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ABSTRACT

Part I

The theory of chronopotentiometry of an electroactive species
confined in a thin layer of solution next to the electrode is presented.
The potentlal-time and transition time relationships are verified.for
the reduction of iron(III) in 1F perchloric acid for solution layer
thicknesses from 2 X 102 to 1 X 102 cm. The technique is shown to be
especlally useful for studying irreversible systems that give poor dif-
fusion chronopotentiograms agd for determining the number of electrons
transferred in electrochemical reactions. Application of the technique
to the oxidation of N,N-dimethyl-p-phenylenediamine in 1F sulfuric acid

is demonstrated.

Part II

A chronopotentiometric prﬁcedure is described for studylng the
rates of chemical reactions that occur subsequent to the electrochemical
generation of é species that 1s confined in a thin layer of solution
next to a; electrode. The theory is verified for the hydrolysis of
| P-benzoquinoneimine, and ﬁhehtechnique is shown to be espeéially useful
for the'study of reactions too slow to be investigated éonvéniently by -
other voltammetric methods. Applicabllity of the technique to the

study of ligand exchange reactions is demonstrated.
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Part III
~The HD proton spin-lattice relaxation time T; has been measured
in pure HD and in mixtures with eight other gases as a function of com~

position at room temperature. Probabilities per collision for A;mJ

transitions are determined from the Séhwinger relation and compared

with the values for pure Hp and Hp in the same gases. The differénces
are interpreted in terms of the dilsplacement of the HD center of mass
from the charge center of the molecule, and show up in a way correlated
with the strengths of the interactions. With the assumptions that A J
transitions do not contribute to the nuclear spin relaxation and that
the isotropic part of the Hz intermolecular interaction is described

by the Lemnard-Jones potentisl, it i1s found that the Bloom~-Oppenheim
theory does not explain the large difference in relaxation times for

HD and Hp. A method of testing the form of isotropic intermolecular po-

tential functions 1s proposed.
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I. CHRONOPOTENTIOMETRY IN THIN LAYERS OF SOLUTION

The theory of chronopotentiometry of an electroactive
species confined in a thin layer of solution next to the
electrode 1s presented. The potential-time and transition
time relationships are verified for the reduction of
iron(III) in 1F perchloric acid for solution layer thick-
nesses from 2 X 1072 to 1 X 102 cm. The technique is
shown to be éspecially useful for studying irreveréible
systems that glve poor diffusion chronopotentiograms and
for determining the number of electrons transferred in
electrochemical reactions. Application of the technique
to the oxidation of N,N—dimethyl—gfphepylenediamine in 1F

sulfuric acid is demonstrated.
INTRODUCTION

In a previous study (1), electrodes made by sealing platinum
wire into:the end of a length of soft'glass tubing were occasionally
defective in that the glass was not bonded to the wire over the entire
area of the seal, and a layer of solution of an electroactive specles
could be trapped between the glass and metsl. If the.exposed surface
of the electrode was washed free of reactant and the electrode was
placed in a deamerated solution of supporting electrolyte containing no
dissolved reactant, chronopotentiograms corresponding to the reactant

trapped in a thin layer next to the electrode could be obtained (1-3).



In this investigation two types of thin layer chronopotentio-
metric electrodes have heen devised for which the dimensions of a layer
of solution confined at its surface are known. The equations have
been derived for the transition time and for the electrode potential as
a function of time for these electrodes. These relations were tested
and verified for the reduction of iron(III) in 1F perchloric acid. A
comparison of the potential vs. time curves for thin layer chronopo-
tentiometry of prhenylenediamine and N,N—dimetﬁyl—gfphenylenediamine
has been made. The number of electrons involved in the oxidation of
N,N—dimethyl-g—phenylenediamine' in 1F sulfuric acid at pletinum elec-
trodes was determined to test the utility of the thin layer technique

for the determination of n values;
EXPERIMENTAL

Apparatus. Two different types of electrodes were designed
for thin lsyer chronopotentiometry. Wire electrodes consisted of a
length of 0.030-inch dismeter platinum wire sealed in 5-mm. soft glass
tubing by heating in a flame (Figure 1A). Before sealing, the wire
was electroplated with copper to & thickness of 1 to 1.5 X 1072 cm.
for a distance of 1 cm. from one end. The glass ﬁas fused around the
wire to cover 5 mm. of the copper-coated section and 5 mm. of the ad-
Jacent clean platinum. The copper was removed from the wire by succes-
slve treatments with warm cdncentrated nitric and hydrochloric acids,
and the wire protruding from the glass was cut off as ciose as possible

to the end of the glass tube.



9poIqoeTe °381d °d
SPOX1O9TD SIIM 'V

LxgomoTqusqodoucayo IsA8T UTUY JIOJ SOPOIFOSTH T 2an3Td

/V\
J\P

o _\\__\ - |
,ﬁ\ . S * q3ivInNSNI N
a @ »

sm % ’
osida
NANILYd 31vid SSY19

aNIHL3AT0d p000> 0100

b

\hh‘

31v1d SSV19

N/ wdg »|
_Al WWG ple—-wWw g

TTTTTTTTYT I T .#Hw\\\\\\\\Ou\kl\\\.\\\\\\\\\ 171/ \_\\ \\\\\\ /7777
fr07 70002 LL] v

\\\\\\\\\\\\\\ 77
TTTTI T T T T YT A W VYT T T T T Y v T TT T T TTTT 0] 11,01, f1 1701/ 12004711

Al lil et Lot sld st il d

g

JYIM WANILYId ,0€0°0 oNIgnL SSvVI9 EEV ALIAVO



-4 -

A plate electrode was used in experiments where somewhat thicker
layers of solution were desired. This electrode consisted of a 0.010-
inch thick platinum disk 0.375 inch in diameter that was cemented with
an epoxy resin (Resinweld Adhesive No. 4) into & hole in the face of
a glasb plate (Figure IB). An insulated wire from the rear of the
glass plate furnished the electrical connection. .The electrode was
held a uniform distance from a second glass plate by a 0.004-inch poly-
ethylene gasket coated with silicone high vacuum grease. Two slits in
the gasket, sbout 0.7 mm. wide, allowed electrical contact from the
working electrode to the auxilisry and reference electrodes in the ex-
'térnal solution and permitted the cavity to be filled with solution.
Clamps held the two plates together.

The working electréde used in diffusion chronopotentiometry was
a plece of platinum foil, 0.4 sq. cm. in area, welded to a platinum
wire sealed in glass. A similar electrode with an area of 6.5 sq. cm.
was used as the working electrode in the controlled potential electrol-
ysis.

The chronopotentiometric circuilt and instrumentation have been
described (1). A commercial potentiostat and current integrator from
Analytical Instruments Ine., Bristol, Conn., were employed in the large
scale controlled potential electrolysis. The temperature of all solu-
tions was within 2° of 24° C. Potentials were measured with respect
to a calomel electrode Baturated with sodium chloride but are reported

ve. the usual potassium chloride-saturated calomel electrode.
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Materials. Solutions of iron(III) were prepared by pipeting a
sample of 0.1049F stock solution into a volumetric flask and diluting
with 1F perchloric acid. The stock solution was prepared by dissolving
reagent grade ferric sulfate in 1F perchloric acid and standardized with
dichromate after reduction with stannous chloride. Commercial Matheson,
Coleman, and Bell p-phenylenediasmine and N,N—dimethyl—gfphenylenediamine _
sulfate were used without further purification. Solutions were pre-
pared immedistely before use by dissolving the required weight of sample

in air-free 1F sulfuric acid.

Procedure. The wire eléctrodes for thin layer chronopotentio-
metry were cleaned before each trial by filling the cavities with sul-
furic acid-dichromate cleaning solution. The cleaning solutlon was
then completely removed by washing the electrodes in stirred 1F per-
chloric acid for 12 hours followed by chronopotentiometric reduction
of the surface film of platinum oxides. The electrodes were then
washed free of perchloric acid by immersion in stirred distilled water
for 24 hours and dried for 15 to 30 minutes in vacuo at room tempera-
ture.

The wire electrode cavity was filled by using a vacuum deslcca-
tor which had a wire beam suspended from the 1id. The beam had a magnet
attached to one end and a counterweight attached to the other end. A
shallow dish containing the solution to be used was placed in the desic-
cator and the electrode suspended from one end of the beam above the
solution. The desiccator was evacuated to the vapor pressure of the

polutlon and the electrode made to dip into the solution by manipula-



-6 -

tion with a second magnet outside the desiccator. Atmospheric pressure
was then applied.

After filling, the outside of the electrode was immediately
rinsed with distilled water to remove excess solution and the electrode
placed in the cell cqntainiﬁg deaerated 1F perchloric acid for'chronq—
potentiometry of iron(III) or 1F sulfuric acid for chronopotentiometry
of Efphenylenediamine and N,N—dimethyl—gfphenylenediamine. The elec-
trode potential was lowered to 0.0 volt vs. S.C.E. to reduce all oxygen
in the cavity. In the case of the diamines any imine initially present
was reduced with the oxygen. With lron the Fe(III) was completely re-
duced at this potential so that the resulting Fe(II) first had to be
reoxidized to obtain a cathodic chronopotentiogram corresponding to the
reduction of Fe(III).

The plate electrode cavity was filled by aspiration with the
solution of iron(III) in 1F perchloric acid through one of the slits
in the gasket. The electrode assembly was immersed with the reference
and auxiliary electrodes in a large volume of the deaerated solution,
and chronopotentiograms for reduction of the iron(III) in the cavity
were recorded. The concentration of iron(III) in the solution outside
the cavity was made the same as that Inside to eliminate loss of iron
(III) from the cavity by diffusion during the several hours required to
record a series of chronopotentiograms. However, none of the iron(III)
in the external solution was reduced during any single chronopotentio-
gram. After each trial, the iron(II) produced was repeatedly oxidized

chronopotentiometrically until no anodic wave appeared. The next ca-
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thodic chronopotentiogram was recorded after waiting 5 minutes for con~-

centration irregularities in the cavity to disappear.

DISCUSSION

Conslder the ieduction of an electroactive species Ox confined
between an electrode at the origin aﬁd an lnert wall parallel to the
electrode at a distance # from the origin. If speciles Ox is reduced
with a constant current density and edge effects are neglected, the
concentration of Ox at the electrode can be evaluated by means of La-
place transform methods. A solution of an analogous problem in hesat

conduction has been given (4). The result is:

where n, F, A, and D have thelr usual significance, CO(O,t) is the con~
centration of Ox at the electrode surface, CoO is the initial concentra-
tion of Ox, 1 1s the constant current, and t the time.

Another form of Equation 1 is (k4):

1/2 1/2 &
21t 41t k4
75 ierfc —— (2)

oFAx 20M2  prapt/? /Dt

(o]
co(o,t) =C, -

For large values of £ Equation 2 reduces to the equation for
conventional chronopotentiometry.

The transition time xz occurs when co(o,t) = 0. For transition
times long enough éo that £42 < 1D the exponential terms in Eqnatioh 1

may be neglected and the expression for T becomes:



v =

(3)

—1 ~3
For a couple obeying the Nernst equation the potentlial-time re-

lation of the chronopotentiogram 1is

[+ o]
242 Z 1 DK2 Pt
T~-t+ =0 . = eXP | - =3 )
RT =
- B! —
E=E' +% = (%)

sssuming equal diffusion coefficients for the oxidized and reduced
forms. E' 1is the formal potential of the oxidation-reduction couple.
The term 12/§D and the exponential terms in Equation U4 can easily be
made small with respect to t. In this case, E = E' at t = 1/2.

