precisely determinable parameters in anthracene apnear
to be the angles A and /3 ; these, however, can probably not be estimated
with as much certainty as can the angle in naphthalene. The statement of
the bond distances b, ¢, and e, is probably more precise than that of a
and d, but less so than that of the angles « and (3 o« The quantitative
changes in theoreticzl intensity curves brought about by variations in
the distances b and e are such that their average is probably more pre-
cisely determinable than are the individual distances.

It should be pointed out that several distances in model G are
in disagreement with their respective peaks in the RDI, z2lthough curve G
is in good agreement with the visual curve., No explanation for the anomaly
is offered.

A comparison of the positions of the main features in curve &

with those in the visual curve is shown in Table VII.
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Table VII

Anthracene

AVerage
Average deviation

ag/ 9

0. 9¢
0.9

W ;M

O3

-

0.998
1.027
1.004

0,996
0.980
0.968
0.985
0.999
1.002
0.993
0.993
0.993
0.996
0.997
1.000
1.001
1.005
0.995
0.992
0.989
1.004
0.995
0.990
1.008
0.996
0.995
0.995

0.995
C.007
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10 210 410 610 8|10 1100

q

Figure 5: Electron Diffraction Curves for Anthracene




Model a
A l.41
B 1.41
C 1.41
D 1.41
B 1.41
F 1.41
G .41
H 1.41
I 1.41
J 1,37
K 1.45
L l.41
M 1l.41
N 1.41
0 1.41
P 1.44

411 models planar with symmetry Doy
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Table of Parameters (Figure 5)

l.41

1.41

l.41

1.41

1l.41

1.41

1.41

1.41

l.41

1.41

l.41

1.41

l.41

1.37

1.45

l.44

Anthracene

l.41
l.41
l.41
1l.41
l.41
l.41
1l.41
l.41
l.41
1.37
1.45
1l.41
1l.41

1.355

1l.41
1.41
1.41
1.41
l.41
1.41
l.41
1.37
1.45
l.41
1.41
1.41

1041

1.41

1.44

l.41
1.41
1.41
1.41
1.41
1.37
1.45
l.41
1.41
1.41
1.41
1.41
1l.41
1.41
1.41

1.39

L
120

120
118
122
120
120

120

120
120

120

Lo
120
118
122
120
120
120
120
120
120
120
120
120
120
120
120

120



- 121 -

SUMMARY

The molecular structures of naphthalene and of anthracene have
been determined by the electron diffraction method. The assumption of a
planar structure with a molecular symmetry Dzh leads to models in excellent
egreement with the observed intensity function., The individual C-C bond
distances could not be determwined with a desirable degree of accuracy, but
the average bond distance was determined within very narrow limits. The
models which, in the regions investigated, were favored as being in best

agreement with the visual observations were as follows:

Naphthalene
a 1.424 &.
b 1.404 Average bond
distence 1.89,10.02 A.
L« 120°
Anthracene
0
a l.41ly A,
b 1l.43y Average bond o
e e distance 1.419110.02 A
. d l.4ly
) e l.43y
L « 120°

Lp 120°
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7 Propositions Submitted by Bertram Keilin
Ph.D, Oral Examination, November 23, 1949, 1:00 P,M., Crellin Conference Room

Committee: Professors V., Schomaker (Chairman), C. D, Anderson, R. M., Badger,
S, J, Bates, C, Niemann, J. G. Kirkwood, and L. Pauling

1. a) The molecular structure of selenium tetrachloride in the gas phase has
been reported by Lister and Sutton., Prof, V. Schomaker has pointed out that
at equilibrium selenium tetrachloride vapor is completely dissociated into
SeCl, and 012,2 that the diffraction photographs obtained by Lister and
Sutton may have been of such a mixture, and that their reported data, indeed,
agree more fully with a SeCl, + Cl, model than with any of their SeCl, models.,
It would be interesting to compare photographs taken of an equilibrium mixture
of gas with those taken of a flowing gas. The former would be obtained in
the usual way from an equilibrium gas mixture, the latter, which might pos-
sibly be characteristic of a transient SeCl, ges species, would be obtained
by allowing the vapor from SeCl, crystals to pass continuously across the
path of the electron beam. The excess gas in the chamber should not prove
troublesome in causing secondary scattering of the electrons since it will
be expected to condense rapidly on the walls,
b) The structure of SeCl, may be determined in a diffraction experiment

from the vapor over 582012.3

1. Lister and Sutton, Trans. Far. Soc., 37, 393 (1941)

2. Yost and Kircher, J.A.C.S., 52, 4680 (1930)

3. Wehrli, Helv. Phys. Acta, 9, 329 (1936)

2. The planar model favored by Sﬁandh as representing the structure of
ethylene-methylene dioxide results in a theoretical intensity curve which

is in severe disagreement with his data (obtained from electron diffraction
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ABSTRACT

Part I. The Adsorption of Capillary-Active Materials at the Dropping

Mercury Electrode

It has been found that the addition of a capillary-active
substance to a solution which is to be analyzed at the dropping mer-
cury electrode brings about & decrease in the diffusion current which
passes as a result of the discharge of the reducible ion. Molecules
of the capillary-active compound, adsorbed on the surface of the grow-
ing drop, appear to deactivate a portion of this electrode surface.

As a result, some of the reducible ions or molecules which reach the
electrode vicinity by diffusion do not actually reach the electrode sur-
face, and the current which passes as a result of the reduction is
consequently decreased. As the concentration of capillary-active
material is increased, the diffusion current decreases to a limiting
value which is apparently dependent upon the amount of surface still left
free on the electrode after a monomolecular layer of material has been
adsorbed. IExperimental verification and theoretical consequences of the

foregoing are described in Part I of this thesis,



Part II, [The Polarogrephic Ansalysis of Nitrite and of Nitrite-

Nitrate Mixtures

It has been found that a solution containing both nitrate
and nitrite ions can be analyzed for both constituents in two polaro-
graphic experiments., With one aliquot part, the diffusion current due
to the two constituents in the original solution is measured. In an-
other aliquot part, the nitrite present is quantitatively oxidized to
nitrate and the diffusion current of the resulting solution is measured
as before. The two experiments provide sufficient data for determining
the quantity of each ion in the solution. The oxidation of nitrite is
conveniently carried out with hydrogen peroxide in acid solution and the
excess peroxide is destroyed catalytically by menganese dioxide in basic

solution.
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Part III. An Electron Diffrasction Investigation of the Structure of

Some Organic Molecules

a) Some Cyclic Derivatives of Ethylene Glycol
The results of an electron diffraction investigation of some
cyclic derivatives of ethylene glycol (chlorophosphite ester, sulfite
ester, and acetal) confirm the configuration assigned by the organic
chemist to these molecules. Non-planarity of the five-membered ring
may be demonstrated only in the chlorophosphite ester, in which also
there is found an abnormally long phosphorus-—to-chlorine bond distance
and a subnormally short phosphorus-to-oxygen bond distance. The co-
valent bond distances in the other molecules were shown to be normal
but no conclusion could be drawn concerning the planarity or non-
planarity of the ring systems.
b) Naphthalene and Anthracene
In an electron diffraction investigation of naphthalene,
the average carbon-to-carbon bond distance has been found to be 1.597
+ 0.02 3. The limits of error cannot be narrowed sufficiently to
vermit a definite choice to be mede among the theoretical models proposed
by various workers, but the configuration suggested by Penney and Coulson
appears to be in best agreement with the observations.
In enthracene, the mean carbon-to-carbon bond distance has

been found to be 1.41g * 0.02 &. Although no statement of the limits of

error for the individual distances could be made, it was concluded that



the best model in the region investigated is different than that provosed

by Robertson, in which the aboms lie at the corners of regular hexagons.




PART 1

The Adsorption of Capillary-Active Substances

at the Dropping Mercury Klectrode



THE ADSORPTION OF CAPILLARY-ACTIVE SUBSTANCES AT THE DROPPING

MERCURY ELECTRODE

The polarographic method of analysis was invented by Jaroslav
Heyrovskyl in 1922, when, at the suggestion of Professor G. Kucera, he
attempted to explain some anomalous inflections in the electrocapillary
curve of mercury in electrolyte solutions containing reducible substances.
The method of analysis is based upon the interpretation of the current-
voltage (c.-v.) curve which is obtained when a dilute solution of a re-
ducible or an oxidizable substance is electrolyzed in a cell in which
one electrode consists of mercury falling dropwise from a fine-bore capil-
lary tube. The value of the polarographic method lies in its suitability
for a simultaneous qualitative and quantitative analysis of very dilute
solutions (107° to 1072 molar).

As the potential applied to a dropping mercury electrode
dipped into a solution of a reducible substance is made more negative,
a2 sharp rise in the current passing between the electrodes is observed
at a voltage epproximately corresponding to the equilibrium reduction
potential of the material in solution. The current gradually approaches
a limiting value, and finally becomes constant and almost independent of
further increase in the applied electromotive force. In the presence of
a comparatively large concentration of a non-reducible electrolyte (which
is used to render negligible the transference number of a reducible ion)

and with all other factors constant, the limiting current is a function




of the concentration of the electroreducible substance, The limiting
current is due to a virtually complete state of concentration polari-
zation at the dropping electrode. The reaction which takes place at the
electrode surface brings sbout a decrease in the concentration of the
reducible substance in the immediate vicinity, and a radial concentration
gradient is set up between the electrode and the body of the solution.
Diffusion of the reducible substance to the electrode is controlled by
this gradient and reaches a limit when the concentration at the elec-
trode surface is effectively zero at all times. With an excess of

some indifferent salt (a "supporting electrolyte") present in the
solution, the effect of migration (induced by the electric field gradi-
ent in the solution) in aiding the approach of the reducible substance to
the electrode is negligible and the limiting current is determined ale
most entirely by the rate of diffusion; hence, it is celled & "diffu-
sion current.' The potential of the dropping electrode (with respect

to an external reference electrode) at that point in the c.-v. curve

at which the diffusion current is one-half of its limiting value is
characteristic, for reversible electrode reactions, of the particular
substance which is being reduced, and is independent of the concen-
tration. This voltage is termed the "half-wave potential."

A guentitative description of diffusion to a growing spherical
electrode was first given by Ilkovic? in 1934, MacGillavry and Ridealz
later succeeded in carrying dﬁt a more rigorous derivation of the
Ilkovic equation, but with an identical result. The fundamental

equation relating the average diffusion current, i3, (observed at the




dropping mercury electrode) to the concentration, C, of the reducible

substance is

1, = knDY/ 202/ 341/6 (1)

where K is a dimensional constant depending on the units employed in
the description of the various quantities, n is the number of faradays
of electricity required per mole of the electrode reaction, D is the
diffusion coefficient of the reducible substance in the given medium,

m is the rate of flow of mercury from the dropping electrode and t is
the drop time. The proportionality, under a given set of conditions,
between the diffusion current and the concentration of a reducible sub-
stance is valid only up to concentrations of the order of 10=, In
less dilute solutions, the current which passes is limited by the satu-
ration of the electrode surface; that is, the electrode surface is not
large enough to accommodate all of the reducible material which may ap-
proach it by diffusion.

The shape of the polarcgrephic wave (c.-v. curve) is deter—
mined by the nature of the reaction which takes place at the electrode.
For a reversible electrode reaction in an efficiently buffered solution,
in which the concentration of the products is effectively zero at all
times, the relation Dbetween the instantaneous current and the applied

voltage 1s given by

~ 0,059 i,

where i is the instantaneous current passing to the electrode under the

applied potential, By,e,, ig is the limiting diffusion current and E1/2



is the half-wave potential.4

The current-voltage curves do not always exhibit the ideal
shape described above. In the polarogrephic analysis of certain mole-
cules or ions, one of the general characteristics of the c.-v. curve
is the pronounced maximum which occurs unless special measures are taken

to suppress it. The maximum is perfectly reproducible5

and usually
independent of the direction in which the applied electromotive force

is changed. As the applied voltage is increased, this feature of the
curve always begins at a point approximetely corresponding to the toe

of the normael c.-v. curve and is characterized by & linear increase in
current until a maximum is reached. The shape of the maximum may vary,
for different substances, from a sharp, almost discontinuous peak, to

a well-rounded hump followed by a more or less rapid decrease to approxi-
mately the expected value of the diffusion current, as predicted from

the Ilkovic equation.

Many attempts have been made to explain the nature and the
origin of the polarographic maximun. Heyrovsky6 and Ilkovic7 attributed
the phenomenon to the adsorption of the reducible substance at the sur—
face of the drop, whereby the concentration of reducible substance in
the immediate electrode area is increased above that in the body of the
solution and normal concentration polarization is prevented. This
theory has been strongly oppesed by Antweiler and von Stackelbergso9
who interpret maxime as an electrokinetic effect. These workers, and
also Frumkin and his coworkers,lo'll'lz have shown conclusively that

there is a pronounced streaming of the liquid around the mercury drop

]



at that stage in the reduction at which a maximum occurs in the c.-v.
curve. Although many attempts have been made to explain the polaro-
graphic meximum, none of them has thus far been accepted as a completely
satisfactory explanation of the phenomenon; all, including the two men-
tioned sbove, appear to meet with serious theoretical difficulties.

Barly in the development of the polarogrephic method of
analysis, it was discovered that maxima could be suppressed by the
addition to the solution of small traces of certain capillary-active
ions (or molecules) or of various non-capillary-active ions or charged
colloids. According to Heyrovsky,5 the Hardy-Schultze rule, with some
exceptions, has been found to hold for the suporession of maxima by non-
capillery-active substences. For the most part, investigators, interest-
ed mainly in practical polerographic analysis, have treated the phenom-
enon as a nuisance, to be eliminated in whatever way possible. The small
effect on the limiting current which sometimes occurred as a result of
the addition of capillary-active substances to the solution was ignored,
especially since incomplete data on diffusion coefficients often render
predictions of the diffusion currents from the Ilkovic equation uncer-
tain, and accurate polarographic analysis is, for the most part, empi-
rical. In the few cases in which the effect was large, aettempted ex-
planations were short, scanty, and highly unsatisfactory.

Although the phenomenon of maximum suppression was early asso-
ciated with the adsorption ofwmolecules at the dropping electrode, the

steric hindrance and concomitant deactivation of portions of the elec-

trode surface which one should expect as a result of the adsorption has




epparently not been considered or discussed. It will be shown here
that the adsorption of a protein at the dropping mercury electrode may
have a large effect in decreasing the limiting current of a reducible
substance, that the decrease is a function of the protein concentration,
and that there is a limiting concentration of protein ebove which ne

further decrease in the diffusion current is observed.,




BXPERIMENTAL PROCEDURES AND RESULTS

a) Prevaration of Solutions and Recording of Polarcgrams

Polerogrems were recorded at 25°C. (¥19) on a Heyrovsky Polarograph,
Type XII, manufactured by E. H. Sargent and Co., Chicago, Illinois.
Oxygen was removed by bubbling nitrogen through the solution, since it
was found to have a large effect on the properties of the c.-v. curves.
Potentials were measured with respect to a saturated calomel electrode
(S.C.E,) which acted as a standard. The polarograms were analyzed ac-
cording to the graphical method, a correction being made as usual for
the residual current.

Experiments were carried out with the dye p-hydroxyphenyl-

azophenylarsonic acid (HPA),

//"r”——-w" /OH
Haxb__“;>N== As =0
% NOH

or with cystine, (HOOC - CH(NHp) - CHpS -)5, as the reducidle sub-

stance. Sodium chloride, 0.15 M., was used as the supporting electro-
lyte and the solutions were buffered at pH 8 with 0.02 M. veronal, the
monosodium selt of diethyl barbituric acid, Hgls = CgHg e« In

7 ~

0=¢C =20
l

solutions of the reducible azo dye, no maximum suppressor is needed in

the range of concentrations which were of interest, although a pronounced




maximum occurs in the c.-v. curve at concentrations above 10=2M, In
the reduction of cystine, thymol was used as a maximum su.ppressor.l3
A variety of protein substances were used. Quantitative ob-
servations were made on solutionscontaining purified horse albumin (pre-
pared by Dr. G. Wright at this laboratory) or crystallized human albumin
(supplied by the Harvard Medical School). The protein content of these
preparations was determined by an estimation of the amino nitrogean with
Nessler's reagent {analyses by Mr. D. Rice). The results in similar
experiments were identical in the two cases. Qualitative comparisons
were made with normal rabbit serum, normal sheep serum, purified rabbit
globulin, azo albumin (diazo-p—arsanilic acid coupled to purified al-
bumin), and anti-Ry serum (rabbit serum which contains antivodies for

the haptenic p-azophenylarsonic acid group).

b) Diffusion Current Constant of p-Hydroxyphenylazophenyl-

arsonic Acid

A test of the accuracy of the Ilkovic equation (1) and a determination
of the ratio (known as the "diffusion current constant") between the
diffusion current and the concentration of HPA was first carried out.
The results of this series of experiments are tabulated in Table I,

and are illustrated in Figure 1, wherein the diffusion current is plot-
ted directly against the concentration. A typical polarogram is re-

produced in Figure 2.




Table I
p-Hydroxyphenylazophenylarsonic Acid

The Ratio of the Diffusion Current to the Concentration of Azo Dye
All solutions 0,15 M. in NaCl, 0.02 M. in Veronal; pH 8;

temp. 259C.; m2/3t1/6 = 1.5038 mg.z/s-sec.'llz.

Conc. of Azo Dye,0 Diffusion Current,iy Diffusion Current Half-Wave

(millimoles/liter, (microamperes, Constant, K! Potential,El/g**
s 4

mm. [1.) pa.) (k' = ‘E;§7§;i7g) (volts vs. S.C.E.)
0.986 3,72 2,50 =0,419
.906 3,38 2,48 .418
725 2.76 2.53 .419
0 362 1.36 2,50 0416
.181 0.69 2,55 «416
+136 « 51 2049 o417
0906 0 34 20486 0422
. 0453 .18 2,60 «42l
.0181 .07 2.53 0420
Average 2e 52 =0,419
Average Deviation 0.03 0.002

* Units of K' are ,4a.-ﬂ.—mﬁ.‘l—mg.‘g/s-sec.l/z

*%  The last figure is considered to be unrelisble
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It may be seen from Table I and from Figure 1 that with all
other factors held constant, there is strict linearity between the
diffusion current and the concentration of the azo dye in the concen-
tration range investigated. The average diffusion current constant, X',
is 2,52 microamperes—liters-millimo1es‘l-milligrams‘z/z—secondsl/z, with
an average deviation of 1.3% and a maximum deviation of 3.2%, well with-
in the limits of experimental error. The half-wave potential was found
to remain constant (within the limits of error of measurement) at -0.42
volts with respect to a saturated calomel electrode.

