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INTRODUCTION

Dans ce travail nous présentons les résultats obtenus au cours

d'une étude des spectres d'absorption de 1'électron solvaté dans

divers milieux ainsi qu'une €tude des interactions électron - ion
alcalin en solution.,

L'étude expérimentale a d'abord porté sur 1l'obtention des spectres

de 1'électron solvaté produit par radiolyse pulsée dans les mélanges
eau-ammoniac et eau-éthylenediamine, Leur variation en fonction

de la composition du solvant a été étudiée. Nous avons parallelement
étudié les spectres de solutions de métaux alcalins dans 1'éthyléne-~
diamine. Le spectre d'absorption de ces solutions montre l'existence
de plusieurs espéces. L'une d'entre elles est 1'électron solvaté et

son spectre est identique & celui dbtenu par radiolyse pulsée, l'autre
est dépendante du métal, L'électron solvaté est en équilibre avec
1'espece “1épendant du métal, | La cinétique kd‘e la réaction entre 1'électron
solvaté et 1'ion sodium a été étudiée dans 1'éthylenediamine par radio-
lyse pulsée,

Ce travail est divisé en deux parties. La premi>re traite du spectre
de 1'électron solvaté et de l'interprétation des variations spectrales
en fonction de la composition du mélange. Un nouveau modele est
proposé. La seconde partie présente les résultats obtenus dans les

solutions métal-éthylenediamine sur les interactions électron - ion alcalin,

. 1. Premiere partie,

L'interprétation des spectres de 1'électron solvaté a fait 1'objet de
nombreuses publications. Un certain nombre d'entre e]/./'les donnent

de bons résultats pour la position du maximum, mais échouent com-
plétement pour représenter la forme de la courbe d'absorption.

Nous présentons une méthode empirique d'analyse du épectre d'absorp-
tion utilisant les moments expérimentaux. Les moments théoriques
peuvent &tre évalués a partir de l'hamiltonien du syst¥me et de la
fonction d'onde de 1'état fondamental, La comparaisonﬁ entre les

quantités expérimentales et théoriques permet de connaftre les divers

parametres introduits dans le modele microscopique de la solution,




Cette méthode de calcul est testée dans le cas de solutions
de métaux dans l'ammoniac liquide. Elle sert ensuite a
interpréter les variations du spectre de 1'électron solvaté
dans les mélanges eau-ammoniac et eau-éthylenediamine,
Dans le cadre d'une étude des modeles de solutions, nous
avons réalisé des specfres Raman de solutions métal-ammo-
niac afin de varifier une théorie qui prévoyait qu'un mode de
vibration de la cavité serait actif en Raman dans la région

50 - 200 cm -1,

1.2, Deuxieme pa-tie,
Les spectr‘es d'absorption des métaux alcalins dans les amines
sont différents de ceux qu'on observe dans l'ammoniac, Pour
les expliquer, les especes MT, M, M~ et e~ sont postulées.
Nous avons étudié le spectre de Na~ qui est 1'espece prépon-
dérante dans les solutions de sodium dans 1'éthylenediamine et
nous avons déterminé son coefficient d"extinction. Pour les
autres espéces nous avons mis en évidence l'existence d'équilibres.
La cinétique de la réaction Nat et e™ a été étudiée par radiolyse
pulsée.
L'utilisation de complexants de cations du type ethers macrocy-
cliques permet de déplacer les équilibres en solution et ouvre
une nouvelle catégorie de solvants dans lesquels des métaux

peuvent étre dissous,




II.

1I.

ETUDE DES SPECTRES DE L'ELECTRON SOLVATE DANS
LES MELANGES EAU-AMMONIAC ET EAU-ETHYLENEDIAMINE.

Dans un nombre restreint de solvantsla dissolution de métaux
alcalins conduit a la formation d'électrons solvatés, Les solutions
de métaux alcalins dans l'ammoniac et les amines ont été les plus
étudides.

Laa rediolyse pulsée permet de générer des électrons solvatés
dans presque tous les solvants, On obtient un spectre d'absorption

identique a celui des solutions de métaux dans les mémes solvants,

1. Obtention des spectres,

Dans la publication 1, nous avons mesuré le spectre d'absorption
de 1'électron solvaté produit par radiolyse pulsée dans les mélanges
eau - ammmoniac et eau - éthylenediamine,

Nous avons étudié la variation de la position du maximum d'absorp-
tion et de la largeur du pic en fonction de la composition des
mélanges. Nous avons noié que, dans tous les cas, une seule
espece absorbante était responsable du spectre. Les essais de
décomposition du spectre en une somme de pics dus a diverses
especes n'ont pas donné de résultats significatifs,

L'obtention des spectres se faisant point par point, de nombreuses
données de cinétique de réaction de 1'électron avec diJ,vers substrats
ont été obtenues en particulier celle de e~ + NH4+ . /

Dans la publication 1, nous décrivons les techniques expérimentales
mises en jeu et la méthode d'exploitation des mesures. Nous pré-

sentons les résultats obtenus et les discutons,




PUBLICATION 1

PULSE RADIOLYSIS STUDIES. XVIII. SPECTRUM OF

THE SOLVATED ELECTRON IN THE SYSTEMS ETHY-

LENEDIAMINE-WATER AND AMMONIA-WATER,
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Pulse Radiolysis Studies. XVIII. Spectrum of the Solvated Electron in the Systems

Ethylenediamine-Water and Ammonia-Water*

Jades L. DyE axp Marc G. DEBAcCkKER
Department of Chemistry, Michigan Stute University, East Lansing, Michigan 48823
AND
Leox M. Dorruan
Department of Chemistry, The Okio State Unicersity, Columbus, Olio 43210
(Received 16 February 1970)

The pulse radiolysis technique with fast infrared detection was used to determine the optical absorption’
spectrum of the solvated electron in the systems ethylenediamine—water and ammonia-water. These spectra,
determined over the entire concentration range, show the following: In ammonia and in ethylenedamine, the
bands at 1530 and 1330 nm, respectively, have the same shape and position as those attributed to the
solvated cle.tron in alkali metal solutions. In cach of the two-component systems a single band is seen with
the peak p--ition intermediate to thise in the pure solvents. For ethylenediamine—water mixtures, the
band shape (normalized) and half-width (energy scale) are invariant with composition, while for ammonia-~
water mixtures the raiio of the peak position to the half-width is invariant. These observations suggest a
delocalized electron with optical characteristics determined by the aggregate properties of the solvent.
Models which require that the eptical properties be strongly influenced by solvation with a small number
of solvent molecules are not in accord with these observations. Kinetic data indicate that the decay of
the solvated electron in ammonia and in ethylenediamine is a complex process. The rate constant for the
reaction of the solvated clectron in ammonia with ammonium ion was found to be at least four orders of

magnitude lower than the diffusion-controlled limit.

INTRODUCTION

Information about the optical absorption spectrum
of the solvated electron derives principally from two
sources. These are the continuing investigations of
alkall metal solutions i ammonial™® and in various
amines*® in which the solvated electron is relatively
stable, and the pulse radiolysis™® studies of the solvated
electron? in water'™! and in various organic liquics!*='
in which it is unstable. Some four years ago a beginning?®
was made at unifying the data from these two sources,
as there are some special features in the alkali metal-
amine systems which are unique to the metal. Pulse
radiolysis experiments have been reported for liquid
ammonia,”® and there have been some disputed
observations in ethylenediamine,'®® and some partial
spectra in other amines.® There have been only a
limited number of investigations of the electron in two-
component solvent svstems™® in which it has been
shown that one docs not observe separate absorption
band maxima, and that the absorption band is, to
this extent, dependent upon the aggregate properties
of the solvent. '

This investigation of the spectrum of the solvated
electron in the svstems ethylenediamine-water and
ammonia-water is directed at both objectives, namely,
the unification of the experimental observations of the
two methods and the determination of whether there
is any selective solvent behavior in electron solvation
in these two-component systems. In the course of this
work many observations have also been made of the
kinetics, from which it is possible to ‘estimate rate
constants for some of the elementary reactions of the
solvated electron in ammonia and in ethylenediamine.

EXPERIMENTAL

The general methods of pulse radiolysis™®* and the
particular experimental arrangement used in. this
laboratory® have been described in detail and need be
outlined here only briefly. Two new techniques will be
described in somewlat greater detail. These are the
extension of our detection capability into the infrared,
a feature essential to the present investigation, and
the use of a new sample handling technique which has
proved very effective for multicomponent chemical
systems. ’ :

Pulse Irradiation

A Varian V-7715A linear accelerator was used as
the clectron source with 3-1-MeV electrons, generally
at a pulse current of about 350 mA. The pulse width
was varied from 0.1 to 1.2 usec. Precise dosimetry was
not explicitly needed for interpretation of the present
work, but it was known?® from measurements with a
modified Fricke dosimeter that a 0.1-usec pulse de-
livers a dose of about 63X 10! ¢V/g.

Optical Detection

The transient optical absorption was observed with
two scparate photodetectors. An RCA 7102 photo-
multiplier was used for the visible region up to about
1.0 . Most of the measuremdnts, up to 1.6 u (the
limitation of the grating available at that time) were
made with a liquid-nitrogen-cooled indium antimonide
detector, type A10X, obtained from American Elec-
tronic Laboratories, Inc. (Barnes Engineering, Inc.).
The rise time, using opecrational amplifier feedback
techniques to minimize KC time constant effects, was

6251
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Fi6. 1. Effect of pulsing the xenon lamp and using reference
detectinn onabsorhance reproducibility. A, Without lamp pulsing,
single beam; Xy,0=0.496; @, with lamp pulsing and reference
photomultiplier; Xp0=0.367.

found to be less than 0.2 usec. The linearity was tested
by superimposing a chopped light signal from a gallium
arsenide emitter at about 0.9 p, upon a steady light
signal. Varving the steady light signal over the output
range of the amplifier, no deviation from linearity was
observed within a detection sensitivity of 19¢. The
indium antimonide detector could be used down to
0.6 p. The 7102 de:iz=ctor was used principally as a
reference wavelength monitor with a split optical
beam in point-by-point spectral scinning.

The light source used was « 300-WW Osram xenon
famp, tvpe XBO 430 W. For eficctive use of the indium
antironide detector it was found desirable to pulse
this lump to obtain higher output. In the high-intensity
pulsed mode a current pulse of 150 A is added to the
normal continuous current of 20 A. The resulting in-
crease in intensity is about 25-40 times that of the
steady operation, depending on the wavelength. The
duration of the light fash is several milliseconds, with
a usable constant intensity portion of about 0.15 msec
synchronized with the electron pulse. Scale expansions
up to tenfold showed no appreciable time variation of
intensity during the flash.

Although satisfactory split-hbeam measurements could
be made up to 1.0 u using two monochromators and
photomultipliers, the response of the solid-state infra-
red detector was too low to permit split-beam opera-
tion without pulsing the lamp. In addition, the large
solvent absorption in the infrared made reliable
measurements difficult. The improvement in spectral
characteristics which resulted from pulsing the lamp
and emploving a reference beam may be scen in Fig. 1,
which compares the spectra obtained in these two ways.

Bausch and Lomb grating monochromators, Type
33-86-25, f/3.3, were used with the light beam split by
a partially reflecting mirror. The grating for the infra-
red to 1.6 u had a dispersion ot 25 nm/mm. Since the
exit slit was generally set at less thon 1.2 wmim, the
bandwidth of the light monitored was less than 30 nm.
Although this band width would be unsuitable for the

AND DORFMAN

study of narrow lines, it was satisfactory for the study
of the broad absorption band of the solvated electron.

Reaction Cells

These cells were of the standard type, previously de-
scribed,** made of high-purity silica. For work in the
infrared, thin cells with an optical path of 3.0 mm were
used to reduce absorption of the monitoring light by
the solvent.

The cells were connected to a sample handling device
in which samples of materials to be added were con-
tained in sealed, evacuated, thin-walled glass bulbs
which could be successively broken in sifu to change
the composition of the system as predeterminad. This
sample system is shown in Tig. 2.

The bulbs were evacuated cither after the addition
of a solid or before distillation of volatile compounds

into them. The stem of the thin-walled bulb was in-

serted into a drawn-out piece of Pyrex tubing which
was attached, along with four or five others, to a
manifold. To form a vacuum-tight seal, heat-shrinkable
tubing of either polyvinyl chloride (availuble from any
clectronic supply house) or Teflon (Flo-Tite Tubing,
Pope Scientific, Inc., Menomonee Falls, Wisc.) was
collapsed with a heat gun. After the bulbs had been
sealed off under vacuum, the plastic tubing could be
casily cut off with a razor blade, thus allowing the

stems to be weighed. For very small amounts ¢f non-,

volatile compounds, solutions containing the com-
pound at a known concentration could be introduced
into the bulb with a hypodermic syringe. After weigh-
ing the bulb to determine the amount of solution
added and attaching it to the vacuum line, the solvent
could be removed by distillation.

This technique has been very uscful since all solute
additions are made to the same sample of solvent.
When care is used in cleaning and handling of the bulbs,
no problems of contamination occur and empty bulbs

F16.2. Sample cells with
breakable ampoules for the
addition of solute. (a) Del-
mar-Urry valve; (b) Fischer-
Porter 153-mm  *‘Soh-Seal”
joint; {¢) breakable ampnules;
(d)  Teflon-Covered magnet;
(e) optical cell.
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can be broken with no change in the decay kinetics of
the clectron in the solvent.

The cells were cleaned first with an HIF--HNO;-
detergent cleancr® and then with boiling aqua regia.
This was followed by at least 10 rinses with hot triply
distilled water. The cells were kept full of triply dis-
tilled water until just before use. They were dried,
when nccessary, by evacuation.

Cryostat

For the investigation of the ammonia-water system
it was necessary to use either reduced temperatures or
to resort to pressurized systems for solutions which
were high in ammonia content. Temperature was
regulated by means of a simple thermostatic box,
which has been described,” in which the control was
obtained by a flow of cooled nitrogen gas. In the inter-
mediate concentration region, runs were carricd out at
both room temperature and —153°C to permit the
determination of an appropriate temperature coethcient
for the low-temperature spectral data.

NMaterials

Water was triply distilled, with the first two distilla-
tions from acidic dichromate and alkaline permanganate
solutions, respectively. The third distillation was car-
ried out in a quartz still. Ammonia was condensed onto
potassium, and the resultant blue solution was allowed
to stand for several days before the final distillation
into the radiolysis cell. For solutions of low ammonia
content, reagent grade aqueous ammonia was used.
Ethylenediamine was freeze purified,” allowed to torm
a blue solution with Na-K alloy, and finally distilled
from the blue solution i1 vacuo. All solutions which
were not prepared directly on the high-vacuum line
were thoroughly degassed Dbefore use by repeated
freeze-pump-thaw cycles. A greaseless high-vacuum
system containing an oil diffusion pump was used in
all preparations. Solution concentrations were deter-
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F1G. 3. Absorption spectrum of the solvated electron in liquid
ammonia at — 15°C, —, Potassium solutions (Ref. 2, corrected for
temperature difference); @, pulse radiolysis.
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F16. 4. Absorption spectrum of the solvated electron in
ethylencdiamine at room temperature. —, Cesium solution
(Ref. 3); o, pulse radiolysis.

mined by one of several methods. For low concentra-
tions of ammonia in water, pH titrations were used.
For higher concentratinns and for some of the ethyvlene-*
diamine runs the ccll was weighed before and after
each addition. I'inally, for some of the ethylenediamine
runs, weighed amounts of water contuined in sidecarms
equipped with break seals were added to a weighed
amount of ethyvlenediamine. Weighed amounts of
reagent grade ammonium bromide in fragile glass
ampoules could be added to the ammonia as desire .
Anhydrous ethanol could also be added in this way.
In order to eliminate reducible impurities from the
ammonia and the ethyvlenediamine and to make the
final solutions basic, enough potassium in glass capil-
laries could be added to make the solutions from 103
to 10~2} in base if desired.

RESULTS AND DISCUSSION

This paper deals primarily with the optical absorp-
tion spectrum of the solvated electron in the systems
ethylencdiamine—water and ammonia-water. Never-
theless, since the spectral data are obtained photo-
metrically by point mapping, these observations
include an abundance of rate data from which scme
gencral statements may be made about the nature of
the decay of the absorption hand of the solvated
electron in ammonia and in ethylenediamine.

Solvated Electron Spectra

Solvated electron absorption spectra were measured
up to 1600 nm for pure ammonia and for 16 solutions
containing ammonia and water] They were also meas-
ured for pure cthylenediamine lmd for 11 mixtures of
it with water. As shown in Figs.|3 and 4, the agreement
between the results obtained by/ pulsing pure ammonia
and pure ethylenediamine and those obtained by using
metal solutions'? is excellent. This agreement provides
confirmatory evidence that the solvated electron pro-
duced by radiolysis is the same as that formed in metal
solutions in ammonia and amines.

The spectra obtained for the mixtures with water
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F16. 5. Least-squares fit of the absorption spectrum (Xu,0=
0.862) 10 a combined Gaussian-Lorentzian {unction {or the am-
monia~-water system. ——, Least-squares curve; @, observed values.

were generally well defined when the pulsed lamp was
used together with a reference photomultiplier. The
spectra shown in Figs. 3-5 are representative of the
precision obtained in this way. All of the spectra ob-
tained for ethylenediamine-water mixtures and all but
five of the spectra for ammonia-water mixtures used a
reference photomultiplier. In order to obtain reliable
linewidth information, the spectra were measured
over as wide a range of wavelengths as possible.

A method of treating the data was sought which
would permit error estimates to be made for both

Tasre L. Solvated elcctron absorption band position and half-
width for ammonia-water mixtures.*

Mole Peak
fraction Peak. Width at position +-
water position balf-height half-width
0.0 6 300 3100 2.03
0.144 6 330210 3410710 1.86
0.213 6 970:£700 3700200 1.88
0.358 7 18090 44704360 1.61
0.367 7 470140 371060 2.01
0.421 7 650110 40004160 1.91
0.421 7 620£140 4200200 1.81
0.439 8 23470 49354:100 1.67
0.496 8 300£270 5550424 1.50
0.533 8 9004120 58003400 1.53
0.594 9 5704-240 65204440 1.48
0.594 9 570450 58504100 1.64
0.717 11 0904100 65804218 1.69
0.752 11 820480 7230-:133 1.64
0.759 12 1704:250 6530600 1.86
0.841 12 95070 678080 1.91
0.862 12 90080 71204170 1.81
0.929 13 370110 69304135 1.93
0.949 13 4702100 7100200 1.90
1.000 13 64070 7210193 1.89

® Uncertainties given are standard devia wns obtained from a least-
squares fit of the data (sce text). Units are cim™! in all cases,
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peak positions and half-widths. The procedure finally
chosen involved fitting the data with a shape function
by using a damped nonlinear least-squares program?®
which provided estimates of the standard deviations
of the parameters. Since the-absorption spectra on an
energy basis are highly asymmetric with pronounced
high-energy “tails,” the high-energy half of the band
was fitted with a Lorentzian shape function while a
Gaussian shape function was used for the low-energy
half. The two functions were constrained to have their
maxima at the same cnergy, but their half-widths were
independently variable. This procedure yielded excel-
lent representations of the spectra. Figure 5 shows a
typical spectrum and the least-squares curve which
resulted irom this fitting procedure.

TasLe II. Solvated electron absorption band position and h"df-
width for ethylenediamine—water mixtures.s

Mole
fraction Peak Width at
water position half-height
0.0 7 3604148 70764533
0.263 8 860140 7930:-£360
0.424 9 3404+210° 70504330 .
0. 124 9 3904200 72604-330
0.5 10 1604250 66004360
0. 3 10 17070 7210:4:100
0.603 11 000100 70004135
0.655 11 400:£100 62164150
0.702 12 4604150 67304150
0.757 13 0204170 6815:1:180
0.820 13 8404230 71401220
0.863 13 7004160 70004190
1.000 13 6404-70 72004100

8 Uncertainties given are standard deviations obtained from a least-
squares fit of the data (see text). Units are em™! in all cases.