As in diffusion chronopotentiometry the oxidation of species R
can be studied by reversing the direction of the current through the
cell at or before the transition time. Inspection of Equation 3 shows
that the second term on the right hand side can be neglected if £ is
sufficiently smell and the amount of species Ox in the cavity is suf-
ficiently‘large. For example, 1f 4 = lO-3 cm., and D = 10_5 cm.2
second~l, the second term is 3 X 10—2 second. Thus, for transition
times larger than approximately 3 seconds, the second term is negligible.
Equation 3 then reduces to Faradey's Law as applied in coulometry at
constant current. Therefore the transition time for the reoxidation of

species R will be equal to the initisl transitlion time for reduction

of specles Ox 1f the same current is employed.
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The form of Equation 3 suggests a method by which accurate n
values for electrode reactions can be determined even when diffusion
coefficlients are unknown. Conditions are chosen so that 12/3D is neg—
ligible compared to the measured transition time. The electrode is
calibrated by reducing or oxidizing a substance of known concentration
and n value. The known solution 1s replaced with an unknown and the n

value calculated from the concentration and calibration factor accord-

ing to

R (5)
RESULTS

Reduction of Ferrlic Iron. Figure 2 illustrates a thin layer

chronopotentiometric wave for. the reduction of 0.01049F iron(III) in 1F
perchloric acid using the wire cavity electrode. The wave for the re-
oxidation of the iron(II) is also showﬁ. The averagé distance between
the glass and the wire in the cavity of the electrode used was 2.3 X
lO-5 cm. The equality of the cathodic and anodic transition times
(28.9 vs. 29.3 second) is expected on the basis of Equation 3 and the
small value of #. Equation 4 predicts that for t large in comparison .
with £2/3D, a plot of E vs. log [(T - t)/t] for the cathodic process
should be linear with a slope of 2.3 RT/nF. Logarithmic plots are
shown in Figure 2 for the anodic and cathodic chronopotentiograms 1l1-
lustrated. The plots are linear in both cases. The slopes are 0.059
volt and 0.060 volt for the anodic and cathodic waves, respectively,

both of which agree vell with the theoretical value of 0.059 volt.
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Figure 2. Thin layer chronopotentiogrsms for Fe(III) and their
corresponding logarithmlc plots

1. Reduction of 0.0104SF Fe(III) in 1F HClO4

2. Reoxidation of Fe(II) after recording curve 1

3. E vs. log [(v - t)/t] for curve 1

L, E vs. log [t/(x - t)] for curve 2

Potentisl scale for logarithmic plots is on the right
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The reproduclbility of filling the cavity next to the electrode
is indicated by the data for the reduction of iron(III) shown in Table I.
The values are shown for the transition times (TFe) measured for‘each
wire electrode in three trials using 0.01049F iron(III) in 1F perchloric
acid and a current of 10.4 pa. The average deviation is less than 2%
‘for each of the flve electrodes. The differences among the electrodes

R

arise from variations in cavity volumes.

TABLE I. Electrode Calibration and Determination of n Value for the
Oxidation of N,N;D1methyl—gfphenyienediaminea

Mean
"Fe Tre YppP
Electrode (sec.) (sec.) (sec.) n

1 _ 13.0 13.4 12.9 2.02
13.7 :
13.4

2 16.8 17.1 16.1 1.99
17.1 : '
17.3

3 19.9 20.2 " 19.1 . 2.00
20.4
20.3

i 28.2 -28.3 26.0 1.94
28.6
28.2

5 26.3 26.9 24,2 1.90
27.2 -
27.2 ‘ .

Mean ‘ 1.97
Rel. std. dev. 2.5%

£10.49 X 1075F Fe (III) in 1F HC104. %.95 X 10 °F N, N-Dimethyl-
p-phenylenediamine in 1F HnSO4.
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The agreement among the variocus electrodes in Table I and the
correct slopes of the logarithmic plots in Figure 2 demonstrate that
there 18 no significant nonuniformity of current density over the elec-

trode surfaces. In 0.2F perchloric acid the electrolyte resistance was
sufficiently increased, so that discrepancles arising from ohmic poten—
tial differences within the cavity could be detected.

Diffusion of iron(III) from the electrode cavity into the sur-
rounding solution caused the transition times to become'gradually
shorter dquring the recording of successive chronopotentiograms in iron-
free supporting electrolyte. However, the percentage of iron(III) dif-
fusing from the cavity in the minute or two required to record the first
reduction wave was negligible.

Chronopotentiometry of iron(III) in‘lF perchloric acid using
the plate electrode tested the validity of Equations 3 and 4 under con-
ditions such that the term £2/3D and the exponential terms were not
negligible. The laye: thickness 4 was about 1.3 X lO"2 cm. Transition
times, measured over a wide range of current densities, are shown plotted

vs. 1/1 in Figure 3. The good linearity of this plot indicates that

Equation 3 1s obeyed. A plot of E vs.

o0
242 1 Dk2rot
T-t*5p E'Z'exp(""z_e_

k=1

log

- > 1 ( D22t
‘ -
T L T T )

. for a'chronopotentiometric wave for iron(III) reduction obtained with

this electrode 1s also shown in Figure 3. The value of 8.4 secaonds for
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Figure 3. Chronopotentiometry of Fe (III) using electrode in Figure 1B

1. Variation of T with 1/1i for 0.0210F Fe(III) in 1F HC1O,

2. E vs. the logarithmic term in Equation 4 for T = 37.0 sec.
The logarithmic scale at the top and potential scale in the
inset correspond to line 2
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!2/5D obtained from the intercept of line 1 was used in this logarithmic
plot. Agreement with Equation 4 is demonstrated by the linearity of
line 2 and its slope of 0.064 volt. This slope presumably is somewhat
higher than that obtained with the amaller cavities because of higher
currents needed and the possibillity of less uniform current distribu-

tion over the electrode surface.

Comparison of Thin Layer and Diffusion Chronopotentiograms. A

comparison of potential-time curves for thin layer chronopotentiometry
and diffusion chronopotentiometry of p-phenylenediamine (Figure 4) and
N,N~dimethyl-p-phenylenediamine (Figure 5) demonstrates advantages of
thin layer chronopotentiometry in the study of irreversible electrode
reactions. Wire electrodes were used to obtain the thin layer chrono-
potentiograms. The concentrations are approximately 5 leoth and the
transition times are similar for the four curves in Figures 4 and 5.
Although none of the waves 1s completely reversible, note the sharper
potential Inflection at the transition time and the improvement in re-—
vergibility in the chronopotentiograms for the thin layer compared to
those for diffusion. This improvement results because the current
densgity required for a given transition time in the thin layer case is
much smaller than that which would be required for the same transition
time in diffusion chronopotentiometry with the same concentrstion of
the oxidizable species. In the examples shown the current density for
the solution layer case is about one sixth as large as that used to

obtain the diffusion chronopotentiograms.
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E vs S.C.E.,volts

TIME
Figure 4. Chronopotentiograms for oxidation of p-phenylenediamine

1. Diffusion chronopotentiometry of 4.72 X 107°F solution 3
current density, 0.6 ma. cm. ™2
2. Thin layer chronopotentiometry of 4.99 X 10 F solution;

current density, 0.09 ma. cm."2

Supporting electrolyte, 1F HzS04
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E vs S.C.E.volts
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Figure 5. Chronopotentiograms for oxidation of N,N-dimethyl-p-
phenylenediamine -

1. Diffusion chronopotentiometry of 4.95 X 10757 solution;
current density, 0.6 ma. em, ™2
2. Thin layer chromopotentiometry of %.95 X 107°F solution;

current density, 0.09 ma. cm. 2

Supporting electrolyte, 1F HpSO4
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A sharper potential inflection occurs at the transition time in
the thin layer chronopotentiograms because, once all the reactant in the.
cavity is oxidized, all the current is available for the next electrode
reaction, the oxidation of water. In the diffusion chronopotentiograms
a major fraction of the current continues to be consumed by the oxida-
tion of the reactant which diffuses to the electrode following the
- transition time. There is thus less current avallsble to oxldize water

and the potential changes less rapidly.

Determination of the n value for Oxidation of N,N-dimethyl-p-

phenylenediamine. The oxidation of N,N—dimethyl—gfphenylenediamine mey

occur in the following steps:
+
HoN—CgHs—N(CHa)z - ¢ == [H2N—CgH—N(CHa)z2]
+
[BoN—CeHe—N(CHa)2]" - ¢ &= NE==CoHy=N(CHa)Z + H

Relatively little work has been reported on the voltammetry of N,N-
dimethylfgfphenylénediamine7 A chronopotentiometric investigation of
the oxidation of N,N—dimethyl—gfphenylenediamine at platinum electrodes
in acid solution by Kuwana (6) indicated a two-electron reaction. ‘How-
ever, further chemical reactions of the oxidation products complicated
the interpretation of the results.

Table I summarizes the results of the determination of the n
value for N,N—dimethyl—gfphenylenediamine oxidation in 1F sulfuric acid.
The cavitles of five wilre electrodes were calibrated by thin layer
chronopotentiometry of iron(III) in 1F perchloric acid. The transition

times (TDpéber thin layer chronopotentiometry of 4.95 X 10~°F N,N-
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dimethyl—gfphenylenediamine in 1F sulfuric acid were then measured for
each electrode at the same current density. The transition times were
taken a8 the time required for the electrode potential to reach 0.30
volt vs. S.C.E. and 0.65 volt vs. S.C.E. in the reduction of iron(III)
and the oxidation of N,N—dimethylﬁg—phenylenediamine, respectively. The
n values were calculated from the transition time and concentration
ratios according to Equation 5. The experimental mean value of 1.97 is
in good agreement with the value of 2 expected for the oxidation'of
N,N—dimethyl—gfphenylenediamine to the dilimine.

To compare this value with that obtained by conventional con-
trolled potential electrolysis, the n value for N,N-dimethyl-p-phenyl- |
enediamipe oxidation in 1F sulfuric acid was determined by controlled
potential coulometry at a platinum electrode held at a potential of
0.68 volt vs. S.C.E. The electrolysis was stopped when the current had
decreased to 3% of its original value and was approximately constant.
The number of coulombs which had passed corresponded to an n value of
2.36. High n values are frequently obtained in controlled potential
electrolysis of organic substances; they have been attributed to complex
reactions between intermediate electrode reaction products and the start-
ing material, producing substances which can be further oxidized to
cause the stoichiometry of the reaction to become complicated (5). This

difficulty is largely eliminated in thin layer chronopotentiometry.

Application to Kinetics Studies. The thin layer technique is

well sulted to the study of chemical reactions coupled to the electro-

chemical reaction. For'example, if species A 1s not electroactive, but
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in slow equilibrium with an electroactive species B, the complete oxida-

tion of species B in the electrode cavity would lead to & transition

time corresponding to the equilibrium amount of B initially present.

If the current is turned off for a measured time and then a second

anodle chronopotentiogram recorded, the transition time would be &

measure of the rate at which A is converted to B.

(1)
(2)
(3)
(4)

(5)

(6)
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II. APPLICATION OF THIN LAYER CHRONOPOTENTIOMETRY TO KINETIC STUDIES

A chronppotegtiometric procedure is described for studying
the rates of chemical reactions that occur subsequent to the
electrochemical generation of a species that is confined in a
thin lsyer of solution next to an electrode. The theory is
verified for the hydrolysis of p-benzoquinoneimine, and the
technique 18 shown to be especially useful for the study of
reactions too slow to be investigated conveniently by other
voltemmetric methods. Applicabllity of the technique to the

study of ligend exchange reactions is demonstrated.
INTRODUCTION

The preceding paper described a technique for performing chrono-
potentiometric experimente with the electroactive species confined in
a thin layer of solution next to the electrode (2). The present inves-
tigation demonstrates the applicability of the technique to the study
of the kinetics of chemical reactions following electron transfer. The
hydrolysis rate of gfbenzoqninoneimine in acidic solutions and the rate
of attack of nickel(II) ion on (ethylenedisminetetraaceto)cobaltate (II)
(CoY—a) were studied.