From the studies of Shikata and Tachil®:1% ang of Nga,16 it
appears that two electrons are involved in the reduction of the azo
group at the dropping mercury electrode and that hydrazo compounds are
the reduction products:

R-N=§-R+2H + 2 —> R-NE-DNH-R. (3)
If the Ilkovic equation (1) is written in the form

K - kopb/2 - “575‘171 e (4)
G ]

m

then, with K' in the units employed in Table I and D in cm.z/sec., the
dimensional constant K has the value 605 'Aa.—sec.-cm.-mg.‘z/g-f.-mm.“l—
Fy‘l, where Fy is the faradsy. Substituting in equation (4) the average
value of K' (from Table I) and setting n equal to 2, the value for the

diffusion coefficient of the azo dye is seen to be

D

4.53 x 10~%cm? /sec.
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This value is in reasonably good sgreement with the value

-6

D = 5.55 x 10 %n? /sec.

which is calculated from the Stokes-Einstein relation between the

diffusion coefficient and the molecular weight of a spherical molecule.”

This result serves to confirm the conclusion of Shikata and Tachi and

of Nga (loc. cit.) with respect to the end-product which is formed as

a result of the reduction. It is evident then that the concentration

of hydrogen ion will affect the position of the wave and that the solu-

tions must be efficiently buffered to insure reproducible results.
Analysis of a typical c.-v. curve of HPA gives a result

which throws question upon the general conclusion of Conant and Prattl?

and. of ‘I'achil8 that the azo-hydrazo systems are reversible., According

i
to equation (2), a plot of the applied potential sgainst log (TE%I)

should result in a straight line with o slope of 0.0295 for a reversible

S e e SR emen  cemy e e omn mms  Gom D e OmD  Gmm e wmn e e Gew ewm  mewm  em G S S b s wOD s s Gmn e e

e . . : <
The assumption of a spherical molecule in this case is a poor one

and accounts partly for the- disagreement betwsen the calculated and the

observed values of the diffusion coefficient. This azo dye molecule un-

doubtedly has an elongated ellipsoidal shape rather than a spherical one.
The Stokes-Einstein relation is given by

D+ N (B
= M V3

TN (Z7hn
where R is the gas constant, T is the absolute temperature, W\ is the vis-
cosity of the medium, N is Avogadro's number, M is the molecular weight of
the dye, and P is the density of the dye. The value 0.00895 poises (dyne-
sec.-cm,~2) was used for the viscosity of the saline solution (I.C.T.),
and the density of the dye was found by Dr. Arthur B. Pardee to be 1.5
gns. /cc.
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two-electron reduction. The results of such an analysis are given in

Table II and are plotted in Figure 3.

Table II

p-Hydroxyphenylazophenylarsonic Acid

Reversibility of the Electrode Reaction

i

Bs.e. ZZ;;IT
(voilts vs. 5.C.E.)
-0,380 0.148
« 390 . 239
400 474
«410 . 866
«420 1.640
»430 2.781
- 440 4,602
.450 8,340

These data correspond to 1.50 electrons per molecule for a
reversible reduction. The reproducibility of this result in curves
obtained from solutions of different dye concentrations makes it im-
probable that the deviation from the valus of 2 for the number of elec-
trons involved in the overall reduction is attributable to an error in
measurement. It may well be that the electrode reaction takes place in
two stages, one being reversible, the other irreversible. In any case,

it must be concluded that the overall electrode reaction is irreversible.

]
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c) XEffect of Protein on the Diffusion Current of p-Hydroxy-

phenylazophenylarsonic Acid

The characteristics of what might be called the normal polarographic
reduction of the azo dye having been determined, it is now possible to
consider the effect on the diffusion current of the addition of protein

to the solutions. A series of solutions were prepared containing constant
concentrations of dye, sodium chloride, and veronal, but various concen-
trations of purified horse albumin. A similar series was prepared with
crystallized human albumin. The hydrogen ion concentration was care-
fully adjusted to pH 8, and a polarogram was recorded for each of the
solutions. The composition of the solutions and the results obtained

from the polarograms are tabulated in TablesIII and IV,




Table III
p-Hydroxyphenylazophenylarsonic Acid
Diffusion Current of Dye in the Presence of Horse Albumin

All solutions 9.86 x 10~%M. in dye, 0.15 M. in NaCl, 0.02 M. in

Veronal; pH 8; temp. 25°C., w2316~ 1, 503 mg.g/ssec.'llz.

Conc. of Horse Albumin Diffusion Current Heolf-Weve FPotential

(moles/g. x 107) (pa.) (volts vs. S.C.EB.)®
228 0,94 -0,515
114 1.01 « 513

79.9 1.17 o012
68.5 1.26 . 5l4
57.1 1.48 « 810
45,7 1.76 » 508
40,0 1.84 - 503
28,6 2. 28 475
22.8 .74 -448
11.4 3,30 .431
7.99 3.48 «426
6.85 3.55 «420
5.71 3,75 .419
. 4,57 3.68 .418
1.14 3,79 0416
0.114 3,71 0412

* The last figure is considered to be unreliable.

o
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Table IV
p-Hydroxyphenylazophenylarsonic Acid
Diffusion Current of Dye in the Presence of Human Albumin

All solutions 9.86 x 10-4M. in dye, 0.15 M. in NeCl, 0.02 M. in

Veronal; pH 8; temp. 25°C.; m2/3t1/6 = 1.503 mg.g/s—sec.'llz.

Conc. of Human Albumin Diffusion Current Half-Wave Potential

(moles/€. x 107) (ram) (volts vs. S.C.E.)*
228 0.94 =0,517
114 1.01 « 514

79.9 1.19 « 512
68.5 | 1.24 . 511
57.1 1.45 . 510
45,7 1.75 » 506
40,0 l.84 . 502
28.6 2. 30 472
22,8 2076 . 453
11.4 3. 31 » 430
7.99 3. 52 0427
6.85 3,59 420
5.71 3.68 2418
4,57 3,70 0418
1.14 3,73 415
0.114 3o 74 414

* The last figure is considered to be unreliable.

o
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The similarity of the results recorded in Table III to those
in Table IV is immediately striking. It is apparent that horse albumin
and human albumin have the same effect on the diffusion current of the
azo dye. A comparison of a typical current-voltage curve obtained from
a dye solution containing protein with that from a slightly less concen-
trated dye solution containing no protein is made in Figure 6. The
Qiffusion current of the former has been suppressed far below its normal
value. Control solutions containing protein, salt, and buffer at pH 8,
but no reducible ion, exhibit no diffusion current. In such solutions,
the slowly increasing residual current shows a sharp change in slope in
the neighborhood of the electrocapillary zero, indicating a change in
the cell resistence, due perhaps to the beginning of desorption of the
protein from the mercury surface. It should be noted (Figure 6) that
the diffusion current of a dye solution contalining protein does not
reach a true limiting value, but that after leveling off, it begins to
increase sharply again in the neighborhood of the electrocapillary zero,
almost reaching its normal value before the discharge of hydrogen ion.
It seems likely that the decrease in the diffusion current of the dye
which is brought about by the addition of albumin to the solution may be
attributed to a decrease in the electrode surface available for reduction.
The protein molecules which are adsorbed at the interface may constitute
a real barrier to the approach of dye molecules to the electrode, and
thus prevent a portion of those which reach the electrode vicinity by

diffusion from undergoing reduction. The adsorption of protein at the
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mercury surface may also be expected to be diffusion-controlled; if so,
the average fraction of surface covered by protein during the life of the
drop ;hould increase with increasing concentration in the solution to a
limiting value which corresponds to a monomolecular layer being effectively
maintained over the surface. The diffusion current is found to decrease
to a limiting value which, however, is not zero. It may well be that the
interstices in a monomolecular layer of protein are of such a size that
a portion of the dye molecules may still reach the electrode surface
although no furtkher protein can be absorbed. The abrupt increase in
current which is observed after the initial attainment of the diffusion
current occurs in the neighborhood of the electrocapillary zero, and may
be due to desorption of the protein from the electrode surface. The
initiation of the desorption process is perhaps attributable to the
change in the sign of the charge on the mercury drop as the epplied
potential becomes more negative than that corresponding to the electro-
capillary zero. The electrostatic repulsion of the negatively charged
electrode for the similarly charged protein molecules (at pH 8) may then
begin to overcome the adsorptive attraction of the mercury surface, and
desorption occurs with a resultant increase in diffusion current.

The shift in the half-wave potential Dbrought about by increasing
the protein concentration in the solution should be pointed out here.
This result is not necessarily indicated by the foregoing hypotheses, The
character of the initial wave éppears to change in the presence of pro-
tein, with the current increase becoming more diffuse so that at large

concentrations of protein, the attainment of the pseudo-limiting current
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is almost coincident with the initiation of the desorption process; how-
ever, at low protein concentrations, a half-wave shift in the initial
wave is observed although the resolution of the two waves is complete
(See Figure €, curve B). It must be noted that the composition of the
solutions and the cell characteristics are changed by the addition of
protein, the effects of which are not easy to predict in this irreversible
system. It is well known that changes in the concentration or in the
nature of a supporting electrolyte may bring about unexplained changes
in the half-wave potential of a reducible ion, even in a reversible
system. In this light, it is difficult to determine whether the half-
wave shift in the present work is significant or important. Similar
data for some reversible redox systems would be desirable and enlighten-
ing for the resolution of this difficulty.

The data in Tables III and IV are plotted in Figure 4, from
which it may be shown that an empiricsl equation which describes the

experimental data extremely well is of the form
1 1
1n k(ig - i) = -k Cys (5)

where ig is the diffusion current observed in a solution of azo dye

with albumin concentration CP’ and ié is the minimum diffusion current
observed in similar solutions containing increasingly larger concentrations
of the protein. The validity of this relation is illustrated in Figure 5,
in which a plot of log (i - ié) egainst the protein concentration, Gy,

results in a straight line. An explanation of these phenomena is pre-



- 10 «

sented later in this thesis and a theoretical expression which is in

reasonable agreement with the experimental data, but which is not of the
form of equation (5) is deduced. It appears that either the validity of
equation (5) in this form is coincidental, or the assuuptions made in the

development of the equations later in this thesis are not adequate.

d) Saturation Current at the Dropping Mercury Electrode

In a previous section of this thesis, it has been mentioned that the

ratio of the diffusion current of a reducible substance to its concen-
tration in solution is constant only over a limited range of concentration.
As the concentration is increased, the limited amount of electrode surface
available for reduction becomes important in determining the current
density; that is, above some limiting concentration, the electrode can no
longer reduce all of the molecules or ions which would reasch its surface
if complete concentration polarization were to occur. Consequently, there
is a concentration of dye above which the polarization is incomplete and
the diffusion current attains a maximum value. If, as postulated in the
preceding section, a protein molecule adsorbed at the mercury-solution
interface immobilizes a portion of the electrode for use in reduction, it
would be expected that in the presence of protein, the sa@uration current
will be decreased accordingly. The dropping electrode, in z solution
containing protein, should act toward a reducible ion as if its surface
area were smaller than that calculated from the cepillary constants, and
at a given protein concentration, the fractional decrease of the diffusion

current should be independent of the dye concentration. In order to

o
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examine the effect of protein on the maximum diffusion current, an
experiment was carried out in which the diffusion current was measured
in solutions having a constant protein concentration but various concen-

trations of dye. The results are tabulated in Table V.
Table V
p-Hydroxyphenylazophenylarsonic Acid

Variation of the Diffusion Current with Concentration in
the Presence and in the Absence of Proteins

All solutions Q.15 M. in NaCl; C.02 M. in Veronal, pH 8; temp. 259C.;
mz/stl/6 = 1.503 mg.z/s—sec."l/z.

Conc. of dye Diffusion Current, i}, Diffusion Current in i
in presence of protein* absence of protein, ig TQ
(millimoles/R.) (microamperes) (microamperes) 14
0.181 0.25 0.69 0.36
0.362 0.50 1.36 o 37
0.725 Q.99 2.76 . 36
0.906 1.2 3.38 .36
0.986 1.36 3.72 « 37
1.36 1.80 5.09 « 35
1.81 2,04 5.82 «35
2.7 2013 _ 6.03 035
2,72 2,11 5.98 « 35

* These solutions were 6.1 x 10'6M. in crystallized human slbumin.
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It may be noted in Figure 7 that the maximum current, both in
the presence and in the absence of proteins is reached at almost exactly
the same dye concentration, although the current density is greatly de-
creased in the former case, and that the ratio ic'l/id remains constant
over the entire range investigated. The results of this series of ex-
periments appear to support very strongly the hypothesis of reduced
electrode surface.

e) Effect of Other Proteins on the Diffusion Current of

Azo 2]

Qualitative observations have indicated that other proteins have an
effect similar to that of albumin on the diffusion current of HPA.
Lack of pure materials, however, rendered quantitative studies un-
attractive. The addition, to buffered saline solutions of HPA, of any
of the following materials was found to suppress the diffusion current
of the azo dye appreciablys*

Normal Rabbit Serum

Normal Sheep Serum

Purified Rabbit Globulin

Azoalbumin (diazo-p-arsanilic acid coupled
to albumin)

Anti-R, Serum (rabbit serum containing anti-
bodies for the haptenic p-azo-
phenylarsonic acid group)

No protein-containing substances were found which did not materially

affect the diffusion current of HPA. Control solutions of the above

* In preliminery experiments, a similar qualitative effect was observed
in the reduction of cadmium ions in the presence of gelatin, but this re-
sult may be due largely to a change in the viscosity of the solution,
which would affect the diffusicn coefficient of the cadmium ions.
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proteins ( in the absence of a reducible substance) characteristically
exhibited no diffusion wave, but there was evident, in each polarogram,
2 sharp change in the slope of the residual current line at applied
potentials in the neighborhood of that corresponding to the electro-

caplllary zero.

f) Effect of Thymol on the Reduction of Cystine

A survey of the literature revealed an example in which a decrease in
the diffusion current from solutions of & reducible substance was attri-
buted to the effect of maximum suppressors. Kolthoff and Barnum!® in-
vestigated extensively the effects of gelatin, phenol, resorcinol, thymol,
methylene blue, methyl red and camphor in suppressing the maximum in the
reduction wave of cystine. They observed current suppressions, half-
wave shifts and changes in the shape of the wave. These authors propose
that "cystine must be oriented in a favorable position at the surface of
the electrode before it can be reduced" and that "the capillary-active
substances inhibit this orientation." This picture seems rather unclear
and it is difficult to say whether the authors had in mind an explanation
similar to the present one, or whether they intended to imply only that
the effect was due to the capillary-active substance in a way which they
did not clearly understand.

A orief and very incomplete confirmation of the results of
Kolthoff and Barnum is reportéa in this section. A series of solutions
was prepared in which the concentration of cystine was held constant as
the concentration of thymol was varied. The composition of these solu-

tions is given in Table VI,
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Table VI

Composition of Cystine Solutions

All solutions 0.001 M. in cystine, 0.15 M. in NaCl; pH 1; temp. 259C.;
n?/3:1/6 = 1,503 mg.?/®-sec.”1/?

Solution Number Concentration of Thymol
(moles/€. x 10°)

1 0.00
2 1.00
3 3,00
4 9.00
5 10.0
6 15.0
7 20,0

The polarograms of these solutions are reproduced in Figure
8. The trend is clearly indicated. As the concentration of thymol is
increased, the reduction wave of cystine is shifted to more negative
potentials. From these curves, it appears that the adsorption of a mono-
molecular layer of thymol completely suppresses the reduction wave of
cystine, which is observed only after desorption has begun. At low concen-
trations of thymol, the desorption from the electrode appears to occur at
a potential which is only slightly greater than that corresponding to the
beginning of the reduction of cystine. However, as the concentration of
thymol is increased, there is observed a decrease in the slope of the
initial portion of the reduction wave and an increase in the slope of the
final portion which are analogous respectively to the small diffusion

current observed for HPA in the presence of proteins, and the increase

ﬁ
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in current observed as the desorption of protein occurs. The shift in
the half-wave potential is probably due to the increasing difficulty with
which thymol is desorbed as its concentration increases. IFurther dis-
cussion of the curves is given later.

g) Bffect of Adsorbed Protein MMolecules on the Mercury Droplet

The polerographic experiments carried out with solutions of azo dye in
the presence of proteins were characterized by a reluctance of the mer-

- eury drops to coalesce at the bottom of the electrolysis vessel. The
droplets remained separate and failed to coalesce even after violent shak-
ing or profuse washing. In order to study the adsorption more directly, a
cell was devised in which the mercury droplets formed at the electrode just
above & liguid boundary between & solution which was 2.2 x 10‘5M. in horse
albumin, 0.02 M. in veronal, and 0.15 M. in NaCl at pH 8, and another solu-
tion which was simply 0.75 M. in NaCl. In this way, an attempt was made to
preclude the adsorption of protein on the droplet after it had detached it-
self from the capillary. VWhen the droplets were ellowed to form at zn ap-
plied voltage less negative than ~2.2 volts (vs. S.C.E.), the drops did not
coalesce. ‘When the applied votential was more negative than -2.2 volts,
however, the drops coalesced immediately. NMoreover, when the drops were sl-
lowed to fall, at -2.2 volts or greater into a previously collected pool of
individual droplets, the entire pool slowly fused, a few drops at a time,
as each fresh spherule joined the group. A collection of discrete globules
of mercury could also be made ;o coalesce by passing & platinum electrode,
at a potential more negative than -0.7 volts, through the array. The speed
of fusion increased as the voltage was increased, being extremely slow up

to -1.1 volts and extremely rapid in the neighborhood of 2.0 volts.

o



It seems likely that the apparent discrepancy between ~0.7 volts
for coalescence of the mercury dronlet pool by & platinum electrode and
-2.2 volts for immediate coalescence upon leaving the capillary may Dbe
explained as follows: desorption of the albumin from the mercury surface
occurs at any applied voltage more negative than -0.7 volts (vs. S.C.E.).
However, between -0.7 and -2.2 volts, the charge on the drop, after it
leaves the electrode, is rapidly dissipated and, despite the precautions
teken, albumin is adsorbed on the surface before the drop lesaves the pro-
tein medium. “hen the applied voltage is more negative than -2.2 volts,
it is to be expected that during the growth of the drop, sodium ions from
the solutions are reduced; conseguently, the surface of the falling drop
consists of a dilute sodium amalgsm. The discharge of sodium from this
amalgem, as the drop falls through the solution, may maintain a potential
sufficient to preclude the adsorption of protein.

These experiments, supoorting very stroagly the adsorption hyno-
thesis, lend added credibility to the explanations presented in the pre-

ceding sections which are more fully developed in the following discussion.
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DISCUSSION

It seems likely from the results of the experiments described
that the large effect which proteins have on the polarographic properties
of a solution of a reducible substance may be attributed to adsorption
of the protein molecules on the surface of the dropping mercury electrode.
That such adsorption does occur was recognized early in the history of
polarography and is further borne out in the present work by the reluctance
| of the individual mercury droplets to fuse with one another after depart-
ing from the end of the capillary.

In general, the number of solute molecules adsorbed from any
solution onto a surface increases with increasing concentration, but reaches
a limit when the concentration is such that a monomoleculsr lsyer of ad-
sorbed molecules is maintained over the surface. It will be assumed, in
the following discussion, that these considerations apply to the adsorption
of proteins at the dropping electrode, and inferences will be drawn to ex-
plain the observed phenomens.