The results for ammonia-water mixtures are given
in Table T and shown in Fig. 6, and those for ethy ene-
diamine~water mixtures are given in Table II and
Fig. 7. The error limits shown represent linear esti-
mates of the standard deviations resulting {rom the
fit of the individual spectra. In‘some cases, the spectra
obtained inumediately after the pulse and after the
initial fast decay (¢>10 psec) were both measured.
Within experimental error they are identical.

Interpretation of the Spectra

In this work, as in previous studies®® in other
systems, the peak positions and half-widths are inter-
mediate to those in the pure solvents. Clearly, the
results rule out the possibility that the optical proper-
ties in the two-component solvents result from the
superposition of bands arising from two species charac-
teristic of the individual solvents. Although the
solvated electron is generally considered to be de-
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localized over a number of solvent molecules, there are
models which consider stronger interaction with one,
two,® or four® solvent molecules than with the cthers.

If the factors which influence the peuk position, line-
width, and extinction coeflicient were determined
mainly by solvation to a small munber of species, one
would expect a superposition to broaden the line. In
order to determine the extent of the broadening which
would result, spectra were calculated for mixtures of
ammonia and water on the basis of a simple substitu-
tion model. While any correct model would have to
permit selective solvation and perhaps allow for a
change in the solvation number, the qualitative con-
clusions of the present simple model as they pertain to
linewidths would apply to any substitution model.

The assumptions used to calculate the spectra are
the following:

(1) The number of solvent molecules involved in a
“strong” interaction with the electron is the same for
ammonia, water, and mixtures. Therefore, for a total
solvation rumber 7 there would be (n-+1) molecular
species present in a mixture.

(2) The peak positions and half-widths (in wave-
numbers) and the molar extinction coefficients for the
intermediate species, [(3,)m(S2)n-m ], are linear func-
tions of m. S; and S, represent ammonia and water.

(3) The fraction of solvated clectrons present in a
given species is given by the simplc probability ex-
pression®

Pn= (X)™(Xa)~—[n!/m!(n—m) ],
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.
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Trc. 6. Variation with composition of the peak position (upper
curve, open symbols) and half-width (lower curve, solid symbols)
of the solvated electron spectrum in ammonia—water mixtures,
Triangles represent single-beam measurements obtained without
lamp pulsing. When no error bars are shown, the standard devia-
tion is less than the size of the symbol. <+« Half-width calculated
for a solvation number of 3; ——~—, hali-width calculated for a
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F1G. 7. Variation with composition of the peak position (upper
curve, open circles) and hali-width {lower curve, solid circles) of
the solvated electron in ethylenediamine-water mixtures. Al
measuremenis emploved a reierence detector. When no error bars
are shown the standard deviation is less than the size of che
symbol.

in which X1 and X. are the mole fractions of com-
ponents 1 and 2 in the mixture.

The composite spectra were calculated as a function
of mole fraction for various values of 1. As expected,
when 1 became very large, the predicted peak position
and half-width approached linear functions of mole
fraction. However, for small values of 7, the model
predicted large positive deviations from linearity.
Indeed, for n=2 and 3, this model predicts the appear-
ance of well-defined shoulders at intermediate concen-
trations. The predicted variations of half-width with
mole fraction for #=3 and 3 are shown in Fig. 6.

It is clear that a simple substitution model based
upon a small solvation number for the solvated elec-
tron is not sustained by the present results. This
conclusion is reinforced by the results for ethylene-
diamine-water mixtures. In this case, although the
position of the peak shilts some 6000 cm™! the half-
width does not change perceptibly with water content.

These results are in agreement with models for the
solvated electron which consider the electron to be
delocalized so that the clectron can sample the average
environment of the mixture, in accord with theories
which treat the medium as a continuous dielectric.®
Alternatively, of course, the factors which determine
the transition energy and local fluctuations of the
transition energy could be smooth functions of com-
position not necessarily related to specific interactions
of the electron with solvent molecules. :

Decay Kinetics in Ammonia and in Ethylenediamine

The observation by Compton ef al.V’ that an initial
rapid decay of the transient absorbance in pulse-
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F1c6. 8. Pulse radiolysis of ammonia under various conditions,
Rate curves were observed at a wavelength of 1000 nm. (a) Pure
anhydreus ammonia; (b) dilute blue solution of K in NHj
(Z10743); (c) solution of KN, in ammonia (==10733(); (d)
solution of KNH; and ethanol (=~1.4X10-%}/) in ammonia;
(e) solution (d) with water added to give An,0=0.144.

radiolyzed pure liquid ammonia is followed by a very
slow decay was confirmed in this work. Although no
systematic study of the temperature dependence of
the decay was made in the present work, it is in quali-
tative agrcement with their observation’’ that the
relative fraction of the total decay which occurs at the
fast rate increases with increasing temperature. At the
temperature of most of this work (=135 to —25°C) the
absorbance remaining after the fast decay amounted
to only 39,109, of the initial absorbance. The fast
decay was essentially complete in 10 usec, and the
decay of the residual absorbance was at least three
orders of magnitude slower. The same genceral behavior
was observed for pure ethylenediamine.

Judging from the relative absorbances corrected for
the optical path length, the solvated clectron concen-
trations produced by the pulse in this work were some
20 times those studied by Compton ef al. Although
they reported that both the fast and the slow decay
were first order in the absorbance, in the present work
the fast decay (first 3 psec) was found to he second
order in the absorbance. This decay is shown in Figs.
8(a) and 9 which are representative of a large number
of traces 1aade under different conditicas. The addition
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of ethanol (to give concentrations as high as 10723)
had no apparent effect upon the decay rate.

Compton e a7 and Cleaver, Collinson, and Dain-
ton™ noted that the radiolysis of metal solutions in
ammonia caused an increase in light transmittance.
This behavior was confirmed in the present work for
both ammonia and cthylencdiamine solutions of po-
tassium. Figure §(b) shows the trace obtained when a
pale blue solution (< 1043f) of potassium in ammonia
was pulsed. Dilute blue solutions (< 3X107M in
potassium) 1in either ammonia or ethylenediamine
could be completely bleached by repeated 1.0-usec
pulses. This required from 3 to 23 pulses depending
upon concentration. Presumably the bleaching pro-
duces amide or ethyvlenediamide ions. After the buildup
of a high enough base concentration (3 107%3) the
pulsing of blue solutions in cthylenediamine resulted
in the growth of the absorbance rather than its decay.

Sclutions of potasstum amide in ammonia, pro-
duced either by repeated pulsing of potassium solu-
tions or by allowing a potassium solution to decompose
(amide concentration 5 107*}) showed the following
behavior upon radiolysis: The formation of the solvated
clectron absorbance during the pulse was followed by
a fast decay (#,2<0.5 usec), at least four or five times
faster than the decay in neutral anhydrous ammonia
[see Fig. 8(c) . The addition of ethanol (10— to 10724()
resulted in the complete elimination of this rapid decay

[Fig. 874) 7. The residual absorbance lasted for times -

as long as several seconds. With basic ethylenediamine
(formed by the decompeosition or pulsing of potassium
solutions) the solvated clectron hand required seconds
to disappear even in the ahsence of ethanol. In the case
of basic ethylenediamine, the absorbance showed a
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F1c. 9. Initial electron decay in ammonia under various condi-
tions, ohserved at 1000 nm. O, Pure anhydrous NHy, = ~35°C;
<, 0.06M NH;Br in}NH; at —25°C; (], NH;-H:0 mixture at
—35°C; Xp0=0.213. -
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first-order growth {fiy2==3-8 pscc) after the end of the
pulse.

The addition of water to cither basic ammonia or to
basic eth\lcncdhminc to yicld mole fractions of water
up to 0.5 resulted in"a partial decay of the solvated
electron absorbance at a rate compwmblc to that in
the pure neutral solvent [Figs. 8(e) and 97 followed
by a decay at least three orders of magnitude slower,
whose rate increased with licreasing water concentra-
tion. As shown in Fig. 9, the initial dCC’I) rate in am-
monia containing added ammonium bromide (as high
as 0.063{) is nearly the same as that in pure ammonia.

The reaction of the solvated electron with ammonium
ions in Hquid ammonia is very slow indeed. This was
confirmed by examining the decay of the residual ab-
sorbance of the solvated clectron in the presence of
known concentrations of ammonium bromide at

—25°C. This decay was first order in the absorbance.
Less than 10 of the initial absorbance of the solvated
electron remdmcd after the initial fast decay, so that
it was necescary to amplify the signals tenfold in
order to follow the reaction with NHy*. In order to
obtain reproducible results, it was also necessary to
preirradiate the solutions with eight to ten 1.0-usec
pulses before recording the decay kinetics. At am-
monium ion concentrations helow 162, the apparent
rate constant for the reaction of exp,~ with NHt,
assuming first-order behavior for each component de-
creased with increasing concentration of NH,Br, sug-
gesting that the properties of the preirradiated solution
affected the decay rate. With 2.0X 10723 NIH,Br,
apparent rate constants of 4.4, 3.4, and 3.8 X104
sec™! were obtained, while 6.0X 1072} NILBr yielded
values of 3.3, 3.2, snd 3.8X10%3{1-sec! for the reac-
tion. Since this calculation neglects the effect of fon
pairing and of jonic strensth on the rate constant, it
does not necessarily represent the rate of rcaction of
isolated solvated electrons and ammonium ions in pure
ammonia. An approximate upper limit for the direct
reaction rute at —23°C may be obtained by assuming
that the ion pair NH,*-Br~ does not react and by
correcting for the kinetic salt effect. This correction
uses conductance data® to determine the concentration
of frce ions and the ionic strength, and gives an upper
limit of 04=2X10°A/"'-sec™ for the rate constant of
the direct reaction of exs,~ with NHyt in NH;. The
low value for this rate constant is somewhat com-
parable, taking into account the temperature difference,
to the analogous reaction of e~ with NH,* in water®
(k=21.3X10°) and of e~ with RNHy* in ethylene-
diamine.® The value is orders of magnitude lower than
the value of 3X10%3 1 sec™? cited b) Shubin e al.,¥
whose subsequent comments in their paper indicate
that they were aware that reaction with NH,* was
not the rate-limiting reaction under their conditions.

The results obtained in this study may be summarized
as follows: In neutral or acidic ammonia {made acidic
with either WHy* or H;0) the ammoniated electron
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reacts rapidly with an oxidizing species (such as the
NI radical) which is not scavenged by ethanol. Since
the initial concentration of the oxidizing species is not
known, and since N1z is also presumed to disuppear by
another reaction, the rate constant for the reaction of
the solvated clectron with NH. -cannot be calculated.
However, assuming nearly equal initial concentrations
and using the extinction coeflicient for metal-am-
monia solutions'? gives a second-order rate constant
greater than 1003/~ .sec™. In addition to its reaction
with exy,™, the oxidizing species presumably disappears
by another reaction (possibly 2NH,—N.H,). There-
fore, a residual concentration of the ammoniated
clectron is produced which depends upon the relative
vields and reaction rates. Since dilute solutions of
potassium in ammonia are bleached by pulsing, the
total vield of oxidizing species with which exn,” can
react rapidly is probably greater than the vield of exn,™.

In basic solutions, another radical (possibly NH™)
is produced, which is effectively scavenged by ethanol
(in ethyvlencdiamine, the solvent appears to act as a
scavenger {or the corresponding species). In the ab-
sence of a scavenger, the solvated electron absorbance
in basic ammonia disappears completely and rapidly
after the pulse (H2<0.5 sec).
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II. 2. Interprétation des résultats,

La variation de la position du maximum du spectre d'absorption
en fonction de la composition des mélanges (en fraction molaire)
ne peut pas &tre décrite d'une fagon simple. Nous avons montré
qu'une combinaison linéaire de diverses espéces absorbantes ne
pouvait pas rendre compte de cette variation,

Aucun des nombreux modeles et traitements théoriques de 1'élec-
tron solvaté ne permet de traiter l¢ cas de mélanges de solvants,

Nous avons développé une méthode empirique d'analyse des spectres.

II.2.1. Analyse des spectres par une méthode de moments.
(Publication 2)

a) Définition
Les moments d'une courbe de distribution y = f(x) sont définis

par la relation suivante

+00
M = f xf (x) d x

n =00

ol n indique l'ordre de ce moment,

b) Sens physique des moments
Le moment d'ordre zéro est égal a la surface comprise sous
la courbe de distribution, le moment d'ordre 1 donne la valeur
movyenne de l'abscisse x .
Le sens physique des moments d'ordre supérieur peut se déter-
miner en utilisant un changement d'origine. Le moment d'ordre
2 centré sur la valeur moyenne est la variance ou pour une
courbe gaussienne la largeur a mi-hauteur. De mé&me les moments
d'ordre supérieur sont reliés 2 l'asymétrie de la courbe et a la

déviation de la courbe 3 une distribution normale.




c) Calcul de moments théoriques
Il 2 été démontré que les moments de la courbe de dispersion
de la partie imaginaire de la constante diélectrique €5 (E)
pouvaient étre calculés d'une facon simple en termes de la
fonction d'onde de 1'état fondamental et de commutateurs de

1'hamiltonien (Publication 2, équations 1 et 3).

d) Relation entre €y (E) et le spectre d'absorption dans le cas
de 1'électron solvaté,
La partie imaginaire de la constante diélectrique est li€e au

coefficient d'extinction de 1'électron solvaté par la formule

2N E €, (E)
hen (B)

a(E) =

ou n (E) est 'indice de réfraction, ¢ la vitesse de la lumiere,
€2 (E) la constante diélectrique imaginaire, ¢ (E) l'absorptivité
de la solution et E 1'énergie de la radiation incidente. Nous
avons déduit des mesures expérimentales de réflectance de
Koehler (réf. 14, publication 2), que pour des solutions diluées
d'électrons solvatés, l'indice de réfraction était constant dans

la région d'intérét. Un simple examen de la formule ci-dessus

permet de voir que le moment d'ordre n de la courbe d'absorption

dit moment expérimental u f —
v o= J alE dE

correspond au moment d'ordre n+ 1de €, (E)

e) Calcul des moments expérimentaux
Pour décrire la forme des spectres de l'électron solvaté, une
forme mathématique rendant compte de l'asymétrie de la courbe
devait &tre choisie., Nous avons utilisé la courbe gaussienne
asymétrique de Fraser et Suzuki pour laquelle Rusch et Lelieur

ont démontré que les moments sont définis, (1)
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f) Méthode de calcul des parametres d'un modele,
Le modele utilisé dans la publication 2 est celui du puits
de potentiel sphérique de profondeur V, et de rayon a .
Nous avons évalué les premiers moments de la courbe de

dispersion de ia partie imaginaire de la constante diélec-

trique : M@ , Ml , M2 s M3 . Pour la suite du calcul, les
moments sont normés de telle sorte que = _;\_;1111__
0

Les expressions de m; , m, , m,3 sont données dans les
équations 10 a, b, c.

Les moments expérimentaux sont calculés a partir de la
formule mathématique ajustée 3 la courbe expérimentale.
Pour pouvoir comparer les valeurs obtenues aux expres-
sions théoriques, il faut calculer les moments d'ordre
-1, 0, 1, 2. Les valeurs norraées de ces moments sont

—_ H
p = —

n
Moy
Pour évaluer les divers parametres introduits dans les
expressions théoriques, il suffit de résoudre le systeme
d'équations :
po=m
n

Deux moments suffisent pour obtenir deux équations indépen-
dantes qui permettent de calculer V_ et a.

A 1'aide de ces valeurs, on recalcule mg et on le/,"’compare

3 la valeur expérimentale '1-1-2 pour avoir une indication

de la qualité du calcul.




g) Résultats.
Nous avons appliqué cette méthode aux spectres de 1'électron
solvaté dans 1l'ammoniac liquide & -65°C,
Nous avons utilisé les spectres publiés sous forme tabulée
dans la littérature.
I.es résultats que nous avons obtenus pour diverses concen-
trations sont cohérents. Nous obtenons une profondeur du
puits de 1.84 + 0.02 eV etun rayon de 4.07 +0,05 A°,
Dans tous les cas la valeur de m; calculée a l'aide de ces
données est legerement supérieure a la valeur expérimentale
mais du mé&me ordre de grandeur, ceci montre que le modele
est valable pour représenter les spectres d'absorption de
1'électron solvaté dans l'ammoniac liquide,
On peut voir d'apres les valeurs de la profondeur et du rayon
du puits, qu'ua seul état 1ié existe dans ce puits et que les

transitions doivent étre du type état 1lié —— continuum.
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ABSORPTION CURVES BY A METHOD OF MOMENTS.




Solvated Electron Spectra. Study of the Absorption Curves by a Method of iMoments

tharc G. Debacker,*

Laboratoire des Metaux alcalins dans NH; liquide,' 59046 Lille Cedex, France

J. N. Decarpigny, and M. Lannoo

Laboratoire de Physique des Solides’ 1.S.E.N., 59046 Lille Cedex, France (Received March 22, 1976)

The optical spectrum of the solvated electron in liquid ammonia s analyzed by a method of moments. A general
formalism to compute the theoretical moments is presented. These moments are function of only the ground
state wave function. The moments of the experimenta!l curves are obtained by using a fit to a skewed Gaussian.

" A comparison of theory and experiment is presented using a sperical well model. The parameters of the well
thus obtained are V, = 1.85 eV and 2 = 4.1 A and only one hound state is allowed. .

1. Imtroduction

The optical absorption spectrum of solvated electrons
in liquid ammonia consists of a broad asymmetric band
centered in the near-infrared and tailing in the visible.?
The nature of this absorption band has been extensively
studied and various approaches such as the cavity model,3
the semicontintum model,*® or ab initio calculations™®
have been used. In most of these works, one starts from
*a given theoretical model and directly calculates the
quantities of interest, namely, the position of the ab-
sorption peak, which are then compared to the experi-

iental results. Nevertheless, some workers have at-
tempted to reproduce the shape of the spectrum. Delahay®
has decomposed the spectrum into several bands arising
from bound-bound and bound—continuum transitions, but
this does not fit the solvated electron absorption band in
ammonia. More recently, Mazzacurati et al.!® have used
an exact expression of the absorhance for the case of a
particle in a spherical box. Their results are in good
agreement with experiment but the method cannot be
extended to more realistic mode! potentials.

In this paper, a general method to derive, from the
experimental spectrum, the characteristic parameters of
a given model potential featuring the solvated electron
potential is presented. From this, it is then possible to
discuss the nature of the allowed optical transitions and,
for instance, the number of bound states in the case of a
spherical box. For this purpose a method of moments is
used. The theoretical expressions for the moments of the
absorption curve can be determined from the ground state
wave function in terms of the parameters of the model
potential. By equating these expressions to the experi-
mental values of the lowest order moments, a set of
equations allowing the determination of the parameters

is then obtained. Moreover, when the number of calcu-
lated moments is greater than the number of parameters,
a critical test of the validity of the model potential can be
done.

In section II, a formalism is developed showing that one
only requires the knowledge of the ground state wave
function, without any assumptions concerning the tran-
sitions. In section 11, the computation of the experimental
morments is described and in section IV a simple appli-
cation to the case af an electron in a spherical box is given.
Then, in section V, numerical results are discussed and
possible improvements are described.