Diffusion chronopotentiometry with current reversal (9) and
other voltammetric techniques (5,10) have been used to study the de-
composition of the product of an electrochemical reaction. All such
techniques ére limited to systems for which the rate of chemical reac-

tion is relatively rapid (helf lives no greater than sbout 30 seconds)
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in order to detect appreciable reaction before the electrolysis product
diffuses away from the electrode. In thin layer chronopotentiometry,
the species are confined at the electrode so that this difficulty is
avolded and accurate measurements of considerably smsller rate constants
can be carried out. An analogous approach that invol%ed adsorption of
electroactive organlc compounds on carbon black was recently repofted

by Voorhies (11).
EXPERIMENTAL

Apparatus and Procedure. The electrodes used consisted of

0.030-inch diasmeter platinum wire seaied in 5-mm. soft glass tublng
with a cavity 5 mm. long and 2 X lO“5 cm. thick between the wire and
the glass. These were constructed as previously described (2). The
chronopotentiometric circuitry was standard (7.

The procedure followed in cleaning and filling the electrodes
has been described (2). A fresh sample of the p-aminophenol solution
wes used to fiil each electrode. The electrode potentiasl was forced to
0.1 volt ;s. SCE to‘reduce the oxygen and any'g—benzoquinoneimine or
gfbenzoquinone initially present. The small amount of hydroquinone
present after this initial reduction was then oxidized chromopotentio-
metrically to ensure 100% current efficiency for the subsequent oxida-
tion of gfaminophenol., The hydroquinone oxidation wave overlaps the
gfaminophenol wave 80 that some p-aminophenol was oxidized along with
the hydroquinone. The small amount of gfbenzoqninoneimine that resulted

was quickly reduced beforensignificant hydrolysis had occurred and the
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current was turned off when the potential reached 0.48 volt so that no
reduction of gfbenzoquinone occurred, The confined solution was now
ready for the anodic and cathodic chronopotentiograms to be recorded
to measure the hydrolysis rate.

In the study of the coy 2-n1*? reaction, the solution pH was
3.0 and the electrode potential had to be forced to -0.2 volt vs. SCE
to reduce the oxygen in the cavity. The CoY was also reduced at this
potential so the resulting CoY—2 was reoxidized before final chronopo-
tentiograms were recorded. A current of 10 pa. was employed in all
trials.

The cell with auxlliary and reference electrodes contained s
deaerated solution with none of the electroactive specles but otherwise
identical to that in the electrode cavity; The cell temperature was

within 0.1° of the stated temperature.

Materials. FEastman White Label gfaminophenol was recrystallized
twice from water under nitrogen for the experiments in 1.01l7F sulfuric
acld. The material used in 0.510F sulfuric acld was further purified
by sublimation at 110° in vacuo (5). Solutions were prepared immedi-
ately before use by dissolving the required weight of sample in the air-
free sulfuric acld solution. The acid solutions were prepared by dilu-~
tion of standardized 4.066F sulfuric acid. ‘Triply distilled water was
used to prepare. all solutions in the experiments with Efamihbphenol.

Barium (ethylenediaminetetraaceto)cobaltate(III) was prepared
by the procedure in "Inorgasnic Synthesis" (k). A stock solution of the

potassium salt was prepared by treating a solution of the barium salt
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with a slight excess of KzS04. Other chemicals were reagent grade and

were used without further purification.
RESULTS AND DISCUSSION

p-Benzoquinoneimine Hydrolysis. The anodic oxidation of p-

sminophenol in aqueous solutions has been studied by several workers

6, 8, 9). The reactions involved are reported to be
2 )

HO—CgH4—NHp - 2¢ > O==CgH,~NH + 2H'

O=CeHq=NH + Ho0 ——» O=CgHy=0 + NHg

The equations for thin layer chronopotentiometry reduce to
th@sebfor céulbmetry at constant current under conditions such that
12/3D << t, where £ 1s the layer thickness, D is the diffusion coeffi-
clent of.the electroactive species, and t is the time from the start of
electrolysis (2). »For oxidation of p-aminophencl for fime tf and inter-

ruption of current flow for time td’ the transition time, T, for reduc-

tion of the remaining gfbenzoquinoneimine is shown in Appendix I to be

given by

T = % In [1 + e—ktd(l - e"ktf)] (1)

in which k is the pseudo first-order rate constant for the irreversible
reaction and the same current;is employed for anodic and cathodic pro~
cesses,

Figure 1 shows & typicai thin layer chronopotentiometric wave
for oxidation ofjgfaminophenol and for subsequent reduction of beenzo—

L,
quinoneimine and p-benzoquinone. An anodic transition time would be



- 24 -

0.6
1
« 05}
.é p-A— ty
o | ty
O
B 0.4
[
>
w
j—10 sec —f
v 0.3’—
TIME

Figure 1. Thin layer chronopotentiograms obtained with 1.01 X 10-2F
p~aminophenol (1.017F Hz2SO4, 25.0° C., ty = 45.4 gec.)

1. Oxidation of p-aminophenol

2. Reduction of p~benzoquinoneimine and p~benzoquinone
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Obtained if the currenf had not been turned off. The first cathodic
wave corresponds to p-benzoquinoneimine reduction (8( 9). - Data were
obtained for a series of electrodes over & wide range of td, and k was
calculated for each trial by iterative solution of Equation 1 using a
digital computer. The results are shown 1in Table I. .

The agreement in k ovér the large rahgg of td‘confirms'the
validity of Equation 1. The value of 0.027 + 0.001 sec."l for the rate
constant in O;SlOF sulfuric acld at 30.0° C. compares favorably with the
vaiug of 0.0}é'i.Q.OOE sec."l determined by Testa and Reinmuth (9) who
used diffusion chronopotentiometry with current reversal. The errors
glven are standard deviations;

In the estimation of rate constants by diffuslon chronopoten—
tiometry with current reversal the parameter of interest is the differ-
ence between the observed length of'the reversé wave for thé reacting
specieé‘and the value 1t would have had in the absence of any chemical
reaction. As the rate constant becomes smaller, the magnitude of this
difference apprbaches the error in the,measuremeﬁt of the reverse transi-
tion time, introducing a large error in the measured value of k'(9). In
thin layer chronopotentiometry, this error 1s made much smaller by in-

* terrupting the Curreﬁt for time t_ at the end of the forward electroly-

d
sis time and waiting for the chemical reaction to proceed extensively
before measuring the reverse transition time. In this way very small
rate constants can be measurgd by simply increasing the walting time.
In diffusion chronOpoteﬁtiometry with current reversal, the
length of the referse wave for a chemically reacting specles is always

less than one third of the forward wave. In thin leyer chronopotentiom~



Specific Reaction Rate for the Pseudo First-Order Hydrolysis of p-Benzoquinoneimine

TABIE I.
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etry, however, the reverse wave will be longer because all (instead of
only about ome third) of the unreacted electrolysis product reaches the
electrode during the reverse transition time, Relative errors in the
measurement of reverse transition times are thus reduced and increased
accuracy in the calculated values of k results.

The wutility of thin layer chronopotentiometry for measurement
§f & rate constant too small to be measured convenlently by diffusion
chronopotentiometry is shown by the date in Table 1B for the hydrolysis
of B—benzoq_uioneimine at 25.0° in 1.01l7F sulfuric acid. The relative
standard deviation of the results under these conditions 1s approxi-
mately the same as for the reaction at 30.0° in 0.510F sulfuric acid.
‘A typical experimental error in the measurement of T was about 3%,
which would cause z 4 to 6% error in k.

The sum of the reverse transition times forv'both waves was not
equal to the oxidation time as theoretically expected, but was from L
to 8¢ less in 1.017F sulfuric acid and from 2 to 4% less in 0.510F sul-
furic acid. No more than a 2 to 3% decrease can be attributed to dif-
fusion of the oxidized specles out of the cavity so that this discrep-
ancy may be due to a slow reaction of p-benzoquinoneimine to form an
- electrochemically inei't product. Simlilar behavior has been observed in
constant current coulometiy of p-aminophenol adsorbed on carbon black

(11).

Substitution Reaction between Nickel(IT) and CoY >. The rate of -

attack of nickel(II) cation on cobalt (II)-~EDTA anion, oY 2 , was also



- 28 -

investigated with thin layer chronopotentiometry. The chemlecal reaction

involved is:

—2 —
CoY = + M2 — NY 2 + cot?

in which Cf.:QY"2 ’ Ni+2 s and Co+2 represent all forms of the corresponding
species in solution.

| Pseudo first-order rate constants were determined for the re-
action of (’JoY_2 in 0.36F NiSQ.; at 25.0° C. The solution was buffered
at pH 3.0 with O.4OF phosphate buffer. The CoY-'2 was generated in the
electrode cavity by reduction of 1.0 X 1072F CoY™ which is & substitu-
tion-inert complex. The solution contained 0.50F NaBr to increase the
" reversibility of the CoY 2 oxidation (1). The experiment consisted of
generating Y 2 for a measured time, t,, turning off the current for
time, t &’ and then reversing the directlon of current flow and record-
ing an anodic chronopotentiogram corresponding to the amount of CoY"2
which had not reacted with the excess Ni+2 ion. The results are shown
in Table II,

The absence of variations in k over the wide range of td con~
firms the assumption that the reaction is first order in [COY_Q]. The
" large standard deviation in k and the occasional values of k as much as
70% higher than the mean inay indicate catalysis of the exchange reaction

by the platinum electrode surface.
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&
TABIE II. Pseudo First-Order Rate Constant for Nickel Attack on Cox 2

t,, sec. ty, sec. T, sec. k X 103, sec,”t
12.4 0.0 10.9 11.0
16.7 0.0 13.8 12.8
16.1 9.3 11.9 13.0
10.6 - 20.1 7.8 10.7
15.2 27.2 10.3 9.8
10.0 29.6 5.7 15.3
13.0 29.7 7.4 k.4
11.8 29.8 7.4 11.9
13.6 32.6 8.4 11.2
11.3 4o.1 5.8 13.9
12.6 3.7 6.3 13.0
12.6 k9.5 5.3 14.8
15.4 57.% 5.5 15.1
18.0 60.5 7.6 1.7

Mean 12.8

Std. Dev. 1.7

a25.0°C. PH 3.00, 0.36F NiSO,, O.4OF phosphate buffer, 0.50F
NaBr, 1.0 X 10™<F KCoY.




(1)
(2)
(3)
(%)

(5)
(6)
(1)

(8)
(9)
(10)

(11)
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IITI. PROTON SPIN RELAXATION IN HYDROGEN DEUTERIDE

The HD proton spin-lattice relaxation time T, has been
measured in pure HD and in mixtures with elght other gases as
a8 function of composition at room temperature. Probabilities
per collision for A my transitions are determined from the
Schwinger relation and compared with the values for pure Hp
and Hz in the same gases., The differences are interpreted
in terms of the displacement of the HD center of mass from
the charge center of the molecule, and show up in & way cor-
related with the strengths of the interactions. With the
assumptlions that A J transitions do not contribute to the
nuclear spin relaxatlion and that the isotropic part of the
| Ho intermolecular interaction is described by the Lennard-
Jones poﬁential, it 1s found that the Bloom~-Oppenheim theory
does; not explain the large difference in relaxaéion times for
HD and Hp. A method of testing the form of isotropic inter—

molecular potential functions is proposed.
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INTRODUCTION

The fluctuating magnetic fields at spin & nuclel determine the
rate at which the nuclear spin system approaches thermodynamic equilib-
rium with its surroundings. The rate at which the magnetization Mz of
the nuclear spin system approaches its equilibrium value Mo is usually
exponential. The time constant Ty for the deca.y> is known as the longi-
tudinal or spin-lattice relaxation time. The x~ and y-components, Mx
and My’ each decay to zero with a time constant, Tz, called the trans~
verse or spin-spin relaxation time. This is the characteristic time
in wvhich the individual precessing nuclear spins lose phase coherence?.