That the presence of adsorbed molecules may impede the aporoach
of other particles to the electrode and thus by a steric effect hinder the
reduction has not heretofore been considered. The diffusion current which
passes in a polarographic experiment is dependent upon the number of parti-
cles which reach the electrode for reduction. If a particle is unable to
undergo immediate reduction because that portion of the electrode toward
which it is approaching is covered by a protein molecule, it may be de-

flected back toward the body of the solution. Of those molecules which




enter the electrode vicinity at a given time the fraction which cannot make
contact with the reducing surface and are consequently deflected should be
Just equal to the fraction of the surface which is covered by the adsorbed
material. Complete concentration polarization would hence not be achieved,
the concentration gradient between the electrode surface and the body of
the solution would be less than predicted and a decrease from the normal
diffusion current would be observed.

It seems likely that at any given instant in the life of the
drop the fraction of electrode surface which is covered by protein mole-
cules increases with the protein concentration in the solution to a limit-
ing value which corresponds to the adsorption of a monomolecular layer.
Such a monomolecular layer, however, need not completely inactivate the
entire surface of the electrode. If it be assumed that for secondary
layers of protein molecules the adsorptive forces are weak or absent, as
will be true for a soluble protein, except possibly at the isoelectric
pointy the adsorbed film, consisting of a single layer of large ellipsoidal
particles, may, even in closest packing, have holes of a size large enough
to permit some of the reducible material, usually smaller in size, to reach
the electrode and underge reduction. On the other hand, the holes in the
adsorbed film would be too small to allow other protein molecules to fit
among those which are adsorbed in the primary layer. Thus in increasing
the concentration of albumin the effect would be to decrease the diffusion
current of an azo dye to a limi;ing value which would not necessarily be
zero (Figure 4). In this case, the diffusion current is suppressed by

protein adsorption to about twenty-five percent of its normal value. For




comparison, it may be noted that a layer of ellipsoids in closest packing
projected onto a flat surface leave interstices which total about 9.1 per-
cent of the area. The percentage of voids in simple rectangular packing of
ellipses is about 21.5 percent. In view of the present hypotheses, the
monomolecular layer of protein molecules apparently does not arrange itself
into a closest packed array.

Further evidence in support of the present hypotheses is afforded
by an examination of the characteristic effects of saturation of the elec-
vtrode. It has been shown, for example, that the capacity of a mercury
electrode in saturated solutions of capillary-active orgenic substances
depends inversely upon the chain length of the molecule.19 In Pigure 7,
the varistion of the diffusion current with concentration of azo dye in
the presence of a constant concentration of protein is compared with that
in the absence of protein. It is striking that the fractional decrease in
current brought about by a given amount of protein is constant. It may be
inferred that the average fraction of surface covered during the life of
the mercury drop remains constant in the presence of a given concentration
of protein, and that the diffusion current is affected accordingly. It
mast be pointed out that the effects which are discussed here are average
ones, over the surface of the drop, since with portions of the electrode
surface inactivated, the spherical symmetry of the diffusion layer would
be destroyed.

Since the adsorption process at the electrode surface would also
be diffusion dependent, it may be asked whether, at a protein concentration
at which the limiting suppression is achieved, it is possible for enough

protein molecules to reach the electrode to maintain e monomolecular layer

over the surface. Such a calculation must of needs be ideslized since in
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the actual case such factors as the electrostatic forces between the
electrode and the protein molecules and the competition between dye and
albumin molecules for the electrode surface must be considered as well as
the fact that the spherical symmetry of the concentration gradients is
destroyed by molecules which are neither adsorbed nor reduced at the mer-
cury surface, even though they reach the electrode vicinity.

Let it be assumed, for simplicity, that the diffusion of protein
to the mercury drop may be described by the Ilkovic equation (1); that is
to say, that all protein molecules which reach the electrode vicinity are
immediately adsorbed on the surface and are thus effectively removed from
the solution. The Ilkovic equation (1) may be alternately written

N = 0.68 cn?/3¢1[6 pl/2 (6)

where N is the number of moles of diffusing substance reaching the electrode
during the life of the drop, t .. (secs.); D is the diffusion coefficient
(cm.z/sec.); C is the concentration (moles/cc.); and m is the dropping
rate of mercury (mg./sec.).

In the present experiments, m = 1.22 mg./sec. and thax = 5.33 secs.
at approximately the reduction potential of the dye: The diffusion coeffi-

7

cient of horse albumin is approximately 6 x 107 cmz/sec. Consequently,

N = 3.9 x 105, (7)

Since the concentration of albumin at which the diffusion current of azo
dye reaches its minimum value is approximately 1 x 108 moles per cubic
centimeter, it is seen that 3.9 x 1018 nmoles of protein may reach the
electrode under the stated conditions. Assuming again, for simplicity, a

spherical albumin molecule with a density of 1 gm./cc., and a molecular
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weight of 70000, the radius of each molecule is calculated to be 3.03 x
10’7cm. The projected area of a sphere of this radius onto a flat sur-

face is then 2.88 x 1071%

sq. cm., and the projected area for all mole-
cules which mey reach the electrode during the life of a drop is 0.0676
sq. cm. From the known weight of each droplet, 6.6 mg., the maximum area
of the surface is calculated to be 0.0264 sq. cm. Thus, under the ideal
conditions set forth, approximately two and a half times as much protein
may diffuse to the electrode during the life of the drop as is actually
needed to cover the maximum surface attained. The agreement in order of
magnitude is good.

An approximate expression for the reduction of azo dye under
conditions similar to those specified in the preceding calculation may be
derived. Let us assume the Ilkovic equation (1) for the flux of diffusing
molecules to & growing surface to hold, both for protein and for reducible
substance, with the exceptiomsonly that the instantaneous reduction current
is diminished by & fraction equal to the fraction of the electrode surface
which has become covered by protein and that the rate of deposition of pro-
tein molecules is similarly decreased but with a different proportionality
constant. The assumption (which would appear to become increasingly ine
adequate as the protein concentration is increased) is that in effect the
molecules which are not permitted to reach the electrode surface simply
cease to exist insofar as the d?ffusion problem is concerned. Let us denote
by X the area of the electrode per unit area covered by protein at a given
time, t, in the life of the drop. The amount of protein on the electrode
in units of (area excluded to other protein molecules) per unit area is

then k, X, where k, moy be described as the protein-protein blocking factor,
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introduced to express the hypothesis that the inactivation of the surface
with respect to the adsorption of more protein is greater than the area
actually covered by the previously adsorbed albumin molecules. Let us
then write

i=4(1-2X), (8)

where i is the instantaneous reduction current at time, ¢, in the presence
of a concentration, C,, of protein and i, is the corresponding instantaneous
‘current in the absence of protein. Let us denote by T the amount of protein

on the drop in the units of area covered. Then

p = s,x = am/HEPEOR/E o B0 (9)

where 5, is the surface area of the drop at time, t; m is the dropping

rate of mercury and d is the density of mercury. Let us now write

4T _ ,4r
e =3, -3, (10)

where (%%)o is the rate at which protein diffuses toward the drop which,

under our assumptions, is given by the Ilkovic equation. Hence,
aly  _  0.78 1/2, 2/3.1/6
(35 = i D/ %0 24O, (11)

where D is the diffusion coefficient of the protein and ks is introduced

to convert to units of area. k2 is then the number of moles of protein

which cover unit surface area of the drop. From equation (10) and (11),

then,
ar _ 41/6 _ 1T
i o= et/ - i/2 (12)

where a = Qingl/chmz/s, end b = 2KL | Equation (12) is a linear differ-
P iy

ential equation, the solution of which may be found in any elementary
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treatise on differential equations. For this particular equation, a
solution in terms of a useful, convergent, infinite series is:
T = 6/7 at’/8 - 6/7 6/10 avt10/66/7 6/10 6/15 av?t1B/6 .. (13)

From equation (9), then,

T

2
*e2/s T 6/7 afo t+/2 - 6/7 6/10 %‘l t +6/7 6/10 6/13 %E £3/2 .. (14)

and from equation (8),

2
i=1,(1-3X) =atl/6(1-8a4l/2, 6 68b 4 _ 666 ab” 32, (15)
7P 710 0p 710 13 p

where i, = Atl/5 is given by the Ilkovic equation. The average current,

which is measured experimentally, is then given by

.
T=1 jidt = 6/7 arM/8 _ 67 6/10 2274/6 , /7 6/10 813 £aRT/6 L __ (16)
P p
]

where T is the drop time. But

T r
I, - L [iodt - 1 fAtl/sd.t = 6/7 At?/6
LA T

=]

o

2 af
e T T~ T,(6/10 371/2 - 6/10 6/13 %ET+6/10 6/13 6/16 %E.,z/a.-. (17)

Let T, - T= T, and let u = 66T 1/2, Then, from equation (17), since

a/b = p/kl ’

ki 81 | (u/10 - u2/10-13 + u3/10°13-16 - + —==x), (18)
S
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or ky §1 | (), (19)
%
2 3
when f(u) =u/10 = 1 LT - S A TN (20)

10.13 10.13.16
It may Ve shown that f(u) is e convergent series which approaches unity
as W becomes large. The expression f(u) has been evaluated as a function
of W . A number of values are given in Table VII and 2 plot of f(u) against

u  is made in Figure 9.

Table VII

Evaluation of f(u) as & Function of u

u f(u)
0 0.000
1 .093
2 172
3 ° 242
5 + 355
7 0442
10 » 540
14 « 630
15 . 648
20 - . 716
30 « 797
50 . 871

70 <900
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From equation (12),

we GBT = (225D Cem )T, (21)

or from equation (9),

\ \ 2/
433D " C K, T °d (22)
W, (473 ()™

W=

In the present experiments, T = 5.33 secs.; from the known vealues.
D1 bumin = © X 10-7cm. %/sec. and dgg = 13.55 gms./cc., it may be shown
that
k, C
W= 0,925 LB,
ks

(23)
Assuming a spherical albumin molecule with a molecular weight of 70000

and a density of 1, it may be shown that ko, the number of moles of albumin
which, projected, may cover unit area of surface, is 5.76 x 10“13moles/cc.
Since the asymptotic value of the reduction current in the present experi-

ments is about 25 percent of the "true" value, it may be inferred that kj,

the protein-protein blocking factor, is epproximately 1l.33. Hence,

W= 0.214 x 101°cp. (24)

The reduction current to be expected under the stated conditions
may now be cslculated. In Table VIII and in Figure 10, the calculated
values are compared with those observed. In each calculation, g[(Cp) was

obtained from equation (24). The corresponding value for'F6J= &géi was

o

read from Figure 9; from this, icalc. was obtained.
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Table VIII

p-Hydroxyphenylazovhenylarsonic Acid

Comparison of ;;alc. with E;bs.

(moles/ggﬁ X 1010) h B Eéalc. iobs.
228 48,70 0.87 1.29 0.94
114 24,35 «76 1.60 1.0l

79.9 17,08 .68 1.82 1.17
68.5 14.65 .64 1.93 1.26
57.1 12.21 « 59 2.07 1.48
45,7 9.75 «53 2e 24 1.76
40.0 8,55 049 235 1.84
28.6 6.10 .40 2.60 2.28
22,8 4,87 «35 2.74 2.74
11.4 2.44 .21 3.13 3,30
7.99 1.71 .16 3.27 3.48
6.85 1.47 .14 3.33 3.55
5.71 1.22 «12 3.38 3,68
4,57 0.98 .09 3.47 3.70
1.14 0.24 <02 3.66 3,73
0.114 0.02 © .00 3.72 3.74

The agreement between the experimental and the calculated

curves is reasonably good in the light of the assumptions made. It is
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possible to bring about somewhat better agreement by a suitable variation
of the constant, ks, or at the expense of adding another parameter; however,
these modifications would be of an empirical nature, and although there is
much justification for them, they would seem to contribute little to our
knowledge of the system. The agreement afforded by the present treatment
appears to be at least as instructive as the better agreement that could be
obtained by the addition of further constants.

A reasonable theoretical background having been established for
the hypotheses herein presented, it is possible to inquire further into the
nature of the phenomena at the electrode. The effects of electrostatic
forces between the electrode and the protein molecule should be considered.
At pH 8, the albumin molecule has an overall negestive charge, and should be
attracted to an electrode which is positively charged, a situation which
obtains when the applied voltage is more positive than that corresponding
to the electrocepillary zero ( which varies from solution to solution in
the neighborhood of ~0.6 volts vs. S.C.E.). On the other hand, as the
applied voltage becomes more negative than the potential corresponding to
zero charge, the electrostatic repulsion between the electrode and the pro-
tein molecule would be expected to counterbalance and finally overcome the
adsorptive forces, eventually effecting a desorption from the electrode
surface. The experiments described in section (g) bear out these contentions,
since it was shown that a platinum electrode at a potentiel more negative
than -0.7 volts, when passed thr;ugh g collection of individual mercury
droplets formed in a protein solution, brings about their fusion, and that

the rate of fusion increases with increasing voltage.
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The difference in appearance between the current-voltage
curve obtained from an azo dye solution in the absence of protein and
that from a similer solution containing a comparatively large concen-
tration of protein (Figure 6) may easily be explained. In the former
case, the diffusion current reaches a limiting value and remains practi-
cally constant thereafter, whereas in the presence of protein, the dif-
fusion current flattens, but in the region corresponding to the electro-
capillary zero, takes a sharp turn upward and increases with voltage,
fiﬁally approaching the normal limiting current as the hydrogen-ion dis-
charge begins. This is attributed to the gradual desorption of albumin
from the electrode with a concomitant increase of available space at
which the dye may be reduced.

The results, summarized in Figure 8, of adding thymol to solu-
tions of cystine may be similarly explained. Apparently, adsorption of
the thymol molecule (which is smaller than the albumin molecule and con-
sequently leaves only very small holes in the adsorption layer) almost
completely suppresses the reduction of cystine. As desorption occurs at
more negative voltages, reduction may teke place. Since the desorption
may be expected to become more difficult as the thymol concentration is
increased, there is observed an apparent shift in the helf-wave potential
of cystine. These results confirm the experimental observations of
Kolthoff and Barnum (loc. cit.)

The explanation for the Aesorption of thymol is probably noct
based on a simple electrostatic repulsion in this case for at pH 1, thymol

would be expected to exist almost completely as & neutral molecule. How=




- 38 =

ever, Pachil® and Kolthoff and Barnumt® have shown that camphor is desorbed
from the electrode at increasing negative potentials, and that the desorption
is complete at-1.24 volts (vs. S.C.E.)., It seems probable that thymol is
similarly desorbed at high negative potentials and that the desorption is

due rather to the preferential adsorption of cystine or of water molecules
than to electrostatic repulsion. \

In part (e) of the experimental section, it was mentioned that
in polarograms of control solutions containing various protein mixtures
(but no reducible substance), no diffusion current is observed, and that
in each case, a sharp change in the slope of the residual current line
occurs at applied potentials which are in the region of the electrocapillary
zero of potential. Although no diffusion layer is to be expected in such
solutions, the desorption of proteins from the electrode surface would
bring about a change in the electrokinetic potential at the interface and
would disrupt the linearity of the residuval current line usually observed
in such solutions.

The shift in the half-wave potential brought about by the addition
of proteins to a solution of HPA is not yet understood. We are not at all
positive that the shift is related to the present phenomena. It is often
true in polarographic analysis that a shift in half-wave occurs as a result
of changing certain constituents in the solution. On the other hand, it
may be that there is a very definite relationship between the shift in the
half-wave potential and the decre;se in diffusion current. We have not yet
arrived at a satisfactory explanation for the observed shift and we feel
that this may constitute a serious flaw in our proposed explanation. In the

absence of further experimental evidence, however, we are forced to leave
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this point unexplained.

In reference to the half-wave potential of a reducible ion in
the presence of capillary-active substances, it must be recognized that
adsorption at an electrode is dependent on the applied voltage. The de-
sorption potential of a surface active material is a characteristic of
the molecule or ion and is probably dependent upon the strength of ad-
sorption and on the relative charge of the mercury and the adsorbate. We
may then recognize three possible effects on the half-wave potential. If
the desorption takes place at a more positive potential than that correspond-
ing to the beginning of discharge of the reducible ion, there should be no
effect on the diffusion current or on the half-wave potentisl. Secondly, if
desorption takes place at a much greater negative potential than that at
which the ion reduces, two waves should result. The first will correspond
to the normal polarogrephic wave, but will be suppressed by the immobili-
zation of electrode surface and will resch a limiting value which may or
may not be zero. The second wave wili occur when desorption suddenly in-
creases the available electrode surface for reduction of the ion in question.
Such a situation apparently obtains in the reduction of HPA in the presence
of albumin, in the reductions of methylene blue and of riboflavin which are
cited below, and in the reduction of cystine in the presence of high concen-
trations of thymol, where the wave is completely suppressed. In this last
case, the wave is sharpened consid?rably because of the sudden desorption
at a higher negative potential than that at which the normal reduction
occurs., Thirdly, the desorption may occur in the region of the normal redu-
ction wave. The potential of the inception of reduction will be unaffected,

but as the current is building up to its limiting value, desorption

o
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may begin, and the current will continue to increase until the surface is
completely free of adsorbed material. The effect will be to spread out the
wave and give an apparent shift in half-wave potential to more megative
voltages. Apparently, one observes this in the reduction of cystine at low
concentrations of thymol. Depending upon how smell is the difference be-
tween the reduction potential and the desorption potential and upon how
sharply the desorption occurs, the wave may simply be a very diffuse one,
or it may involve a more or less sharp break in the current-voltage curve.

In addition to the work of Kolthoff and Barnum, a few examples
of phenomena similar to those reported herein have been noted. For example,
f:ialaczo reports that substances, including albumin, possessing high surface
activity interfere with the polarographic determination of saccherin in
beer, decreasing the observed diffusion currents. The original paper is
unevailable at this writing, and no detailed consideration can be given to
the work.

Brdicka®l reports that in the polarographic reduction of methylene
blue and of riboflavin, a small anomalous wave, independent of concentration
when the concentration of reducible ion is above a given value, precedes the
large reduction wave. He suggests that this may be due to the adsorption
of reduction products and he suggests that the so-called anomzlous wave
corresponds to the beginning of reduction, which is suppressed by the ad-
sorption of reduction products. The second wave, representing the true
diffusion current, occurs at a moré negative potential where the products
are desorbed from the electrode. This explanation fits well with the present
work and is apperently a satisfactory explanation of the observations.

The effect of protein in reducing the diffusion current of the

dye is so large that the possibility of attributing the results to an inter-
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zction between dye and protein molecules in solution is immediately ex-
cluded. If it is assumed that the decrease in current is due to compound
formetion with the concomitant decrease in diffusion coefficient, and if
the data are then trested in a manner analogous to that of Klotz, Walker
and Piven?® according to their derived equation,

1

IR

i =

T
where r is the ratio of molecules of bound dye to total moles of protein,
EA] is the concentration of free dye, and n is the maximum number of dye
molecules which may be bound to a single protein molecule, it may then be
shown that n is of the order of 1000. Spatially, this result is, of course,
impossibly large, especially since Klotz has shown that, for calcium ion,
which is much smaller than the protein molecule, n is 22. In addition, the
data of Figure 7, from which it may be seen that e given concentration of
orotein decreases the diffusion current by a constant fraction, independent
of the dye concentration, is in disagreement with the hypothesis that an
equilibrium between dye, protein, and combined dye-protein is of importance
here. It is not improbable that there is some small effect of interaction,
but of the total decrease in current observed, this can be, at most, of the
order of a few percent.