I1. General Formalism

The contribution of a solvated electron to the imaginary
part of the dielectric constant is given by'!

ex(B) = dn?S(glleXelt 195 [E - (E. - Ey)] (1)

where atomic units are used. le) represents the wave-
function of one of the excited states, and E, the energy
associated to this state; Jg) the wave function of the ground
state, and E, the ground state energy; { is the component
of the electron position along a given direction. In this
expression, it is implied that the ground state is nonde-
generate. The summation is extended over all the excited
states. .
The nth order moment of ¢(E) is defined by

M, = L sexE)i o @

Using the closure relation, Lannoo and Decarpigny'? have
shown that these moments can be expressed in the form

M, = 8r{(glt[n]lg) - ltiXgln]lp] (3)
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Figure 1. Variation of the refractive index with energy calculated from
ref 12. curve 1, 1 MPM; curve 2, 0.5 MPM; curve 3, 0.1 MPM. The
horizontal line indicates the refractive index of the pure solvent.'

where [n] is the commutator of order n:
(n]=[H,[H, .. [Hg..] - (4)

and I{ is the electron Hamiltonian.

This expression shows that it is possible to evaluate the
moments knowirg onlv the Hamiltonian and the exact
wave function of the ground state. Fquation 3 takes into
account all the transitions to all excited states: bound-
bound transitions as well as bound--continuum transitions.

In the following sections, the moments needed for
computation are normalized to unit My They are referred
to as m, where

M = MalMo C N )

I1l. Experimental Moments

The absorp*ivity a of the solution is related to the
imaginary part of the dielectric constant by

2nEe, (&)

hen(E) 6

alE)=

where n(E) is the refractive index and ¢ the velocity of
light. In order to obtain ¢;(E) from the absorption curve,
one bas to know the values of n{E) for each wavelength.

The work of Koehler'* on the reflectance spectra of
metal-ammonia solutions gives some values of the real and
imaginary parts of the dielectric constant as a function of
the energy. From these data, the variation of the refractive
index with energy can can be calculated. These values are
plotted in Figure 1 for the three concentrations used by
Koehler: 1, 0.5, and 0.1 MPM at about -50 °C. The
variation of n{(E) as a function of energy becomes smaller
as the concentration is decreased.

Since the concentrations used in studies of the spectrum
of solvated electrons are factor of 100 smaller than 0.1
MPM, we can consider that the refractive index is a
constant equal to the refractive index of pure ammonia.'®
Thus, it follows from (6) that the moment of order n of
e:(F) is related to the (n — I)th order moment of the
absorption eurve. .

To calculate the moments, the optical spectrum was
fitted with a skewed-Gaussian equation'®

a(£) = a .y exp‘} In 2.[111 (1,

2
2b(E — Enmyl] ]
+ —_—— TR .
AE b E (7
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TABLE I: Experimental Results for NaNIi,
Solutions at -65 °C
EXTL’IX’ AE’
No. Concn, M cm™? cm™!? b

1% 1.26x 10°* 6330+ 50 3241 x 80 0.465 t 0.050
2% 1.63x 10* 6815+ 20 3105+ 30 0.493+ 0.020
3% 3.89x 10" 6705: 30 3180+ 45 0.532:
4b 0 6920 + 40 3319 : 55 0.506 ¢ 0.024

5¢ 1.39Xx 10°* 6950+ 35 3365= 50 0.465 + 0.022 .

@ Taken from ref 16 curves 10, 25, and 28 for nos. 1, 2,
and 3, respectively. Roference 17 Data ext:apolated
to infinite dilution. € Reference 17 curve 4.

TABLE II: Experimental Moments (in atomic units)
No. Ho u, 1o
1 3.368 x 1072 1.190 x 10°® 4.431 x 10°%
2 3.378x 107 1.195x 10°* 4.449x 10°*
3 3.364x 107 1.191 x 10> 4.479 X 1078
4 3.450x 107? 1.253x 10°* 4,819 x 197
5 3.427x 10 1.234 x 107*  4.694 x 10°%
o Lo T T T T 1 T H T T 1 T T T T ]J.
08 L. -
06 §_ -
i
g 04 L. E
~
<
02 1. -
2 et 2 )

Cm™ x 10°3

-Figqure 2. Nonfinear least-squares fit of Nd'\lH3 spectrum at nf'me dintion

and -65 °C.¥

where Cmax is the value of the absorptivity at the maximum
E ... b is an asymmetry parameter, and AF is related to
the half-width w by the relation

sinh b
w=AE -“I;—" . ' - (8)

The moments of this curve are defined and can be
evaluated in an analytical form.}” The experimental
moments are designed u,. It follows from (6) that u,
corresponds to M,.;. Therefore the experimental moments
are normalized in the following way:

Ho = Hality - 9

so that fi, corresponds to m,41.

The experimental data were taken from the literature.
The values used were those of Dye and Douthit!® and of
Rubenstein®® for NaNHj; solutions. For the later,!® both
the experimental data and data extrapolated to infinite
dilution svere used.

The spectra were fitted to eq 7 by using a nonlinear
weighted least-squares program.? The parameter used for
the fit were apay, Emae OF, and b, The weights were
calculated using the standard deviation given in Ruben-
stein’s thesis,

The values of the parameters with their standard error
are given in Table I. A typical fit is shown in Figure 2.
~ The moments were calculated by numerical integration
of eq 7. The normalized values are given in Table II.
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TABLE IIT: Final Results

No. iy V,, eV a, A E, eV
1 5.448 x 107* 1.83 4.11 -0.70
2 5470 x 10°* 1.84 4.14 ~-0.72
3 5489 x 10°% 1.82 4.05 -0.67
4 5913 x 10°* 1.87 4.01 ~0.69
5 5769 x 10°* 1.86 4.05 -0.70

I1V. Application of the Theory to a Simple
Potential Well

The evaluation of the theoretical moments necessitates
the choice of a model Hamiltonian for which the ground
state wave function must be determined.

The cavity model has been widely used, and we have
chosen to apply our method to one of the simplest cases:
the particle in a spherical box of radius a and of depth V.
For this model the 1s wave function of the ground state
is known. The number of excited states is given by the
size of the potential well.

The values of the moments are (in atomic units)

3K? sin 2Ka XK
m; =—~—(Ka—- ——— + ~—sin* Ka (10a)
27T 2 X
= K%aJT (10b)
. 2K% 1
my=—-—Vll+ —}sin’ Ka (10¢)
T Xa
where
(Ka)® sin 2Ka 1 Ka cos 2Ka
T= - (Ka)* - =} = ———
3 2 2 2
K3 1
+ — sin? Ka {(xa)? + xa + = 5 (11)
x?

with

K=v2E+ V,);x=v-2E;~x = K cotg Ka (11b)

and F is the enervy of the ground state.
The two unknowns are V, “and a. They can be obtained
. by solving the two equations

Ho = m,

my=my :
The values of V, and a are obtained with a program
solving simultaneous nonlinear equations.” These values
were used to recalculate mjy. The results are shown on

Table 1L

V. Discussion

The values obtained for V., and a, satisfying the Landau
condition,”" indicate that, in the framework of the spherical
box model, there is only one bound state in the well.
Therefore the optical band is due to transitions to the
continuum. This confirms the results obtained by Maz-
zacurati et al.!® who have fitted the optical spectrum with

the complete expression for the ab%orb'mcy first derived
in this case by Breit and Condon.?

The values of m, recalculated from V,, and a are of the
right order of magnitude, being systematically 20% higher
than the experimental values. Since mjis very sensitive
to the magnitude of the ground state wave function at the
edge of the well, this discrepancy can be considered as an
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indication of a slight inadequacy of the model.

The calculated energy |I2] can be compared with the
threshold on the low energy side. The values we have
obtained, though reasonable, are too high. This point can
be related to the discrepancy mentioned above with regard
to m,, since, when the well's edge is rounded off, the bound
level moves upward.?

The energy I cannot be directly compared with the
experimental data of photoemission by solvated electron
solutions,”* since these values include transitions to the
vacuum and not to the delocalized states in the bulk of the
solution.

This difference is well pointed out in the model of -

Copeland, Kestner, and Jortner® in which a constant term
V, represcnts the difference between the energy of the
quasi-free electron in the medium and that of the electron
under vacuum. This difference was described by Magat.™®

Our calculations based only on the shape of the optlcal
spectrum cannot give the value of V. It could be obtained
by the difference between the values of the photoemission
threshold and that of the threshold to the delocalized <tates
in the bulk of the solutions.

These results obtained in a simple case show that the
application of the method of moments to the analysis of

the solvated electron spectra can give important infor--

mations about the potential well, the electronic ground
state, and the type of transitions involved. Its main in-
terest resides in the fact that the caleulations are relatively
easy and thus can be extended to more realistic potentiels
where the calculation of the complete absorption spectrum
is no longer possible. 1t is also to be remembered that no
particular assumptions concerning the transitions a.e
necessary.

In a further work, we intend to compute the moments’

using a more realistic potential model, as well as to cor- -

relate the characteristic parameters of these potentials for
solvated electrons in various media.

~
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11.2. 2. Applications de la méthode.
Dans cette partie du travail, nous appliquerons la méthode
décrite . en Il, 2., 1. pour interpréter les modifications
du spectre de l'électron solvaté causées soit par effet de
température, soit par des modifications du solvant,
Ce travail sera publié ultérieurement,
Dans ce qui va suivre nous donnerons pour chaque spectre
les vileurs des parametres obtenus par l'ajustement de la
courbe gaussienne asymétrique aux données expérimentales.

I'équation de la courbe est :

2

.

AE) = A exp) -2n2 E,n <1+ E.L(:_Emax)> %_]
nax AE

ou A est la valeur de l'absorbance au maximum E ,
Max Max

b est un parametre d'asymétrie et DNE est relié 2 la largeur

N

a mi hauteur W par la relation N

- sh b
W=AE —5

Nous donnerons aussi les valeurs des moments expérimentaux

Mo W FZ , et la valeur du moment théorique mj
calculée a partir de la profondeur et du rayon du puits de potentiel.

a) Effet de température dans l'ammoniac pur.
Nous avons réalisé cette étude a l'aide des résulté;ts tabulés
publiés dans la littérature. Pour assurer la cohérence des
calculs, seuls les résultats extrapolés a dilution infinie par
Rubenstein ( 2 ) ont été utilisés, Cela entraine ql;ue les trois

températures étudiées sont: -55, -65 et —75°(f.
1

Nous avons reporté les résultats dans le tableau/l. Nous obtenons

/
une bonne précision sur les parametres décrivant la courbe.
Dans la seconde partie de la table sont reportés les moments
et les parametres du puits, Comme précédemment ( 3 ), il faut
noter que le moment mj calculé a partir de V et de a est

. légerement supérieur au moment uz expérimental mais du

méme ordre de grandeur,




TABLE 1

ANALYSE DES SPECTRES D'ABSORPTION DE SOLUTIONS DE

POTASSIUM DANS L'AMMONIAC

EN FONCTION DE LA TEMPERATURE

T AE b
o max
cm’ cm™1
-55 6810 t 30 3400 T 50 0.43 t 0,02
-65 6920 + 40 3320 t 60 0.51 t 0,02
-75 7160 T 40 3400 t 50 0.48 T 0,02
MOMENTS ET PARAMETRES DU PUITS
T Ho L3 Ha s Ve &
°C x10° x10° x10° x10° eV A
-55 3,38 1.21 4,63 5. 66 1,82 3.97
-65 3.45 1.23 4,82 5.91 1,87 4,01
-75 3.54 1,32 5,17 6,36 1.92 3.99
H : moments expérimentaux, TJ-O et —irl servent a calculer VW et a .
m, moment d'ordre 3 calculé d'apres V eta a comparer a
UNITES

- Les moments normés sont exprimés en unités atomiques d'énergie
(Lu.a. =27,21 eV ; 1leV =8060 cm-1)

Les moments m; et U, en u.a.

2

Les moments m, et 1] en (u.a.) etc..

20
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b) Effet de la composition du solvant,
Nous avons réanalysé toutes les données obtenues dans le cas
des mélanges eau-ammoniac et eau-éthyleénediamine ( 4 ).
Nous n'avons tenu compte que des données obtenues, par radio-
lyse pulsée, dans les mémes conditions expérimentales, ce
qui explique l'absence des points correspondant aux solvants purs,
Nous avons reporté les résultats de 1l'ajustement de la courbe
gaussienne asymétrique aux données expérimentales dans le
tableau 2. On peut voir que les incertitudes sur ces valeurs
sont importantes., Ceci tient au fait que les spectres sont obtenus
point par point et qu'un nombre restreint de points est disponible
pour chaque spectre, De plus la nécessité d'avoir suffisamment
de lumidre sur le détecteur infrarouge forgait a ouvrir les fentes
du monochromateur et donc a diminuer la résolution,
(Voir publication 1 pour les détails expérimentaux),
Pour certaines concentrations les spectres ont été réalisés
plusieurs fois ce qui explique que ces points apparaissent plusieurs
fois dans les tables, Il faut noter que tous les spectres sont corri-
gés pour l'effet de température,
Nous avons reporté dans la table 3 les résultats de l'analyse des
courbes par la méthode des moments, Bien que ces résultats
soient plus imprécis que dans le cas de l'ammoniac, on observe
la m&me différence entre le moment calculé mg et le moment
expérimental _U—Z . Cette différence est toujours dans le méme
sens et de l'ordre de 22%. Cette comparaison montre que le
modeld est valable dans toute la gamme de concentrations.
Nous pouvons vérifier la cohérence de nos résultats en observant
que les valeurs de V, et de a tendent vers la méme limite
lorsque l'on s'approche de 1'eau pure. Ceci est mis en évidence

sur les figures 1 et 2,




MELANGES EAU - NH

TA BLE

3

2

. SPECTRES EXPERIMENTAUX

VALEURS CORRIGEES a 25°C

x (HZO) max AE b
cm™! cm™!

0. 144 6310 t 100 2650 T 500 0.76 T 0,38
0.213 6630 t 120 2790 T 460 0.86+ 0,21
0.358 7140 * 30 4100 T 225 0.42 Y 0.10
0. 367 7380t 20 3790 T 40 0.32 7 0.02
0.421 7600 7 90 3890 t 200 0.45 t 0,12
0.421 7600 t 90 3960 t 240 0.561 0,14
0.489 8400 t 50 4900 T 80 0.46 t 0,04
0,496 8300 t 200 5400 t 450 0.28 T 0.20
0.594 9521 t 140 6033 T 480 0,41t 0,25
0.594 9760 T 30 5740 t 60 0,39 +0.03
0.717 10790 T 70 5740 t 280 0.68 7T 0.06
0,752 11250 T 110 6850 T 340 0.56 T 0,07
0.759 11600 T 100 6510 t 250 0.56 1 0,06
0,841 12630 F 130 7230 T 220 0.40 t 0,06
0. 862 12830 t 60 7400t 110 0.41 t 0.03
0.930 13400 T 110 7500 t 160 0.48 + 0,04
0.949 13450 * 125 7580 t 190 0.48 t 0,05
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TABLE 2 (suite)

MELANGES EAU - ETHYLENEDIAMINE

x (H,0) E__ AE b
cm™! em ™}

0.263 8910 t 110 7380 t 380 0.47 Y 0.12
0.263 8710 t 60 8200t 420 0.27 t 0,09
0,263 8680 t 150 6660 t 700 0.53 ¥ 0,20
0.424 9520 t 140 6590 t 270 0,61 %0, 14
0,424 9600 t 130 6800 t 270 0.61 % 0,13
0,524 10480 t 190 6560 T 330 0.55 t 0,12
0. 603 11110 * 80 7050 t 130 0.50 T 0,04
0. 655 11630 t 80 7070 £ 130 0.48 T 0,04
0.702 12600 T 110 7200 * 150 0.44 t 0,05
0.757 13150 t 140 7290 t 180 " 0.35%0.05
0,820 13980 t 200 7710 T 220 0.30 t 0,07
0.863 14000 t 160 7520 t 200 0.34 t 0,05

-
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APPLICATION DE LA METHODE DES MOMENTS
MELANGES EAU - AMMONIAC

TA BLE

3

X (HZO)

{

Ho M1 2 3 w a
xlOl le3 x10 > xlO5 eV A
*= 0.0 1.49 4,00
0. 144 3.35 119 4,63 5,60 1. 80 3.90
0.213 3. 62 1.42 6.26 7.46 1.96 3.59
0,358 | 3.48 1.29 5.15 6.32 1. 87 3.83
0. 367 3.50 1.28 4,97 6.13 1.90 4.0
0.421 3.74 1.48 6.20 7. 62 2,10 3. 64
0.421 3.86 1.59 7.05 8. 60 2,00 3.82
0.489 4,15 1.85 8. 84 10.8 2,23 3.45
0.496 3.86 1.61 7.24 8.95 2.10 3.50
0.594 4, 64 2,32 12, 60 15,48 2.50 3.20
0.717 5.70 3.51 23,80 28.82 3.10 2,90
0,752 5.75 3. 60 24,53 29.9 3.10 2.85
0.759 5,93 3.78 26,11 31.8 3.20 2.90
0.841 6. 14 4. 00 27,95 34,3 3.30 2.90
0. 862 6. 25 4,16 29, 60 36,4 3.36 2.90
0.930 6. 66 4.70 36.1 44,2 3,60 2.76
0.949 6. 68 4,77 36,5 44,8 3. 60 2.75
1.00 3. 65 2.90
% Valeurs extrapolées
]
0N




TA BLE

3

(suite)

MELANGES EAU - ETHYLENEDIAMINE

x (H,0) ¥ ) ) . mj v, 2

x10 x10 x10° x10 eV A
0.00 A 2,00 2.90 %
0.263 4,44 2,23 1.29 1.58  2.51 2.92
0.263 3.83  1.74 0.90 1.14  2.30 2,92
0.263 4,42 2,20 1.24 1.51 2,47 3,00
0.424 5.00 2.77 1.74 2,10 2,76 2.88
0.424 5,03 2,83 1.80 2,17 2.79 2. 85
0.524 5,35 3,11 1.99 2,42 2.90 2.93
0. 603 5.59 3,40 2.25 2.75 3,02 2.88
0,702 6.20 4,10 2.90 3.56  3.33 2. 86
0.757 6.29 4.19 2,96 3, 64 3,39 2.91
0. 820 6.59 4.59 3.38  4.17 3.55 2.86
0.863 S 6.67  4.70 3,50 4,31 3. 60 2.85
1. 000 3. 65 2.90 %

* Valeurs extrapolées
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Fig.1l . Profondeur du puits de potentiel en fonction de la

composition du mélange.
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Fig.2 . Rayon de la cavité en fonction de la composition

du mélange.
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1I.2. 3, Interprétation,
a) Nombre d'états liés dans le puits,

A partir des valeurs de Vet de a, nous avons calculé
l'énergie des états lié€s possibles dans le puits. Dans le
cas du puits de potentiel sphérique la condition d'existence
d'états 1liés est obtenue par la solution d'équations tradui-
sant la continuité de la fonction d'onde et de ses dérivés
a la limite du puits. Ces équations sont différentes pour
chaque type de fonction d'onde.
Pour une fonction d'onde 1 s, il y aura un état 1ié (E< 0)
si l'équation - Xa = Ka cotg Ka

peut étre vérifiée pour Vy <« E < O

X =\| -2E 5 K =\2(E+V): a = rayon du puits

Nous avons vérifié qu'il existait un état 1ié de type 1 s dans
tous les cas, Cet état est le plus stable qui puisse exister
dans le puits, L'état 1li€ d'énergie supérieure est un état 2 s

dont la condition d'existence est donnée par :

K2 -x2

1- Ka cotg Ka 1+ %a
Nous avons vérifié que dans tous les cas de puits de potentiel

obtenus, il n'existe pas d'état 2 s 1lié, Il est évident qu'il n'y

aura pas non plus d'état 1ié 2 p ou d'état d'énergie supérieure.
Dans le cadre de notre modele, nous devons considérer que la
transition responsable de l'absorption est du type 1 s=—?continuum,
Cette conclusion est renforcée par les travaux d'autres auteurs
qui ont utilisé la formule théorique du spectre d'absorption d'une
particule placée dans un puits sphérique pour décrire le spectre

de 1'électron dans 1'eau et dans l'ammoniac.{ 5 )
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Ces auteurs utilisent un ajustement d'une formule théorique
aux valeurs expérimentales et obtiennent de cette facon les
valeurs de la profondeur du puits et de son rayon., L'accord
plus ou moins bon entre l'absorbance calculée et expérimen-
tale doit donc s'évaluer par la qualité de l'ajustement ce qui
est une quantité difficile a mesurer. Notre méthode utilisant
les moments de la courbe permet d'évaluer la qualité du
modele en comparant des valeurs numériques de moments
expérimentaux et calculés. De plus la méthode des moments
procede par intégration ce qui est un bon procédé de lissage
des données expérimentales,

Les valeurs de l'énergie du premier niveau sont reportées
dans la table 4 . Cette valeur peut étre comparée au seuil
d'énergie correspondant au début du pic d'absorption, Comme
nous l'avons remarqué dans la publication 2, le niveau d'énergie
ET(exp) obtenu d'apres la courbe expérimentale extrapolée est
situé plus haut que le niveau calculé, Ceci indique que le puits
est correct a sa base inais que les bords du puits sont proba-
blement arrondis, Il faut aussi noter que dans aucun des cas
la valeur de l'énergie de seuil d'absorption expérimentale Ep
ne permet de postuler plusieurs niveaux liés dans le puits,

En effet un autre état 1lié produirait une autre bande d'absorption

3 une énergie inférieure au seuil d'apparition de la bande d'absorption,

I
i

b) Interprétation du déplacement des pics,

Notre analyse nous permet de retirer des spectres d'absorption

une quantité de renseignements qui ne seraient pas disponibles

par une autre méthode,.