The fluctuating megnetic fields possess, x-, y~, and z~-compon-
ents, Hx’ Hy’ a.nd Hz' The magnetization Mz is affected by the Fourier
 components of Hx and Hy near the Larmor frequency, wy3 these Fourier
compogents induce transitions between the nuclear spin states. If
~ the correlation time, T, for the molecular reorientation is of the
order of l/mo the spectral density at w  is & maximum and Ty is &

" minimm. For longer or shorter correlgtion times the density at w,
decreases and T increases. In the same way, the component Hx or Hy
perpendicular to My or Mx also causes changes in that component of
maegnetization. In addition,sz contributes to the decay of My and
Mx. The field component, Hz » can be in the direction of the static
fileld, Ho s or opposed to Ho causing the precession for the individual
gpins to be faster or slower than w, . Thus Mx and My will decay even
in a rigld lattice where there are effectively no fluctuations. As

the correlation time becomes shorter, or molecular motion becomes more
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rapid, the Hz experienced by a glven nucleus may change many times as
the spin precesses and the dephasing takes place by a random walk.
When molecular'motion is véry rapld, such that the field at a nucleus
changes many times during a single rotation of the dipole in its pre-
cession (1/1'>> wo), the pfecessing nuclear spin experiences equivalent
fluctuating fields in the x~, y- and z-dlrections and the mechenism for
M& and %y decay is the same as that for Mi decay. In this limit then
Ty = To.

These local flelds experienced by a nucleus may arise from
.within the same molecule or from other nearby molecules. In gases such
as molecular hydrogen, methane, etc. at low densities the contribution
of intermolecular fields to relaxation is negligible. The important
intramolecular fields in these gases are those due to the molecular ro-
tation and the magnetic dipole moment of the other nucleil in the mole-
cule. In the absgnce of intermolecular collisions these intramolecular
‘fields remain well defined. However, when frequent collisons occur
they are modulated by molecular reorientations. The Fourler components
of the fluctuating flelds at the proton Larmor frequency induce nuclear
spin transitions and provide the mechanism for relaxing the nuclear spin
system. Nuclear spin relaxstion times in gases therefore depend upon
the rate at which the molecules undergo transitions between rotationﬁi'
states. Changes in the rotational states require angular momentum. |
transfer so that relaxation time measurements provide information on

the anisotropic interactions between molecules.
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Several other methods may be used to study the orientation de-
pendent part of the intermolecular fofces. The absorption of high fre-
quency sound has been employed to study collision induced rotational
transitions in molecular hydrogen (1) and mixtures of Oz and Nz with
He (2). Thermai transpiration studies can provide similar information
(3). A disadvantage of techniques such as these is that the measured
quantity depends primarily on the isotropic interactions so that the
percent error in the determination of the anisotropic contributions may
be very large. In nuclear magnetic resonance studies the experimental
conditions may readily be chosen such that the relaxation time depends
only on the anisotropic interactions. Line broadening in rotational
spectra (4 Chap. 13) can also be used although sbsorption spectroscopy
is ordinarily limited to molecules with permanent dipole moments. Line
width measurements in Raman spectra (5, 6) can provide the detailed
time dependence af the rotational correlation function. Measurements
of nuclear spin relaxation times provide only the (time) integral of
the correlation funcfion. In the techniques discussed above the perti-
nent rotaéional transitions are those between J states. For spin re-
laxation measurements in Hp and possibly other molecules the important
transitions are those between the my states within the J manifolds.

The most detalled information on intermolecular interactions can be ob-
tained from molecular beam experiments in which the beam is limited to

a particular rotational state before collision and analyzed for specific

states after collision (7). However these experiments are difficult,
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especially if the beam intensity is reduced by rejecting all molecules

except those in certain rotational states.

-

The present work is concerned with proton spin relaxation in
hydrogen gas. A proton in a hydrogen molecule in a magnetic field mey

be described by the spin Hamiltonian (8, p. 316)
B 3C= wy I, +7gE' Iy - J
+7g B [Ia » I2 - 3(I1 -+ 0)(Iz - n)] (1)
.~ Caa e sl ~

where Iy is the spin of the proton of interest, Ip 1s the spin of the
other nucleus, QH = - 7H Ho is the prbton Larmor frequency in the ap-—
plied field H , H' is the spin-rotation coupling constent, H" = yzh/2R%
is the dipolar coupling constant, and n is the unit vector along the 5
vector E connecting the two nuclei. Molecular beam experiments have
provided asccurate values for H' and H" (9).

Proton spin relexation in Hp gas has been Investigated as a
function of temperature, pressﬁre,vortho~para ratio, and impurity conc~
centration (10—15). It was found that Ty 1s proportional to the gas
density at low pressures. At hlgh pressures the density approaches
that of a liquid and T3 increases more rapldly with increasing density.
The reorientation probability per collision for collisions with spher-
ically symmetric molecules or atoms is less than that for collisions
with molecules of lower symmetry. The temperature dependence of T 1s

also different for Hz at infinite dilution in gases of spherically sym~

metric and nonspherically symmeﬁric molecules. The relaxation time for
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Hp iﬁ gases, such as Np increases as the temperature is decreased at
constant ‘density, but in syﬁmetrical gases such as He and A, T, decreases
with decreasing tehperature to ca. B80°K then rapidly increases.

A theory for ﬁuclear spin relaxetion in Hp was developed by
Schwinger (16, 8 Chap. VIII) and extended by Needler and Opechowski (17)
end Johnson and Waugh (12). This relates T, to the correlation times or
the lifetimes of the moiecules in tﬁe rotationsl states. The theory ex-
plains the proportionslity of T, to the gas density but cannot account
for the temperature dependencé §f Tltor the different reorientation
_probabilities for collisions of Hp with other gases. Bloom and Oppen-
"heim have developed a more detailed theory for nuclear spin relaxation
which relates the correlation times directly to intermolecular inter-

actions (18, 19) and the theory has been applied to ﬁhe interpretation
of relaxation times for pure Hp, Dz, and Hz with other gases (20). They
obtained good agreement with ﬁhe experimental data.

This investigatlon was undertaken to further test these theor%es

' by.applying them to proton spin relaxation in HD. The HD molecule is of
v‘interest because §f the rotational level spacing, the possibility of
observing nuclear magnetlic resonance for all the rotational states, the
different contributions of the spin-rotational and dipole-dipole inter-
actions to relaxation in Hz and HD, and the dilsplacement of the molecular
center of mass from the charge center. The rotational level spacings
are large for both HD and Hy but in Hy the levels between which transi-~
tions can occur are much more widely separated than in HD due t§ the

smaller mass of Hp and the symmetry restriction on the wavefunction.
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The even rotational states in Hp, with total nuclear spin quantum number
zero, are unobservable in nuclear magnetic resonance. In HD ca. 90% of
the contribution to the proton felaxation time is due to the spin-rot#—
tional interaction, but in Hp it contributes only ca. 40% and the di-
pole~dipole interactién is primarily responsible for relaxation. The.
displacement of the HD molecular center of mass from the charge center
provides an accurate monitor of the details of the isotropic intermolec-.

ular potential.
THEORY

Before discussing the experimental results the theory for p?oton
spin relaxation in hydrogen gas wlll be examined. Some generalizatlons
on the correlation times and correlation functions are considered; the
results of the Schwinger theory, generalized by Needler and Opechowskl,
and Johnson and Waugh are givenj the results of the Bloom—~Oppenhelm
theory are discussedj the strong collision limit is considered; and
averaging of the relaxation time over the rotational states is also

discussed.

Correlation Times and Correlation Functions. The relaxation of

the nuclear spin system in gases 18 treated by time dependent perturba-
tion theory using the density matrix method (21)., The Hamiltonlen in
Eq. 1 consists of the Zeeman interaction perturbed by the time—dependent
spin-rotational and dipole-dipole interaction. This perturbation, de~
scribing the interaction of the spin system with the "lattice" is writ-

ten as & sum of products of lattice operators with operators depending
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on the nuclear spin coordinates. In gases these lattlce operators are
the rotational angular momentum operators. The random fluctuations of
these operators are described by their correlation functions which can

usually be taken as exponential.

The symmetry of the interaction Hamiltonian allows T; to be de-
scribed by only two correlation times. The Hamiltonlian may be written
as the sum of products of spherical irreducible tensors involving space
and spin coordinates., The spin-rotation interaction is linear in the
components of rotational angular momentum and transforms under coordi-
nate rotations as a first-rank tensor (vector). The dipole-dipole part
of the Hamiltonién transforms as a second-rank tensor. In general a
different correlation time can be assigned to each component of the
tensors. However the Larmor frequency Wy is much smaller thean the rate
of collisions which change the orientation of J and the direction of J
remains essentially unchanged between collisions. Therefére the . J de-
pendence of the correlation times depends only on the rank of the inter-
action and is independent of the type of interaction (12).

It should also be noted that the cross-correlation terms between
the spin-rotational and dipole-dipole interactions in the relaxation me-
trix elements vanish because these are of different rank (22,23).

The mblecular reorientations may involve changes in the rota-
tional quantum number J or changes in my within a J manifold. For Hp
and HD, uﬁder conditionse such that the inverse of the correlation times
are much smaller than the rotational level spacings, the contribution of

A J transitions to the spin relaxation matrix elements is much less than
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the contribution of Am.:r transitions (22, 17). Thus the correlation
functions may be calculated by consldering only matrix elements within
each J manifold. ‘ -
The assumption that the correlation functions are exponential
- has been Justified by Bloom and Oppenheim (19) for gases in the weak

collision limit.

Review of the Theories. The time rate of change of the compon—

ents of the spin magnetization may be obtained from Redfields differen-
tial equations for the elements of the density matrix (21, 24). The
generalized Schwinger formula is obtained using simple exponential cor-

relation functions with correlation times TJ. For Hp under the usual

g
J
‘experimental conditions (pressure 2 1 atm) such that Wy T, << 1 the
relaxation times T:L J and T2 J ere equal and for & molecule in rota-
g ’ . _

tional state J (16, 8 Chap. VIII, 17)

6y 12T (J+1)
._._-Tl = % 7H2H’2J (F+1)m? + & T2 (2)
1,7 R8(27-1)(25+3)

Similarly the proton relaxation time in HD is given by (12)

N 8y 72037 (3+1)

— T w—

Ty,0 3

V]

212 J
7g By J(J+l)-rl,ED +

3RS (27-1) (20+3) 2B e

and accurate values for the coupling constants are available (25).
The Bloom-Oppenheim theory was also developed using the spin

density matrix method. However rather than assuming & particular form,
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they derived the correlation functions from first principles and re-
lated them to the intermolecular interactions.

In this theory it is assumed that the translational motion of
the molecules is determined by the isotropic interactions alone, and
these are described by Lennard-Jones potentials. The anisotropic part

of the interaction Hamiltonian, GCR? is taken as

s, =3l +acl?) (+)

where 5Cé1) describes the interaction between a molecule in state J and

a spherically symmetric molecule or atom. For Hp
acfz” =) Pz (cos 6) ' (5)

vhere r 1s thé distance between the charge centers of the two molecules,
6 1is the angle petween the axis of the Hpz molecule and 1, and Pz(cos 6)
1s the second degree Legendre polynomial.

The function b(l)(r) is taken to be similar to the Lennard-Jones
potential with an attrective part proportionsl to i/re and a repulsive
part proportional to l/rn. The best fit to the experimental results for

pure Hp could be obtained using

b(l)(r) = 1.94 x 1070 erg [0.7h (a/r)l9 - (a/r)6] ' (6)

where a is a characteristic length for the spherically symmetric inter-
action between two molecules. However, a purely repulsive function with

n N 19 fits the data for pure Hp almost as well as Eq. 8 and the experi-

a
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mental datg for Hz in rare gases are adequately described by functions

of the form

b(l)(r) = k/r19 ' (7)

Thus the form of b(l)(r) is not rigorously determined.

The 1nteraction.3C@3(r) depends on the orientations of both
molecules. If the interaction between Hp and a gas X 18 taken to be
the interaction bétween the quadrupole moménts, Q, of the molécular

charge distributions

. . 2 | - 5
3?) - ) (r) PCEAICHACH (8)
o

in vaich b@)(r) = bx Q Qx/r5,> a, =6 8 ta  =-h s =a,=1,

-2
the an’are spherical harmonics, and ﬂH and QX are the orientations of
the symmetry axes of the molecules with respect to r.