The confused state of present theories of polarogrephic maxima
makes it a difficult task to present an accurate picture of the role of
capillary-active substances in maximum suppression. However, it seens
very likely that the suppression of mexima is closely related to adsorption
on the electrode surface. We may, as a result of the present work, attempt

to place the use of maximum suppressors upon a less empirical basis. It

seems likely that a capillary-active substence which is desorbed from the

]



electrode at a more positive potential than that at which reduction of the
substance in question occurs will be inactive sas a maximum suppressor. 4
meximum suppressor should be used in accurate polarographic work only when
absolutely required, end then in a minimel concentration. The choice should
probably be such that desorption of the capillary-active material occurs
rather sharply at a potential just slightly more negative than that at which
the maximum in the c.-v. curve is reached. (We cannot, of course, state
Just what thé optimum criterion will prove to be.) The measurement of the
current should be made Jjust beyond this desorption point. A systematic
tabulation of the desorption characteristics of the commonly used maximum
suppressors would be very convenient for these purposes,

The relation of the present work to the phenomenon of mexima and
their suppression should be explored briefly. Antweiler and von Stackel-

8,9 have shown conclusively that a pronounced streaming occurs about

berg
the electrode during the stage in the reduction at which a maximum is ob-
served in the c.-v. curve. There appears to be no diffusion layer, the
reducible substance reaching the electrode by the streaming process. Ant-
weiler points out that the tip of the capillary exerts a screening effect
and prevents the free diffusion of reducible material at this point with

the result that the current density at the bottom is greater than at the
top; there remains in the solution an unequel distribution of the indiffer-
ent ions between the bottom and the top of the drop and consequently, a
tangential potential gradient exiéts in the solution about the drop. The

double layer migrates along this gradient, inducing a streaming of the

solution. This flow brings more reducible ions to the incipient "hot spot,*




bringing about a further inequality in the distribution of indifferent
ions,” and thus the cycle continues., It seems almost certain that the
adsorption of capillary-active substances on these centers of high current
density with consequent immobilization of the given area as an electrode
surface is the mode of action of such substances as maximum suppressors.
The incipient center being deactivated, the whole mechanism for production
of the anomalous current loses its driving force. The concentration of
capillary-active substance, according to this interpretation, need not be
so high as to produce a notable effect on the normal diffusion current be-
cause at any incipient center, the suppressor will be brought to the
electrode by flow as well as by diffusion and because the whole phenomenon
obviously represents a rather narrow choice between the two types of be-
havior which may depend quite sensitively on very small changes in a con-
siderable number of factors including the reactivity of the electrode sur-

fece which we have been discussing.

i i I I I et e T T T S ———

* This explanation is set forth by Antweiler, but it has been pointed out
by Kolthoff and Lingane4 that no consistent picture of the charge distri-
bution about the drop can be drawn for the general case. In addition, the
specific effects observed in the study of maxima are unexplained.




SUMMARY

A search of the literature reveals that although adsorption
of capillary-active materials at the dropping mercury electrode was
considered important in polarographic work almost from its inception,
consideration has never been given to the actual inhibiting effect an
adsorbed ion might have on the reduction of other ions. It has been
shown in this paper that under certain conditions, the effect may be
extremely large although only a small trace of the capillary-active
substance is present.

Polerograms prepered from solutions which contained various
concentrations of serum albumin (either human or horse) buffered at pH
8 with veronal and which, in each case, contained the same concentration
of a dye (p-hydroxyphenylazophenylarsonic acid) and of sodium chloride
indicated that the diffusion current was suppressed to approximately 90%
of its true value at a protein concentration of 1 x 1064, and to an
asyuptotic value of about 256 at 1 x 10™°M.

It seems likely that the albumin, a cepillary-active substance,
is adsorbed on the growing mercury drops, decreasing the surface avail=-
able for reaction with the reducible molecules or ions, and thus decreas-
ing the diffusion current. The fraction of inactivated surface and the
consequent reduction of the instantaneous diffusion current is, at any
stage in the life of the drop, proportional to the diffusion rate of

the protein or accordingly, its concentration. At moderately high concenw-
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trations of protein, however, a monomolecular layer would be formed and
an asymptotic diffusion current would be attained which may or may not
be zero, for a monomolecular layer of adsorbed molecules may well have
interstices large enough so that some of the reducible material can reach
the electrode. The hypothesis of reduced electrode surface is supported
by the observation that at a given concentration of protein, the fractionel
decrease in the diffusion current is constant, independent of the concen-
tration of reducible material.

Such considerations clarify, in part, the decrease in diffusion
current which is observed in this and a number of other cases upon the

addition to the solution of cepillary-active molecules or ions,
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ADDENDUM

In a paper published in 1945, S. Fialazz

reported that the
reduction potential of oxygen at the dropping mercury electrode is
shifted to more neegative values when dyes of the eosine group are present
in the solution. At low concentrations of the dye, only part of the
oxygen wave is shifted. With increasing dye concentration, the shifted
wave incresses at the expense of the qriginal wave until finally, a
single wave occurs at the more negative votential. Fiale atiribvuted
this to the combination of molecular oxygen with the dye.

K. Wiesner in a recent paper24 hes pointed out that, according
to Henrys Law, uwnbound molecular oxygen could not be absent from 2
solution open to the atmosphere and that one should expect the normal
oxygen wave to appear in all the volarograms even if some oxygen were
bound to the dye. Wiesner investigated more thoroughly the role of eosine
and its derivatives in the polarographic depolarization process with a
study of some reversible redox systems, such as quinone, hydroquinone, snd
a number of quinone derivatives. He concluded that the observations could
be attributed to the adsorption of dye on the electrode with a concomitant
suppression of the diffusion current. Furthermore, the effect was ob-
served only when the dye concentration was above a minimum value. Wissner
concentrated his attention on this last observation. He concluded that
the dye, when first adsorbed, behaves as a two-dimensional gas (after

25

Langmuir®” and Volmergs) which cannot inhibit the approach of reducible

ions or molecules, but that after a time (the length of which is devendent
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on the dye concentration), the adsorbate crystallizes, acquiring a defi-
nite structure, and then hinders the reduction process. At low concen=-
trations of dye, the incubation period (during which the adsorbate acts
as a two-dimensional gas) is longer than the drop time, and no effect
is observed. At higher concentrations, the crystallization occurs during
the life of the drop, and a suppression of the current may be observed.
Wiesner supported his conclusions with oscillographic current-time curves.
As the eosine concentration was increased in solutions contain-
ing a constant concentration of a reducible dye, the current was suppress-
ed in a manner similar to that recorded in Figure 4 of this thesis. The
curve analogous to Figure 4 was shifted, however, being preceded by a
flat portion, the length of which varied with the drop time. It appears
that the phenomenon is very similar to that observed in the HPA-albumin
system, except that here no evidence of en incubation period is observed.
The work and the conclusions of Wiesner are in good agreement with the

observations reported in the preceding sections.
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Ilkovic Bquation.(See Table I) All solutions 0.15 M,
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Figure 2: A Typical Polarogram of p-Hydroxyphenylazophenylarsonic Acid,
The solution is 9.06 X 10"4 M, in dye, 0.15 M. in NaCl, 0,02 M.

in veronal; pH 8




i/(id-i)
|

o o o °©-

o
T

0.2

I l |
-0.38 -0.42 =0.46

VOLTS (vs. S.C.E.)

Figure 3: p-Hydroxyphenylazophenylarsonic Acid., A Test of the
Reversibility of the Electrode Reaction (See Table II).
The solution is 5 X 10™% M. in dye, 0.15 M. in NaCl,
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Figure 63 p-Hydroxyphenylazophenylarsonic Acid. A Comparison Between c.-v. Curves
Obtained in the Absence and in the Presence of Albumin, Curve A was
obtained from a solution 9.06 X 10-4 M, in dye, curve B from a solution

9.86 X 10"4 M, in dye and 7.99 X lO—6 M, in horse albumin, Both solutions

were 0,15 M, in NaCl, 0.02 M. in veronal; pH 8
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Figure 8: The Effect of Thymol on the c¢.-v. Curves of Cystine (See
Table VI). All solutions are 0.001 M, in cystine, 0.15 M,
in NaCl; pH 1 -

The concentrations of thymol are as follows:

1) 0.00 X 10~5 M,
2) 1.00 X 10-5 M.
3)  3.00 X 10~° M,
4) 9,00 X 107° M,
5) 10.0 X 10™° M,
6) 15.0 X 10™° M.
7) 20.0 X 10™° M.
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Part II

The Polarographic Anslysis of Nitrite and of

Nitrite-Nitrate Mixtures
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CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
No. 1031]

The Polarographic Analysis of Nitrite and of Nitrite-Nitrate Mixtures'

By BErRTRAM KEILIN AND Joun W. OTvos?

A method for the polarographic determination
of nitrate in the presence of uranyl ion in acid
solution has been described by Kolthoff, Harris
and Matsuyama.® Since in the earlier methods
studied by Tokuoka and Ruzicka*? in which
other cations were used as “activators,” the re-
duction potentials for nitrate and nitrite were
always found to be identical, it was of interest to
us to examine the polarographic behavior of
nitrite in the presence of uranyl ion.

At the acid concentrations necessary for sup-
pressing the hydrolysis of uranyl ion, all but a
few per cent. of nitrite exists as nitrous acid and
the similarity between nitrate and nitrite is thus
greatly decreased. Nevertheless the waves for
the two substances are very similar in appearance
and occur at the same potential.

A method for the separate estimation of nitrate
and nitrite in solutions containing both 4ions is
described in this paper. Use is made of the
additivity of the waves, and of a simple chemical
conversion of nitrite to nitrate without the in-

(1) This paper is based in whole or in part on work done for the -

Office of Scientific Research and Development under Contract
OEMsr-881 with the California Institute of Technology.

(2) Present address: Shell Development Company, Emeryville,
California.

(3) I. M. Kolthoff, W. E. Harris and G. Matsuyama, THIS JOUR-
NAL, 66, 1782 (1944).

(4) M. Tokuoka, Coll. Czechoslov. Chem. Comm., 4, 444 (1932).

(5) M. Tokuoka and J. Ruzicka, #bid., 6, 339 (1934).

troduction of new ions which might interfere with
the determination.

Experimental

Apparatus and Materials.—A Heyrovsky Type XII
Polarograph was used in all experiments. Measurements
were made at 25°. Dissolved oxygen was removed by
passing nitrogen through the solutions. All chemicals were
of reagent grade. The sodium nitrite used in quantitative
experiments was. standardized against permanganate in
acid solution, the primary standard being sodium oxalate.®

Decomposition of Nitrous Acid.—It is known that in
cold dilute solutions and in the absence of air nitrous acid
decomposes to nitric acid and nitric oxide; in the presence
of oxygen, nitric acid alone is produced. Because of the
instability of nitrous acid, a polarographic procedure for
the determination of nitrite in acid solution must involve
some error. Experiments performed in connection with
this investigation have shown that in air and at concentra-
tions which are of interest in polarography the decom-
position of nitrous acid’® is first order and that about six
per cent. decomposes in a half hour at room temperature.
If the nitrite solution is polarographed as soon as possible
after it is acidified, the error arising from nitrous acid
decomposition can be kept below 39%,.

Comparison of the Nitrous Acid and Nitrate
Waves.—Figure 1 shows a nitrous acid wave and
a nitrate wave, each obtained with a solution
1 X 10~* M in the nitrous acid® or nitrate, 2 X

(6) J.S. Laird and T. C. Simpson, TH1S JoURNAL, 41, 524 (1919).

(7) Abel, Z. physik. Chem., 148, 337 (1930).

(8) Bray et al., Chem. Rev., 10, 161 (1932).

(9) Concentrations of nitrous acid, as given in this paper, include
both un-ionized and ionized forms.
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10—* M in uranyl acetate, 0.01 M in hydrochloric
acid, and 0.1 M in potassium chloride. The
two waves are almost identical in shape. There is
no trace of the nitric oxide wave at —0.77 volt
(vs. S.C.E.) reported by Heyrovsky and Nejedly!
for acid solutions of nitrite, probably because
nitrogen was bubbled through the solutions im-
mediately before the polarograms were made.

In neutral or alkaline solutions the reduction
potentials of nitrate and nitrite are known to be-
come more positive in the presence of polyvalent
cations.® This effect has been attributed to the
formation of loose “‘ion pairs” which, because of
their positive charge, facilitate the access of nitrate
or nitrite to the negative electrode. Presumably
the same phenomenon occurs with nitrate in acid
solution in the presence of uranyl ion. Nitrous
acid, however, is uncharged and should not re-
quire the assistance of polyvalent cations for its
approach to the cathode. In preliminary ex-
periments in this Laboratory, nitrous acid in the
absence of uranyl ion has indeed been found to
produce a wave at about —1.0 volt (vs. S.C.E.),
which is approximately the half-wave potential
of the uranyl-activated nitrite wave. This wave
may correspond to that reported by Schwarz!!
for nitrite in acetic acid solution, which extends
from —0.6 to —1.6 volts. Although the uranyl
ion has little effect on the half-wave potential of
the nitrous acid wave, its presence causes an in-
crease in the nitrous acid diffusion current.

16.0 -

12.0

8.0 ! !

40 !

Current, microamperes.

0.0}

—0.40 —0.90 —1.40 —0.40 —0.90 —1.40
Nitrous acid. Nitrate ion.

Potential of dropping mercury electrode, volts vs. S.C.E.

Fig. 1.—Comparison of nitrous acid and nitrate waves.
Solutions are 0.1 M in hydrochloric acid, 0.1 M in potas-
sium chloride, 2 X 10~* M in uranyl acetate, and 4 X 107*
M in nitrous acid and nitrate, respectively; m”%"/¢ = 2.08
mg.z/’ sec.”'/2,

The nitrous acid wave shown in Fig. 1 is a
little over half as high as the nitrate wave, after
correction has been made for the blank uranyl
wave. The diffusion current constants for nitrous

(10) J. Heyrovsky and V. Nejedly, Coll. Czechoslov. Chem. Comm.,

8, 126 (1931).
(11) K. Schwarz, Z. anal. Chem., 116, 161 (1939).
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acid at several concentrations are given in T:/.le I.
For the more dilute solutions the concentration
of uranyl ion was reduced to 5 X 10=° M from
the usual value of 2 X 10=* M. Over a hundred-
fold concentration range of nitrous acid (2 X 10~
M to 2 X 10=3 M), the mean value of iq/Cm*?
15 is 7.45 and the average deviation of the
points from the mean is 4.5%,. Probably a large
part of the deviation is due to the instability of
nitrous acid and variations in the time required to
run a polarogram.

TABLE I

DirrusioN CURRENT CONSTANT FOR NITROUS AcCID AT 25°
m*/'/s = 2.08 mmg.*”/ssec.”'/2 at —1.2 volts vs. S.C.E.;

diffusion current is measured at —1.2 volts vs. S.C.E.;

residual current at —1.2 volts = 2.00 microamperes

Diffusion current
of nitrous acid,
microamperes,

iq K = ig/Cm¥3'/s
A. Solutions 0.1 M in KCl, 0.01 M in HCl, and 2 X 10~
M in UO, (OOCCH3)2

Concn. of
nitrous acid,
millimol§s/liter,

5.125 47.8 4.50"
2.050 31.5 7.40
1.025 15.6 7.30
0.820 12.3 7.20
.512 7.52 7.06
.205 2.92 6.87
.102 1.56 7.35
.082 1.17 6.87
.0512 0.87 8.16

B. Solutions 0.1 M in KCI, 0.01 M in HCI, 5 X 1075 M in
UO, (OOCCHjy):

0.102 1.66 7.83

.082 1.32 7.74

.0512 0.83 7.78

.0205 .324 7.60

.0102 214 10.1°
.00512 sl Ll 10.4°¢

C. Average diffusion current constant 7.45

¢ Not included in the average.

The number of electrons involved in the reduc-
tion of nitrous acid can be calculated with the use
of Ilkovic’s equation: ’

iq = 605nDY:Cm*/st'/s (1)

where 74 is the average diffusion current obtained
at the dropping mercury electrode in microam-
peres, n is the number of faradays transferred
per mole, D is the diffusion coefficient of the re-
ducible substance in cm.? sec.™!, C is its concen-
tration in millimoles per liter, m is the rate of
flow of mercury in mg. sec.™! and ¢ is the drop
time in seconds. The diffusion current constant,
K = 44/Cm**t'/s, as given in Table I, is 7.45.
The value of D for nitrite ion, calculated from
its equivalent conductance,'? is 1.92 X 10~ cm.?
sec.”l. With the assumption that the diffusion
coefficient for nitrous acid is the same as that for
nitrite ion, # can be calculated from these figures

(12) Niementowski and Roszkowski, Z. physik. Chem., 22, 147
(1897).

]
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The value obtained for the electron transfer, #,
is 2.8 faradays per mole.

Kolthoff, Harris and Matsuyama® report a
five-electron reduction for nitrate in the presence
of uranyl ion. The present result of 2.8 or 3
electrons for nitrous acid indicates that it, as well
as nitrate, is reduced to nitrogen at the dropping
mercury cathode in acid solution in the presence
of uranyl ion.

It is interesting to compare this-value of the
electron transfer for nitrous acid, » = 3, with the
value obtained by direct analysis of the nitrous
acid wave according to the fundamental equation

for a polarographic wave, first derived by
Heyrovsky and Ilkovic.!?
o 0.0591 i
Bae. = By — — = log — (2)

In this equation Eg. and ¢ are corresponding
values for the potential of the dropping mercury
electrode and the current at any point on the
wave, [, is the half-wave potential, and # is
the number of electrons involved reversibly in the
reduction. When log 2/(qa — 7) is plotted against
the voltage, a slope is obtained which corresponds
to a value of » = 1 (Fig. 2). An electron transfer
of # = 1 was also obtained by Kolthoff, Harris
and Matsuyama in an analysis of the nitrate
wave, although the over-all reduction of nitrate
appears to involve 5 electrons. It may be in-
ferred that, under these conditions, neither the
reduction of nitrous acid nor that of nitrate is
reversible. A similar effect has been found by
Orlemann and Kolthoff' in the irreversible re-
duction of iodate and bromate.

Solutions Containing both Nitrate and Nitrite
Ions.—In polarograms of solutions containing
both nitrate ion and nitrous acid, the diffusion
current, above that due to the blank uranyl
wave, is the sum of the diffusion currents due to
nitrate ion and nitrous acid independently. In
Table II; the observed diffusion currents of some
solutions containing these ions together are com-
pared with values calculated from the additivity
relationship

dq = misi/s (T45C, + 13.8C) (3)

where C; and C, are the concentrations of nitrite
and nitrate in millimoles per liter and » and ¢ are

TaBLE 1T

ADDITIVITY OF NITRATE AND NITROUS AcCID WAVES

Solutions 0.1 M in KCl, 0.01 M in HCI, 2 X 1074 M in
UO,(O0CCHs,),y; m¥st'/s = 2.08 mg.%/s sec.”/2

Concn. of Concn. of Diffusion current,
nitrate, nitrous acid, microamperes
millimoles/liter millimoles/liter Obs. Calced.