Nous pouvons en particulier essayer de trouver d,Ls corrélations
1

!
entre les parambetres du puits et la position du maximum d'absorp-

tion,




TA BLE

4

ENERGIE DE SEUIL

Eau - Ammoniac

% (HZO) E (1s) EL (exp)
eV eV

% 0.00 0.41
0. 144 0. 60 0.57 + 0.16
0.213 0.59 0.62 T 0.10
0.358 0., 63 0,28 t 0.19
0.367 0,72 0.18 * 0,06
0.421 0. 74 0,41 t 0,18
0,421 0.70 0.50 t 0.15
0.489 0.73 0.38 t 0,07
0.496 0. 64
0.594 0.77 0.30 + 0.08
0.717 0.94 0.81 * 0.08
0,752 0.93 0.64 T 0,15
0.759 1.01 0,72 t 0.12
0.862 1.13 0,47 * 0.11
0.930 1.20 0.69 T o0.11
0.949 1.20 0.69 * 0.14

¥ 1.00 1. 39

% valeurs extrapolées
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TA BLE 4 (suite)

Eau - Ethylenediamine

31

X (HZO) E (1s) ET (exp)
eV eV

% 0.0 0.28
0,263 0.59 0.13 t 0,31
0,263 0,45 0,80t 0,73
0.263 0. 61 | 0.30 1 0,39
0.424 0,72 0.51 1 0.20
0.424 0,72 0.50 % 0,19
0.524 0. 85 0.56 t 0,22
0. 603 0.90 0,50t 0.10
0,702 1.11 0.55 1 0,15
0.757 1.19 0,34t 0,23
0.820 1,27 0.14 T 0,44
0.863 1.31 0.36 1 0.26

* 1.00 1.39

* valeurs extrapolées

£ BHS
’\ﬂ CILLE
.
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Fig. 3. Energie du seuil calculée en fonction de la composition

du mélange,
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Nous avons tracé la courbe EpMax €n fonction de la profondeur
du puits (figure4 ). Nous y avons placé tous les points dont
nous disposons. La relation que nous obtenons est linéaire

ce qui indique que la connaissance de la position du maximum
peut servir 2 définir la profondeur du puits. Ce résuitat peut
nous servir pour confirmer qu'un seul processus d'absorption

est mis en oeuvre pour toutes les solutions.

c) Variation de la largeur 2 mi-hauteur.
Dans le cas des mélanges eau-ammoniac, la largeur a mi-hauteur
de la courbe d'absorption est multipliée pasr un facteur deux en
passant de l'ammoniac a 1'eau, Cette variation ne peut s'expliquer
par des corrélations simples. Dans le cas des mélanges eau -
éthylenediamine la largeur du pic reste constante quelque soit la
concentration du mélange. Dans ce dernier cas, nous avons
aussi noté que le rayon du puits de potenti=l ne varie pas en
{fonction de la concentration du mélange,
Nous avons essayé de relier la valeur de la largeur a mi-hauteur
a une fonction du rayon du puits. La largeur a mi-hauteur semble

étre une fonction linéaire du volume du puits. (Figure 5)

d)Interprétation de la variation des parametres du puits de potentiel,
Dans notre calcul nous ne faisons aucune supposition sur les
raisons physiques qui permettent d'obtenir un potentiel de la forme
que nous utilisons, De méme l'existence d'un seulr‘état lié est une
conséquence des calculs,
Plusieurs travaux récents utilisent un modele similaire.
Copeland, Kestner et Jortner ( 6 ) obtiennent un ;i?uits de potentiel
carré a l'intérieur de la cavité en considérant que la premiere
couche de solvatation intervient de fagon discreéte dans l'expression

du potentiel

Vir) = - N_¥ _ B r <R
r? L
d
V[r]=—§ + V r >R
r 0




2, Op= -
eV
1.5="
Emax
1. G
! ]
1 2 4
Vw eV
XEDA o NH?: C NH3 pur a sasse ternpévat.re
Enax = 0.486 V- 0.072 (1 0.05)

Fig.4 . Relation entre la position du maximum et la profondeur du puits,
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Fig. 5. Relation entre la largeur a mi-hauteur et le volume de la cavité,
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I1 faut noter que le potentiel est constant a l'intérieur de la
cavité, (voir figure 6b).

Dans l'expression précédente |; est le moment dipolaire
effectif, r j est la distance du centre de la cavité au centre

du dipole de la molécule, r_ est la distance du centre de la
cavité au continuum situé apres la premiere couche de sol-
vatation et N est le nombre de molécules constituant cette
couche de solvatation.

L'utilisation d'un tel calcul est compliquée par la nécessité
de calculer le moment dipolaire effectif ., En particulier
un tel calcul est beaucoup trop difficile pour des solvants
contenant des molécules de nature différente.

Kajiwara, Funahashi et Naleway ( 7 ) ont démontré que le
spectre de 1'électron solvaté pouvait &tre décrit en considé-
rant un potentiel sphérique, En particulier c'est le premier
travail permettant de reproduire l'asymétrie de la bande
d'absorption. Dans leur modele, l'approximation du puits
sphérique est obtenue a partir du potentiel continu en consi-
dérant les fluctuations de potentiel produites par les molécules
constituant les couches de solvatation (fig. % c)

Nous pouvons 2a l'aide de ces derniers résultats essayer de relier
la profondeur du puits aux valeurs du potentiel prévues par la

théorie du milieu continu

V = _B.. on g = — - ___
a . E:oo EO
a est le rayon du puits de potentiel, e, est la constante diélec-

trique optique, et :gola constante diélectrique statique.

Nous avons tout d'abord réalisé ce calcul dans le cas de l'ammoniac
pur. Pour ce solvant les indices de refraction sont connus en fonc-
tion de la température.

Nous pouvons comparer les valeurs expérimentales mises sous

la forme du produit V __.a aux valeurs de g .
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Fig. 6. a . Description d'un modele de cavité.

ayon de sphere dure effectif des molécuizs c1tu.ees
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Ce calcul est reporté dans la table 5 pour l'ammoniac pur aux
trois températures étudiées. Nous notons que les valeurs du
produit V.a sont systématiquement plus élevées que celles
obtenues pour 8 bien que cette différence ne soit jamais supé-
rieure a 10%.

Ceci provient en partie de 1l'imprécision des mesures expéri-
mentales, le domaine de température étudié étant trop restreint.
Il faut aussi noter que les valeurs de l'indice de réfraction de

I'ammoniac pur ont été extrapolées assez loin de 1'endroit ou des

points expérimentaux étaient disponibles,

Compte tenu de la simplicité du modele utilisé cet accord est tres
satisfaisant,

Nous avons ensuite appliqué le méme calcul aux mélanges eau -
ammoniac et eau - éthylenediamine, Les constantes diélectriques

de ces mélanges ne sont pas connues et des approximations ont di
dtre faites, La constante diélectrique optique des mélanges est
considérée comme une fonction linéaire des fractions molaires de
chacun des constituants. Nous avons calculé la constante diélectrique
statique des mélanges en supposant l'additivité des polarisabilités

molaires et en utilisant la formule de Kirkwood

p = (8- 1) (2ep+ 1) vy
9€0

ol V estle volume molaire.

A 1l'aide de ces constantes nous avons calculé les valeurs de

et nous les avons comparées aux valeurs de Va2 { Nous notons

immédiatement que pour les mélanges riches en eau/nous avons

un écart tres important entre les valeurs de R calculées et expé-
/

rimentales : _
x (HZO) 8 Vta
0. 949 0.556 0. 687 (eau - NH;)

0.863 0.536 0.714 (eau - EDA)




TABLE 5

EFFET DE TEMPERATURE DANS L'AMMONIAC PUR

T € £ B VW a
oc © 0
-55 1.893 25.0 0.49 0.50
-65 1.908 26,2 0.49 0,52
-75 1.924 27.8 0.48 0.53

Les valeurs de g sont extrapolées des mesures

d'indices de refraction de 1'ammoniac pur ( 8 ).
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Pour les mélanges riches en amine ou ammoniac, les écarts

ne sont plus dans le méme sens pour l'ammoniac et 1'éthylene-

diamine
0. 144 0.520 0.488 ( NH3)
0.263 0,448 0.510 (EDA)

Comme nous le montrons figure 7 1l'écart entre les valeurs
calculées et expérimentales est systématique et s'accroit
lorsque l'on s'approche de l'eau pure. Pour expliquer cette
déviation, nous postulons que l'erreur introduite provient de
l'atilisation des constantes diélectriques optiques du milieu
continu et qu'il serait sans doute plus approprié d'utiliser des
constantes diélectriques effectives au voisinage de la cavité.
Pour évaluer ces constantes effectives, nous avons évalué une
valeur effective en utilisant une méthode de moindres carrés

pour résoudre 1'équation

V,.a = 1 1

x(H,0) . e _(H,0) + (1-x(H,0)). e, (NH,) €

0
Nous obtenons de cette fagon les valeurs suivantes a partir des
mélanges eau - ammoniac

€0 (HZO) = 1,38 t 0.02
2.10 t 0.04

€, (NHj3)
a partir des mélanges eau - éthyléenediamine
e, (H,0) = 1.23 * 0,03

e, (EDA)= 2.05 T 0,04

Les valeurs expérimentales déduites des indices de réfraction

étaient : e (HZO) = 1.69

[e0]

e, (NH3) = 1.77
e (EDA) = 2,12
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A 1'aide de ces valeurs nous avons établi la comparaison
entre B et la valeur calculée V_.a. Nous avons tracé
ces courbes en fonction de la concentration en eau sur la
figure 7., On peut voir ainsi qu'en ayant ajusté les cons-
tantes diélectriques des constituants purs on peut décrire

la variation du produit V. a en fonction des propriétés
mocroscopiques du solvant,

Il est & noter que la valeur de l'indice de réfraction de
l'ammoniac est assez sujette a caution. La valeur de n
pour des solutions a 30% en poids d'ammeoniac dans l'eau
est déja de 1,35 (9) ce qui donne une constante diélectrique
de 1,87, En supposant la loi d'additivité des constantes
diélectriques cela nous donne e_(NH3) = 1,92, valeur
beaucoup plus proche de 2,10 que ne 1'était la valeur 1,77
citée ci-dessus,

Nous sommes donc amenés a supposer que l'on peut utiliser
les constantes diélectriques optiques des solvants purs dans
le cas de l'ammoniac et des amines mais que cette approxi-

mation n'est plus valable dans le cas de 1'eau,

12




(a) eau - ammoniac

0.7%~
0, 6§~
Vw.a
AR etk '".";'
®© &
| ! } ]
0.2 0.4 0.6 0.9
B corrigé ~ esesecen g non corrigé
(b) ~ eau - ethylénediamine -
V-2

| ] A ]
0. 2 0.2 N

Fig, 7. Comparaison entre B et V. a.
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II. 3. Comparaison avec d'autres méthodes.
II. 3.1, Transfert de charge au solvant (ctts).
Depuis longtemps ont €té cherchées des corrélations entre les
positions des maximum "des spectres de 1'électron solvaté et de
1'iodure en solution dans les mé&mes solvants ( 10 ).
Récemment Fox et Hayon ( 11) ont publié une remarquable relation
linéaire entre la position des spectres de l'iodure et de 1'électron
solvaté dans 43 solvants dont les constantes diélectriques statiques
vont de 2 a 80 .
Le mécanisme de l'absorption de 1'iodure en solution est interprété
en termes de transfert de charge au solvant (ctts), Les principaux
criteres pour qu'un tel mécanisme soit présent sont les suivants :
a - dépendance de la position du maximum sur la nature du solvant
b - variation linéaire de la position du maximum en fonction de la
température
c - relation linéaire entre les positions des maxima de deux chromo-
phores absorbant par ctts dans divers solvants
Ces criteres sont vérifiés pour 1l'électron solvaté, Il semble donc
intéressant de comparer nos résultats avec ceux que l'on peut calculer
par la théorie ctts ., Le calcul théorique de la position du maximum
d'absorption a été réalisé par plusieurs aﬁteurs. La formulation la
plus acceptée est celle de Stein et Treinin., La position du maximum

n'est pas calculée par la mécanique quantique. On utilise un cycle de

/
i

Born - Haber mettant en jeu des quantités connues.
Le cycle proposé dans le mécanisme de Stein et Treinin est le

suivant (II) h v
X~ (soly) ——— X (solv)

Ey E,

X"g + (solv) ——}5——-—4 Xg + e'g + (solv;

X

La charge est portée par l'ion placé au centre de la cavité formée
par les molécules de solvant, L'action de la lumigdre consiste a

répartir cette charge sur ces molécules de solvant,




Décrivons maintenant les diverses étapes du cycle.

On consideére que 1'énergie mise en jeu pour la transition optique
est égale a 1'énergie du maximum d'absorption de cette transition,
Ceci n'est bien entendu qu'une approximation,

Dans la premiere étape, l'ion est retiré de la cavité en laissant
celle-ci intacte donc sans changer la polarisation du milieu. E1
est donc la somme de 1'énergie d'interaction de 1l'ion avec la pola-
risation permanente du milieu et de la polarisation électronique
induite par l'ion, La seconde étape (EX) correspond a l'ionisation

de X( Dans la derniere étape (EZ) l'électron est réintroduit

g)
dans 1'état excité du milieu et l'atome est remis dans la cavité.
Un tel cycle peut étre aisément modifié pour décrire 1'électron
solvaté

- h -
e” (solv) — (solv)

N m

e+ (solv)
.8

Les termes El et E2 ont la méme signification que précédem-
ment. Afin de dériver une formule reliant les valeurs spectrosco-
piques aux diverses propriétés du solvant, nous allons expliciter
les deux termes K, et E, . E; est la somme de 1'énergie due ala
polarisation permanente du diélectrique B/ro et de 1'énergie due 2

la polarisation électronique 2—11'—0 (1- 51—°°_> ou r, est le rayon de la
cavité, Le terme E, met en jeu 1'état excité. Dans le modele ctts,
le puits de potentiel est de forme coulombique ce qui produit un
nombre infini d'états lié€s dont 1'énergie apparait explicitement dans

la formulation du modele, L'expression obtenue par Stein et Treinin

s'écrit :

1 2

To

;1 1

= 1 21

(-;— 1-1) -1 8
€0 8
(en unités atomiques)
Les deux derniers termes correspondent a 1'état excité.
De nombreux auteurs ont utilisé cetite formule pour définir des

rayons de ''cavité' dans le cas des spectres de 1'électron solvaté ( 13 ).

Cette procédure n'est pas correcte.




Dans la discussion suivante nous allons détailler les hypotheses
supplémentaires introduites dans le modele ctts appliqué a
1'électron et effectuer des comparaisons avec le modele du puits
carré, Voir les figures 8 a, et 8 b pour la signification des termes.
- Dans le modele ctts classique (avec un ion au centre de la |
cavité), on considere qu'a 1l'état fondamental, 1'électron est forte-
ment 1lié & 1'atome et qu'il se trouve au fond du puits. La profon-
deur du puits est B/Y‘Oob. r, est le rayon crystallographique. Il est
bien connu que 1'énergie d'un électron placé seul dans un puits de
potentiel n'est pas au fond du puits,

Dans le modele du puits carré 1'énergie du niveau fondamental

E (1s) correspond au seuil d'excitation spectroscopique.

- L'approximation, faite dans le cycle c tts, de prendre hy max
comme énergie moyenne de la transition optique n'est valable que
si le spectre est symétrique par rapport av, ., . C'est donc une
tres mauvaise approximation dans le cas de 1'électron solvaté.

- La théorie ctts permet d'identifier 1'énergie séparant le niveau
correspondant a 1'électron au repos dans le solvant et le niveau
correspondant au vide., On retrouve cette valeur dans le cas du
puits carré de potentiel, Nous posons dans ce cas

= =_1 -1
Ve = Sty (o) o
» (en unités atomiques)

La comparaison entre les deux formes de puits de potentiel est
valide si dans le cas du puits coulombique, le niveau 2p est
placé suffisamment pres du haut du puits pour que cet état soit
déja tres délocalisé, Dans le cas du puits carré de potentiel 1'état
2p n'existe pas, et 1'état excité est délocalisé, Ainsi que nous
1'avons cité plus haut (II, 2. 3, d) le puits carré de potentiel peut
8tre pris comme approximation d'un potentiel coulombique si les

fluctuations du solvant sont prises en considération.
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Nous avons montré en II 2, 3, b qu'une relation empirique de

type E =A. V,, + B existait, D'apres la figure 8a

max(e”)
on peut voir qu'a condition que 1'état 2 p soit suffisamment

délocalisé on peut écrire E, 54 (1) = Vi + € C étant une

valeur représentant la différence entre 1'énergie du niveau 2p

et celle de 1'électron libre au repos. On note que l'existence

d'une telle relation donne une explication qualitative aux corré-
lations de Fox et Hayon (11)

La valeur de E(ls) + V. a un sens physique; elle correspond

a l'énergie qu'il faut fournir a un électron solvaté pour 1'éjecter
dans le vide. Cctte valeur devrait donc correspondre au seul de
photoéjection mesuré par Delahay (14 ) : 1.8 - 1.9 eV pour des
solutions métal-ammoniac a -60°C ,

D'apres le cycle thermodynamique, on peut voir aussi que cette
quantité correspond a la chaleur de solvatation de 1'électron,

Cette valeur a été évaluée par Jortner (15), elle estde 1.7 + 0.7 eV,
Pour l'ammoniac pur a -65°C, nous obtenons une valeur de 1.54 eV
en prenant pour E (1s) sa valeur calculée dans la publication 2.

Cette valeur se compare assez bien aux valeurs obtenues par

d'autres méthodes. Elle est inférieure a celle obtenue par Delahay.

Ceci peut s'expliquer en notant que de nombreuses approxima-
tions ont été faites dans notre calcul; en particulier l'énergie
nécessaire pour franchir l'interface vide - solution a été négligée.
Pour les mélanges eau - ammoniac et eau - éthylenediamine,

nous avons reporté les valeurs de V_ etde V, + E (1s) dans la
table 6, Ces valeurs sont tracées en fonction de la composition

du mélange figure 9 et 10, La variation de ces valeurs ne présente
pas de singularité entre les limites des solvants purs.