Oppenheim and Bloom derived general expressions for the corre-—
lation functions in terms of the intermoleculér potentials. They found
that at pressures less than a few hundred atmospheres the correlation
functions should be exponentiasl. Using the Hamiltonians 5 and 8 the
relaxation time for Homay be expressed in the form of Eq. 2 with the

correlation times given by

1

- (L En [g 2@ 294 0,154 CI<2>(,+)]- (9)
2pa*(2nPu )
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J 2J-1) (2J+ J '

where p 1is the number density of the molecules X, P = 1/kT, u = mme/
(mnfmx), n and my are tﬁe masses Of the molecules H and X respectively,

and C is given by

X J{I+1)
- C= g’ };PJ (2J-IE)-‘(-2.)I+5) S (1)

- in which P X is fhe fraction of X molecules in rotational state J. The

J
integral I(Q)(p) is given by

. 1@ ) - fiv[

(]

0 2

| [s(ﬁ)]i /%W an) 74 () dx] (12)

o)

‘where u = i/a, g(u) is the radiasl distribution function for the Hgz ~X
palr interacting with avsphericAlly symnetric potentisl, and Jb*%(uy)

is the Bessel function of order p+i.

Strong Collision Limit, Both the theories discussed above as-

sume that the collisions are "weak," i.e., the rotational transition
probabilities per collision are small. The condition for "strong" col-
lisions is that a molecule in a given rotational state J will have an

J
P. 338). Nuclear magnetic double resonance experiments for HD in COx

equal probability of being in any .state m_ after the collision (26, k4

(22) and nuclear spin relaxation measurements for Hz in COz (12) indi-
cate that collisions are strong in these cases. If the collisions are

weak the correlation times depend on the rotational transformation
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properties of the different interactions causing spin relaxation, but
for strong collisions -r;_J = -raJ. If it 1s é.lso assumed that for

strong collisions the correlation time is independent of J (22)
T;_J = ‘I'2J = T : (.13)

Average Relaxation Time. At room temj)erature more than one

rotational state is populated and if the mean time for transitions be~
tween different J states, Ty satisfies the condition T;LJ << Ty << Tl J
)

the observed relaxation time is (26, 19)

1 1
A E ) J (14)
| T : I ,g .
where (27)

(2J3-1) exp [—J(J+l)h2/2IokT]

fr Z (2541) exp [-J(I+1)n/21 k1] _(15).
7

is the probability that a J state is occupled. This result 1s anal~

- ogous to that obtained for rapid chemlcal exchange (28)’ where the
fractional populations of different nuclear sites replace PJ and the
~lifetimes of nucleil on the sites are required to be short compared with
the inverse of the difference in chemical shift bétween the ,. sites. Be-
cause of the symmetry of the wave functions, ortho hydrogen only oc~-

cupies the odd rotational states (27) and the sum in Egs. 14 and 15 is
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taken over J =1, 3, 5 *++ . Para hydrogen, with I = 0, is unobservable
in nuclear magnetic resonance. In HD the relaxaﬁion time 1s averaged

over all rotational states.
EXPERIMENTAL

All relaxation times were determined from the linewidths of the
resonance signals under slow passage conditions using the relation
To = (n A& v)‘l, where Av1s the full width at half height. The meas-
ured linewldths were corrected for saturation and overlap of adjacent
lines in the HD triplet (Appendix II). These corrections were less
than 3% in all cases. Saturation corrections were made by appl&ing the
relation (8 p. 47)

Avy!

| 3 - \
T L 7H2H12T1T2) (16)

vhere A y' 1s the width of the line broadened by saturation. The spec-
trometer rf fleld control was calibrated by saturating a Fe+5 doped
_water sample for which T3 = 0.14 sec. and assuming Ty = To (16). Spectra
| were recorded ﬁith a Varian A-60 spectrometer using audlo frequency
sideband calibration. Relaxation times less than ca. 25 msec. could not
be measured because .of decreased signal intensity‘and overlsap of ad-
Jacent lines, while ﬁagnetic field.inhomogeneity limited measurements

to relaxation times less than ca. 100 msec. All measurements were made

at 29 + 1°C. It was necessary to spin the sample tubes to avoid magnetic
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field inhomogeneity broadening (see Appendix III).

The progressive-saturation method was used to obtain T; for the
sample of 50.5% HD in COp by measuring the linewidths as the spectrom—
eter rf field was progressively increased. It' was found that Ty =
0.74 Tg. Within the accuracy of this technique (29) this confirms our
assumption that T; = Ta.

' In preparing thé semples, the gases were first mixed in a bulb
of known volume a.f a total pressure of ca. 300 mm Hg. The composition
' was determined by measuring the pressure with a mercury manometer after
addition of each component. The samples were condensed into calibrated
5 mm standard wall Pyrex tubes (0.8 mm wall thickness) by immersion in
liquid helium, snd the tubes sealed with a torch. The total gas density
in all samples was 25.0 amagats. After sealing each sample tube, the
pressure in the mixing bulb was measured with a thermocouple geuge to
_confii'm that all gas was condensed. Some sample tubes with 1.5 mm
walls were used in preliminary experimenté at pressures up to 90 atm.j;
but these sometimes exploded due to strain in the glass at the end
pealed with the torch.

The HD was made by reaction of General Dynamics 99.5% Dz0 with
Metal Hydrides, Inc., LiAlH4 in n-butyl ether at 0°C. using the proce-
dure described by Fookson, Pomerantz, and Rich (30). Air was removed
from the LiAlIL_, slurry by three or four cycles of freezing the slurry,
evacuating the ‘system, and allowing the ether to thaw. The D0 was
added dropwise to the reaction flask as the slurry and ice bath surround-

ing the flaek were stirred with a magnetic stirrer. After puncturing
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the rubber septum it was covered with a few drops of D20 to exclu;ie air.
A Vigreux column cobled with dry dce .a.nd a liquid nitrogen cold trap
were Ii;aced between the reaction flask and the collecting bulbs. The
gas used to prepare the samples was passed through snother liquid ni~-
trogen cold trap before introduction into the mixing bulb, The sppara-
tus is shown in Fig. 1. Mass spectrometric analysis showed the gas to
be 97.6$1£D, 1.7$ Hz and o.7$ Dz. The analysis was made with the mas®
spectrometer inlet system at room temperature. The other gases used

were obtained from Matheson and are listed in Table I.

TABLE I. Description of Gases

Purity
Gas : Grade

He 99,95 Prepurified

. 9.5 |

CHy 99.0 . e

CzHg | 99.0 o c. P.

No 99.996 Prepurified

CClFg ' 99.0

CHF 3 - 98.0

COz 99.99 Coleman
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RESULTS AND DISCUSSION

The l'p:_roton spin relaxation time for HD was studied in pure HD
and HD in eight different buffer gases. Measurements were made using
pure HD, and HD in Hy and D» in order to compare relaxation times for
Hz and HD a.nd-determine differences in the anisotropic intermolecular
inferactions for the isotopic molecules. The relaxation time for Hp in

Do was also determined for comparison with HD in Dy. Relaxation times
fof HD in COz, CHFm, CCl¥Fgy, Np, CzHg and CH4 were found. Measurements
.of Ty for Hp in these gasés, except CpHg and CH4, have been made (12);
thus‘ .r.elaxatioﬁ times can be compared for Hpy and HD in the' same gases
over & range of strengths of the ‘anisotropic intermolecular potential.

It ﬁas found that at a total gas density of 25.0 amagat Ty ié a
linear fﬁnction of the HD partial pressure over the range of 100% to
30% HD within which accurate measurements could be made. This depend~
ence 1s shown in Fig. 2. This behavior 1s the same as that found in
previous investigations of Hp relaxation times in mixtures with other
gases (12, 13). Relaxation tizﬁes for HD and Hz extrapolated to infi-
nite dilution in the soclvent gases are given_ in Table II with the vaiues
for pure HD and Hz. The results obtained by Johnson and Waugh (12) and
Williams (13) are also shown. Previous determinations of Ty/p in pure
Hp (12, 15, 14, 13) yield values between 0.10 and 0.13 msec./amagat.
Our value of 0.114 msec./amagat falls within this renge. The accuracy

of our Ty measurements is estimated to be + 5% or better.

e
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TABIE II

" Relaxation Times Ty, and Transition Probabilities per Collision W,

for Hp and HD at Infinite Dilution in Solvent Gases®

Ty W, Ty W
Solvent (msec. ) i (msec.) i wHa/wHD
Ho 2.64°  0.019°%.

2.85 0.0194 23,3 0.0511 0.380
ED | 23,3 0.0571 |
Do 2.98 0.0234 2k.9 0.0637 0.367
CHy 43 5 0.102
N2 9.6° 0.071° 47.3 0.119 0.597

12.7% 0.091% 0.76

CzHg | 58.7 0.138
CC1F4 20.9°  o0.111P 82.1  0.150 0.740
COz 56.8°¢ 0.337 54 - 0.31k4 1.07
CHF 3 78.3°  0.486° ca. 202 ca. O.M4  ca. 1.1

®At 29°C and 25.0 amagat.

bRef'erence 12,

Ccalculated from data in reference 12.

_dCa.lculated from dats in reference 13.
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In the qaée of HD in CHFg it wes found that T; was not linear
in the HD partial pressure but the plot of Ty vs. percent CHF3 was con-
cave downward. Above 50% CHFz the values for T; were below those for
HD in COz at the same concentration. This behavior may be caused by
association of CHF3 or by the poorer magnetic field homogeneity at the
time the CHF3 experiments were performed. The value of Ty given in
Table II was obtained by extrapolating the tangent to the curve at low
CHFgz concentrations where these effects should be small.

| Although a complete interpretation ofv the results requires the

application of a detailed theory, much information can be obtained using
the Schwinger formula. As discussed previously, T1 can be described by
one correlation time in the case of strong collisions such as those be-~
:tween hydrogen and COgz. If the collisions are weaker T;,J and T2J can
not be assumed to be equal and independent of J but the strong collision
é.pproximation still provides /a useful basis for comparison of Ty for
hydrogen diluted in different gases. |

We assume that the collision time, T, 18 given by the kinetic
gas theory for hard spheres

T
c

b S (1)

where N 1s the number of molecules per unit volume, D is the collision

diameter
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and DH and Dx are the classical Lennard-Jones dismeters (31 p. 1110, 32).
In the strong collision limit the probability per collision, W, for "an

appreciable reorientation of the molecule to occur" (19) is defined by

Wr =T (19)

where T 18 the correlétion-time. Values of W are shown in Table II.
The value of W for Hp in COz is the same as that for HD in COz within
experimental error and confirms that the collisions are strong. For W
less than that in COz the ratio Wﬁa/WHD decreases with decreasing W as
the transition probsbility becomes more dependent on the details of the
intermolecular interactions. »

The assumption of equal correlation times is not valid in the
case of wesk collisions as in pure>HD and Hg- This may explain the
larger W for pure HD compared with pure Hp. If we assume le = TZJ = T,
in HD 94% of the contribution to 1/Ty comés from the spin-rotational
interaction, but in Hpy most of the contribution (64%) is from the di-
pole-dipole interaction. Thus Ty depends primarily on T3 in HD but Ty
for Hz 1s chilefly determined by T2, The Bloom-Oppenheim theory predicts
(20) that 7o is lees than Ty, therefore the smaller WH2 is expected.