0.100 0.096 4.35 4.37
.100 .192 5.75 5.86
.100 .384 8.85 8.83
.100 .768 14.9 14.8

(13) J. Heyrovsky and D. Ilkovic, Coll. Czechoslov. Chem. Comm.,
7, 198 (1935).

(14) E. F. Orlemann and I. M. Kolthoff, Turs JOURNAL, 64, 1044
(1942).
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expressed in the conventional units. The coefli-
cients of C; and C, are the experimentally de-
termined diffusion current constants reported
here and in the paper of Kolthoff, Harris and
Matsuyama.?

0.8 — —

e
W
|
|

Logarithm of 7/(iq — 1).
A =
'S =
[ [
| I

—0.8 — —

| ! ! ]

—0.85 —0.90 —0.95
Potential, volts vs. S.C.E.

Fig. 2.—Analysis of nitrite reduction wave in 0.1 M
potassium chloride, 0.01 M hydrochloric acid and 2 X
10~ M uranyl acetate.

From a single polarogram of a solution con-
taining uranyl ion, only a figure representing the
weighted sum of nitrous acid and nitrate concen-
trations can be obtained. To obtain the concen-
trations of the substances separately by the
methods described above it is necessary to run
another polarographic experiment on an aliquot
of the solution after altering the relative amounts
of the two substances in a known way. It is
convenient to do this by transforming one of them
quantitatively to the other. A satisfactory and
convenient method of achieving this transfor-
mation is the quantitative oxidation of nitrite to
nitrate by hydrogen peroxide in acid solution.

HNO, + HzOz e NOa_ + H* + Hzo

If the solution is then made basic, the excess per-
oxide may be catalytically decomposed with
manganese dioxide. The only products of these
two reactions that remain in solution are nitrate,
water and oxygen; no new ionic species are pro-
duced. The uranyl ion must not be added until
the reactions described above are completed and
the solution is again acidified.

A polarogram of the oxidized solution, after
the addition of uranyl acetate, potassium chloride
and hydrochloric acid in the usual concentrations,
gives a diffusion current

it = 13.8m¥/stt/s (C, + C) )
since all of . the nitrite has been converted to
nitrate. From equations (3) and (4), the sepa-
rate concentrations C; and G, of nitrite and nitrate,
respectively, can be calculated.

e
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i5 s g
6.35m/s1'/s (5)
I
13.8m s

C1=

C = G (6)

Procedure for the Polarographic Determina-
tion of Nitrite.—For the determination of nitrite
in solutions where its concentration is between
5 X 107 and 5 X 1073 M, the following proce-
dure is recommended.

Prepare two stock solutions, one being 0.2 M
in potassium chloride, 0.02 M in hydrochloric
acid, and 4 X 10=* M in uranyl acetate; the
other having the same composition except that
itisonly 1 X 10—* M in uranyl acetate.

Dilute 25.00 ml. of the uranyl acetate stock
solution to 50.00 ml. with redistilled water, bubble
with nitrogen gas to make oxygen-free, and meas-
ure the apparent diffusion current due to the
reduction of uranyl ion at a potential of —1.2
volts vs. S.C.E. This current is taken as the
“blank” or “residual” current for the nitrous
acid wave.

Measure a suitable volume of an unknown
nitrite solution into a 50-ml. volumetric flask,
add 25.00 ml. of the appropriate uranyl acetate
stock solution and dilute to volume with redis-
tilled water. (It may be necessary to make a
preliminary run in order to determine the con-
centration of uranyl ion to be used. In general,
if the final concentration of the nitrite ion is to
be above 1 X 10~* M, the stock solution contain-
ing the higher concentration of uranyl acetate is
used. If the concentration is below this value,
the one containing the lower concentration is
employed.) Make the resulting solution oxygen-
free and measure the apparent diffusion current
at a potential of —1.2 volts vs. S.C.E. Subtract
the ‘“residual” current due to the reduction of
uranyl ion from the diffusion current to obtain
the diffusion current due to nitrous acid. The
‘amount of nitrite in the unknown solution can be
found from this diffusion current by referring to
a standard curve, which is constructed by plotting
diffusion current against concentration. Such a
plot is prepared with data, such as are given in
Table I, that are obtained with known solutions.

Analysis of Solutions Containing Both Nitrate
and Nitrite.—Divide the solution to be analyzed
into two equal portions. Add to the first portion
25.00 ml. of the appropriate uranyl acetate stock
solution, and dilute to 50.00 ml. with redistilled
water. Make the resulting solution air-free,
measure the apparent diffusion current, and sub-
tract the “residual”’ current as described above to
obtain the total diffusion current due to nitrate
ion and nitrous acid. To the second portion,
add 2 N hydrochloric acid until it is just neutral
and then add an excess of five drops. Add 1 ml.
of 309, hydrogen peroxide and allow the mixture
to stand at room temperature for thirty minutes.
Add eight drops of 2 N sodium hydroxide and
then introduce a small quantity of manganese
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dioxide. After the evolution of gas has ceased,
decant the solution quantitatively into a 50-ml.
volumetric flask. Add three drops of 2 NV hydro-
chloric acid and then 25.00 ml. of the appropriate
uranyl acetate stock solution, and dilute to vol-
ume. Measure the apparent diffusion current as
before, and again subtract the ‘“residual” cur-
rent. From the two values of the diffusion cur-
rent thus obtained, the concentrations of nitrite
and nitrate originally present in the, unknown
solution may be calculated as described above.

Interferences.—In  general, interferences
which have been described for the estimation of
nitrate® will also be encountered in this deter-
mination. The presence in solution of substances
such as strong bases and phosphates, which pre-
cipitate the uranyl ion, or complex-formers such
as citrate or tartrate will interfere, as will also
those substances, such as oxalates and strong
acids, which discharge at voltages near to that
of nitrous acid. Sulfate ion in a concentration
twenty times that of the nitrite was found to re-
duce the wave height somewhat.

Acknowledgment.—We wish to express our’
thanks to Mr. F. D. Ordway of this Laboratory
for his kind assistance in carrying out the chemi-
cal analyses necessary for this work. We are
also greatly indebted to Mr. Joseph C. Guffy
of the University of Wisconsin for his interest in
this problem and for many most helpful con-
versations on the subject.

Summary

1. In the presence of uranyl ion, nitrous acid
in dilute solutions of hydrochloric acid is reduced
at the same potential at which nitrate is reduced
(ca. —1 volt vs. S.C.E.). The diffusion current is
proportional to the nitrous acid concentration
when the ratio of uranyl ion to nitrous acid is
above a critical minimum. The reduction of
nitrous acid under these conditions involves three
electrons, indicating a reduction to nitrogen, but
analysis of the wave shows that the reduction is
irreversible.

2. A solution containing both nitrate and
nitrite ions can be analyzed for both constituents
in two polarographic experiments. First, the
diffusion current due to the two constituents in
the original solution is measured. With another
aliquot, the nitrite present is oxidized to nitrate
and the diffusion current of the resulting solution
is measured as before. The nitrite can be con-
veniently oxidized by hydrogen peroxide in acid
solution, and the excess peroxide can be destroyed
catalytically by manganese dioxide in basic
solution.

3. Interferences are similar to those encoun-
tered by Kolthoff, Harris and Matsuyama? in the
analysis of nitrate solutions, except that large
amounts of sulfate seem to reduce the diffusion
current.

PAsADENA, CALIFORNIA RECEIVED JULY 18, 1946
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Part III

An Electron Diffraction Investigation of the
Structure of Some Organic Molecules
a) Some Cyclic Derivatives of
Ethylene Glycol

b) Naphthalene and Anthracene
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AN BELECTRON DIFFRACTICH INVESTIGATION OF THE STRUCTURE OF SOME

ORGANIC MOLECULES

Part III of this thesis is devoted fo an account of the
results obtained in a series of molecular structure determinations by
the electron diffraction method. It is convenient to describe the
five compounds which were investigated in two sections. Section (a) is
given to the structure determinations of ethylene glycol sulfite ester,
ethylene glycol chlorophosphite ester, and ethylene glycol acetal, and
section (b) to those of naphthalene and anthracene. The account of the
work is preceded by a brief description of the electron diffraction
method as practised in these laboratories,

The electron diffraction apparatus has been described by
Brockway:l A collimated beam of electrons originating from a hot tungs-
ten filament and accelerated through a potential drop of approximately 40,000
volts is allowed to intersect a stream of gas emanating from & pinhole in a
nozzle pleced just below the path of'the beam. The electrons interact with
the molecules of the gas and then fall upon a flat photographic plate
which, after development, shows a radially symmetric diffraction pattern
that to the eye appears to consist of a series of alternate maxima and
minimae

The diffracted intensity, which is a function of the scatter—
ing sngle, may be described as the resultant of the contributions from the
incoherent and the atomic scattering, which are structure insensitive and

decline monotonically with increasing angle, and from the molecular
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scattering, which is the particular component of interest in the deter-
mination of the structure of the molecule. The intensity of this rapidly
varying component of the diffraction pattern is estimated as a function

of the angle of scattering Dby visual examination of the photographs, where-
by the observer, consciously aiding the contrast-sensitive properties of
his eye, separates this component of the total intensity from the rest.

The observations are interpreted in accordance with the appearance of the
vhotographs and in a manner such that the resultant "visual curve! will
prove useful in comparing the experimental data with theoretical calcu~-

lations made in accordance with the reduced intensity function,

o) - —E  F 3 (25-2(25-25) T
() RORE Z;JZ{ —r s1n (BE9), (1)

where rij is the value assigned to the distance between the iﬁg and .jj';"lrl
atoms in the molecule, K is a constant, %3 is the atomic number and fjy the
x-ray form factor of the il atom, and q = 40/x sin ©/2 (where ©/2 is the
angle of diffraction and A\ is the wave length of the electrons.)

In the interpretation of the experimental data, it is customary
to use the radial distribution method® % in order to obtain a probability
distrivoution of the distances in the molecules. The radial distribution
integral, approximated by a summation, provides a direct method for deter-
mining the frequency of the terms contributing to the intensity pattern
described by equation (1); from the frequency of these terms, the inter-

atomic distances occurring in the molecule may be deduced. The radial

distribution function (RDI) is calculated from the equation,
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Inax 5
rd(r) = j{: I,(a) e~ gin J%%ﬂ , (2)
q=1

where Io(q) is an intensity function taken ffom the visual curve; g is

P
usually so adjusted that e~®d = 0.1 at q = a, The unobservable first

_—
maximum in the visual curve is first estimated roughly and is finally
drawn to agree approximately with that of the theoretical intensity curves.
Generally, models of the molecule in which the interatomic distances dis-
agree with the information obtained from the RDI may be regarded immedi-
ately as representing incorrect structures.

For a final determination of the molecular structureand for an
estimation of the probable limits of error, the correlation method is used.4
Theoretical intensity functions, I(q), are calculated from equation (1) or

(for molecules in which the atoms do not differ widely in atomic number)

from the simplified theoretical scattering formula,

1(q) = k Lf 24 Zi%3 ob150° gy (azay | (3)
ita rij 10

where the symbols are those defined in the preceding discussion, except
that the value assigned for the atomic number of hydrogen is 1.25., This
value is required for g {15 because of the substitution of ZiZj for
(Zi-fi)(zj~fj)/(zi—fj)z and is tolerable otherwise because of the tempera-
ture factor, e’biqu, which is active in the terms of the summation corres-
ponding to X. . .H distances. The temperature factor is applied to account
for thermal vibrations which vary the interatomic distances somewhat about
their mean value. The value given to b is usually 0.00016 for bonded X-H

terms, 0.0003 for X--H terms through one angle, and in cyclic compounds,
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zero for all other terms. X. . .H terms through more than one angle and
H., . .H terms are usually omitted from the summation. Calculations involv-
ing the use of equations (1), (2) and (3) are made with punched cards on
International Business Machines.5

The theoretical intensity curves calculated by equations (1)
and (3) are compared with the visual curve; those which in the opinion
of the observer are an acceptable representation of the appearance of the
vhotographs usually fell within an ellipsoidal or hyperellipsoidal volume
in parameter space if the structure can be determined uniquely. From this
region of acceptability, the observer estimates the limits of error for
each parameter and chooses the model which he believes to represent best
the structure of the molecule. If the structure cannot be determined uni-
quely by the electron diffraction method, it is necessary to desl with two
or more ellipsoidal volumes in parameter space. The estimatlon of the

best model and of the limits of error completes the determination.

a) Some Cyclic Derivatives of Hihylene Glycol

A number of new compounds, involving hitherto unknown ring systems, were

synthesized by Majima and Simanuki and by Lucas, Mitchell and Scully.

Among these are ethylene glycol sulfite ester (I),6 ethylene glycol chloro-

phosphite ester (11)7’8 and ethylene glycol acetal (III).9
C1 CH
N ) ! .
P CH
07 o o7 o o” o
| | \ / \ /
By — CH, H,0 — CH, HoC — CHj
(1) (11) (111)
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The interest in the molecular structure of these compounds centers

about several points. They present new ring systems for investigation
with respect to the plenarity of the atoms and in addition offer an
opportunity to the structural chemist for measuring some interatomic
distances (efg., single-bond sulfur-oxygen) which are not commonly found
in molecules. To the organic chemist, the spatial configuration of the
molecules (I), (II), and (III) is of interest with respect to the possi-
bility of preparing geometric isomers of homologous derivatives. Com-
pounds of the type (IV), for example should form geometrical isomers if

atom X or atom Y is not coplanar with the remaining atoms in the ring.

\ / R = any group other than H

(1v)

In this investigation, some essumptions were made in calcu-
lating theoretical intensity curves for correlation with the visual curve.
The general assumptions are described here and any special ones are pre-
sented below in connection with the compounds to which they svply. The
bonded C-H distance was taken to be 1.09 R. with a temperature factor
applied as described previously. The plane of H-C-H was taken to be normal
to that of C-C-0 and to bisect the engle. Unless specific evidence could
be obtained from the data, the angle C-C-H was adjusted by the method of
least strain in which the deviation from 109°28' is held constant for all

angles about a particular carbon atom.

o
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With the assumption that a plane of symmetry exists in the
molecules, the structure of each may be completely described by the speci-
fication of three bond angles and four bond distances. Of the four bond
distances, only three (expressed as ratios to the fourth) need be considered
as parameters in determining the shape of the molecule. The fourth dis-
tance (the size parameter) is determined at the very last by a comparison
of the positions of the main features in the visual curve with those in
the best theoretical curve. Although the number of paremeters is reduced
to six, a complete determination of the limits of error by the correlation
method still involves an almost impossibly long procedure. Conseguently,
in order to reduce further the number of necessary calculations, maximum
use was made of the information to be obtained from the radial distribution
function, and of some rational assumptions which were compatible with
experience in the study of molecular structure. In the geometrical models
considered, the bonded carbon-carbon and carbon-oxygen distances were
arbitrarily assigned the value which was indicated in the respective RDI,

0

end the group o G/o was taken to be coplanar. Other essumptions were

made in the individual cases. lModels were considered in which the remaine-
ing paremeters were subjected to a systematic variation about the values-
obtained from the RDI. Theoretical intensity functions were calculated

on the basis of these models, a "best fit" to the visual curve was obtain-
ed and a tentative set of the limits of acceptable variation of each of the
parameters was determined on the basis of a gqualitative comparison of the
celculated curves with the visuwal curve. It was desired, furthermore, to
extend these limits to include some measure of the possible errors incurred

in arbitrarily fixing some of the shape parameters., Consequently, each
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previously fixed parameter was assigned a "working deviation" from the
fixed value; each was varied in turn by approximately this amount in a
model having the other distances corresponding to those in the hest curve
obtained in the previous correlation procedure. The effects of these
variations on the chosen calculated curve were noted and the tentative
limits assigned previously to the determined parameters were revised to
include the sum of these effects and to include an estimate of the experi-
mental and random errors inherent in the method. Hence, the final state-
ment of the limits of acceptable vaeriation are to be interpreted as follows:
if the arbitrarily fixed parameters are correct within the assigned work-
ing deviation, the limits of error of the determined parameters are as
reported in the investigation. Thus the conclusions as to the limits of
error of the structural parameters which were measured have been arrived
at with a consideration of the validity of the assumptions which were made

in their determination.
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EXPRRIMENTS AND RESULTS

i - Bthylene Glycol Sulfite Lster

The sample of ethylene glycol sulfite ester used in this
investigation was prepared by Mrs. G. Guthrie by the action of thionyl
chloride on ethylene glycol in methylene chloride solu.t‘.ion.s'9 The com=
pound hydrolyzes rapidly in water and boils at 169-172°C. Purification
was effected by vacuum distillation, and the fraction boiling at 61l.2-
61.89C./12 mm. (uncorr.) was used in the electron diffraction experi-
ments., The sample was admitted to the diffraction chamber through the
standard high temperature nozzle which was maintained at approximately
100°C. The jet—to~film distance was 11,00 cm. The wave length of
electrons in the preseant work was 0.06085 K., determined against zinc
oxide smoke.lo The photographs showed features extending to ¢ values
of about 100.

The radial distribution function R of Figure 1 has strong
mnaxima at 1.08, 1l.42, 1,63, 2.46, and 2.95 K. These distances are in
complete agreement with & model of ethylene glycol sulfite ester in which
the angle 0=-C~C is lll°, the ring oxygens and carbons are coplansr and the

bond distances are as follows:

$-0 1.64 K. (Single bond)
S=0 o le42 (Double bond)
C~-0 1.42
-0 1.52
C-H 1.09

However, the position of the sulfur atom relative to the assumed 0\C o’




plane is not located definitely by the RDI. The pesk at 2.95 3. may
correspond either to the sulfur-hydrogen distance in a model in which
the ring system is entirely coplanar (B of Figure 1) or to the oxygen-
carbon distance (through two angles) in a model in which the plane of
0-5-C mekes an angle of about 30° with that of 0-C-C-C (C of Figure 1).
The two theoretical intensity curves (B and C) were distinguishable only
by an incipient doubling in the last meximum of curve A, the absence of
which was felt to be confirmed upon reexamination of the photographs.

The ring was esssumed to be planar,* the C-H and S-H distances were fixed

0
at 1.09 and 2.95 A., respectively, and the ratios %f% and %E% were assumed

to be %&gg and %4§§ , values which were in good agreement with the RDI

peaks and with the results obtained for similar distances in other mole-
cules.** The parameters -0, / C-C~0, and / O~S=C were subjected to a

systematic variation about the values indicated for them in the RDI. Some
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*  The author feels that this conclusion is somewhat uncertain since the

region in which the difference occurs is low in intensity and difficult to
interpret. In addition, there could probadbly be found a small change in
some other parameter of the non-planar model which would bring the last
feature back to coincidence with the visual curve without materially alter-
ing the rest of the curve., If non-plenarity of the ring were proved, how-
ever, other results which are reported more definitely in this paper would
not necessarily be invalidated, as the effect (on the other curves) of mov—
ing the sulfur =tom out of the plane would undoubtedly be equally small.