Il est & noter que la valeur de V, est du m&me ordre de grandeur

que celle que Jortner (6) utilise dans son modele,
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TABLE 6
CALCUL DE Ve

MELANGES EAU AMMONIAC

x (HZO) Ee(\;s) : €opt Z% Veei/E (1s)
« 0,00 0.41 4,00 2.101 0.94 1,35
0. 144 0. 60 3.90 1.998 0.92 1.52
0.213 0.59 3.59 1.934 0.97 1.56
0.358 0.63 - 3. 83 1.821 0. 85 1.48
0. 367 0.72 4,00 1.814 0. 81 1.53
0.421 0. 74 3. 64 1.772 0. 86 1.60
0.421 0.70 3.82 1.772 0. 82 1.52
0.489 0.73 3.45 1.719 0. 87 1. 60
0.496 0. 64 3.50 1.713 0.86 1.50
0.594 0.77 3.20 1. 637 0. 87 1, 64
0.717 0.94 2.90 1.541 0. 87 1.81
0.752 0.93 2.85 1.514 0.86 1.79
0. 862 1.13 2.90 1.428 0.74 1. 87
0.930 1.20 2.76 1,375 0.71 1.91
0.949 1.20 2.75 1.360 0. 69 1.89
£ 1.00 1.39 2.90 1.320 0. 60 1.99 |

% Valeurs extrapolées
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TABULE 6 (suite)

CALCUL DE V

MELANGE EAU ETHYLENEDIAMINE

x (HZO) E (1s) a €opt Ve VvV, t+E (1s)
eV A eV eV
x 0.0 0.28 2.90 2.051 1.27 1.55
0.263 0.59 2.92 1.859 1,14 1.73
0.263 0. 45 2.92 1.859 1.14 1.59
0.263 0. 61 3. 00 1.859 1.10 1.71
0,424 0.72 2.88 1.741 1.06 1.78
0.424 0.72 2.85 1.741 1,07 1.79
0.524 0. 85 2.93 1. 668 0.98 1.83
0. 603 0.90 2.88 1. 610 0.95 1.85
0.702 1.11 2.86 1.538 0.88 1.99
0.757 1.19 2.91 1.498 0. 81 2.00
0. 820 1,27 2.86 1.452 0.78 2,05
0.863 1.31 2.85 1.420 0,75 2.06
£ 1.00 1.39 2.90 1.320 0. 60 1.99

% Valeurs extrapolées
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11. 3.2. Modeles moléculaires.

1I.

Webster (15) a utilisé un modtle constitué de quatre molécules
placées au sommet d'un tétracdre entourant la cavité., Dans ce
calcul assez proche des méthodes ab initio, les fonctions d'onde
des molécules de solvant sont prises en considération pour définir
le potentiel subi par 1l'électron. Webster a appliqué son modele
aux mélanges eau - ammoniac en substituant successivement les
molécules d'eau par des molécules d'ammoniac, De cette fagon

il a pu obtenir les valeurs de l'énergie de la transition optique
pour cinqg valeurs, La comparaison de ses résultats avec les

valeurs expérimentales est montrée ci-dessous
>

15000}
130001
AE (cm)
llelee 2

3000

7000

<

[o]
Mole Fracton (H,0) :

Cependant pour résoudre le probleme d'une facon plus fine une
structure plus complexe qu'un tétraedre est nécessaire.

3.3. Vérification du modele de Jortner. (Publication 3)

Dans leur article, Copeland, Kestner et Jortner (6) décrivent

le spectre de 1l'électron solvaté en termes de configﬁration du
solvant. (section II. 2, 3)

La coordonnée choisie est une mesure du déplacement radial de

N molécules de solvant par rapport au centre de la:‘ densité élec-
tronique. Ces calculs donnent des courbes d'énergie indiquant la
stabilité de 1'état fondamental et de 1'état excité, Q'aprés la courbe
donnant 1'énergie totale de 1'état fondamental, il es/t possible de
calculer les niveaux d'énergie de vibration de la cavité. Les h-ypo—

theses introduites dans ce calcul sont les suivantes :
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- Les molécules sont traitées comme des spheres dures

- Les N molécules formant la cavité se comportent comme
des oscillateurs harmoniques de telle sorte que la forme de la
courbe d'énergie potentielle dans la région du minimum d'énergie
peut &tre représentée par une parabole,
Les fréquences calculées se trouvent dans la région 25-75 cm-1
pour 1'électron dans l'ammoniac liquide, et ces auteurs ont suggéré
que cette vibration serait observable en spectroscopie Raman. Par
analogie avec des calculs similaires snur les centres colorés, cette
vibration est appelée un '""mode symétrique'’,
Nous avons entrepris une étude des spectres Raman de solutions de
métaux alcalins dans l'ammoniac en nous intéressant de plus pres a
la région des basses fréquences, Cette étude présente un certain
nombre de problemes. Comme nous l'avons vu précédemment, le
maximum d'absorption se trouve aux environs de 7000 cm~ L (1,43 )
dans le proche IR . Il est donc impossible d'avoir une longueur d'onde
excitatrice située & une énergie plus faible que celle de la premiere
transition électronique, |
Bien qu'absorbant dans le proche infrarouge, ces solutions sont inten-
sément colorées. Il faut donc faire un compromis entre la concentration
en électrons solvatés que 1'on veut aussi haute que possible et la néces-
sité d'avoir de la lumiere diffusée par 1'échantillon. L.a concentration
des solutions étudides était de 1073 2 107> M.,
Nous n'avons pas observé de raies Raman supplémentaires dans le domaine
des basses fréquences. Nous avons essayé ensuite de voir si un effet pouvait

j

8tre observé sur les fréquences de vibration du solvant lui-méme. A part
une légere variation de l'intensité des raies dues probablement a 1'absorbance
de la solution, aucune variation n'a pu &tre détectée. L'absence d'effet de
1'électron solvaté sur le spectre Raman peut s'expliquer en partie pour les
raisons exprimées ci-dessus, Ce résultat ne permet pas de confirmer ou

d'infirmer le modele de Ccpeland, Kestner et Jortner.
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Raman Spectra of Bilute Metal-Ammonia Solutions

M.G.DeBACKER, P.F, Rusch, B.DeBernigNies, and G. LEPOUTRE

Abs‘.rq{ét

Studies of the Raman spectrum of dilute potassium-ammenia solutions are reported. No new
bands appeared, and no difference between the spectrum of pure ammonia and that of the
solution could be detected. Possible reasons for the failure to observe any new bands are
discussed.

The most striking feature of the optical absorption spectrum of dilute and moder-
ately concentrated metal-ammonia sotutions is the presence of a single absorp-
tion band in the near-infrared region with a maximum at about 0.8 ¢V. This band
is very intense (e = 4.5 x 10* liter mole™ em™"), broad (half-width = 0.4 ¢V) and
noticeably asymmetric towards higher encrey. Itis generally accepted 71, 27 that
this band results from an optical transition of the solvated clectron. The cavity
model [3] is able to explain the absorption band in terms of a transition of the
solvated clectron froma s (ground) to a 2p (excited) state.

In a recent paper (4], Copeland, Kestner, and Jortner provide a theoretical
_description of the solvated electron in terms of a configuration coordinate (cc)
modcl. The coordinate chosen is a measure of the radial displacement of 1 solvent
molecules about the center Hf the solvated electron density. These calculations
yield total energy curves characteristic of stable systems for both the ground and
excited states. From the total energy curve for the s state it is possible to calcu-
late the vibrational encrgy levels of the cavity by making the {ollowing assump-
tions. First, the ammeonia molecules forming the cavity are essentially hard
spheres, and second. the # cavity molecuies act as a harmonic oscillator such that
the potential energy curve in the region of the minimum cau be approximated by

~a parabola. Thus from the second derivative of the curve evaluated at the mini-,
mum, the frequency of vibration can be calculated as a function of # and of the

potential energy Iy which represents the energy of a quasi-lree electron in the
medium. The calcutated frequencies are in the rarce 2575 cin™L and Copeland,
Kestner, and Jortner suggest that this vibration can b2 observed by Raman
scaltering. By analogy with similar calculations on electron impurity centers m
the solid state, this vibration is called a “symmictric breathing mode™. J
In the solid state cc calculations for the F-conter [3], the svimmetric breathing
modc is found to be of tather low energy and can be used to explain quantitatively
the observed broadening of the clectron absorption band. On the basis of thes
calculations it was predicted [6] that this mode of vibration of the cc (ie. the
lattice surrounding the F-center) should be observable by Raman scattering.
Although there was a Raman spectrum observed with F-centers in NaCland KCL.
the results showed “no evidence for a strong sharp localized mode of vibration™

71
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The absorption spectrum of the solvated electron has been investigated by many
rescarchers [$, 9] but the spectrum of the solvent has, until recently [10], not
reccived much attention. The infrared (IR) spectrum of tiwe solvent has been
observed [117] for solutions of potassium and lithiuny in ammonia. In this investi-
gation it was observed that the presence of the solvated clectron perturbed the
spectrum in the 3 p region much more strongly than ordinary salts in ammonia,
A study of the Raman spectrum of dilute potassium-ammonia solutions was
initiated in order to look for new bands or for the perturbation of the ammonia
vibration bands. It is the purpose of this paper to present some of the preliminary
results, :

Experimental

Potassium solutions with metal concentrations ranging from 107—107° M were
prepared in ¢ylindrical 6 mm OD Pyrex tubing. These cells could withstand the
pressure of ammonia at room temperature. The stability of the solutions at room
temperature was excellent; no decomposition problems occurred during the
runs. ‘ -
The Raman spectrometer used was a CODERG PH 1. This instrument has a
double monochromator equipped with gratings ruled at 1800 lincs'mm. Entrance
. and evit slits were adjustable and could give resolutions from 0.1-—10 em™’, The
detector was a photomultiplier of the S20 type with a spectral range from
3000-—8200 A. and a maximum sensitivity at 42C0A. The light source was a
tunable Krypton laser (CRL model 52). The total power ovtput of this laser is
of the order of 1 watt. The light beam was focused on the cell containing the
solution and passed through it twice. The scattered light was received ina direction
parpendicular to the incident light. The cell holder was equipped with a cryostat
cooled by the controlled evaporation of liquid nitrogen. The temperature could
be regulated with an accuracy of 4:2° C.
All of our study was done by comparing the spectra of pure ammonia and of a
metal solution taken under exacuy the same conditions. [t is good to kecp in mind
that liquid ammonia is a poor scatterer of light. The laser exciting line has to be
chosen carefully in order to use the photomultiplier where its sensitivity is good.
To detect the weakest of the bands of pure amn:onia, slit-widths of the order of
10cm~" were needed. The concentration of the solutions had to be adjusted in
order to have enough light reaching the detector.

Results

The spectral region from 0--4000 cm™" was carcfully investigated. The region

between 0 and 100 em ™' was studied with special attention since it was where
Jortner ef al. predicted the appearance of a new band. A carcful alignment of the
optical system and the sclection of narrow slits allowed us to work as close as
10cm™! from the Rayleigh line. This region was studicd with seven exciting lines
from the Krypton laser (from 4619—6761 A). No new bands appeared, and we
could not deteet any difference between the spectrum of pure Nilyand that of the
K-NIH, solution. The region of the vibration bands of NHj was studied with

56
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the 4762 A line and settings such the vibration bands of ammonia were well
defined. It was impossible to detect any new band.

As shown in Fig. 1, the usc of the 4762 A (2.605 ¢V) exciting linc places the Raman
spectrum of the fundamental solvent vibrations outside of the region of intense
solvated clectron absorption. This should allow the use of solutions of high
concentration. The first feature noted was a marked decrease of the intensity of
the solvent spectrum; much of this is expected on the basis of absorption of

scattered light by the blue band. .
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Fig. 1. Position of the Kr exciting line (4762 A) and the solvent fundamental vibrations rela-
tive to the solvated electron absorption peak {data from Ref [9])

In the region of 1000 cm™" we found the v, and vy fundamental vibrations of
ammonia. These bands were weak even in pure NHj and the signal-to-noise ratio
was of the order of 10. In onc experiment we detected a slight shift of the v; band
1o lower encryies but this feature could not be reproduced. Within experimental

“error, the normalized bands of the purc ammonia and of the metal-ammonia
solutions were identical. The lowering of the vy and vy bands was the same for
both bands when going from pure solvent to the metal solution.
In the region of 3000 cmi™', three peaks were observed. Typical spectra of pure
NI, and a 1073 M K-NH, solution at -+23°C are shown in Fig. 2. The least
intense peak of this group (3384cem™!) has been assigned the asymmetric N-H
stretching vibration vy [12,13]. The two remaining peaks (3305 and 3215 cm™ )

are attributed to the asymmetric H-N-H bending overtone (2v,) and to the sym-
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metric N--H stretching vibration (v,). The overtone occurs with enhanced intensity
because of Fermi resonance with the fundamental vibration vi. An unambiguous
assignment of these two, more intense peaks is not possibic for several reasons.
First, both peaks show a depolarization ratio approaching zero, which indicates
that the vibrations each have a common symmetry clement. Sccondly, the large
number of combination and overtone peaks observed in the near-infrared region
of the spectrum of liquid NHy and M-NI1, solutions is not obscrved in the Raman
spectrum. Thus it is impossible to deduce the assignments by forming sums (and
differences) of the fundamental frequencics. An assigniment of the pure solvent

3305

l

3215

Fig.2. Raman spectra of the solvent fundamental vibrations in the 3 region for pure N
and 107 M K-Nt; at +20° C. Starred peaks are laser emission lines

Table I. Observed laser Raman frequencies of pure liguid ammonia

t(°C) v, vy 2v, v, vy I}cf.
= T
—63 1060 1034 3296 3206 . 3375 LS|
- 55 1070 1241 3296 3206 3363 [/l 5]
+25 1066 1638 3301 3215 35379 {15
423 1056 1634 3305* o315 . 3334 This work
+20 1055 1645 3218 3303° 3386 {16]
+25 3215 3o 3384 (an

* Doublet assigned to vy and 2v; in Fermi resonance.
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bands is given in Table T where the data from this investigation are compared to
other laser Raman data.
Three features of the 3000 em ™' region spectrnm merit special attention. First,
there appear to be no new peaks. Secondly, within the resolution of the observa-
tion there is no shift of the peaks in the K-N11, solution relative to pure solvent
at the same temperature. Thirdly, the intensity of the peaks is decreased in the
K~NH, solution as compared to pure solvent. All three features are in apparent
contradiction to the observed infrared spectrum [11] in the same region. The lack
of new peaks or shift of the solvent peaks can be shown by normalizing both
spectra of Fig. 2; both spectra can be completely superimposed.

Discussion

In spite of the fact that no new bands were observed, our results cannot exclude
the existence of a Raman active symmetric breathing mode of the solvated clec-
tron cavity. There are several reasons for this: 1. The exciting line used should have
an energy lower than the first electronic transition. At present, there are no
Raman spectrometers capable of operating in the near-infrared region. 2. The
concentration of scattering centers may be 100 low to observe the transitions. In
most Raman experiments, the concentration of the solution must be at least
1072 M to give rise to a signal. Raman speetra of F-centers have been reported 7]
at much lower concentrations than those used in this study, but the sample was
cooled to liquid nitrogen temperature to narrow the electron absorption band.
3. The use of a single cc may not be a valid description of the cavity. It has been
stated [5] that even though the single cc may be a useful device, it may not
correspond to a real coordinate of the system. Such a statement is particulacly
important when discussing the liquid state (i.e. solvated electrons). The cc descrip-
tion of an electron impurity center in the solid state makes use of the fact that thg
nearest neighbors of the excess electron are ions in positions which are more or
less fixed in space. In the case of a solvated electron the neighbors are the solvent
molecules which have normal modes of vibration of their own. Furthermore,
neither the positions of the neighbors nor the orientation of the cavity is fixed in
space.

Both the Raman and the IR data on metal-ammonia solutions suggest that there
is an interaction between the solvated electron and the solvent. The fact that the
solvent vibrationz! peak occurs at the same position in both pure solvent and in
metal solutions is somewhat surprising. From the infrared absorption data, one
would expect that the totally symmetric vibration (v, and v;) would shift with
increasing metal concentration. 1t might even be succesfully argued that either.the
positions or half-widths or both would change because of the elfects of site sym-
melry of the solvent molecule in the absorption of the cavity.

The decrease in intensity is probably duc to the absorption of the scattered
radiation by the high-encroy tail of the solvated clectron absorption peak. A
quantitative comparison of the intensitics in this preliminary investigation is
not possible. There is also a lack of data for the extinction cocflicient of the
solvated. clectron at these energics and temperature.

929
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III. Solutions de métaux alcalins dans les amines,
Lorsque 1'on dissout un métal alcalin dans les amines alipha-
tiques, plusieurs especes sont en présence, On peut les mettre
en évidence par 1'étude du spectre d'absorption optique de ces
solutions ou par RPE, L'existence d'équilibres entre ces es-

peces se manifeste dans les mesures de conductances. |

III. 1. Coefficient d'extinction et équilibres. (publication 4)

Le spectre des solutions de métaux dans les amines et éthers

a déja été tf‘es étudié, Aucune de ces études n'a donné les valeurs
des coefficients d'extinction. Ceci est du au fait que ces solutions |
sont instables, la décomposition étant catalysée par les parois

des cellules. Une autre source d'ennuis provient du fait que le
sodium contenu dans le verre s'échange avec d'autres ions alcalins
et provoque des perturbations dans le spectre,

On obsexrve en général deux bandes d'absorption pour les solutions

de métaux dans les amines. On attribue la bande observée dans

l'infrarouge a 1'électron solvaté et celle apparaissant dans le visible

3 une espece dépendant du métal probablement de structure M~ .
La position de la bande de 1'électron solvaté est indépendante du
métal mis en solution, sa forme est identique a celle que 1'on
obtient par radiolyse pulsée. La bande dépendant du métal apparait
3 660, 850, 900 et 1020 nm pour Na, K, Rb et Cs . Dans 1'éthylene-
diamine qui est le solvant que nous avons utilisé, la bande 2 1020 nm
du césium n'est observée que pour des concentrations tres fortes ¢a
métal, En régle générale on observe un équilibre du type :

M /= e~ i
Cet équilibre est totalement déplacé vers la droite dans le cas de
solutions diluées de césium et vers la gauche dans le cas du sodium,
a) Coefficient d'extinction /

Nous avons mis a profit ces observations pour mettre au point une

méthode de mesure du coefficient d'extinction de Na~, Nous avons




utilisé la réaction Nat + 2 e~—aNa~ . Cette réaction est
complete, Nous l'avons réalisée en mélangeant rapidement

(1 ms) une solution de bromure de sodium 2 une solution

diluée de césium,. Pour éviter les problemes de décomposition,
la concentration de la solution de césium était toujours supé-
rieure a celle de sodium c'est a dire qu'il y avait toujours une
absorption résiduelle dans l'infrarouge.

Nous avons obtenu l'absorbance réelle de Na~ en utilisant une
méthode de déconvolution, En tracant l'absorbance de Na~ en
fonction de la concentration en Nat ajoutée, nous avons obtenu
une droite dont la pente est le coefficient d'extinction de Na ™,
Nous avons trouvé un coefficient d'extinction de 8, ZXIO4M—lcm'l
en admettant qu'il y ait un atome de sodium par espece absor-

bante. La force d'oscillateur de cette transition est égale a 2

ce qui est conforme avec la stoechiométrie Na™ ,

b) Etudes des équilibres,

En utilisant la m&me technique de mélange rapide que précédem-
ment, nous avons mélangé des solutions d'ion potassium a une
solution de césium métal, Le mélange se faisant dans une cellule
en quartz, il n'y avait pas de contamination par le sodium.

Nous avons observé l'apparition de la bande a 850 nm caracté-
ristique des solutions de potassium, Aux trés fortes concentrations
en KV, les deux bandes correspondant a K~ et a 1'électron étaient
toujours observées,

Les résultats obtenus indiquent clairement l'existence d'équilibres.
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The V band, characteristic of the optical absorbance of solutions of sodium metal in ethylenediamine, was pro-

duced by the reaction of cesium metal solutions with solutions of sodium salts.
centration in excess and using flow techniques, problems caused by decomposition were minimized.