The displacement of the center of mass from the charge center
of the HD molecule increases the strength of the anisotropic intermolec-
ular interaction enough to explain some of the increase in W over that
for Hz. The effect of the center of mass displacement is easily demon-

strated using the Morse potential function for the interaction between

Hz and a spherically symmetric molecule or atom (33),
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Vv(r,8) = D exp [-a(r—ro)] - 2D exp [—‘a(r—-ro)/z]

+ BD exp [—Ct(r—ro)] Pz(cos 6) (20)

where for Hp or Dz the constants are D = 1.1 X 10"1‘

, & =1.87, r = 6.4,
and B = 0.110 in atomic units (1).. The interaction potential for HD
can be obtained from Eq. 20 by expressing the intermplecuiar dlistance r
and orientation 6 at the molecular midpoint in terms of the distance r'

and orientation €' at the center of mass, If only the first order terms

‘are retained we have for HD
V(r',8') = D exp [-a(r'-ro) - 2D exp [-a(r'~r°)/2]

+ BD exp [-a(r’-ro)] Pz(cos8')

o2

t3

D exp [~a(r'—ro)] Pa(cosb')
- %ﬁ D exp [—a(r'-ro)/E] Pa(cosd")

+ adD{exp [-a(r'-ro)] ~eXp [‘-Ol(r'-ro)/.?] }Pl(cose') (21)

vhere & = 0.1236 A° - 0.2%32 a.u. 15 the distance from the HD center of
mess to the charge center. The derivation of Eq. 21 is outlined in Ap-
pendix IV. Note that the first three terms are the same as the terms
in Eq. 20 for Hz. The other terms arise from the isotropic part of the
Hz intermolecular potential. For the odd degree Legendre polynomials,
the matrix elements between states having the same J vanish. Thus the

terms in Py(cos 6') only induce A J transitions and do not contribute
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to the nuclear spin relaxation. The terms that induce Ame transitions
within a J manifold are those 1nvoivingiEg(cos 6'). An indication of
the effect of the HD center of mass displacement on the rotational
transition probability can bg obtained by calculating the square of the
ratio of the sum of coefficients of Pp(u) in Egs. 20 and 21 at a reason~

able internuclear distance. At r‘= T, gnd r' = ro this is

-

a2a®  a2a?\”
3 " 76 0.142)3
) = 10.110

B +

=.1.7

which makes a significant contribution to the observed ratio WﬁD/WHé of
2.94,

Bloom hes pqinted out (22) that the most probable collisions
for which J changes are resonant collisions, in which molecules inter-
change rotational energy. These resonant collisions camnot occur be-
tween ﬁydrogen molecules contalning different isotopes because the ro-
tational energy differences for the allowed tramsitions asre not the
same. .Thua if A J transitions were important for nuclear spin relaxa-
tion we would expect W for pure HD or Hz gas to be larger than W for
collisions of HD or Hp with different isotopic hydrogen molecules.

We find that the values of W are nearly the same for HD colliding with
Hp, HD, and Dp. Similarly, W for Hp/Hz collisions is nearly the same
as W for Hg/Dg collisions. Although asccurate measurements of the Hp
linewldth in mixtures of Hz and HD could not be made, it was found
that T, was approximstely the same as in pure Hz. Therefore resonant

collisions must contribute little to the relaxation.
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It is also seen that HD 1s approximately as effective as Hp or
Dz in induecing rotational tfansitions in collisions with other mole-
cules, .although in HD the center of mass is displaced from the éharge
center and there is no symmetry restriction prohibiting AJ = 1 transi-

tions.
APPLICATION OF THE BLOOM-OPPENHEIM THEORY TO HD

- The difference in T; for Hz and HD cannot be quantitatively ex-
plained with the Schwinger theory and a more detailed theory must 1‘)e
used. We will discuss the application of the Bloom-Oppenheim theory
‘to HD. | |

By substituting Eqsg. 9 and 10 into Egs. 2 and 3 and averaging

over the rotational states by Eq. 1l we obtain

= ..[ 4(23%2)%1{32] 12 Z P (J+1)(23-1)(25+3)
J even
) y aH!a 4312

x H
3 R°(4J'2+’4J—-7)

(22)

where KH =k +kjk = 6n1(1)(2)/5 arises from HR and k3 = 0.134
CHZI(E) (4) arises from the intermolecular quadrupole—gzadrupole inter-

action.
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For HD ,
| i}{ = [pa"(2nﬁpm))§l(_m)] ) 1?2 }: PJJ'(J-I»J.) (2J-:L)(2.I43)
- J
x| R 5l (23)

> 2TRS,(WBk-T)

If the experimental values of T3 for Hp and HD are used in Egs. 22 and
23 1t 1is found that K = 4 k3 Kﬁa' The value of Kﬁé has been deter-

mined (20) from the data of Lipsicas and Hartland (14) to be 8.8 X 1021*

sec 2. Thus we find fhat :

Kep ™ .43 x (8.8 % 102'* sec—z) = 39.0 X 102"L sec™®

We can calculate KﬁD from the HD intermolecular potential for
coﬁparison with this value of KﬁD' The HD intermolecular potential can
be determined as beforevby expressing the intermolecular distance and
orientation at thé center of éharge in terms of the distance and orien-
tation at the HD center of mass. It i1s convenlent to use the Lennard-

Jones pbtential to describe the Hy isotropic interaction;
' o ;2 o 6 .
v(r) = ue[(;) - (;) ] (24)

When Eq. 24 is transformed to the HD center of mass the intermoleéular

potential 1s found to be (Appendix -IV)
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V(r',0') = he [(a/r’)m - (o/xr )6]
+ be 2 [120/r ) - 6(a/x')7] Py(cos o)

. 8 :
+ ke %;{2(0/1" )ll‘[zspa(cos e') + n]—[;ﬁ'—.) [16P2(cos ') +5)§

+ ke %;.{(é/r')ls 2—58- [32Pg(cos ') + 33P1(cos 6')]
- (O'/r’)9 8 [4P3z(cos 6') + %P5 (cos 6')] §
oo o - (25)

The terms involving odd degree Légendre polynomials do not contribute fo
A my transitions and can be disregarded. Thus the terms which contribute

to the nuclear spin relaxation are
2 ' '
Va(r',0') = 32¢ 5:‘3 [7(0‘/r')ll‘t ~ 2(o/r! )B]Pz(cos er) (26)

' The angle dependence 1s the same as that in the anisotropic potential
36(1‘? for Hz and the comtribution of Eq. 26 to Kz 1s found by substitut-
ing the coefficient of Pz(cos 6') for b(l) (su) in Eqg. 12 and multiplying
the integral by 6a/5. By interpoiating between tabulated va.lués (20)‘
for I(l) (2) we find that the contribution to KHD is 2,2 X 1021" sec';2

at 29°C.

S8imilarly we transform the Hp anisotropic intermolecular potential

38 (2,0) = 5 2 (cos 0) | (27)
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to the HD center of mass and obtain (Appendix IV)

mg-) (r's6') = k19 {Pg(cds o) + %—%—[32&(003 6') + 63P3(cos 9')]

rl
+ %?—2 [%é- + ?_gi Pz(cos 6') + -l%l*- Py(cos 6'-)]

+ oo } (28)

We can again disregard the odd degree Legendre polynomisls and consider
only the terms involving Pz(cos 6') and Py(cos 6'). The Py(cos 6') term
leads to -a different J dependencé for the nuclear spin relaxation and
therefore cannot be used to calculate a contribution to KI{D as defined
in Eq. 23. 1In order to simplify the calculation wé will assume that the
contribution of this term is the same as (225 kd2/2r‘21) Po(cos 6').
The contri‘ﬁutions of these terms are small so that this approximation
will have little effect on the final results. After extrapolating the
tabulated values (20) to evaluate the Integral 12 with b(q) (au) =
225 kda/r'zl the contribution to Kp 1s found to be 1.5 X 1021& sec™2,
The total contribution of the potential 28 to KED _is the same &as the
contribution of Eq, 27 to Kﬂe plus 1.5 X 102'1+ sec ™2, The contribution
of the quadrupole-guadrupole interaction to KH2 is small at room temper--_
ature and we‘will neglect the effect of the center of mass displacement.
| From the results of the above calculations we find KED = KH2 +

k L L -2

2.2 X 10" gec™® + 1.5X% 102" gec™2 = 12.5 X 10°* sec®. This value

differs by a factor of three from the value calculated from the experi-
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mental relaxation time, The assumptions introduced in applying the
Bloom-Oppenheim theory may be responsible for this large discrepancy.
The Lennard-Jones potentiali may not adequé.tely represent the lsotropie
Intermolecular potential for hydrogen and therefore its contribution
to the anisotropic part of the HD intermolecular potential may be too
low. Other isotropic intermolecular potential functions would contri-
bute differently to K‘HD anci this provides a means for testing the form
of these potentials. We hé.ve assumed that the contribution of A J
transitions to the HD proton spin relaxstion is negligible. However
the transition probability for A J transitions 1s much larger in HD

than in Hp(l) and this assumption may not be valid.
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I. THIN LAYER REVERSE CURRENT CHRONOPOTENTIOMETRY OF A REACTING SPECIES

Consider the situation depicted graphically in Figure 1 of Part

II: oxidation of a specles, R, for time t_,, interruption of current

f’
flow for time ¢ a’ and reduction of species Ox which undergoes an ir-

reversible first-order reaction to an electrochemically inert species Z:

R ~-ne /= Ox

Ox -—k—-r‘z

‘It is desired to calculate the concentration of Ox in the ‘solu—
tion layer at any time.

For0<t<tf

4ac
oX

at

=B -XkC (1)

where cox 18 the concentration of Ox and B = i/ (nFAZ). Since 'Cox =0

for t = O, the solution of Equation 1 is

-8 it
Cx =5 (L-e77) (2)
For t, <t <t, + ¢,
ac . . |
at "'kcox (3)

g

 Letting t' =t - t_, C

pr Cox at time t' = 0 18, from Equation 2

- " | -
=00 =g =) (+)
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The sclution of Equation 3 is then

. _ . .-]':t
Cox::-g-ekt (l—e f) » (5)

<t<tE, +t .+ T

For tf + td ? a

ac
oxX

dat

= -6B - kC_ (6)

where 9' is the ratio of the current employed in the cathodic process to
the current employed in the anodic process. Letting t" =t - ('t:f + td) ,

Cox 8% time t" = 0, is from Equation 5

ox k

~Xt -kt
t"=o,cox=§e - (1)
The solution of Equation 6 is then
| k" -kt ~kt
¢ =Bx [kt [6+e da-e )I-0) (8)

.Finally, the transition time T, is defined by C,x = O vhen t" =T,

Hence from Egquation 8

_ ~Xt —kt
e X [o+e Ql-e D)]-6=0 (9)
~kt okt
and 'ru-%lna[l+%e d(l—e f)}

vhich leads to Equation 1, Part IIfor 6 = 1.

J
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II. OVERLAP CORRECTION FOR TWO ADJACENT LORENTZIAN LINES

The shape of a Lorentzian line centered at v o 1s given by

h
1+ (2/a v)a('vo - v)2

glv, - v) =

where h 1s the full height and A v is th_é full width at half height.
Consider two Lorentzian lines, each with height h and width A v, one
centered at v = +8/2 and the other centered at v = -S/2. . The peaks
are therefore separated by a distance S. If (S/A v) S 10 the lines
‘will overlsp app:fecia'b],y and in measuring linewidths the effect of the
adjacent line mist be convsidered.’ The observed spectrum is given by

th"é sum of the two lines.

g(v) = g(8/2 - v) + g(-8/2 - v)

= .h[ = + L } (1)
1+ (2/av)3(s/2 - v 1+ (2/6v)2(-8/2 - v)?

Neglecting the shift of the maxima toward v = O the heights of the two

- peaks will be
_ 1 + 2 (s/a v)2] :
st 8/2) - 2h[1 + 4 (8/A V)3 @)
At half height g(v) = 4 g(+ 8/2) (;)

From Equations 1, 2 and 3 the valueg of v at half height are found to be
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L A A

LAy [ (8/ov)2 B+ 1-B+ VI + k(S/AV) B(l-mr (4)
5 ;

13 which B=.1+2(S/Av)2
1+ k(s/av)?