** The value of 1.52 2. is somewhat shorter than that usually accepted
for the carbon-carbop bond distance. In order to account for the strength
of the peak at 1.42 §. in the RDI (compared to that at 1.63 A.), it was
necessary to take equal values for the S=C and C-0 distances at 1.42 A.,
and to teke a shorter distance for C-C than is usually found. It is of
interest that in similar oxygen-containing compounds, the C-C distance may
also be slightly short; viz., 1.51 * 0.02 A. in diethyl ether, il 1,51
0.03 A, in dioxane,ll and 1.52 * 0.02 A. in ethylene glycol.12
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theoretical intensity functions are shown in Figure 1. Those based upon
models in which [ 0-C=C is 108° are characterized by too low an intensity
in the region between q = 30 and q = 60 (D and E), whereas those based on
models with / 0-C-C = 114° (I and J) are likewise unsatisfactory because
of a common lack of prominence of the fourth maximum and also because of
a doubled ninth minimum in nlace of the pronounced shelf which lies be-
tween the seventh maximum and the ninth minimum in the visual curve. A
good. fit to the visual curve is afforded Dby curve G, which corresponds to
a model with $-0 = 1.64 R., / 0-0-0 = 111°, and / 0-5=0 = 106°.

In models corresponding to G, the previously fixed parameters
were veried in turn by a small amount as described in the introduction to
this section. The resultant curves are exemplified by K in which the C-C
distence is increased by 0.01 3. No material change may be noted. How-
ever, combined changes in these previously fixed parameters bring about
variations in the theoretical intensity curves similar to those which
occur as a result of changing the angle 0-S=0, and to & lesser extent of
changing the S-0 distance. Consequently, upward revision of the error
limits for these determined parameters was required.

An attempt was made to establish the rigidity of the 0-5=0
angles by assuming an entirely coplanar average structure in which the
oxygen atom outside the ring vibrates symmetrically above and below the
plane. This effect was simulated by applying appropriate temmerature
factors to the terms corresponding to distances which would be affected
by such a vibration. It was concluded that though showing improvement

in the relative width of the ninth and tenth maxima, these models are
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outside the region of acceptability because of the incipient doubling of
the eighth maximum in comparison with the seventh maximum end because of
the shift in position of several of the main features. Similarly, models
were calculated (A) in which the oxygen atom outside of the ring vibrates
about the mean position assigned in Model G, in which the S5=0 bond makes
an angle of 67° with its projection on the plane of the ring. Curve A is
considered acceptable despite the disagreement with the visual curve in
the last maximum; this discrepancy is not considered sufficient to rule
out models of this type (see footnote page 74).
The values assigned to the structural parameters of ethylene

glycol sulfite ester on the basis of this investigation =znd the probable

limits of error are as follows:

C-H 1.09 2. (assumed)
S-H# 2.95
C-C* 1.52 (£0.03 3.)
C-0* 1.42 (zo0.02 &.)
S=0% 1.42 (*0.02 .)
5-0 1.64% 0.05 3.

L 0-C-0 111+ 8¢

Lo-s80 106+ 8°

% These are the parameters fixed in the correlation procedure, the values
for which are taken from the RDI. The cuantities in parentheses are the
variations of these distances within which the stated limits of error of

the determined parameters hold.
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The agreement between the intensity function for this model
(which is based on a planar configuration of the ring) and the visual
curve is shown (Table I) by a comparison of the positions of the main

features. A non-planar ring structure is not definitely excluded.
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Table I

Bthylene Glycol Sulfite Ester

Average (17 features)

Average deviation

qG/qobs

0.940%
0.908*
0.883*
0.983
0.993
1,011
0.997
0.987
0.997
1.001
1.000
1.001
1.004
1.010
1.005
1.012
0,996
0.981
1.001
0,998

0.999

0.007
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Figure 1: Electron Diffraction Curves for Ethylene Glycol

Sulfite Ester




Model 5=0

1.41
1.41
1.41
l.42
1.42
l.42
1l.42
1.42
1l.42
1l.42
l.42
l.42
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Table of Parameters (Figure 1)

Ethylene Glycol Sulfite Ester

5-0

0
1.64 A.
1.64
1,64
1.6%7
1.67
1.61
1.64
l.64
l.64
1.61
1.64
1l.64

oo om;
VDRIV

L 6=0-0 L 0-8=0 L 6-0-§

111° 106° 108°30!
111 108 108930
108 106 102°
108 103 108°30!
108 106 108°30!
111 106 1089301
111 106 108°30!
111 109 108°30!
114 1086 108°30¢
114 109 108°30!
111 108 1089301
111 106 1290301 #*

* Term in summation corresponding to non-bonded C---0 distance at

3.28 X. omitted.

*%  Thig is the mean position.

The temperature factor e-aqz with a

0.0003 was applied to the Ce-=0 distance at 3.86 X

All models

5=0

C~0

C-H

S-H

1.42 1. (except A, B, and C)
1.42
1.09

2.95
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ii - BEthylene Glycol Chlorophosphite Ester

The sample of ethylene glycol chlorophosphite ester used in
this investigation was prepared by Mr. C. N. Scully by the action of
phosphorus trichloride on ethylene glycol in methylene chloride solution.7'8
The compound was purified by vecuum distillation and the fraction boiling
at 42-43°/12 mm. was used in preparing electron diffraction photographs.
The compound is of special interest because of the extremely high chemical
activity of the chlorine atom. Hydrolysis occurs rapidly in water or in
moist air with the evolution of hydrochlcoric acid; extensive decomposition
of the pure material with the formation of a bright orange precipitate
(probably phosphorus) was observable a few days after purification.

Diffraction photographs were taken at temperatures ranging
from 20°C. to 100°C. with the use of a heated, glass nozzle designed by
Dr, 8, Claesson for high temperature work. In obtaining dense photo-
graphs, a Dbeam-stop, designed by Mr. H, G. Pfeiffer, was placed between
the jet and the film to reduce the background scattering. The jet-to-
film distance was 10.93 cm. Features were observed at q values extend-
ing to about 105. The photographs were examined independently by this
author and by four other investigators* and a visual curve (V of Figure
2) was drawn to represent the final compromise among these workers with
respect to the interpretation of the diffraction pattern. The general
agreement was good but some differences in the interpretation of fine
structure in the pattern were registered by the various observers; e.g,
in the prominence of the second and fifth maxima and in the extent of
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* Dr. V. Schomzker, Dr. K. W. Hedberg, Mr. G. Guthrie, and Mr. H. G.
Pfeiffer,
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doubling in the ninth and eleventh maxima. In the assignment of limits
of error by the correlation method, liberal allowance was made for these
differences in interpretation. The finally chosen theoretical intensity
curvesatisfies all observers in that each of the features in contention
is an acceptable compromise among the various observations.

The radial distribution function, R, is shown in Figure 2.
Peaks are observed at 1,55, 2,11, 2.43 (diffuse), 2.85 end 3.20 K, It
is immediately striking that no maximum is observed at 1.76 g., a posi-
tion corresponding to the sum of the covalent bond radii of the atoms,
for the P-O single-bond distance. The absence of this peak, coupled
with the strength of the maximum at 1.54 g., led to the conclusion that
the P-0 distance in the molecule is considerably shorter than might be
predicted. An analysis of the first peak in the radial distribution
curve (as a sum of Gaussian peaks of suitable area) indicated the follow-
ing most probable interatomic distances in the molecule: (-0 = 1.41 K.,
C-C = 1.52 K., P-0 = 1.58 %. The maximum at 2.11 X. corresponds to the
bonded P-Cl distance, which is considerably greater than 2.00-2.05 g.,
observed for the P-Cl distance in POCl;, POF,CL, PSClyz, FFCly end similar
compounds. The diffuse peak at 2.43 ﬁ. corresponds to the cross-ring
distances (through one angle), P=-~C, 0-=0, and 0-~C, and the peaks at 2.85
and 3.20 K. correspond respectively to the Cl--0 and Cl——-C distances. No
geometrical model containing the indicated bond distances and a planar
ring can be formulated which wili'satisfy the last three pesks in the RDI.
For example, such a model with / 0-C-C = 107° gives reasonable agreement
with the peak at 2.43 g., but if the Cl--0 distance be fixed at 2.85 X.,

the Cl=-~C distance is found to be 3.67 2., in severe disagreement with
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3. 20 R. indicated in the RDI. The theoretical intensity function for
this plansr model, curve A, is shown in Figure 2. The general shape of
the region comprising the first, second, and third mexims and minima is
in severe disagreement with the visual curve.

An excellent fit to the RDI was afforded by a model in which

O\
C-C

of the chlorine atom was fixed at a distance of 2.85 X. from each oxygen

the group P was assumed planar with / 0-C-C = 107°. The position

) 0
and 3.20 A,, from each carbon. With the bond distances P-C = 1.58 A.

o)
and P-Cl = 2.11 A., the phosphorus is fixed in a position such that the

plane of 0-P-0 mekes an angle of about 30° with that of O\ /0.

For the correlation procedure, o number of assumptions were

C=C (V] . 1.52 1.41
e d Pt £ . T —— et e
P-C an R were fixed at 1 and 11’ the

0-C~C angle was tentatively assigned a value of 107°, It is not to be

mades the ratios

inferred that the weak contribution of the C-C distance to the theoreticel
intensity curves is well-defined Dby the RDI, but since this term was of
little significance in the asummation and since the distance, 1.52 K., in
combination with the other bond distances as stated, resulted in the best
fit to the first main peak in the RDI, this value was assumed to Dbe best,
The remaining parameters were systematically varied as follows:
L C=0~F from 109 tc 113°, / 0-P-Cl from 99 to 103°, and P-0 from 1.55 to
1.64 2. Equation (3) was used in all calculations except that resulting
in curve JA. The non-bonded X. . .H distances were omitted in a2ll ex-
cept the finally accepted curve.— Some representative theoretical intensity
curves are shown in Figure 2. The effect on the curves of a variation

in the P-C distance is shown by curves B, C, and D. In increasing the

F-0 distance, the main effects throughout are to strengthen the second

maximum, to weaken the fifth maximum, to strengthen the feature which in
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these curves occurs between the eighth and ninth maximum (but which in
more acceptable curves occurs on the outside of the ninth maximum) and
to decrease the doubling in the eleventh maximum, Curves with P-0 as
short as 1.55 K. (B) invariably show an inacceptable reversal of the
relative strength of the seventh and eighth maxima and of the corresvonding
minima. These discrepancies are corrected in curves with P-0 = 1.858 K.
or somewhat greater. The sequence, curves C,E, and F exemplifies the
effect of increasing the angle C-0-FP from 109 to 111°.  The result, in
general, is to weaken the second maximum, to strengthen the fifth mexi-
mum, to move the doubling from the ninth minimum toward the ninth maxi-
mum, and from the eleventh maximum toward the eleventh minimum. The
generzl effect of an increase in the angle 0-P-Cl is exemplified by the
sequence, curves G,H, and E. The second maximum is weakened, the fifth
maximum becomes more prominent, and the feature which in curve G occurs
as an asymmetry on the outside of the ninth maximum moves to the inside
of the ninth minimum in curve E. The nature and the position of the
eleventh maximum, which is strongly doubled in these curves, is altered
somewhat by this variation, but apperently is not improved in comparison
with the visual curve.

The theoretical intensity function which best combines the
features of the curves described above corresponds to a model in which
the P-C distance is 1.60 K., and the angles C-0-P and 0-P-Cl are 110°
and 100°, respectively. This cuf&e, I of Figure 2, compares well with
the visual curve in many features. The nature of the region comprising

the fifth and sixth maxima and minima is quite acceptable and the character




of the region between the sixth maximum and the eleventh minimum is very
good in that the envelope covering the maxima end that covering the minima
show respectively the concave upward& and concave downward curvature which
was finelly agreed upon by all observers. A number of discrepancies, how-
ever, in comparison with the visual curve may still be noted. The second
maximun gppears to be too strong in comparison with the third, the seventh
maximum is a trifle too strong compared to the sixth, the ninth meximum is
too strongly doubled and the eleventh maximum appears to be too sharp.
Definite improvement in all of these festures is noted with the application
of a temperature factor, e-aqz’ to the term corresponding to the Cl-C
distance (curve J). The value assigned to g is 0.0003 which corresponds

to a distribution of distances about the mean in the form of a Gaussian
curve with half-width equal to approximately 0.1 R, An apprecisbly smaller
value for g results in more doubling of the ninth maximum than we are will-
ing to accept, whereas 2 lerger value has no further noticeable effect on
the curve.

The agreement of curve J with the visual curve is considered to
be excellent. The ninth maximum was held to be a weak and indistinct
feature, quite broad with perhaps a slight tendency toward doubling. The
eleventh meximum was first drawn by this author to be strongly doubled
much as shown in curve H, but after examination of three heavy pictures
piled atop one another, it appears wery likely that no such strong doubl-
ing exists, and that the eleventh maximum in curve J is an excellent
representation of this feature. Other observers did not make a similar
mistake in the interpretation of this feature. The second maximum in

curve J is somewhat stronger in comparison with the first and third than

had been drawn in the visual curve. Some improvement is noted in curve
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JA in which the reduced intensity function, equation (1) was used instead
of equation (3) to calculate the initial portion of the curve. Equation
(1) is a closer approximation to the appearance of the photographs, especi-
ally in molecules containing atoms of widely differing atomic number. The
shift in the second minimum in going from curve J to JA may be attributable
to the use of a step function in approximating the dependence of f on g.
The second maximum in curve JA is still somewhat stronger than is desirable
but is acceptable for this difficultly interpretable region of the film.

During the course of the investigation, the effect of variations
in the fixed parameters was investigated. Of the variations investigated,
A (C-C) = 0.02 ﬁ., A(C-0) =0.03 2. and A(/ 0-C-C) = 2°, the largest
effect was shown by the last-named. Curve K corresponds to a model simi-
lar to that for curve G, but with the angle 0-C=C = 109°, Changes in
these fixed parameters by the amounts indicated appear to be similar in
effect on the curves to changes in the angles 0-P-Cl and C~0-FP of about
1/20, end would appear to add this uncertainty to the determination of
these parameters.

In the determination of the error limits, a good deal of weight
was attached to the appearance of single features. The nature of the
eleventh maximum is affected quite strongly by variations in the P-0 dis-
tance, but not so strongly by changes in the angle parameters. Thus,
from the correlation procedure slone, a limit of error of 0.02 K. was
assigned to the P-0 distance, The eleventh maximum is certainly not so
broad and doubled as is shown in curves with P-0 = 1.58 3., nor so sharp
as is shown by curves with P-0 = 1.64 K. (L). Temperature factors improve

this feature very little in these curves. A variation in the angles C-0-P

and 0-P-Cl have marked effects on several features: the fifth maximuom,
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the relative height of the seventh, eighth and ninth maximsa, the shape

of the ninth maximum, etc. A consideration of the relative changes brought
about in these features have led to & limit of error of 2° for each of the
angle parameters C-0-P and 0-P=Cl from the correlation procedure alone. A
consideration of the average deviation of ebserved g values from those celcu-
lated and of the errors introduced by variations in the fixed parameters,

led to the following structural parameters for ethylene glycol chlorophos-

phite esters

C-H 1.09 1. (assumed)
0=C 1.52  (* 0.02) l.#
C-0 1.41 (¥ 0.03) 2%
P-C1 211 ( £ 0.02) A.*
L 0-C=C w07 (*2)°
B-0 1.60 * 0,04 A.
L C-0-F 110 * 2.8°
L 0-p-C1 100 T 2,5%x

* These are the parameters fixed in the correlation procedure, the
values for which are taken from the RDI. The guantities in parenthesis
are the variations of these distances within which the stated limits of
error of the determined parameters hold.

*% The chlorine atom vibrates about this mean position such that the
distribution of Cl-0 distances is in the form of a Gaussian curve of half-
width = 0.1 R.

The positions of the main features of the visusl curve are

conpared in Table II with those of curve J. There is good agreement with

an average deviation of less than one percent.
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Table Il

Bthylene Glycol Chlorophosphite Ester

Min Max

% ES qJ/q0

1 5,47 6.4 0.989%

1 9.48 9.5 1.002%

2 11.58 11.7 1.010%

2 15,04 15.4 1.024

3 17.156 17.5 1.020

3 19.67 20.0 1.017

4 Ae 16 4.2 1.002

4 29,39 9.1 0.990

5 35, &4 34,9 0,988

5 37.72 37.5 0,294

6 40,21 39.9 0.992

S 43,05 42,5 0.987

7 47,31 47.2 0,998

7 50,98 51l.3 1.002

8 54,98 55.0 1.000

8 58, 56 58.6 1.001

9 62,75 62.4 0,994

9 66.64 66,1 0.992

10 73.84 738 0.999

10 78.11 78.1 1,000

11 838. 2L 82.9 0.996
11 88.97 89,3 1.004 (center of gravity)

12 95, 64 95,7 1.001

12 99.26 99.4 1.001

13 103.12 102.2 0.991

13 105.97 106.0 1.000

Average (23 features) 0.999

Avergge deviation 0.007

* Not included in the average
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Table of Parameters (Figure 2)

Ethylene Glycol Chlorophosphite Ester

Model P-0 L 0-P-C1 L C-0-P
A 1.58 101° 116°
B 1,55 103 109
0 1.58 103 109
D 1.61 103 109
E 1.58 103 110
F 1.58 103 111
G 1.58 99 110
H 1.58 101 110
I 1.680 100 110
Jet 1.60 100 110
Ja¥# 1.60 100 110
K 1.58 99 110
5 1.64 103 110
All models
C-C 1.52 &.
B0 1.41
P~C1 2.11 (except model K in which
L C-C-0 1070 P-Cl = 2.13 A.)
C-H 109

* The non-bonded hydrogen distances have been omitted from all theoretical
intensity calculations except J and JA

+ Teuperature factor, e—aqg’ apolied to Cl-C distance (a = 0.0003)

¥ liodel JA is similar to J except that the theoretical intensity
function is calculated according to equation {(1).
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iii - HEthylene Glycol Acetal

The sample of ethylene glycol acetal used in this investigation
was prepared by Mrs. G. Guthrie in an original two-step synthesis.9
Di-n-amyl acetal was first prepared by the action of n-amyl alcohol on
paraldehyde in the presence of dry hydrogen chloride gas. After puri-
fication, the di-n-amyl acetal was treated with ethylene glycol in the
presence of p-toluenesulfonic acid. An exchange of the alkyl groups
resulted with the formation of ethylene glycol ecetal (b.p. = 82.5°C.)
and the regeneration of amyl alcohol,

Electron diffraction photographs were taken at room temperature.
The gas was admitted to the chamber through the standard low-tempera-
ture nozzle which, in one series of experiments, was equipped with a
beam-stop. The jet-to-film distence was 10.95 cm. Features were ob-
served on the photographs at q velues extending to about 100. The
visual curve, V, is shown in Figure 3.