By keeping the cesium con-
The

absorbance of the V band was a linear function of the initial concentration of the sodium salt and yielded an
oscillator strength of 1.9 %= 0.2 and an extinction coeflicient of 8.2 = 0.3 X 10 I/ ! em™?! based upon tha

stoichiometry Na™—,

Combination of these results with pulse-radiolysis studies yielded an oscillator strength

of 0.88 + 0.12 and an extinction coeflicient of 2.0 % 0.3 X 10* A1 ! em ™! for the solvated electron in ethylene-

diamine.

Introduction

The speetra of metal solutions in amines and ethers
have been studied extensively?—!! but these studies have
failed to provide quantitative values of the molar
extinction coeflicients. The major obstacle has becn
the instability of solutions, especially in spectral cells
of large surface-to-volume ratio. Catalysis of the
decomposition by the container walls zcems to be a
major limiting factor.®® Another source of difficulty
has been the confusion over band assignments which
waas ultimately traced to the ease of contamination by
sodium from the Pyrex container.®
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Other equilibria involving M+ and e~ were examined.

h

There has been general agreement that the broad
absorption band in the infrared is characteristic of the

(1) This work was supported by the U. S. Atomic Energy Com-
mission.

(2) R. R. Dewald and J. L. Dye, J. Phys. Chem., 68, 121 (1964).
(Sce this paper for earlier references.)

(3) M. Ottolenghi, XK. Bar-Eli, . Linschitz, and T. R. Tuttle, Jr.,
J. Chem. Phys., 40, 3729 (1964).

(4) M. Ottolenghi, K. Bar-Eli, and H. Linschitz, <bid., 43, 206
(1965).

(56) L. R. Dalton, J. D. Rynbrandt, E. M. Hansen, and J. L. Dye,
ibid., 44, 3969 (19606).

(6) I. Hurley, T. R. Tuttle, Jr., and S. Golden, ibid., 48, 2918
(1968). .
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METAL-ETUYLENEDIAMINE SOLUTIONS

solvated clectron, either alone or in ion pairs or higher
aggregates.’? Reeent  pulse-radiolysis  studies  have
confirmed the similarity in band shape between the
infrared band of metals in ethylenediamine and that
of the solvated eleetron at high dilution in the same
solvent.’®  After the realization that the V band at
650~700 nm requires that sodium be present® it became
apparent that this band is the sodium analog of the R
bands at about S50, 900, and 1020 nm for Ik, Rb, and
Cs respectively.? DMatalon, Golden, and Ottolenghi,?
by analogy with the spectrum of iodide ion in amine
solvents, assigned the melal-dependent band to a
charge-to-transfer-solvent (ctts) transition of the alkali
anion, M~. This assignment was also used in several
photochemical studies! ! of the bleaching and re-
formation of the sodium V band.

With the observation that sodium ions react rapidly
and quantitatively with the solvated electron in ethyl-
encdiamine,'® we decided to take advantage of this
property to measure the extinction cocfficient of the
sodium V band at 630 nm. Several other propertics
of these solutions were measured as well.

Experimental Section

Ethylenediamine was first dried 7n vacuo over cal-
cium hydride or barium oxide. It was then subjected
to a freeze-purification procedure! involving at least
five cycles. Solvent prepared in this way could be
distilled onto a potassium film to form stable blue solu-
tions. Mowever, it could not be mixed with a very
dilute metal solution without causing decomposition.
Therefore, the freeze purification was followed by a
degassing and distillation procedure. The ethylene-
diamine was distilled from a blue solution of potassium
and/or sodium immediately prior to use. The salts
used were AR grade. They were dried under vacuum
and washed with anhydrous ammonia prior to use.
The metals (Na and K; J. T. Baker Co., 99.999%;
Cs; a gift from the Dow Chemical Co.) were distilled
under high vacuum through several constrictions.
Solutions of cesium in cthylencdiamine of ca. 2 X
10— 31 concentration, when prepared in this way and
stored in 1-1. vessels, usually had half-lives of 12 hr or
more at room temperature. Sodium solutions were
much more stable.

Analyses for sodium and potassium were made by both
emission and absorption flame photometry by using
a Beckman DB flame photometer and/or a Jarrel-Ash
atomic absorption flame photometer. These metals
were introduced into dilute aqueous HCI and analyzed
by comparison with standard solutions.

Optical spectra were measured in a flow system (path
length 1.0 mm) which has been described elsewhere.®
This utilizes a Perkin-Blmer Alodel 108 rapid-scan
monochromator., The signal and a reterence signal
were deteeted by two RCA 7102 multiplier phototubes,
(which limited the spectral range covered to 600-1000

nm) converted to absorbance by a logarithmic opera-
tional amplifier, and recorded on an Ampex SP-300
FAI tape recorder.  Absorbance ealibrations were made
by using necutral density filters (Oviel Optical Corp.)
which were checked with a Cary Model 14 spectro-
photometer.  Wavelength calibration was done by
using neodymium glass filters.” The data were trans-
ferred to punched cards via a Varian C-102:4 computer
of average transients and a C-1001 CAT-to-Card
coupler. All corrections were made and all spectra
were fitted to equations by using a CDC-6500 digital
computer and thc appropriate least-squares pro-
grams.!®

Results

Contamination by Sodium from Pyrex. We verified
the observations of Hurley, Tuttle, and Golden® which
indicated that Pyrex can casily be a source of sodium
contamination. Distillation of potassium through
Pyrex with an oxy-gas flame always resulted in sodjum
contamination of the distillate. However, distillation
with a “cool flame” did not give detectable contaminas
tion. Potassium solutions, when prepared in Pyrex
vessels, always showed a Vband.  Analysis showed that
these solutions contained enough sodium to have been
responsible for the absorption.  Solutions prepared in g
quartz apparatus did not show a V band and contained
no detectable sodium contamination. However, contact
of such solutions with Pyrex for as little as 10 scc re-
sulted in the formation of a V band, and sodium could
be detected by analysis. These observations are in
complete agreement with the earlier work.® It should
be noted, however, that fresh solutions of rubidium and
cesium in cthylenediamine do not show a V band, even
in a Pyrex cell.

Extinction Cocfficients. In order to minimize the
effects of decomposition, the V band (maximum ab-
sorbance at 650 nm) was produced by the reaction of
dilute cesium solutions with sodium bromide or sodium

(7) 8. Matalon, S. Golden, and M. Ottolenghi, J. Phys. Chem., 73,
3008 (1969).

(8) J. L. Dye, M. G. DeBacker, and V. A, Nicely, J. Amer. Chem.
Soc., 92, 5226 (1970). ;

(9) 1. Hurley, T. R. Tuttle, Jr., and S. Golden, Pure Appl. Chem,,
449 (1970).

(10) G. Gabor and K. Bar-Eli, J. Phys. Chem., 75, 286 (1971).
(11) V. A. Nicely and J. L. Dye, J. Chem. Phys., 53, 119 (1970).
(12) J. L. Dye and R. R. Dewald, J. Phys. Chem., 68, 135 (1964).

(13) J. L. Dye, M. G. DeBacker, and L. M. Dorfman, J. Chem.
Phys., 52, 6251 (1970).

(14) D. Huppert and K. Bar-Eli, J. Phys. Chem., 74, 3285 (1970).
(15) S. H. Glarum and J. H. Marshall, J. Chem. Phys., 52, 5555
(1970).

(16) J. L. Dye, ref 9, p 483.

(17) L. H. Feldman, R. R. Dewald, and J. L. Dye, ddean. Chem.
Ser., MNo. 50, 163 (1964).

(18) J. L. Dye and L. H. Feldman, Rer. Sci. Insirum., 37, 154
(1966).

(19) V. A. Nicely and J. L. Dye, J. Chem. Educ., 48, 443 (1971),
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iodide in the stopped-flow system. The cesium solu-
tions showed only the ir band (maximum absorbance
at 1280 nm) of the solvated electron.?®  Growth of
the V band was complete within the mixing time (ca.
1 msee) and the spectra did not change with time after
mixing over a period of at least several minutes.  When
the sodium ion concentration was even in slight excess,
no infrared absorbance (detection limit 1050 nm) was
detected, in agreement with the results for pure sodium
solutions.? When the ratio [Cs]/[Nat] was high
encugh to give a residual infraved absorption, the ab-
sorbance of the V band was a lincar function of the
concentration of Nat as shown in Figure 1. Either
NaBr or Nal could be used with identical vesults. In
order to subtract the contribution of the infrared band
to the total absorbance, the spectrum was fitted by
least-squares to a linear combination of the spectra
of pure cesium solutions and of pure sodium solutions
in ethyvlenediamine.? A typical fit is shown in Figure 2.
The results and a statistical estimate of the standard
deviation for each fit are given in Table I The varia-
tion of absorbance of the V band with concentration
shown in Figure 1 vields a least-squarcs value of the
molar extinetion coefficient of 8.2 = 0.3 X 10* M !
em~! based upon 1 mol of sodium jons per mole of
absorbing specics. (All of the uncertainties given in
this paper represent statistical estimates of the standard
deviation). If two sodium ions were required, the
molar extinction coefficient would be 1.64 * 0.06 X
10° M ' em—},

Table I: Absorbance of the V Band at 15,200 cm—t Produced
by the Addition of Sodium Ions to a Cesium Solution (Path
Length: 1.0 mm. Individual Entries Represent the

Average of Three to Five Replications)

[Na*], Standard
M X 108 A deviation
2.15 0.23 0.02
2.50 0.195 0.02
3.15 0.22 0.02
4.30 0.41 0.04
6.30 0.356 0.07
9.45 0.85 0.07
10.75 0.94 0.07
12.60 0.89 0.03
14.60 1.25 0.08
18.90 1.82 0.10
18.90 2.11 0.05
22.00 1.79 0.12.
37.85 2.65 0.15
44.00 3.86 0.40

Pulse-radiolysis studies of the reaction between Na*
and eselv~ in cthylenediamine!®:* show that the growth
of the V band and the deeay of the ir band oceur simul-
taneously and are both sccond order in ie~]. ILither
NaBr or Nal could be used with identical results.  The
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Figure 1. Contribution of the V band to the absorbance of
solutions formed by mixing a solution of cesium in
ethylenediamine with a solution of either sodium bromide or
sodium iodide in ethylenediamine. The different symbols
refer to different runs.
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Figure 2. A typical spectrum of a solution formed by mixing
a solution of cesium metal in ethylenediamine with a 1.26 X
10— A solution of sodium iodide in ethylenediamine. The
solid line was obtained by the least-squares fit of a linear
combination of the spectra of pure Cs (ir band) and

pure Na(V band).

speetrum at “infinite time” is that of the V band only
and shows little or no ir band. By cormparing the
absorbance of the V band at the end of the reaction
with the absorbance of the solvated clectron at the
beginning of the reaction, the ratio of extinction co-
cfficients of the two species per mole of eleetrons could

(20) J. L. Dye, M. G. DeBacker, J. Eyre, and L. M. Dorfman,
unpublished work. :
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be obtained. This ratio was independent of the con-
centration of sodium bromide (or sodium iodide) over
the range of concentration 102 3/ < [Nat] < 0.5 L.
These experiments yield Av©®/A4;° = 2.1 4 0.3, The
ratio given refers to absorbaneces at the wavelengths of
maximum absorbance of the V band and the ir band
respectively.  Other details of these pulse radiolysis
studies will be reported elsewhere.?

Equilibrium  Studies. The addition of potassium
salts (C = 4 X 107* to 6 X 10-% A/) to a solution of
cesium in ethylenediamine resulted in the appear-
ance of the potassium R band at 850 nm. Since even
pure potassium solutions contain both the R band and
the ir band,? complete eonversion of the ir band to the
R band was not expected, nor was it found. The
contribution of each band was determined by using the
spectra of the separate bands? and a least-squares fit
of the absorbance over the entire wavelength region
studied (600-1050 nm). The results are displayed in
Figure 3. The absorbances of the two bands are the
computed values at the respective maxima,

Solutions containing K1 at relatively high concen-
trations were mixed with solutions of sodium in ethyl-
enediamine in the expectation that the V band of
sodium might be converted into the R band of potas-
stum. Surprisingly, the change in absorption cor-
responded to a contribution from tke ir band rather
than the R band. To verify the presence of a common-
ion cffect, solutions which contained both KI and Nal
were mixed with sodium solutions. No change in the
spectrum occurred in these cases. The results of these
experimerts are given in Table II and the spectra are
shown in Figure 4. Once again, Table II gives the

Table II: Equilibrium Studies: K+ 4 V Band
(Contributions to the Total Absorbance by
Three Species.® Path Length: 1.0 mm)

Run [K+],
number M Air AR Ay
3.3 0.125 0.108 0.036 0.253
3.4 0.143 0.030 0.379
3.5 0.129 0.031 0.292
3.6 0.136 0.030 0.373
3.7 . 0.146 0.019 0.348
5.2 0.125 0.0 0.020 0.297
5.3 [Na*t] added 0.0 0.013 0.334
5.4 0.012 0.010 0.324
6.3 0.1875 0.044 0.00 0.610
6.4 0.042 0.641
6.5 0.042 0.646
7.3 0.375 0.139 0.00 0.431
7.4 0.165 0.00 0.554
7.5 0.149 0.01 0.374
8.7 0.375 0.026 0.00 0.481

[Na*] added

¢ See text for a description of the method of data treatment
and the meaning of the 4 values.
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Figure 3. The ratio of the absorbance contribution of the R
band of K to the ir band of Cs in solutions formed by mixing
a solution of cesium metal in ethylenediamine with a solution
of potassiwin 1odide in ethylenediamine. The uncertainties
represent statistical estimates of the standard deviation for
repeated determinations (normally three replications). The
estimated initial absorbance of Cs is 4.0 for points represented
by open circles and 0.6 for points represented by solid cireles.

‘Wavenumber (cm~1 x 10=3)

Figure 4. Comparison of the spectra of a solution of sodium
in ethylenediamine in the presence (dashed line) and absence
(solid line) of added potassium iodide.

computized abscrbances at the respective maxima of the
ir, R, and V bands which would be requived to fit the
observed spectra. The values given for Ax should be
considered as upper limits only.

The addition of KI to a solution of sodium in ethyl-
encdiamine was repeated with a cell which permitted
the ir region to be scanned. The ir band which formed
upon addition had the same shape and peak position
(7800 cm=1) as the solvated electron. '

Discussion

In order to determine the stoichiometry of the species
responsible for the V band, oscillator strengths were
calculated from the data on the basis of one and two
sodium nuclel per units. Because of the characteristic
asymmetry of the absorption bands it scems inap-
propriate to attempt to fit the bands with symmetrical
functions or to calculate the oscillator strengths from
half-widths. As shown by Dye, DeBacker, and Dorf-
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man,?® the absorption band shapes of solvated clee-
trons in water-ammonia and water-ethylenediamine
mixtures are counveniently and accurately deseribed
by a combination of gaussian and lorentzian functions.
Such a procedure fits the entire band, including the high-
cnergy ‘“tail.”  When the oscillator strengths arc com-
puted from these functions, the values are appreciably
higher for the solvated electron in water and in ammonia
than had becn previously assumed. Instead of the
value of 0.71 for the hydrated elcetron?! we obtain an
oscillator strength of 0.81 while the value of 0.64 for
the ammoniated elecetron?? becomes 0.92 = 0.10.

When the spectra obtained by the addition of Na*
to cesium solutions arc treated in this way, an oscillator
strength of 1.9 = 0.2 is obtained for the V band, based
upon one sodium nucleus per absorbing unit. This
would become 3.8 # 0.4 if two sodium nuclet were re-
quired. According to the f sum rule?®* we would
expect that an oscillator strength of about 2 would re-
quire at least two equivalent electrons involved in the
transition. The species Na~ fulfills this requirement.
As an added comparison, it should be noted that the
oscillator strength for the 3'P +— 3'S transition of the
gaseous magnesium atom is 1.745.%  This gives strong
evidence that the species responsible for the V band
contains two clectrons per sodium nucleus. It should
be noted that because of the requirements of charge
balance, studies on pure sodium solutions would be
~xpected to vicld an extinction coefficient and oscillator
strength per sodium nucleus which is only !/, that found
in these studies.

A further verification of the stoichiometry is obtained
from the pulse-radiolysis studies.? The assumed
stoichiometry

2e~ 4 Nat —> Na—

and the ratio Av®/Ai® = 2.1 £ 0.3 yicld an extinction
coefficient for the solvated electron in ethylencdiamine
of 20 = 0.3 X 10* and an oscillator strength of 0.88
# 0.12. The agreement of this value with those for
the hydrated and ammoniated electron adds further
strength to the assigned stoichiometry.

Similarity of the V and R bands strongly suggests
that the latter also result from absorption by M-,
Since the peak positions are strongly dependent upon
the metal used, it scems likely that the alkali metal
interaction with the pair of clectrons is not the result
of weak interactions such as would be expected for the
ion pair M*e;2~. Indeed, the simultaneous existencein
solution of bands attributable to Na— and K~ and
the complete absence of peaks at intermediate wave-
lengths? suggests that the species might well be the
spherically symmetrical alkali anion with both elec-
trons in s orbitals. The existence of such a species in
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metal-ammonia solutions has been suggested.”  How-
ever, in this ease, no metal-dependent abxorptlon bands
have been observed.

The results obtained by mixing XI with ccsium solu-
tions indicate the presence of the equilibrium

K+ + 2~ T K-

At the salt concentrations used, we would expect most
of the ions to be paired so that the equilibrium might
better be written as

K+ I- 4 2Mte” = M+- K- 4 M+.1-

in which M+ represents either Cs* or K+.  This would
be further -complicated by the tendency for solvated
electrons to form spin-paired species.® Therefore,
correct analysis of the equilibrium’ data is virtually
impossible. We can note from Figure 3, however,
that the intensity of the R band relative to the ir band
inereases with inereasing concentration of K1,
We expected that tlic addition of KI to a sodium*

solution wouid yield the R band of K~ according to

Na~ + K+ I- > K-+ Nat-I

However, this was not the case. Instead, the addition
of KI caused the growth of an infrared absorption,
presumably caused by the solvated clectron. This
effect has also rccently been observed in pulse-radioly-
sis studies.? It scems that the presence of KI shifts
the equilibrium

2¢~ + Nat+ > Na~
to the left. We have no explanation for this phenome-
non.
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III, 2. Etude cinétique de la réaction Nat + 2e"—3Na~, (publication 5)
I.a technique de mélange rapide de solutions ne permet pas
1'étude de réactions dont le temps de demi réaction est inférieur
a 10 ms . Nous avons étudié cette réaction par radiolyse pulsée
de solutions d'ions sodium dans 1'éthyléenediamine., En l'absence
d'icns sodium, le temps de vie de 1'électron solvaté était de plu-
sieurs secondes,
Nous avons suivi la réaction en mesurant simultanément la dispa-~
rition de 1'électron solvaté et l'apparition de la bande de Na~,
Nous avons vérifié que les formes des spectres d'absorption des
deux especes ne changeaient pas au cours de la réaction,
En 1'absence d'autres ions que Nat ou Cs+, la réaction est stricte-
ment du second ordre par rapport a la concentration en électrons
solvatés, Les mémes constantes peuvent &tre utilisées pour décrire
la disparition de e~ et l'apparition de Na~ , L'addition d'icns K+au
milieu réactionnel ne provoque pas l'apparition de la bande de K~ a
850 nm mais provoque l'apparition d'une absorbance résiduelle a
la fin de la réaction., Ce phénomene avait déja été observé dans
1'étude des mélanges de solutions Na~, Kt (publication 4),
Nous avons étudié l'influence de la concentration en ions sodium
sur les constantes cinétiques. Aux concentrations élevées, la cons-
tante de vitesse semble indépendante de la concentration en sodiuin

aux erreurs de mesure pres,

i

/

Pour interpréter ces divers phénomenes, nous proposons le mécanisme

suivant - 4 -
e s e s ‘___..,—'—' ez

ez2 ) + Na+

- 'i
— Na ‘
Nous obtenons un accord raisonnable avec les valeu/lrs expérimentales,

i .
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Fast reaction studies of the formation of Na~ in ethylenediami.ie from e.1 ™ and sodium ion were carried out by
the pulse radiolysis method. The decay of the absorbance of es1™ and the growth of that of Na= were both
second order with similar rate constants which were independent of the concentration of sodium ion above about

1072 3 but decreased with a aecrease in the concentration of Na* below this value.
At low concentrations of Na*, excess K* caused the reaction to reach equilibrium

no effect upon the rate.