The observed line width for either line is obtained from the difference
in values of v for that line given by Equation 4. The percent increase
in line width of one line due to overlasp of the adjacent line is shown

in Fig. 1 where the quantity

Observgd I.izeyWidt_h -Ay X 100

18 plotted vs. S/A v.



12.0
o
o

= 10.0
A
<
|

x| 8.0

-

=

=

w| 6.0

=|<

©

Wl 4.0

1

L)

0]

a

ol 2.0

0

- 67 -
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Fig. l.‘ Increase in half width of a Iorentzian line
due to overlsp of an identical adjacent line.
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ITI. DIFFUSION RATE OF Hp ACROSS A NMR SAMPLE TUEE

An estimate of the mean dlstance of diffusion in time, ¢, may

be obtained from (1)
AXE =2 Dt

where TXE is the mean square displacement and D 1s the diffusion coef-
ficient. For pure Hp gt 273°K and 1 atm. D = 1.285 cmzseg"l (2 p. 581)
and at 25 atm. one expects (2 p. 615) that D = 1.285/25. Thus for a
displacement of 0.4 cm, approximately the dlstance across a 5 mm od

MMR tube, requires

2
t = (0.4 cm) X 1.7 sec

2(1.285/25) cmzsec—l

For Hp at infinite dilution in heayvy gases such as Oz, COz, or CHyq the
diffusion coefficient is approximately half that for pure Hp (2 p. 579)
‘a.nd the time required is ca. 3.3 sec. HD, with a larger mass, would
diffuse even more slowly. If the sample is spinning at the usual rate
of 25 rps the part of the sample at the tube wall uhdergoes this same

displacement within about 0.02 sec.

REFERENCES
(1) W. J. Moore, "Physical Chemistry,” 2nd ed., p. l+49, Prentice-Hall,
Inc., Englewood Cliffs, 1955. '
(2) J. 0. Hirschfelder, C. F. Curtiss, and R. B. Bird, "The Molecular
Theo::y‘of Geses and Liquids,” 2nd ed., John Wiley and Sons, Inc.,
" New York, 195k.



- 69 -

IV. INTERMOLECULAR POTENTIAL FOR HD

, Morse- Potential

The intermolecular potential for Hz is (1)

V(f,G) = D exp [-a(r-ro)]—- 2D exp [-—a(r-ro)/zl

+ B Dexp [—-a(r-ro)] Pa(cos 0)

The cbcrdina.tes r and & expressed in terms of the corresponding coordi~

V na.te_s céutgmd at the HD center of mass are

. 1 :
r = (r'2-2dr'cos 6' + d2)2 (1)

r'cos 6'-4 . (2)

cos @ = I
(r'2-2dr'cos 6' + &2)

where r' 1s the distance from the HD center of mass to the center of
f.he other moleéule y 6' 18 the angle between the axis of the HD molécule
and }:l , and d is the distance from the HD center of mass to the charge
center. The HD intermolecular potential is obtained by substituting
'the expressions 1 and 2 for r and cos € in V(r,6). The derivation is
éimplified if we remember the magnitudes of the constants in v(x,0)
end neglect the unimportant terms that arise. These constants are

N

(2) D= 1.1X 10 ', @ = 1.87, B = 0.110, d = 0.232 and r = 6 in atomlc

units.

We can expand Eq. 1 in & binomial series to obtain
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a2 -
r = r'-d cos 9’+§;r+“‘v / (3)
The first exponential in the intermolecular potential becomes

exp [—a(r—ro)] = exp [—a(r'~r°)] exp [a(a cos @'~a2/2rt + ++¢)] (&)

which can be written as
exp [-a(r—ro)] = exp [-a(r’-ro)] [(1 + c®a®/6 - 02d2/2f’)
+ (0d - a2a®/2r') Py(cos 6')

+ (0Pa2/3) Pz(cos 6')] | (5)

by expanding the last exponential in Eg. 4 and neglecting higher order

fezﬁs. The term exp [-a(r—ro)/E] is obtained from Eq. 5 by replacing

a by of2. '
Similarly we substitute Eq. 2 into Pz(cos 6):

Pa(cos 8) = %{3[ (r'cos 6'-d) ]2 . %

= %-} {Br’a cos® 6'-r'2 _L4ar' cos 6' + 2d2} (6)

" We write
' 1

r'2-24r'cos ' + &

1.
=

N 1
r'a d d=<
1-2 »T coB 6! + =
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and use & binomianl expansion to get

1 & &
;‘3;3,"5 l+2;i‘,-'0059'~;,—5+h;72~+“' (1) .

by s\ibstituting Eq. T into 6 and writing the result in terms of the
Legendye polynomials we get

Pa(cos @) = Px(cos 8') + g ;?—,— [Pa(cos 6') ~ Py(cos 6')]

1 &

* mrE

[48 Py(cos 6') - %ng(cos ') - 9]
4 ven | | ®
After multiplying Eq. 5 by Eq. 8 and neglecting the smaller terms we
have |
exp [-a(r-r,)] Pa(cos 0) =
- exp [-a(r'-x )] [Pa(cos 6') + (208/5 ~ 6d/5r") Py(cos 6')

+ (304/5 + 6d/5r_') Pa(cos 6')] | (9)

When Eqs. 9, 5, and the equation for exp [—a(r—-ro)/E] are substituted

into V(r,8) we get for the HD intermolecular potential
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v(r',8') = D exp ['-a(r’-ro)] ~2D exp [-a(r’-ra)/z]v
+ B D exp [—a(r’-ro)] Pz(cos 6')

oa® _

+ 3 D exp [—d(r'-—ro)] Pz(cos 6')

- g_agdf: D exp [—a(r'-ro)/E] Po(cos 6')
+adDexp [-a(r'-ro)] Py (cos 6')

~-ad D exp [-a(r'-—ro)/E] Pz (cos 6')

in which the higher order terms have been neglected.

' Lennaxrd-Jones Petential
‘We write Zl./:rn in terms of the coordinates centered at the HD

center of mass as

i1 1
n n ' ‘ n/2
r T a
{1—2 TT cos e + by
and use a binomial expansion to obtain
2.2 14+8 45 (cos 8%) + —,—-dz 2 [(n+2)P2(cos 6') + —nll-]
&2 B r! 1 re 3. 2 2

L& n(?+2) [in-;be) Pa(cos 6') + L‘:é'l). Py (cos 9')]'

r'a

+ ven } " | (10)
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The HD intermolecular potential is found by substituting Eq. 10 into

the Lennard-Jones pot?ntial, in which n = 12 and 6. We get
V,e') = be [(o/r )2 - (afx)0]

+ he %{m(a/r' 513 - 6(U/r')7z:P1(cos 6')

+ he g{z(a/r'jlh[QSP?(cos 6') + 11]-(o/r' )8[16Pa(cos e')+5]§
» +. ke %—;{ (o/x" )15(28/5)[32éa(cos ') + 33Py(cos 6')

- (o/x)® 8lk2a(con 0') + 3Ea(eon 811§

+ see

Anisotropic Part of the Hp Potential
The potential for the interaction of a hydrogen molecule with a

spherically symmetric atom or molecule

%) 19 Pz(cos 6)

1s found in terms of the HD coordinates r' and 6' from Eq. 6 for Pa(cos6)
and Eq. 10 for l/rlg. After multiplying the terms on the right hand

sides of Eqs. 6 and 10 we find

m(Rl)(rl ’9>l

,k19 {Pg(cbs er) + 3 -—-- [32P;(cos 6') + 63P3(cos 6')]
r

+ ri,z; [96/5 +(225/2)1>2(coa 0') +(41k/5)P4(cos e')j

+".§



- Th -
‘,REFERENCES

(1) K. Takayanagi, Supplement of the Prog. Theor. Phys., no. 25 (1963).

'(2) c. J. sluijter, H. F. P. Knapp, and J. J. M. Beenakker, Physics,
31, 915 (1965).



-5 -

PROPOBITIONS
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PROPOSITION I

The nuclear magnetic resonance properties of tritium, H3 , are
- similar to those for the proton. Both nuclei have spin % and the NMR
frequency of 45.414 Mc at 10,000. gauss for tritium is only slightly
higher than the proton frequency of 1_1»2. 577 Mc. Thus tritium resonance
- can easily be observed with conventional spectrometers. High resolu~
tion tritium NMR of ethylbenzene containing 1 ato;n % tritium has re-
cently been reported (1). Measurements were made using a 40.000 Mc
Varien spectrometer at ca. 8800 gauss. We propose that a study be made
of nuclear spin relaxation in Hz® gas.

Because both nuclel have spin 4 the relaxation mechanisms are
the same in Hp® and Hp» and the form of the relation for Ty, J in
tritium gas is identical to that for Hp':

1 67 427 (J+1)

—_——— 2 12
T, "5 ey o) '+ D)

J

The spin-rotatlon and dipolar coupling constents have not been experi-
mentally determined but these can be calculated from the known values
for the pther isotopic hydrogen molecules using the vibrationsl and ro~
- tational consta.ﬁts to take into account the effects of zero point vibra-
tion (2, 3). We expect the relaxation times for Hz® and Ho' to be of
the same order of magnitude because 7, and 7. only differ by ca. 6%.

'I'ne intermolecular potentials for Hz® and Ho* are expected to

be” 1dentical, however the rotational energy levels of Hz> are not as
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far apart as those of Hpo' and this leads to different rotational level
populations at a given temperature. Therefore a comparison of the
relaxation times for Hzl and Hp® from near the boiling points to room
temperature would provide a useful test of the theories for nuclear
spin relaxation. At low temperatures; such that only the first rota-
tional state contributes significantly to the hydrogen spin relaxs~
tion, the correlation times 111, and 12 can be calculated directly
from the Hz* and Ho® relaxation times. '

It would aleo be desirable to measure T; for tritium in mixtures
with rare gases for comparison with T of Hgl in the same gases. Meas—
urements on mixtures of tritium with other gases would be difficult due
to the chemical reactivity of tritium (4).

These experiments can be performed with less than 20 ml of Hp3
gas, which is less than 50 cufies. Tritium gas can be purchased from
Oak Ridge National Laboratory for $2.00/curie; therefore the cost of
the experiments would be low. Tritium emits low energy PB-radiation and
ordina.ry containers furnish adequate radiation shielding. The safety
preca.utioﬁs requ:}red in handling tritium involve preventing escé.pe of

the gas to the atmosphere,
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PROPOSITION II

The diffraction of a beam of slow electrons can provide much
information sbout the surface properties of materials. The wave length
for a 150 volt electron beam is 1 ?\, the same order of magnitude as
X-rays. Eowever slow electrons do not penetrate much beyoﬁd. the first
atomlic layer and the diffraction pattern produced is due to the two-di-
mensional surface structure. Thus the spatial arrmgexﬁents of the in-
dividual surface atoms can be determined and changes in the surface
structure observed (1).

Although the first expefiments involving low energy electron
. diffraction were reported (2) in 1927 very little research was done
using this technique until sbout 1960. A renewal of interest in this
.method was brought about by the recent advances in high vacuum technol~
ogy and by the development of a better method for observing the diffrac—
tion pattern. Commercial apparatus which dlsplays the diffraction pat-~
‘tern on & fluorescent screen is now available, This permits studies
to be made of changes in surface structure with time.

The studies of nickel surfaces i1llustrate the type of informa-
tion that can be obtained using low energy electron diffraction. It is
found that the clean surface hasg about the same structure as the bulk
material. The adsorption of oxygen on the surface is found to cause
rearrangement' of the surface nickel atoms and the structure of the re~
constructed surface depends on the crystal face observed. Adsoxrption

of -half a monolsyer of hydrogen atoms causes a complete rearrangement
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of the nickel atoms on a (110) face (3). This reconstruction of sur-
faces By adsorption of gases is of obvious significance for. chemical
reactions occurring at surfaces, particularly for catalysis (3).