Ethylene glycol acetal is a homologue of ethylenemethylene di-~

oxide, the structure of which was determined by Dr. W, Shand. Ml He

chose, as the Dbest structure for his compound, a model in which the

ratio =0 is .40
c-C 1.54

105°37', However, the theoretical intensity curve corresponding to

and the ring is coplenar with the angle 0-C-C =

this model deviates markedly from his visual curve in two important
features. I believe that this model is not the correct one for the
structure of ethylenemethylene dioxide.

The estimated visual curves of ethylenemethylene dioxide and of

ethylene glycol acetal show a great similarity which is borne out by &

comparison of the diffraction photographs of the two compounds. The




region comnrising the sixth and seventh maxima is broad and somewhat
doubled and appears to be definitely weaker than the following eighth
maximum as drawn by this author and by Dr. Shand. The general aspect of
this pegion is denied by the model chosen by Shand.

The visual curve, V, and the redial distribution integral, R, of
ethylene glycol acetal are shown in Figure 3. In the RDI, peaks were ob-
served at 1.13, 1.44, 2.03, 2.30, 2.80, 3.18, and 3.60 &., the last being
quite diffuse. A good epproximation to the maximum at 1l.44 R. was calcu-
lated from Gaussian curves representing C-0 and C-C distances of 1.43
and 1.53 K. respectively. The peak at 2.30 2. is sharp, symmetrical, and
of theoretical half-width, from which it mey be inferred that the C--C,
0--0, and 0--C distances through one angle are all vefy cleose to this value.

An examination of the peak at 1.44 2. in the RDI and a considerstion
of the sitructure determination of ethylenemethylene dioxide led to the
conclusion that an attempt to resolve the two C-C or the two C-0 distances
would be futile., In the correlation procedure, it was deemed more profit-
able to determine the bond angles in the molecule than %o attempt a re-
determination of C-C and C-0 distances for which the values indicated are
in good agreement with those found by Shandll in similar comvounds.* The

D n e  an co on a— — ww o ——— oo —— - oown vt tman v e rme  wmra e W e wma  nwn e s e o o S

*  Hthylenemethylene dioxide: C-C = 1.54 * 0.05 A.; C-0 = 1.42 * 0,03 A.
all angles = 108°; probably planar.

Trimethylene oxide: C-C = 1,54 T 0,0
L C-C-C = [/ C-C-0 =88.,5*3; [C-0-C =9
in 15-20°.

1,4-Dioxane: C-C = 1,51 * 0.04 K.; C-0 = 1.44 * 0.03 £.; / C-0-C =
112 + 5°; [ 0-C-C = 109} = 5°; "chair" form.

1,3,5-Trioxane: C-0 = 1.42 * 0.03 A.; [/ C-0-C =/ 0-C-0 = 112 + 3°%;
fichair' form.

I+ -

O = 1046 I 0.0Z ﬁ.;
s probably planar withe-




ratio %=% wes held constant at %Aig. The angle 0-0-C in the ring

wes varied from 104° to 108°, the angle C-0-C from 105° to 109°, and

the angle 0-C~C' (C' is the carbon atom not contained in the ring) from
100 to 104°. Within the region of varistion is found a smaller region

of geometrically impossible models which, of course, could not be calcu-
lated. The calculation of theoretical intensity curveswas carried out
with the use of equation (3). A number of representative theoretical
intensity curves are shown in Figure 3. In all except the finally ac-
cepted curve, non-bonded X. . .H terms were omitted from the summation.
Curves A, B, and C correspond to models in which the five-membered ring is
planar, with the ring engle, 0-C-C, equal to 104, 106, and 108° respec~
tively. Of these, only B, which is similar to Shand's chosen model of
ethylenemethylene dioxide, is considered acceptable. A and C are inac-
ceptable beyond q = 50. Of the models conteining a non-planar five-
membered ring, three types may be considered depending on the position of
the carbon atom, C', relative to the two glycol carbon atoms in the ring.
Curve D represents the "chair" form, and curve E the "cradle" form, in
each of which the group O\C_CIO is planar; curve F represents the
"staggered ring" form, in which one of the glycol carbon atoms is above,
and the other is below, the plane of 0-C-0, and the projection of the
C-C'" bond bisects the angle 0-C-0. The distances in each of these models
are in reasonable agreement with the RDI. Curve E, corresponding to the
"cradle" form, is in excellent gualitative agreement with the visual curve.

The curves D and F are considered to be unacceptable because of the strong

doubling of the sixth and seventh maxima. It is highly probable, however,




that acceptable models of the "chair' and staggered ring'" form could

be found. In the remainder of the correlation procedure, only models
corresponding to the Y"eradle form" were considered. A number of these
are shown (G, H, I, J, K). The acceptability of these curves, in gener-
al, had to be decided by the nature of the region comprising the sixth,
seventh, and eighth maxima and minima.

An attempt to resolve the two different C-0 distances in the
molecule served to Jjustify the original assumption that a definite re-
sult could not be obtained. The average of the C-0 distances was deter-
mined to be 1.43 ¥ 0,03 3., but a change of 0.05 %. in the individual
distances (holding the aversge constant) resulted in curves which were
considered still acceptable. The application of a temperature factor
to the term corresvonding to the 0---C distance at 2.84 X., apparently
doeg not change curve E by an appreciable smount in any feature. This
may be inferred from curve M in which this term is omitted completely.
The sixth and seventh maxima remain acceptable and the ninth maximum is
weekened such that it approximates more closely the visual curve; this,
however, occurs in a difficultly interpretable region of the fidm and is
not considered significant.

A comparison of the positions of the main features in the visual
curves with those in curve B is made in Table III. The structural para-

meters for ethylene glycol acetal are as follows:

C-H 1.09 3. (assumed)
C-C (individual) 1.53 (assumed)
-0 (individual) 1.43 £ 0.05 A.
C-0 (average) 1.43 * 0.03 A.

L ©-C-0 106 * 4°

L c'=c-0 101.5 * 40

/ C-0-C 106.5 * 4°

o
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Table III

Ethylene Glycol Acetal

Min  Max a4 Gy a5/,
1 8.2 7.5 0.908*
1 11.71 11.0 0.939%
2 14,83 14.1 0.951%
2 19.17 19.2 1.002
3 24,55 24.4 0.994
3 28,94 29.1 1.006
4 32,87 33.9 1.031%%
4 36,58 36.8 1.006
5 40. 86 40,3 0.986%*
5 45,42 44,9 0.989
6 49,75 50.1 1,007
6 54.19 55.0 1.015%%
7 56,41 57.8 0.990
7 62.01 61.6 0.993%*
8 66. 89 66.9 1.000
8 71.88 71.7 0.997
9 76.80 6.2 0.992
9 80.43 79.9 0.993
10 84.02 83.4 0.993
10 88.40 82.0 0.995
11 93.62 93,3 0.997
11 99.05 98. 2 0.991

Average (19 features) 0.998
Average deviation 0.007

* Not included in the average
¥ In computing the average and average deviation, these quantities
were given half weight since the measurements of gy were subject to
errors introduced by the St. John effect.
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Figure &: BElectron Diffraction Curves for Ethylene Glycol acetal
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Table of Parameters (Figure 3)

Bthylene Glycol Acetal

Model® L 0=C~C L 0-C-C! L C-0-C
A 104° 115° 100°
B 106 110 102
c 108 104 104
D 105° 37! 101044¢" 106952!
B 1059371 101944! 106°52!
F 105°37! 101944 106952¢
G 104 100 105
H 104 104 107
I 104 104 109
J 106 100 107
K 106 104 109
L 106 102 107
M 105037! 101944 106°52!
All models
0
C-0 1.43 A, (except model M)**
ey 1.53
C-H 1.09

* The non-bonded hydrogen terms are omitted from all models except
model ¥, in which all terms are included, calculated and temperature-
factored as described in the introduction.

*%¥ In model M, the bonded C-C distances in the group O\C_c/o are

¢
1.40 &., end in the group 4/, are 1.45 i.
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DISCUSSION

The molecules of ethylene glycol sulfite ester, ethyléne glycol
chlorophosphite ester and ethylene glycol acetal have been found to con-
tain several interatomic distances which are appreciably different from
those which might have been predicted from & consideration of the co-
valent radii of the atoms. The most striking discrepencies are ob-
served in the structure of the chlorophosphite ester. The value for
the P-0 bond distance, obtained in the present work, is 1.60 Z., con=-
siderably shorter than the theoretical distance for a normal covalent
single~-bond, calculated either from the covalent radii suggested by
Paulinglz'l4 (1.76 3) or from the Schomaker-Stevenson rela.tionshipl5
(1.71 &.). Indeed, the value 1.60 2. just corresponds to one-half co-
valent double-bond cheracter for each P-0 distance,calculated from the
Pauling radii and the Pauling formule for vnercent double-bond character.
In addition, the P-C1l bond distance, 2.11 K., in this molecule is signi-
ficantly greater than that which 1s predicted from the same sources
(2.09 K. and 2.01 g., respectively). According to theories of resonance,

after Panling,16

the interpretation of these apnarent snomalies may be
made in terms of ionic or double-bonded structures which, in contributing
to the state of the molecule, would be expected to affect the distances
in a way indicated by the experimental results. Several possible
structures are written below. In each of these, the adjacent charge rule
and the octet rule for first row elements are satisfied. Structure (I)

is aclassical representation of a molecule in which normal covalent single-

bond distences would be exhibited. If a structure of the type (II),

O
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resonating with its equivalent,(IIa), completely described the state
of the molecule, the P-0 bond would have one-half double-bond character
but the P-Cl bond would only be lengthened by about 0.05 K. from the
normal covalent distance.t? This could not completely account for the
discrepancies, especially since the unfavorable distridbution of charge
between the phosphorus and the oxygen atoms mekes it unlikely that this
structure would contribute to so great an extent to the state of the
molecule. (III) would be expected to shorten the P-O bond distance by
only 0.03 2. Structure (IV), resonating with (IVa), might reasonably
account for the observed strucéure of the molecule. In (IV) and (IVa),
the coulomb attraction of unlike charges would be expected to be very

weak in contrast to & normel X Y ionic bond; in addition, since the

]
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electronic configuration about the phosphorus in (IV) is different from
that in (I), an extra van der Waals' repulsion between the electrons of
C1” and the unshared pair on the phosphorus may well account for the
increase in the interatomic distance. The postulation of ionic charac-
ter for the chlorine atom is in line with the high chemical activity ob-
served in the molecule. TFurthermore, if the molar refractivity of the
chlorophosphite ester by compared with that of, say, the methoxyphos-

¢ .
phite ester /P\o , which might Dbe expected to exhibit a normal covalent

o)

\ 7/

L —CHy
structure analogous to (I), one observes an exaltation of refractivity in
the chlorophosphite ester corresponding to approximately one-third of a
double~bond.* This mey or may not constitute evidence in favor of structures
(IV) and (IVa) since the validity of the =zdditivity rule for second row
elements has not definitely been shown. However, Mitchell” has shown that,
for phosphorus in a large number of compounds of the type discussed here,
the efditivity rule is quite reliable.

It may also be pointed out that an effect analogous to that

reported here has Deen observed in nitrosyl chloride. In this compound,

0
the N-O0 and N-Cl distances ere 1.12 and 1.98 A., respectively, instead

0
of the calculated values 1l.21 and 1.69 A, This has been explainedl8 by

* ’Mitchell7 has carried out this calculation as follows: Assuming the
average values for the atomic refractivity of carbon, hydrogen, and oxygenl?
and assuming the sdditivity of the atomic refractivity to yield the molar
refractivity, values of the atomic refractivity of phosphorus were calcu-
lated from the experimental vsalue for the methoxyphcsphite ester and

several of its homologues. Using an aversge of these values for phosphorus
(the deviations being small), and using an average value for chlorine,17

the molar refractivity of the chlorovhosphite ester was calculated. The
observed value deviated from the calculated value as indicated in the text.
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resonance between the normal covalent structure, 5¢i—ﬁ=6=, and the
ionic structure ¢¢iﬁ' :N=0* . The situation is similar in nitrosyl
bromide.

The major difficulty in the proposal of structures (IV) and
(IVa) is that the experimental results require that these contibute
almost completely to the state of the molecule to the exclusion of any
appreciable quantity of (I), which should represent a state of energy
equal to or lower than that of (IV). One might be tempted to formulate
structures which show two double-bonds or a triple-bond in the ring;
these, however, are extremely unsatisfactory with respect to the distri-
bution of charge. Consequently, for an interpretation of the results in
terms of multiple and/or ionic bonds, one is forced to accept resonance
between (IV) and (IVa) with perhaps a small contribution from (I) as
representing the structure of the molecule. It may, of course, be that,
as set forth by Pitzerl® in a recent article and by others, the postu-
lation of multiple bonds for other than first row elements is unjustified,
but this language does present o plausible basis for the interpretation
of many apparently anomalous resulis,

It should perhaps be wointed out that s number of anomalous
P-C and P-Cl distances have previously been reported. In P406,20 P4010,20
and P40684,21 the "single-bond" P-Q distances have the values 1.65, 1.62,
and 1.61 R., resvectively. These correspond to something less than 50%
double-bond character in the bénd but, contrary to the statement of
Hampson and Stosick, the distances cannot be satisfactorily explained on

the basis of ionic or multiple-bond structures. In PClg, which has the

form of a trigonal bipyramid, the two P-Cl bonds which are directed along

o
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the three-fold axis of the molecule are 2.12 g. in length. However,

it is very probable that this is not anslogous to the present work, since
in P015, the chlorine atoms suffer severe steric interazctions, with those
farthest from the central phosphorus atoms having the grester number of
close CL. . .Cl interactions. In ethylene glycol sulfite ester, the
single-bond S5-0 distance has been determined to be 1l.64 2., significantly
shorter than that predicted from the Pauling covalent radii or from the
Schomaker-Stevenson modification (1.70 and 1.69 %., respectively). 1In
terms of wmultiple bonds the discrepancy corresponds to apvroximately 12
percent double-bond cheracter in each S-0 bond. No anomaly is necessari-

ly indicated here, since structures of the type (V), resonating with (Va)

may reasonably be written. Contributions from these will satisfactorily

g 5
\ \
+4§\u /§* *
0 0: 0 0:
\ / \ I
HZC -CH2 H?C CHz
(v) (Va)

account for the observations. The only value for a single-bond S-0
distance that has previously been revorted is that found by Westrink

and MacGillevryzz

for the ¥ -modification of (SOz)z. Their value of

0 -
1.60 A, is in more serious disagreement with predicted values than is
the present work. However, no great nrecision is claimed for the atomic

positions.

O
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It is of interest that the C-C distance in each of the mole-
cules appears to be slightly shorter than that usually found. This is
in agreement with values for this distance in ethylene glycol, diethyl
ether, =nd dioxane (see footnote, p. 92). These discrepancies found in
the present work cannot, however, be considered significant since the
limits of error of these distances have been assumed rather than deter-

mined.
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SUMMARY

A determination of the molecular structure of three compounds,
ethylene glycol sulfite ester, ethylene glycol chlorophosphite ester,
and ethylene glycol acetzl has been carried out. In esach compound, the

minimum symmetry Cs-m and & planar configuration of the group O, 2

C-C

was assumed. In the sulfite ester, the assumption of a planar ring led

%0 2 reasonable structure in good agreement with the data, although non-
planar structures could not be excluded. The symmetry Cop~Fmm was ruled
out, but vibration of the 0-5=0 angle about the position finally assigned
could not be proved or disproved. In the chloropvhosphite ester, the ring
is definiteiy non-planar; the plane of O/P\O makes an angle of about %0°
with that of O\C_do. In the acetal, the favored structure contained a
non-planar ring, but a range of planar ring models falls within the region
of acceptability. In the three molecules, a number of anomalous distances
are found and an interpretation of these apparent anomalies is discussed

in terms of multiple end ionic bonds. The structural parameters of the

three molecules are as follows:

Bithylene glycol sulfite ester

C-H 1.09 8. (assumed)
S-H 2.95 o *
c-C 1.52 (£ 0.03) A.*
C-0 1.42 ( £ 0,02) *
8=0 - 1.42 (£ 0.02) =
$-0 1.64 * 0,05 K.

] ¢-6-0 111 t 2°

L 0-S0 106 * 3°

]
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Bthylene glycol chlorophosphite ester

C-H 1.09 K. (assumed)
C-C 1.52 ( £ 0.09) R.#
C=0 1.41 (¥ 0.03) *
P-C1 2,11 ( * 0.02) *

L 0-C-C 107 (£ 2)° "
P-0 1.60 * 0.04 k.

L C-0-P 110 * 2.8°

/ 0-P-C1 100 * 2.8°

The chlorine atom vibrates sbout its mean position such that
the distrivution of Cl——-( distance is in the form of a Gaussian curve
of half-width =0.1 R.

Ethylene glycol acetal

C-H 1.09 2. (assumed)
C-C (individval) 1.53 (assumed)
C-0 (individusl) 1.43 * 0.05 R
=0 (average) 1.43 £ 0.05

L 6=C-0 106 * 4°

L ct-Cc-0 101.5 * 49

L 0-0-C 106,5 x 4°

C!' is the carbon atom outside of the ring

* In these structure determinations, an attempt was made to estimate

the additional errors brought into the investigation by the assumption
of certain parameters in the molecules. The starred parameters are

those fixed in the correlation procedure; the values were taken from the
RDI. The gquantities in parentheses are the variations of these distances
within which the stated 1limits of error of the determined parsmeters
hold.
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ii Naphthalene and Anthracene

The stability and the characteristic arcmabtic properties of
toth naphthalene and anthracene have suggested the formulation of re-
sonating structures for these compounds similar to those proposed by
Kekulé/for benzene. In benzene, the contribution of equivalent structures,
whether they be of the Kekuléj the Dewar or the Claus-Armstrong-Baeyer
type, results in complete six-fold symmetry in the molecule. In naph-
thalene, however, resonsnce between the nearly equivalent structures of
lowest energy, (VI), (VII), (VIII), should result in a molecule in which
the bonds have differing amounts of double-bond charscter (IX). The
length of a C~C bond with 1/3 double-bond character should be, after
Pauling%8 1.42 E.; that of 2 bond with 2/3 double-bond character should

]
be 1.37 A. Similarly, in anthracene, resonance among the structures

(vi) (VII) (vIIy) (1Ix)

(X), (XI), (XTI) and (XIII), which are nearly equivalent and lowest

in energy, should result in bonds with double-~bond character as in (X1V).

(x) (X1) (X111)

Yo A

Y

(XIV)
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The lengths of C-C bonds with 1/4, 1/2, and 3/4 double-bond character
should be 1.44, 1.39, and 1.355 K. respectively.

A number of other treatments, inspired by quantum mechanics,
have been given to the structure of naphthalene. In addition to the
calculation by Pauling, which is outlined above, predictions of inter-

stomic bond distances have been made by Lennard-Jones and Turkevich,‘g

4 2

by Coulson, by Penney S and by Brockway,Beach and Pauling.g6 The
results of these calculations are summarized in Table IV. The bonds

are designated a, b, c, and d as depicted in (IX) above.