The presence of Cs* kad

rather than to proceed to completion. The results show that the formation of species co’ﬁtuining two electrons
(which may be coupled with metal cation) precedes the reaction in which Na ~is formed. Quantitative kinetic

tests of the mechanism are presented.

Introduction

Bimolecular reactions of the solvated electron with
another single-electron species have now been observed

by a variety of methods in a number of solvents. The
reaction in water ‘
H.0
€50l + Ceol™ > I'I'.’.‘I" 2OH_' (1)

has been established by isotopic? and by kinetic stud-

ies.23 Reaction of the solvated clectron with s metal
atom (or monomer or ion pair) according to

€01~ -+ Na- —> Na~ 2)..

(1) This work was supported by the U. S, Atomic Energy Commission
and was initiated while J. L. D. was a visiting scientist on sabbatical
leave at The Qhio State University in 1969.

(2) L. M. Dorfman and I. A, Taub, J. Amer. Chem: Soc., 85, 2370
(1963).

(3) M. S. Matheson and J. Rabani, J. Phys. Chem., 69, 1324 (1965).
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has been proposed to explain the flasht or lasers photol-
ysis of alkali metal-amine solutions,  The reactions

Coot™ + M+ = M- (or Mte) 3)
and
e~ 4+ M. T2 M-

where M- s the alkali metal atom or monomer and
A +,e™ is the fon pair, have been invoked in esr kinetic
studics® and optieal studies” of flash photolyzed metal-
ether solutions. Recently, reaction 3 has been pro-
posed to explain some of the absorbance changes which
follow the photolysis of dilute solutions of pyrenide ion
in tetrahydrofuran®  The detailed role of the alkali
metal species in the kineties remains somewhat obscure,
and the identity of individual elementary reactions un-
certain. The present pulse radiolysis study of the sol-
vated electron in cthylenediamine solutions in the pres-
ence of sodium ions, with and without potassium or
cesium ions, was undertaken in an attempt to sort out
the roles of the various metal ions and to further relate
the decay of the electron absorbance to the growth of
the V band, attributed to Ng—.5.10

Solutions of alkali metals in ammonia and in amines
have been studied for a number of yvears. Iowever, in
spite of these efforts, even the stoichiometry of the
species present in solution has not been unequivocally
determined. Electrochemical, thermodynamie, and
magnetie resonance studies of metal-ammonia solutions
give evidence for the existence of species with the stoi-
chiometry M, M~ and possibly M, 1"~ The absence
of definitive changes in the speetroscopic propertics of
metal-ammonia solutions with concentration has led to
the proposal that the metal-containing species and also
the spin-paired species are formed by relatively weak
interaction among solvated electrons and alkali metal
cations. 418

In contrast to the behavior of metal-ammonia solu-
tions, metal solutions in some amines and ethers show
new optical bands*® and csr absorptions” which are
characteristic of metal-containing species. The esr
results show uncquivocally that at least one species of
stoichiometry M is present as a minor constituent.
However, the stoichiometry of the species responsible
for the metal-dependent optical absorption has been
the subject of speculation for some time. With the
demonstration by Hurley, Tuttle, and Golden® that
metal-amine solutions could release significant amounts
of sodium from Pyrex, some of the confusion in the
ficld was removed. The similarity of the solvent and
temperature dependence of the position of the optical
band with these properties of the charge-transfer-to-
solvent band of iodide ion, led Matalon, Golden, and
Ottolenghi® to propose the stoichiometry M~—. This
stoichiometry was alse used to explain the kincties of
recombination of species produced by flash photolysis
of metal-amine*® and metal-ether®7 solutions.

(or 2M+ e~ —> M) (1)
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It has recently been shown?® that th2 major absorp-
tion in solutions of sedium in cthylenediamine (maxi-
mum at 650 nm) originates from a specics of stoichi-
ometry Na~, The absorption of eso1™ is small even in
ditute solutions.® At the other extreme, dilute cesium
solutions in this solvent show only the infrared absorp-
tion of the solvated electron.!®  Solutions of potas-
sium and rubidium and concentrated solutions of cesium
in ethylenediamine show both the solvated electron ab-
sorption and a metal-dependent band, presumably from
M~. 1In less strongly solvating media such as in ethyl-
amine and the higher monoamines and in ethors the
solvated cleetron absorption becomes less pronounced
and the spectrum is dominated by the absorption of
M. The equilibrium

Nat + 2esol—

lies so far to the right in ethylenediamine that the addi-
tion of a sodium salt to a solution of ¢csium in this sol-
vent yields only the band of Na~ when stoichiometric
amounts of salt are used.’®

Several investigators have shown4=7.2L.22 that metal
solutions in amines and in ethers yield the solvated
electron upon photolysis. The rate of formation of
Na~ 4% and of intermediates” after a dissociating flash
have been studied. Huppert and Bar-EL?® studied this
process £s a function of temperature and ionic strength
in 1,2-propancdiariine and in ethylenediamine. They
found the growth of the Na— absorption to be a second-
order process with a rate which was independent of

< Na— (5)
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NINETICS OF FFORMATION OF No™ IN ITHYLENSDIAMINE

added Na*, Scveral yoars ago it was reported?®® that
reaction 3 could be studied in ethylenediamine by using
pulse radiolysis to produce the solvated clectron.  Both
the deeay of the absorption of ¢~ and the growth of the
absorption of Na~ followed second-order kineties.  The
present paper deseribes the kineties of this reaction in-
cluding the effeet of coneentration of sodium ion and of
other salts. :

Experimental Section

The techniques of pulse radiciysis?— used in this
laboratory? have been described in detail. A Varian
V-7715A eleetron linear aceelerator was used as a pulse
source of 3—4-M¢V clectrons, generally at a pulse cur-
rent of about 350 mA. The pulse width was varied
from 100 to 500 nsce. A 100-nsce pulse delivers a dose
of about 6 X 10 eV /g to water.

The transient optical absorption was simultancously
observed with two separate photodetectors. Either an
RCA 7102 or 7200 photomultiplier was used below
about 1000 nm and for all kinetic studies. To study
abzorption spectra into the infrared, a liquid nitrogen
cooled indium antimonide detcetor, Model A10X, ob-
tuined from Barnes Engineering, Inc., was used. This
detector, which has been used® out to 2250 nm, has a
rise-time (10 to 909%) of about 80 nsee with the circuitry
which has been described.®® The linearity of the de-
teccor was tested with a chopped light signal superim-
poscd on a steady signal.  No deviation from linearity
could be detected within a sensitivity of 195. A flashed
300-W Osram xenon lamp, Type X BO 450 W, was used
as light source. Bausch and Lomb grating monochro-
mators, Type 33-86-25, f/3.5, were used with appropri-
ate cutoff filters.

Reaction cells with high purity silica optical windows,
of a geometry previously described,?® were used. With
runs containing sodium and potassium, the procedures
previously described? were used with the modification
that ethylenediamine was either poured or distilled
from a storage bulb under vacuum into the reaction eell.
Yor runs with cesium, a waste storage bulb was added
to the cell configuration to permit prior rinsing of the
cell with ethylencdiamine. A side arm permitted ce-
sium-containing capillaries to be broken under vacuum.
Alkali metal salts were added in small, thin-walled bulbs
which were broken in sifu as required.

Ethylenediamine, obtained as a gift from Dow Chem-
ical Co., had a stated purity of 99%. It was freeze-
purified as recommended,-?® and then was distilled
onto a potassium mirror to form a stable blue solution.
After a 24-hr storage over potassium, the solvent was
distilled into an evacuated storage bulb. Sodium and
potassium, with nominal puritics of 99.99%, were ob-
tained from J. T. Baker Co. Cesium was oblained as
a gift from Dow Chemieal Co.  The metals were triply
distilled by using a cool flame and stored in short lengths
of 2-mum i.d. capillary tubing.
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Figure 1. First-order growth of ey, ~ in basic ethylenediamine

after the end of the pulse. Absorbance measured at 1000 nm. .
A, Dilute KNHR (=10-2 Af) with =10-? }{ KI present; B,

4 X 1073 M KNHR; C, 4 X 103 M

KNHR 4 3 X 1073 ) NaDBr.

Resuits and Discussion

The formation of solvated clectrons in pure ethylene-
diamine and .n basic cthylenediamine (containing =35
X 1073 A potassium ethylenediamide, XNFIR) hus
been deseribed previously.®  The lifetime of e~ in
the irradiated pure solvent is only a few microscconds,
being limited by reaction with the counterion. How-
ever, in basic ethylenediamine, the solvated cleetron is
stable for at least several scconds atter the pulse. By
contrast, in basic ammonia, the lifetime is only about a
microsecond unless a radical seavenger such as cthanol
is present.? There is another significant difference be-
tween the behavior with ammonia and that with ethyl-
encdiamine. In basic ammonia which contains ethanol
(510-2 A7) the absorbance of the electron grows only
during the pulse, while in basic ethylenediamine (made
basic with decomposed sedium, potassium, or cesium
solutions) there is an additional substantial growth of
the absorbance after the pulse. The growth of absor-
banee is first order in all cases. As shown in TFigure 1,
the final value of the absorbance can be nearly three
times that st the end of the pulse.  Within a given run
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Figure 2. Absorbance after growth of e, in basic

ethylenediamine in the presence of KX*. The pulse radiolysis
results have been normalized to 600 nm: O, run of 4/2/69;
%, run of 6/7/69; —, spectrum of Cs and eset ™ in
ethylenediamine, 19"

(fixed basicity) both the rate constant for this forma-
tion and the relative inerease in absorbance were inde-
pendent of total radiation dose, salt concentration, and
(above 700 nm) wavelength  For example, 22 growth
curves in a solution which was 4 X 10~% A in KNHR
(and for some of the pulses also 3 X 10~% Af in NaBr)
were examined over the wavelength range from 700 to
1000 nm. Analysis of these data yielded A./A0 =
262 = 0.28 and k = 522 + 0.89 X 10% sec™l. [All
uncertainties given in this paper represent statistical
estimates of the standard deviation obtained by a least-
squares analysis of the data.] At shorter wavelengths
(650-375 nm) the value of 4./4, remained constant,
but the first-order rate constant for the growth of ab-
sorbance increased progressively by a factor of 2-3.
The spectrum is unchanged during the growth (checked
over the complete wavelength range of 600 to 1600 nm
only with solutions made basic with potassium). Even
when the concentration of KI was as high as 0.27 M
there was not more than 109, contribution from the R
band of K—. This is illustrated by Figure 2 in which
the wavelength dependence of the absorbance (relative
to that at the reference wavelength of 600 nm) is com-
pared with that of the solvated electron in ethylenedi-
amine.

The independcnce of the growth rate with metal, salt,
and pulse length suggests the decomposition of an inter-
mediate species to produce the solvated electron. One
possible reaction scheme consists of the scavenging re-
action

NILCH,CH,NH- + NH.CH,CH,NH~ —>
NH.CH,CH,NH, + NH,CH,CHNH~ (6)

followed by a rearrangement and electron detachment
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NILCILCHNH ~ —> NILCH.CH = NI 4+ ey~ (7)

Reaction 6 represents the abstraction of an a-hydrogen
in basie solutions. The first-order formation of the sol-
vated electron eould then presumably result from reac-
tions 6 and 7.

Whenever sodium ions were present in the solution,
the growth of absorbance of e.1~ was followed by its
decay and the simultancous growth of the absorbance
of Na~. The spectrum at times long enough to reach
equilibrium is compared in Figure 3 with that of a solu-
tion of sodium in ethylenediamine.’® If the stoichiom-
ctry of the conversion is given by eq 5, then we may re-
late the absorbances 4; and 4. at two different wave-
lengths to the coerresponding extinction coefficients by

lena- — 2lee-
2

Ay — A° = (4: — 45°) ®

ENa- — 22€q-
in which 4;° and A,° represent the absorbance at the
time of maximum es;~ absorbance. The absorbance
at 600 nm proved to be a lincar function of that at 1000
nm during the entire rcaction. The slope was indepen-
dent of the nature and concentration of the cation and
of pulse duration. Data obtained from 19 sets of traces
yielded

exs 500 — D¢, 600

D¢, 1000

R = 1.77 £ 0.19
The band shapes are known from studies of metal solu-
tions.1® These can be used with the present result to
determine the ratio of the extinction coefficients at the
respective band maxima. By using the known extine-
tion coefficient of Na~, ena- = 5.2 X 10* At ¢cm™'10
at 650 nm, we obtain e.- = 2.0 &£ 0.3 X 104 3~ ¢m™!

for the solvated electron at 1280 nm at 25°.  This gives
an oscillator strength of 0.88 =+ 0.12.1°
3
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Figure 3. Absorbance (normalized to 650 nm) at long times -

after the reaction 26~ + Na+ — Na~: O, pulse radiolysis
results; -——, spectrum of Na in ethylencdiamine.”
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Figure 4. Representative second-order decay of the
absorbance of esa ™ and growih of that of Na~ ia
ethylenediamine. The conversion factor of 1.77 1s obtained
from the extinetion coefficients. The slopes for decay and
growth are equal within the uncertainty of the conversion
factor: O, decay; A, growth for 1.6 X 1072 M NaBr and 9
X 107% A CsNHR; O, decay; X, growth for 0.038 A/ NaBr
and =3 X 1073 A NaNHR.

Reaction 5 is essentially complete at the concentra-
tions of ese1~ and Na*t used in these experiments (with
or without added Cs*; however, sce later for the cffect
of K+). From the extinction coefficients and the equi-
Iibrium absorbances at 600 and 1000 nm, we obtain K;
> 10 A/ 2 at ambient temperatures.

Both the decay of absorbance of eso1™ and the growth
of that of Na~ followed sccond-order kineties. Figure
4 shows second-order plots of the decay of absorbance
at 1000 nm and growth at 600 nm for two different sets
of conditions. About half of the data were treated by
a simultancous fit of sccond-order kinetics to both
growth and decay with a nonlinear least-squares pro-
gram.® For the rest of the data, the growth and the
deeay were scparately fit to second-order expressions.
The results are summarized in Table I. A plot of the
average second-order rate constant vs. thd total concen-
tration of added sodium (metal plus salt) is given in
Figure 5. The rate constant refers to the rate law

~d[e~]/dt = 2d[Na~]/dt = 2k[e~]?

843

Most of the individual points in this figure ropresent the
average value of from 4 to 15 determinations of the rate
constant. Somc of the data were obtained with low
concentrations of sodium ions and higher concentrations
of potassium ions. As will be shown later, under these
conditions reaction 5 is not complete. For such cases,
the rate constants shown in Figure 5 refer to the for-
ward reaction.

Table {: Summary of Pseudo-Second-Order Rate Constants
for the Reaction of es1~ with Na* in Ethylenediamine

103[{Na+]
(total No. of k X 10, Stand.
molarity) replications M ~1sec™! dev X 10-? Comments

0.7 3 0.132 0.015 a b
0.9 2 0.10 0.03 d f
1.6 3 0.38 0.06 ab
1.8 -3 0.21 0.04 d f
2.6 3 0.70 0.11 d, f,h
2.7 3 .64 0.06 d f
2.8 5 1.61 0.15 d, e
3 5 0.63 0.13 ac
3.3 8 1.18 0.08 d e
3.5 3 1.04 0.19 a,b
5.6 1 0.82 0.17 d fh
6.3 3 1.20 0.17 a,b
7.5 7 1.51 0.26 a,d
7.5 7 1.78 0.28° df g
10 3 1.33 0.15 a,c
18 8 1.79 0.33 d, e
22 4 1.58 0.12 d, e
40 4 1.54 0.20 a, ¢
65 4 1.74 0.31 d e
36 5 1.76 0.25 dye

121 5 1.27 0.10 d, e

160 3 1.42 0.27 a, ¢

542 15 1.48 0.15 d e

~

a Average rate constant obtained by fitting growth and decay
separately. ® Solution made basic by decomposition of 9 X
1073 M Cs. ¢ Solution made basic by decownposition of saturated
solution of Na (=3 X 1073 Af). No K* or Cs* added. Nat
added as NaBr. ¢ Solution made basic by decomposition of K.
Values from 2 to 6 X 10~3 Af depending on the run. ¢ Sitaul-
taneous fit of decay and growth of absorbance. / [K+t] >
[(Na*]; reaction goes to z2quilibrium. Decay and growth of
absorbance fitted simultaneously to obtain both forward and
backward rate constant. ¢ KI added in amounts from 2.7 X
10-% to 0.17 3L. * For this run, the coeflicient in eq 8 was too
small by about 209%. The origin of this discrepancy is not
known.

t
I

!
It can be scen from Figure 5 that the second-order
rate constant is essentjally independent of sodium ion
concentration above 0.01 3. However, between 0.01

and 0.001 3/, the rate constant decreases by an order of -

magnitude. These results provide a basis for discus-
sion of several possible mechanisms. It should be
noted at the outset that the results of conductance

(30) J.L.Dye and V. A. Nicely, J. Chem. Educ., 48, 443 (1971). ’
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The solid line was
Na* was added as

of eso1~ with Na* in ethylenediamine.
obtained by least-squares fit of eq 13.

NaBr: O, CsNHR = 9 X 1073 M; A, no Csor K*, NaNHR
~3 X 10-3 3f; T, KNHR varied from =210 35 X 1073 Al;

9, forward rate constant; KNIR varied from :=2 to
6 X 107 Af; for some cases KI was also added.
Xeaction proceeds to equilibrium.

studies of metal solutions®! in ethylenediamine seem to
demand that solvated elecirons form ion pairs with
added cations in ethylenediamine just as do ordinary
salts and that the formation constants are not strongly
dependent on the cation. Even for the most dilute so-
lutions used in this study, the reaction

Mt + e~ == M, co01™ 9

is more than 909, complete at cquilibrium. Further-
more, we would expect “loose” ion-palr formation to
occur by diffusion control. Therefore, on the time scale
used for the study of the kineties of formation of Na—,
reaction 9 should be at equilibrium. The invariance of
the spectral shape of dilute cesium-cthylenediamine
solutions with concentration!? and the similarity with
the spectrum of eso1™ in this solvent® indieate that the
optical properties of the solvated clectron are not altered
significantly by such lon-pair formation. This is also
the case for metal-ammonia solutions. '

A plausible reaction mechanism for the formation of
Na~ scemed, on the basis of the results for solutions
containing only sodium ions, to be that previously pro-
posed® as a result of esr studics

€01~ + Nat —> Nat e~ (or Na-) (10)
Na+,esol— + Csot~ —> Na- (11)

with the modification that reaction 12 be written as
equivalent to reaction 11

Nateo™ + Nateoan~ — Na~ + Nat (12)

This would simply require that the equilibrium for re-
action 10 lie far to the right and be reached within a
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few microscconds at the appropriate concentration of

sodium fon. The rte need then net depend on the

concentration of sodium ions wlien other cations are not

present at appreciable concentrations.  If, however,

another cation is present in excess, the pscudo-second-

order rate constant would deerease by the factor
KsN2[Nat]

K]

in which K™ and KM arc the appropriate equilibrium
constants, for reaction 5. The data, however, show
that the rate is independent of the presence of other
cations, even when thev are in excess concentration.
This mechanism (reactions 10 and 12) appears, there-
fore, to be ruled out. Oaly if the cquilibrium constant
for the formation of a species of stoichiometry; Na were
much greater than the corresponding reaction to form
Cs or X and if the spectrum of Na were nearly the same
as that of ese1™ could the data be compatible with this
mechanism. ’
Since the results with mixed metal cations rule out
the foregoing mechanism, we are foreed to conclude that
the formation of a species containing liwo electrons oc-

curs prior to the step in which Na~ is formed. One
such mechanism is
- | —— —_
Csol + Cs0l  —-~ e22 (13)
;2 + Nat —> Na~ (14)

It should be noted that the following two reactions,
in which the solvated elcctron and the dielectron species
might be associated with metal cations, are considered
equivalent forms of reactions 13 and 14, respectively.