An important class of chemical reactions at surfaces is elec-~
trochemical reactions, occurring at electrodes in solution. The rate
of electron transfer from the electrode to a species in solution may
depend dramatically on the surface condition of a solid electrode (4).
For example the reduction of vanadium(V) has been found to be much
more r;versible at a freshly oxidized and reduced platinum electrode
than at the same electrode after allowing it to aée in the solution.
The reduction is.also less reversible if the electrode 1s first electro-
chemically oxidized and the oxide removed by treatment with HCL (5).

It was suggested that these effects are due to microscopic roughening
. by the process of oxidizing and reducing the electrode surface, and
that aging the electrode allows the surface atoms to rearrange to a
less electrochemically active configuration (or allows the surface to
adsordb contaminents from the solution to mske 1t less active) (4, 5).

We propose that the surface structure of metals such as platinum,
iridium, rhodium, palladium, and gold be investigated by low energy
electron diffraction and & comparison made between the surface struc-
ture and the electrochemical properties of the different crystal sur- -
faces. The electron diffraction study should include the effect on the
surface structure of adsorbed water, oxygen, and hydrogen and the
change in structure of an.oxidized surface after reduction with hydro~

gen. It would also be of interest to investigate the effect of water
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adsorption oﬁ the clean surfaces and on the oxidized and reduced sur-
faces. This work would help explain the irreversibility of electrode
re;.ctions ’a.t oxidized électmdes and the increased reversibility of
electrode reactions at freshly oxidized and reduced electrodes.

A study of platinum surfaces has been made (6). Adsqx'ption of
Oz was found to lead to a rearrangement of the top layers of platinum
atoms on all three crystal faces. When the oxygen stiructure of the
(111) face was reacted with hydrogen at room temperature all oxygen
ﬁas immediately removed and a more complex structure formed over a
period of approximately an hour. Removal of oxygen from the oxidized
(111) surface by reduction with hydrogen or carbon monoxide left the
rearranged platinum surface unchanged. However, heating the sa.mplé to
200°C returned the structure to normal. The adsorption of water was

not studied.
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PROPOSITION III

Many investigations have been made of proton-spin relaxation
in agueous solutions of paramagnetic ions such as Fe+3 and Mn+2 (l) but
few studies have been reported for solutions of molecular free radi-
cals. Work has béen reported on nuclear relaxation in honaqpeous_solu— ’
tions of 2,2-diphenyl~l~picrylhydrazyl and di-t-butylnitroxide (2).
There are few known stable, water soluble free radicals and this mﬁy
explain the scarcity of studies in aqueous solutions.

Recently two families of nitroxide radicals have been reported

(3). These are of the form

RI
R

HaC 3 and HaC CHa

HaC l.v CHa ‘ HsC 1'\1 CHa
0 0

wvhere R' is a group such as =0, =N-OH, or -CpHs and R may be a group
such as ~COOH or ~CONHp. These free radicals are stable and several of
them are teadily soluble in water. We propose that a study be made of
the water proton spin relaxation in aqueous solutions of these free
radicals andlof aqueous solutions of the nitrosyldisulfonate ion,
ON(Soa)ék» |

Nuclear spin relaxation in solutlons containing paramasgnetic
species can be explained in terms of two mechanisms (1). One 1is the
relexation due to the nuéleus—electron dipole—~dipole interaction modu-

" lated by the relative rotational and translational motion of the solvent
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molecules and the paramagnetic ions or molecules. This is found to be
the dominant mechanism in solutions of many parsmsgnetic ions (1). A
detailed theory has been presented by Solomon (&) which explains the
observed eciuality of"l‘l and T, and the linear dependence of 1/Ty on the
concentration of the paramagnetic speciles.

The other mechanism that: contributes to the proton spii: relaxa—~
tion is the scalar coupling of the form A I-S. This interaction can
arise if the warve function of the unpaired electron extends to protons

in the water molecules. ' The correlation time Te for this mechanism is

glven by

1 1 1
—— g me— + ——
Te Ts Th

where Ts is the ele;ctroxi spin~lattice relaxation time and T is the
time the proton of a solvating weter molecule remains close to the para~
magnetic species. This mechanism contributes to proton relaxation in
Mn"'2 solutions and explains the large ratio of T3/Tpz. Overhauser nu-
clear pola.rization’requires an interaction A ;-ﬁ and the Overhauser ef-
fect observed in agueous sélutions of ON(SOa)z shows that this makes
an appreciable contribution to the nuclear relaxation.

Fm;n this discussion we see that a study of relaxation times in
solutions of free ra.dical_.s will yleld information about molecular motion
and solvation of the radical molecules. A comparison of the relaxation
times in solutions of the _0‘1\1(8053)2= ion with relsxation times in solu-
tions of nitroxide radicals which would be only weakly ionized would

therefore be of considerable interest. Relaxation times are dependent
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on the temperature and nuclear resonance frequency and this dependence

is an important source of information. Association of free radlcals 4in

the solution would also saffect the relaxation times and a comparison of

the observed relaxation times with those eXpected if only individual

radicals existed in solution would indicate the degree of assoclation.

Meny different nitroxide radicals of the types shown could be prepared

(3). Thus one can study solvation, molecular motion; and association

of a variety of molecules containing substituents of interest..

1,
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PROPOSITION IV

The hyperfine structure for the natursl abundance of N-° and
872 in the nitrosyldisulfoneate ion, ON(S0a3)z2 , has been observed in the
electron spin resonance spectra (1). The hyperfine interaction with
017 was not observed because of the low natural abundénce of 017;. We
propose that O17 enriched on(soa)a= be prepared and the nitrosyl O17
“hyperfine interaction be observed.

The hydroxyleminedisulfonate ion is prepared in almost quantita~

tive yield by reduction of nitrous acid with HSOz at 0°C:
2HSOm + HNOp ——> HON(SOa)2 + Hz0

Oxidation of HON(S0z)z~ with & reagent such as PbOa, AgOpz, or alkaline
MnO4~ yields ON(S0z)2 (2, 3). The nitrosyldisulfonateion 1s stable
for dasys or weeks in a neutral or slkaline solution at room tempera~—
ture. Water enriched to 3% o7 and Oz enriched to 4% 07 are avail-
able. Thege'can be used to prepare 017 enriched NOz by exchange in a

solution @f NOz or by the reactions (4):
280 + % Op —> Nz0a
N20z + 261{” —> 2N0p + Hg0
The enriched NOz can then be used to prepare ON(503)2= by the usual
procedure,

The isotropic part of the hyperfine interaction is observed in

solutions of free radicals. This is proportional to the probability
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|¥(0)]2 of finding the electron at the nucleus and therefore provides

information on the. electronic structure of the molecule. The theories

(5, 6) for the electronic structure of ON(SOz)z can then be tested by

comparing thelr predictions with the observed hyperfine coupling. The

'hyperfine interaction of oxygen in the >N0 group is of interest be~

cause & three electron bond is involved.

1.

6‘
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PROPOSITION V

Typical surfactants are molecules with moleculér welght of
about 300 and having a polar solubilizing group and & non-polar hydro-
phobic group. An example is sodium dodecyl sulfate, CHa(CHa);oCHa—SoaNa.
In solutions at low concentrations these exist as solvated molecules or
ions. Above a certain concentration micelles, or aggregates of the
surfactant molecules, form. The concentration at which this occurs
is called the critical micelle concentration, CMC. By light scattering
and diffusion measurements on these systems it is found that the micel-
les contain about 100 units and are narrowly dispersed in size. Above
the CMC the micelle concentration increases approximately linearly with
the surfactant concentration and the monomer concentration decreases
slightly (1).

The structure of these micelles is still in dispute. The sim~-
plest and most widely accepted structure is the spherical micelle with
the polar heads of the surfactant on the surface of the sphere and ex—~
posed to the water. However there 1s good evidence that micelles are
lamellar, cylindrical or rod shaped, or disc shaped (2).

The increased solubllity of a substance in & surfactant solu~
tion relative to 1ts solubility in the pure solvent is called solubili-
zation (2). Three types of solubilization have been proposed. In one
cage the soclubllizate 1s deplcted as being dispersed in the interilor of
the micelles away from the polar groups. In another type the solubili-

zate molecules are orientated like the surfactant molecules in the
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micelle with their polar groups on the outside. A third type of solu-
bilization involves adsorption of the solubilizate on the surface of
the micelles (2, 3).

In order to obtain information about the detalls of micelle
structure and the distribution of solubilized molecules in the micelle
this author has undertaken a study of proton spin relaxation in surfac—
tant solutions containing paramagnetic speciles. Some preliminsry re-
sults will be discussed here and future work proposed. This work wes
undertaken in connection with an ESR study by Dr. O. Hayes Griffith.

Proton linewidths were measured in solutione of 5 to 10% sodium

dodecyl sulfate containing the radical

0
I
2
HaC . _CHa
® I
HaC CHa

N
I
0

" in an emount equivelent to one molecule per micelle. In 5% sodium
dodecyl sulfate almost all the surfactant 1ls sggregated to form micel-
les. The proton linewidth of solubillzed benzene 1in these solutions
was also observed. The benzene concentration was about 25 molecules
per micelle. The resonance of both the HgaC—~ and ~CHg~protons in the
hydrocarbon chain can be observed in HzO, and in Dg0O the ~CHz-SOs pro-
tons can be observed.

As would be expected at these low free radical concentrations

the Ho0 linewidth is not significantly increased. However the line-
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widths for the dodecyl sulfate protons are increased by 3.0 cps. Thus
'tﬁe free radicél is closely assoclated with the surfactant and presum-
ably contained in the micelles., Molecular motion is rapid compared
with the relaxation times. &herefore the linewidths for all three types
~of dodecyl sulfate protons are increased about the same amount. The
linewidth for the benzene_resonance is only increased by about 1.3 cps.
'Thus the radical iBlinteracting less strongly with benzene than with
the sﬁrfactant. This may indicate that benzene and the free radical

are usually not solubilized in the same micelles. Another free radical,

. CHa
/__era
oan—Q N=N N-0 II
~o.  “Fa

has a similar effect on the relsxation times.

In order to satisfactorily explaln these observations accurate
relaxation time measurements are necessary. These should be made over
8 range of concentrastions and compared with the relaxation times for
nonaqueous solvents containing the radicals, The size of the micelles
is known (1, 3). Therefore information can be obtained on the distribu-
tion and motion of the solubilized specles in the micelles as well as
the micelle shape. Surfactants which are known to form different sizes

or types of miéelles, and free radicals or hydrocarbons which are known

to be solubilized differently (3) should be investigated.
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If the surfactant is an electrolyte the micelles carry a con-
slderable net charge and counter-~ions are associated with it. TFor
sodium dodecyl sulfate about 50% of the sodium ions are assoclated with
the micelle. This suggests that the micelle structure can be studied
by measuring relaxation fimes for the surfactant in solutions contain-
ing paramagnetic ions such as Cu++ and Ni++. The relaxation timesd for
solubilized materials in these solutions would also provide information
on their distribution in the micelle.

Surfactants in nonaqueous solvents such as benzene and other
hydrocarbon solvents form micelles with their polar groups directed
toward the interior and the hydrophobic chains extending into the
solvent (2). These are cepable of solubilizing water. We propose that
&8 study be made of proton relaxation by paramagnetic species in these
systems. Here we can add free radicals not soluble in water, such as
2,2-diphenyl-l-picrylhydrazyl and study proton relaxation of the Bﬁr—
factant and of water solubilized by the surfactant. Relaxation times:
of solutions containing paramagnetic ions in the solubilized water

should aldo provide information on the micelle structure.

. REFERENCES
1. A. W. Adamson, "Physical Chemistry of Surfaces,” Interscience
Publishers, Inc., New York, 1960.
2. L. I. Osipow, "Surface Chemistry," Reinhold Publishing Corp.,
New York, 1962.
3. A. M. Schwartz, J. W. Perry and J. Berch, "Surface Active Agents
and Detergents," Vol. II, Interscilence Publishers, Inc., New

York, 1958.