Table IV

Theoretical Bond Lengths in Naphthalene

a b (o4 ol reference
Pli 1.42  1.42 1.39 1.42 20
Pyt 1.40  1.44 1,39 1.42 26
g, T 1.44 1.40 1.39 1.40 24
0™ 142 1.4l 1.8 1.40 24
L-d" 1.37 1.39 1.37 1.39 23
py¥i 1,42 1.40 1.38 1.40 25

i From consideration of double-bond character in each bond for equal
contributions of (VI), (VII), and (VIII} (Pauling)

ii From Sherman's wave function®' considering contributions of 42
possible structures (Brockway, Beach and Pauling)

iii From empirical consideration of bond interaction  (Coulson)
iv From a valence-bond treatment of resonance (Coulson)

v From a molecular-orbital treatment (Lennard-Jones and Turkevich)

vi From a valence-bond treatment of resonance (Penney)
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Theoretical treatments of the anthracene molecule have not been
as numerous nor, in general, have the results been as precisely stated
as was the case for naphthalene. The results of numerical calculations

8

by Pauling and coworkerst8:26 ang by Michailov<® are summarized in Table

V. The bonds are designated a, b, ¢, d, and e as depicted in (XIV) above.

Table V

Theoretical Bond Lengths in Anthracene

a b c a e reference
Pt 1.44 1.44 1.356 1.44 1.39 18
Pt 1,474 1.453 1.395 1.446 1.425 26
nildi g 44 1.416 1.375 1.41 1.396 28

i From consideration of double-bond character in each bond for equel
contributions of (X), (XI), (XII), and (XIII) (Pauling)

ii From Sherman's wave function®’ (Brockway, Beach and Pauling) (by Michailov)

iii TFrom a valence-bond treatment of resonance, after Penney25

(Michailov)

Determinations of the structures of ctystalline nz,aph’cha;!.eneg9
and anthracene®0 have been made by Robertson. The molecules were re-
vorted to be vplanar, with atoms at the corners of regular hexagons. The
C-C bond distances were reported to be equal and, in each molecule, to
have the length 1.41 2, Pa.u_'l.ing—g6 has noted small deviations from regu-
larity in Robertson's Fourier projection of the naphthalene molecule and
has interpreted these to indicate that the carbon-carbon distances are

not truly equal.

o
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An electron diffraction investigation of the structure of
naphthalene was carried out by Specchia,gl but only an average value,
1.397 ﬂ, was arrived at for the C-C bond distances.

The present work, a determination of the structures of naph-
thalene and anthracene in the gas phase, is a completion of an lavesti-
gation begun in 1941 by Dr. Jurg Waser, who prepared electron diffraction
photographs of the two compounds and calculated a number of theoretical
curves for naphthalene., The large number of parameters which were to
be determined in each molecule necessitated a procedure somewhat differ-
ent from that which is ususlly followed in electron diffraction investi-
gations. The distances reported by Robertson in nephthalene and anthra-
cene were, for each case, in reasonable agreement with the.peaks in the
radisl distribution function. Theoretical intensity functions which were
calculated from these models, however, were not in full agreement with
the visual curve. The parameters of the Doy model were varied indivi-
dually about the values assigned in the Robertson model, which was used
as a standard for comparison. From a consideration of the effects of
each of these parameter variations on the theoretical intensity curves,
it was vossible to suggest o model, the intensity function for which
would be in best agreement (in the range investigated) with experimental
observations.

The estimation of limits of error for the individual parameters
in naphthalene end anthracene is almost impossibly difficult, since the
treatment of each problem by a systematic correlation procedure is not
feasible. Conseqguently, I have attempted only to estimate the limits of

error for the average bond distance, to determine the model which, in the

]
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region of parameter spaceconsidered, appears to result in the Dest
possible sgreement with experimental observations, and to indicate the
perameter variations to which the theoretical intensity functions are
most sensitive.

In the parameter range investigated, the variations in the
qualitative aspect of the theoretical curves are gquite small; as a re-
sult, much of the comparison of these curves with the visual observations
was made on the basis of the relative positions of the features. Indeed,

the final choice of a favored model was based upon these considerations.,

i Naphthalene

The electron diffraction photographs were taken by Dr. Waser
with the use of the standard high-tempersture nozzle. The jet-to-film
distance was 10.91 cm. Features were observed at g values extending
to about 100,

The visual curve, V, for naphthalene and the radial distribution
function, R, are shown in Figure 4. Peaks are observed at 1.39, 2.20,
2.43, 2.78, 3.08, 3,73, and 4.20 2. These distences are in reasonsble
agreement with the Robertson model. Some theoretical intensity functions
for moleculear models of symmetry Dzh are also shown in Figure 4. The
Robertson model (Curve A) is seen to be acceptable within the limits of
experimental error. Similar models, with angles different from 1200
become unsatisfactory (B and d) in the region of the tenth and eleventh
magima and also in the relative nositions of many of the main features.
The shift in these positions is much larger than that brought about by a

change of 0.03 R. in any bond distance. No combinetion of such chianges
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has been found which brings curves B and C back to coincidence with the
observations. Consequently, it may be that the allowable variation in
the angle is as little as 29, although z precise statement cannot be made
from this examination of a comparatively small number of curves.

A comparison of the relative positions of the main features
in curves B-E and G-L with the visual curve led to the suggestion of a
model, corresponding to curve F, which, in the range of parameters con-
sidered, best represents the appearance of the photographs., Curve F,
after adjustment of the size parameter, corresponds to the following

models

e 1.42, L.
b 1.4‘04

¢ 1.38,

d 1.404

L o 120°

A conclusion concerning the average bond distance in naphthalene
was reached in the following manner: for each of a large number of models
(in the region of parameter space under consideration), the everage bond
distance was multiplied by the 6733 for the corresponding theoretical
intensity curve. The mean of t@e resultant set of numbers was taken as
the average bond distance. The maximum deviation from the mean was taken
as the probable limit of error. The value finally arrived at was 1.597120.02 %;
Of the individual parameters, the angle « appears to be most

precisely determinable by the electron diffraction method. The precision
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in the individual bond distances, as might have been predicted from the
relative effect of displacing the various atoms in the molecule, apoears
to be in the order > ¢ > 4 > a.

A numbver of errors in the interpretation of the photographs
apoear to have been made. The height of the fifth meximum was thought
to be greater than that of the sixth, and the strength of the tenth maxi-
nmum was overestimated. From reexamination of the photographs with parti-
cular reference to these features, it was estimeted that curve F is o
better representation of the photographs in these regions than is the
visual curve. These errors are probably not serious since all theoretical
intensity curves which were considered are similar in the particular
aspects which were misinterpreted.

A comparison between the positions of the main features in the
selected model, which is just Penney's (see Table IV, Py), it happens,
and in Robertson's model with those in the visual curve is made in Table

Vi.



Min Max
1
1
2
2
3
3
4
4
5
5
6
6
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7
8
8
9
9
10
10
11
11
12
12
13
13
14
14
15
15
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Teble VI

Naphthalene

Average deviation

¥ Not included in the average

- g S

%4

7.60
10.08
13.92
17.84
23.44

29,44
31.20
34,24
40,00
44,40
47.88
50.40
51.45
53.73
55,28
59,84
64.56
67.28
69.84
72.48
73.76
76,32
80.80
83.44
84,64
87.72
90,08
92.32

a4/ %

(0.990)*

(1.000)*
0.995
1.008
0.987

o e e s
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Figure 4: ZXElectron Diffraction Curves for Naphthalene

>
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Teble of Paremeters (Figure 4)

Naphthalene
A

d
Model a b c a Lt
A 1.40 1.40 1.40 1.40 120
B 1.40 1.40 1.40 1.40 118
¢ 1.40 1.40 1.40 1.40 122
D 1.36 1.40 1.40 1.40 120
i 1.44 1.40 1.40 1.40 120
F l.42 1.40 1.38 1.40 120
G 1.40 1.44 1.40 1.40 120
H 1.40 1.40 1.26 1.40 120
I 1.40 1.40 1l.44 1.40 120
J 1.40 1.40 1.40 1.38 120
K 1.40 1.40 1.40 1.44 120
L 1.40 1.36 1.40 1.40 120

All models oplznar with symmetry_Dgh
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ii __Anthracene

The electron diffraction photographs were taken by Dr. Waser
under conditions similsr to those in which pictures of naphthalene were
prepared. The jet-to-film distances were 10.91 cm. and 20.25 cm.; pic-
tures at the longer camera distance were taken to zid in the estimation
of fine structure in the intensity pettern at swall g values.

The visual curve, V, is shown in Figure 5. Peasks in the radial
distribution function, R, are obtserved at 1.09, 1.41, 2.17, 2.42, 2.83,
3.37, 3.70, 4.19, and 4.98 2. Beyond 5.5 2., no significant peaks ap-
veared in the RDI. The procedure followed in applying the corfelation
method was similar to that ontlined in the introduction to part III b
and to that used in determining the structure of naphthalene. The para-
meters of the Doy model, a, b, ¢, d, e, « and /3 (as shown below), were
varied individually about the values assigned in the Robertson model, A

of Figure 5, which was used as a standard for comparison.

The attempt to determine individual bond distances in anthracene
was of no avsil. The differences in the theoretical intensity curves shown
in Figure S5 are, for the most part, too small to permit one model to be
chosen over other models on the basis of qualitative comparison. The best
model was chosen on the basis of a comparison of the positions of the main
features with those in the visual curve. Variations in the distances g or

4 (curve H, I, J, K) bring aebout such small changes in the intensity

functions that extremely wide limits of error must be assigned to these
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distances. On the other hand, an increase in either the distance D1 or
e (curves G and 0) brings about similar variations in the positions of
the main features so that only an average of these two distances may be
stated.

The Pauling model of anthracene (curve P), described in the
introduction to this section, is considered to be within the acceptable
region. The diffuse nature of the next-to-lsst maximum, the reversed
asymmetry in the last minimum end the general dissgreement in the positions
of these features occur in a region in which the visual curve must be
considered uncertain. Consequently, in the absence of more serious dis-
agreement, curve P is considered acceptable. By comparison with the
visual curve, G is best in agreement with observed data, the average
deviation of Qgpnyc/dypg being 0.007. Average deviations of Qgaye/dobs
for curves A, M, end O are 0.009, 0.009, and 0.010 respectively. Curve
G, after adjustment of the size parameter, corrgsponds to the following

models

The average bond distance, determined as in naphthalene from

a consideration of the q?qo for each of a large number of curves, was

0
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The most precisely determinable parameters in anthracene apnear
to be the angles A and /3 ; these, however, can probably not be estimated
with as much certainty as can the angle in naphthalene. The statement of
the bond distances b, ¢, and e, is probably more precise than that of a
and d, but less so than that of the angles « and (3 o« The quantitative
changes in theoreticzl intensity curves brought about by variations in
the distances b and e are such that their average is probably more pre-
cisely determinable than are the individual distances.

It should be pointed out that several distances in model G are
in disagreement with their respective peaks in the RDI, z2lthough curve G
is in good agreement with the visual curve., No explanation for the anomaly
is offered.

A comparison of the positions of the main features in curve &

with those in the visual curve is shown in Table VII.
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Table VII

Anthracene

AVerage
Average deviation

ag/ 9

0. 9¢
0.9

W ;M

O3

-

0.998
1.027
1.004

0,996
0.980
0.968
0.985
0.999
1.002
0.993
0.993
0.993
0.996
0.997
1.000
1.001
1.005
0.995
0.992
0.989
1.004
0.995
0.990
1.008
0.996
0.995
0.995

0.995
C.007
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10 210 410 610 8|10 1100

q

Figure 5: Electron Diffraction Curves for Anthracene




Model a
A l.41
B 1.41
C 1.41
D 1.41
B 1.41
F 1.41
G .41
H 1.41
I 1.41
J 1,37
K 1.45
L l.41
M 1l.41
N 1.41
0 1.41
P 1.44

411 models planar with symmetry Doy
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Table of Parameters (Figure 5)

l.41

1.41

l.41

1.41

1l.41

1.41

1.41

1.41

l.41

1.41

l.41

1.41

l.41

1.37

1.45

l.44

Anthracene

l.41
l.41
l.41
1l.41
l.41
l.41
1l.41
l.41
l.41
1.37
1.45
1l.41
1l.41

1.355

1l.41
1.41
1.41
1.41
l.41
1.41
l.41
1.37
1.45
l.41
1.41
1.41

1041

1.41

1.44

l.41
1.41
1.41
1.41
1.41
1.37
1.45
l.41
1.41
1.41
1.41
1.41
1l.41
1.41
1.41

1.39

L
120

120
118
122
120
120

120

120
120

120

Lo
120
118
122
120
120
120
120
120
120
120
120
120
120
120
120

120
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SUMMARY

The molecular structures of naphthalene and of anthracene have
been determined by the electron diffraction method. The assumption of a
planar structure with a molecular symmetry Dzh leads to models in excellent
egreement with the observed intensity function., The individual C-C bond
distances could not be determwined with a desirable degree of accuracy, but
the average bond distance was determined within very narrow limits. The
models which, in the regions investigated, were favored as being in best

agreement with the visual observations were as follows:

Naphthalene
a 1.424 &.
b 1.404 Average bond
distence 1.89,10.02 A.
L« 120°
Anthracene
0
a l.41ly A,
b 1l.43y Average bond o
e e distance 1.419110.02 A
. d l.4ly
) e l.43y
L « 120°

Lp 120°
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7 Propositions Submitted by Bertram Keilin
Ph.D, Oral Examination, November 23, 1949, 1:00 P,M., Crellin Conference Room

Committee: Professors V., Schomaker (Chairman), C. D, Anderson, R. M., Badger,
S, J, Bates, C, Niemann, J. G. Kirkwood, and L. Pauling

1. a) The molecular structure of selenium tetrachloride in the gas phase has
been reported by Lister and Sutton., Prof, V. Schomaker has pointed out that
at equilibrium selenium tetrachloride vapor is completely dissociated into
SeCl, and 012,2 that the diffraction photographs obtained by Lister and
Sutton may have been of such a mixture, and that their reported data, indeed,
agree more fully with a SeCl, + Cl, model than with any of their SeCl, models.,
It would be interesting to compare photographs taken of an equilibrium mixture
of gas with those taken of a flowing gas. The former would be obtained in
the usual way from an equilibrium gas mixture, the latter, which might pos-
sibly be characteristic of a transient SeCl, ges species, would be obtained
by allowing the vapor from SeCl, crystals to pass continuously across the
path of the electron beam. The excess gas in the chamber should not prove
troublesome in causing secondary scattering of the electrons since it will
be expected to condense rapidly on the walls,
b) The structure of SeCl, may be determined in a diffraction experiment

from the vapor over 582012.3

1. Lister and Sutton, Trans. Far. Soc., 37, 393 (1941)

2. Yost and Kircher, J.A.C.S., 52, 4680 (1930)

3. Wehrli, Helv. Phys. Acta, 9, 329 (1936)

2. The planar model favored by Sﬁandh as representing the structure of
ethylene-methylene dioxide results in a theoretical intensity curve which

is in severe disagreement with his data (obtained from electron diffraction




experiments) at several points. I propose a non-planar structure for this
molecule for which the corresponding theoretical curve is in full agreement
with the observations,

L. Shand, Ph,D. Thesis, Calif. Inst. of Tech. (1946)

3. An attempted synthesis5 of 1,3-dibromo-2-carbethoxypropane (I) failed
because of the instability of an intermediate, dimethylolmalonic ester.6
The recent literature has yielded information7 from which it seems likely
that compound (I) may be prepared in the following manner from pentaerith-

rytol:
C(CHaOH)y =—> (HOCHz)2C(CHzBr), —> (HOOC),C(CHzBr), == HOOC-CH(CH,Br),

5. Keilin, M,S. Thesis, Calif. Institute of Tech. (1945)
6. Gault and Roesch, Bull, soc, chim., series 5, 4, 1410 (1937)

7. Mooradian and Cloke, J.A.C.S., 67, 942 (1945)

L. The present method8 for preparing 1,3-cyclobutenedicarboxylic acid is

highly unsatisfactory inasmuch as it involves a reaction in which the yield

is about 10%. I propose that a more satisfactory yield would result from a

malonic ester synthesis of this compound.g"0
8. Markownikoff and Krestownikoff, Ann. 208, 333 (1881).
9. Perkin, J.C.S., 51, 1 (1887)

10, Owen, Ramage and Simonsen, J.C.S., 153, 1211 (1938)

5, The expression obtained in this thesis (p. 32) for the diffusion current
of a reducible ion or molecule in the presenteof capillary-active substances

implies a different dependence of the current on the time than does the Ilkovic

1 A test of the validity of this equation may be made by a study of

the dye-protein system by the oscillographic current-time methoci.’2

equation,




11, Ilkovic, Coll. Czech, Chem, Commun., 6, 498 (1934)

12, Matheson and Nichols, Trans. Amer, Electrochem. Soc., 73, 163 (1938)

6. A further investigation of single-bond S-O and P-O distances would be of
interest in connection with the apparently anomalous results reported in this
thesis, The interatomic distances in dimethyl sulfate, dimethyl sulfite and
trimethyl phosphate would be of great interest in determining the extent of

the occurrence of these anomalous distances,

7. The permanent electric dipole moment of ethylene glycol chlorophosphite

ester would be expected to be small (=1 Debye unit) if these molecules con-
tained normal covalent bonds. A determination of the moment would give much
information concerning the contribution of multiple-bond or ionic structures

to the state of this molecule,

8. In this thesis (p. 24), it has been renorted that mercury droplets formed
at a dropping electrode in a protein-containing ssline solution remain as
discrete globules at the bottom of the container if the potential of the elec-
trode is more positive than -2.,2 v, (vs. S.C.E.) during their formstion, but
will coalesce under the action of a platinum electrode at a potential more
negative than -0,7 v. I propose the following explanation for the apparent
anomaly: Adsorption of protein on the drop surface occurs when the potential
of the drop is more positive than -0,7 v. The potential on a drop formed be-
tween -0,7 and =2,2 v, is rapidly dissipated after it leaves the electrode;
however, if formed at a potential more negative than -2.2 v., the drop consists,
at the surface, of a dilute sodium amalgam. The discharge of sodium from this
amalgam, as the drop falls throuéh the solution, maintains a potential suffi-

cient to preclude the adsorption of protein.




9. Kolthoff and Lingamel3 state that in a 1% solution of gelatin, the
diffusion current of a solution of lead ion is reduced to 50% of its normal
value, and that this decrease may be attributed to the change in viscosity
of the medium, I submit that the current decrease cannot be completely
explained in this manner, but must be attributed at least in part, to adsorp-
tion of the protein on the mercury droplet.,

13, Kolthoff and Lingane, Chem. Reviews, 24, 1-94 (1939) %

10, The course in elementary quantum mechanics should be offered in the chem-
istry department more often than once in three years. Because of the importance
of this subject to a full understanding of physical chemistry, it is a severe
handicap for a student to spend one or two years in residence before being ex-
posed to the rudiments, Furthermore, the scope of many other courses might be
widened considerably if a knowledge of quantum mechanics were a required pre-

recuisite,