Al ee™ 4 M* e == (M*ter™):  (133)
(M*,e07)2 + Nat —> Na~ 4 2M+  (14a)

By using the steady-state approximation for the con-
centration of the dielectron specics the rate law gives

_ Fyae
1 + kue/(Auu[Nat])

in which %k is the pseudo-sccond-order rate constant.
The solid line in Figure 5 was obtained by an appro-
priately weighted least-squares fit of all of the data to
eq 15. This yields ke = 1.66 £ 0.12 X 10° A/ ~tsec™!
and kis/k = 3.5 = 0.8 X 10-3 3{. Although the fit
to this mechanism is not very good, complications
caused by ion-pair dissociation at low concentrations
and by ionic strength effcets at high concentrations
would be expected and are not included in the data
treatment. The approximate value of ki3 may be com-
pared with the value?? k; = 5 X 10° M ~! sec™! for the
analogous rcaction in water.

It has recently been noted® that potassium salts can
apparently reverse reaction 5. To study this effect,

k (15)

(31) R.R. Dewald and J. L. Dye, J. Phys. Chem., 68, 128 (1964).
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Figure 7. Decay of es1 ™ and growth of Na~ in
ethylenediamine fit by approach to equilibrium e~ - e~
k

< Na_.
w

(Nat)

to both growth and decay simultaneously with adiustment of

initial absorbances and k. Reverse rate constant calculated

from final absorbances and k: O, decay at 1000 nim;
X, growth at 600 nm.

Solid lines give the best least-squares fit

solutions containing both Na+ and K+ with the latter
in excess were studied by pulse radiolysis. In these
cases, the reaction proceeded to an equilibrium in which
appreciable absorbance remained at 1000 nm. Figure
6 compares the rate of decay of the absorbance at 1000
nm for a solution which contains Cs* and one which
contains about the same concentration of K+. Both
solutions have about the same concentration of Na*t.
For re~ctions which did not go to completion, the decay
of absorbance at 1000 nm and the growth at 600 nm
were fit simultancously by the rate law

845

¢iNa=] 1 dfew™]

. o= e —12 _. ! Ty —
(it 2 dt A’[Csol ] k [l\d ] (.16)

The concentrations of ey~ and of Na~ were ealculated
from the absorbance values at the two wavelengths by
using the extinetion coeflicients previously obtained.
A typical fit of the data is shown in Figure 7 which gives
the caleulated and observed sbsorbances at the two
wavelengths as a function of time.  As shown in Figure
8, the values of the equilibrium “constant” K caleu-
Iated from the rate data as k'/k and also from the ab-
sorbances at cquilibrium are nearly the same. The
data are summarized in Table I1.

Table II: Xinetic and Equilibrium Data for the Reaction of
€1~ with Na* in [Ethylenediamine in the Presence of an
Excess of K+ ¢

10%- 108- )
[Na+]lb 103K +]% 10-36%¢ 10-% k/k’, [Na-]°, 105(e-]®, 10-5Ksd
M M sec™1 M~ M M M-t
0.9 2 3.8 0.30 0.25 0.81 0.38
0.9 2 5.0 0.18 .43 1.12 0.24
1.8 ) 2.1 0.91 0.26 0.50 1.02
1.8 3 1.6 1.75 0.19 0.39 1.23
1.8 5 3.1 0.51 0.21 0.56 0.68
2.7 5 0.77 7.1 0.25 0.18 8.0
2.7 5 0.74 6.3 0.37 0.23 7.2
2.7 5 0.68 12.1 0.21 0.21 4.7
7.5 11 e 0.50 0.11 39
7.5 81 e v 0.50 - 0.15 23
7.5 Si 2.4 6.6 0.42 0.22 8.8
7.3 ‘81 1.6 10.6 0.141 0.18 12.7
7.5 170 0.64 2.8 0.46 0.28 5.9
7.5 170 1.67 11.5 0.25 0.21 5.9
7.5 170 1.86 6.8 0.35 0.29 4.2

¢ The run deseribed in footnote h of Table [ is not included.
® Total molarity. The solution was made basic by decomposi-
tion of K metal solution. K+ added as KI, Na* added as NaBr.
€ Seeeq 16. £ and &’ obtained by stmultanecous least-squares fit
of decay of absorbance at 1000 nm and growth at 600 nm. ¢ Cal-
culated as 107%[Na~]>/([e~]°)%. ‘KA’ = O within uncertainty.

Figure 5 shows that the forward rate constant, &, has
about the same dependence on the total sodium ion con-
centration as in the absence of potassium ions. The
data are not extensive enough to permit a quantitative
determination of the dependence of the rate constants
and the equilibrium constant on the concentration of
potassium and sodium ions. The value of K decreases
with decreasing [Na+] and with increasing [K+] as ex-
peeted for the formation of a species such as Kte™
from Na~ and K*. (These spectra and those obtained
when KI was added to solutions of sodium in cthylene-
diamine® show no evidence of the formation of the band
of K~ at 850 nm.) However, attempts to fit the data
with several simple equilib:ium schemes failed, largely
because they predicted a much larger effect at high con-
centrations of K+ than was observed. Both these data
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Figure 8. k/k’ obtained from least-squares fit of kinatic data
compared with the equilibrium constant, K, obtained from
absorbances at the end of reaction. Error bars caleulated
from =1 standard deviation on k’'.

and those obtained previously® show that the potas-
sium ion has a significantly greater affinity for the elec-
tron than does cesium ion.

Conclusions

Recent kinetic studies of the formation of M~ 47 in
amines and ethers have been interpreted in terms of an
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intermediate of stoichiometry M to which: a sceond clee-
tron adds in a subscquent step. Indeed, consideration
of coulombic interactions leads us to expect the diffu-
sion-controlled formation of ion pairs, However, the
present studies indicate that the formation of Na™ in
ethylenediamine occurs by reaction of Na+ with a spe-
cies which already contains two electrons.

The conclusions from this work may be compared
with other recent studies®™ in which different experi-
mental methods have been used. The experimental
results from the photochemical studies of Gaathon and
Ottolenghit and of Huppert and Bar-LIEli® are similar to
ours. The absence of an ionic strength cffect would be
expected if most of the clectrons formed ion pairs. The
equation used by Glarum and Marshall® to fit their data
(their eq 4a) has the same dependence on the cation
concentration as that given by eq 15, derived from our
proposed mechanism. The high value of the preex-
ponential noted by Glarum and Marshall® does net rule
out the present mechanism because the observed sec-
ond-order rate constant is a combination of rate con-
stants and concentrations. The results of Klooster-
boer, et al.;” indicate that in the ethers which they used
(diglyme, DME, tetraglvme), a new species of stoichi-
ometry Na is formed. Its absorption at 830 nm is so
far removed from that of their stated absorption maxi-
mum for the solvated clectron (= 1500 nmin) that i, can-
not be merely a “loose” ilon pair Nat,e Since no
similar transient was observed in the present work in
ethylenediamine, no direct comparison with the kineties
in these ethers can be made.

]




III. 3. Utilisation de composés couronneés et de cryptates.
(Publications 6 et 7)

Une nouvelle voie d'étude des équilibres existant dans les solutions
de métaux alcalins a été introduite par 1'utilisation d'éthers macro-
cycliques capables de complexer les ions alcalins,

L'utilisation de ces composés permet de dissoudre des métaux
alcalins dans des solvants ou ils sont habituellement insolubles.,

Il est ainsi possible d'obtenir des solutions de sodium dans l'éther
éthylique ou dans le tetrahydrofurane (THF).

L.a constante d'association de l'ion alcalin avec le complexant joue
un role important sur la nature des espéces en solution, Ainsi,

pour le sodium mis en solution dans le THF par le dicyclohexyl 18 -
crown - 6, l'espece la plus stable est l'espece Na et 1'électron
solvaté ne peut étre observé que par R PE alors qu'avec le cryptate

2, 2, 2, l'électron solvaté est l'espece prépondérante,
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PUBLICATION 6

SOLUBILIZATION OF ALKALI METALS IN TETRAHYDROFURAN
AND DIETHYL ETHER BY USE OF A CYCLIC POLYETHER.




(Reprinted from the Journal of the American Chemical Society, 92, 5226 (1970).)
Copyright 1970 by the American Chemical Society and reprinted by permission of the copyright owner.

Solubilization of Alkali Mectals in Tetrahydrofuran
and Digthyl Ether by Use of a Cyclic Polyether
Sir:

We wish to report a new technique for dissolving
alkali metals in solvents in which they are ordinarily
either insoluble or only slightly soluble. This method
may extend the range of solvents in which the properties .
of relatively stable solutions of solvated electrons and
other species common to metal-amine solutions®? can
be studied. Of particular interest would be the ability
to make extended comparisons with the properties
of solvated electrons produced by pulse radiolysis.

The basis for this increased solubility is the ability
of certain cyclic polyethers to complex alkali metal
cations.** Noting that stabilization of the cations

(1) R.R.Dewald and . L., Dye, J. Phys. Chem., 68, 121 (1964).

(2) M. Ottolenghi, K. Bar-Eli, and H. Linschitz, J. Chem. Phys., 43,
206 (1965). ’

(3) C. 1. Pedersen, J. Amer, Chem. Sac., 89, 7017 (1967).

(4) C.J. Pedersen, ibid., 92,386 (1970).

Journal of the American Chemical Society | 92:17 | A‘ug.ust 26, 1970
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should increase the solubility of the metals, we studied
the effect of adding cyclohexyl-18-crown-6,° 1, to tetra-
hydrofuran (THIF) and dicthyl ether (Et,O) in the
presence of a mirrer of potassium.  With both solvents,

Y
o O
oS

1

deep blue solutions were formed. Solutions of both
potassium and cesium in THF formed readily at room
temperaturcs and were stable for several hours even
in the absence of excess metal. Metal concentrations
of about 1 X 10-% M were obtained by using 5 X
10-2 M solutions of 1. Solutions stored at —78°
for several days showsd no visible signs of decom-
position. In order t¢ form solutions of potassium
in Et.O it was necessary to first cool the system to —78°.
Once formed, however, the blue solutions in this sol-
vent were stable at room temperatures for 5-10 min
and for hours at —78°. At this writing only the three
metal-solvent pairs described above have been ex-
amined. It is probable that many other systems will
behave in a similar fashion.

It has been reported® that very dilute solutions of
potassium in THF exhibit two epr signals, a four-
line pattern characteristic of the potassium monomer
and a single narrow line attributed to the solvated
electron. In the presence of 1, however, the much
more concentrated potassium solutions in THF used
in this work showed only a single epr line. In Et,O
at 25°, in addition to the single line (C ~ 1077 M)
a weak four-line pattern (C o~ 10% M, 4 ~ 11 G)
was observed, probably attributable to the potassium
monomer. Both absorptions in Et,O were absent at 0°
and appeared upon warming to room temperature.
The single line observed in THF solations could be
observed down to the freczing point of the solvent. 1n
both solvents at low temperatures (—60° and below) a
weak seven-line pattern was observed. The splitting
value and relative intensities indicate that this ab-
sorption is probably from the benzenide anion.” This
identification was strengthened by adding small amounts
of benzene to a similar solution of potassium in THF
containing 1. The result was a marked increase in
the intensity of the epr pattern but no change in the
number of lines or the splitting value.

The epr results indicate that the relative concentra-
tion of monomer decreased when 1 is present. They
also show, in comparison with the optical spectra,
that only a small fraction of the total dissolved metal
gives an epr pattern, a result which is consistent with
the behavior of metal-amine solutions.?

The optical absorption spectra measured at room
temperatures with a Beckman DK2 spectrophotometer
are shown in Figure 1, These spectra have been cor-

(5) See ref 3 for a discussion of the nomenclature of this class of com-
pounds.

(6) R. Catterall, J. Slater, and M. C. R, Symons, J., Chem. Phys., 52,
1003 (1970).

(7) T. R, Tutt'e, Ir., and S. I. Weissman, J, Amer. Chem, Soc., 80,
5342 (1958). :

(8) L. R. Dalton, J. D, Rynbrandt, E. M, Hansen, and J, L. Dye, J.

Chem, Phys., 44, 3969 (1966).
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Figure 1. Absorption spectra in the presence of 1: (1) cesium in
THF, (2) potassium in THF, (3) potassium in Et;O. ’

rected for decomposition by interpolating the results
from successive scans. Potassium in THF in the
presence of an excess of 1 showed only a single band
with a maximum at 11,100 cm~!, while the band
maximum for cesium solutions occurred at 9700 cm—L
With Et,O the band maximum for potassium occurred
at 11,400 cm~! and a shoulder (probably caused by
sodium from the Pyrex container?) was observed at
~14,000 cm™!, Thesc peaks can be identified with
the corresponding metal-dependent ““R-bands™ in
metal-amine solutions.? Even when the absorbance
at the peak was ~3 in Et.O (as judged by the positions
of unit absorbance, 9500 and 16,000 cm~") there was
no detectable absorption in the region from 8000 to
4000 em~!. A similar search was not possible for
solutions in THF because of the strong solvent ab-
sorptions in this region. The absence of an optical
band for the soivated electron is not necessarily at
variance with the presence of an epr signal attributed
to this species, The estimated spin concentration of
107 M is an order of magnitude below that which
would have been detected optically.

Similar absorption bands in metal-amine solutions
have been attributed to the alkali anion, M~ The
absence of hyperfine splitting by the potassium nucleus
in THF in the presence of 1 contrasts with the results
in THF alone’ and indicates that the equilibrium

M= Mt + e m
is shifted to the right by the complexation equilibrium
‘ M* 4+ 1 2 complex ) 2
Presumably the solubility cqvuilibrium
IM(s) == M* + M- 3

is similarly shifted to the right. However, the absence
of a solvated electron absorption band and the very
low concentration of unpaired spin indicate that the
equilibrium |

M~ + 1 2 complex + 2e~ ' )]

lies far to the lcft in these solvents.
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. Alkali Metal Solutions
Effect of Two Cyclic Polyethers on Solubility and Spectra

By James L. Dye, Meci Tak Lok, Frederick J. Tehan, Richard B. Coolen, Nicholas Papadakis, Joseph M. Ceraso, and
Marc G. DeBacker¥) -

Department of Chemistry, Michigan State University, East Lansing, Michigan 48823, USA

Alkali metals can be made to dissolve in solvents in which they are normally insoluble or only slightly soluble, by using cyclic polyethers

to complex the cations. Although the use of the cyclic polyether, dicyclohexyl-18-crown-6 results mainly in the formation of M~ as the

reducing species, the bicyclic polyether, “cryptate” yields in addition, substantial concentrations of solvated electrons. It also increases the
solubility compared with the “crown™ compound.

Durch zyklische Polyither, die Kauonkomplexe zu binden vermdgen. konnen Alkalimetalle auch in solchen Lésungsmitteln geldst werden,

in denen sie sonst nicht oder nur wenig 18slich sind. Wihrend Dicyklohexyl-18-crown-6 bevorzugt zur Bildung von M~ (M Metallatom)

fihrt, ergibt der bicyklische Polydther “Cryptat” bei erhdhter Metall-Léslichkeit zusitzlich betrichtliche Konzentrationen an solvatisierten
Elcktronen.

Introduction

Although metal-amimonia solutions are complicated by ion-
pairing and spin-pairing processes. there is no direct spectro-
scopic evidence for the existence of reducing species other than
the solvated electron, el ;.. Indeed. in one model of metal-
ammonia solutions the properties of dilute solutions have been
interpreted in terms of ion-pairing processes [1, 2] and other

relatively long-range interactions among solvated electrons

and solvated cations [3]. By contrast. certain metal-amine
and metal-ether solutions have ESR and optical spectra which
can only be interpreted in terms of additional species of
stoichiometry M [4—6] and M~ [7—10], with the former a
relatively minor component. The assignment of the *V-band”
in sodium-amine solutions to a species of stoichiometry Na~,
as suggested by sevcral investigators, has recently been con-
firmed in our laboratory by measuring its extinction coefficient
and oscillator strength [11]. Another characteristic of these
solutions is the generally low solubility of the alkali metals.
The equilibria involved may be represented by the following

scheme:
Kl

2M@s) & MY + M~ ; _ (1)
MT B MY 42e; @
M B M* e - 3)

Although the equilibrium constants are unknown, we can
expect them to increase with an increase in the solvating power
and dielectric constant of the solvent. Metal solutions in
aliphatic mono-amines (except methylamine) and in poly-
ethers can be described mainly by the first equilibrium. In
these solvents M and e~ appear to be minor species compared
with M~

The propertics of metal solutions in ethylenediamine, methyl-
amine and hexamethyl phosphoric triamide are intermediate
between those in the monamines and cthers and those in

*) Present address: Ecole des Hautes Etudes Industrielles, 13 rue
de Toul, 59 Lille, France.

ammonia. For example, soditm solutions in cthylenediamine
show very little. if any, infrared absorption from the solvated
electron [12] while cesium solutions have optical spectra {12]
and conductances [13] which are characteristic of solvated
electrons and their “ammonia-like” aggregates. The discovery
that certain cyclic polyethers behave as complexing agents

for the alkali cations [14, 15] led us to study the effect of |

compound I, dicyclohexyl-16-crown-6, or simply, “crown”,
on the solubility of alkali meta!s in simple ethers [16]. Similar
studies have recently been rcported in which straight-chain
polyethers were used as complexing agents [17].

5%
L, O
Lo J

Solutions of potassium and cesium in diethyl ether and in
tetrahydrofuran (THF) exhibited optical and ESR behavior
which indicated that complexation of the cation had increased
K, and K;. However, although the ESR spectra indicated
the presence of solvated electrons, the concentration of ej;,
was several orders of magnitude below that of M ™,

The demonstration that the hexaoxa-diamine macrobicyclic
molecule I, a member of a class of compounds referred to as
“cryptates”, is an even stronger complexing agent for the alkali
ions than are the “crown” compounds [18’[— 20] prompted us

~0 ‘o

NN 0N\ 0N\ N
\/o\_/o\/

to begin an investigation of the ability of I to enhance metal
solubility in ethers and other solvents. It was hoped that the
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complexing ability would be great enough to drive reaction (2)
to the right. In this way the propertics of solvated clectrons
in a varicty of pure and mixed solvents might be studied. This
paper reports some preliminary results of these studies.

Experimental

Solvents were dricd over barium oxide then distilled onio a
mixture of benzophenone and an excess of potassium. If the blue
solutions of the ketyl so formed were not stable, the distillation was
repcated. In some cases the solvent was stored over Na—K alloy
prior to its final distillation into the cell. All glassware was cleaned
first with an HF cleancr (33% H¥NO,, 5% HF, 2% acid-soluble
detergent, 60%, water) followed by a thorough rinsing with con-
ductance water. The cells were then cleaned with boiling aqua regia
and rinsed at least ten times with boiling conductance water. The
“cryptate”, 11, was introduced into the cell as received without
further purification [21]. Potassium was distilled into the cell
through a side-arm under vacuum (< 10~ * Torr). The appropriate
solvent was then vacuum-distilled into the cell. Each cell consisted
of 2 2.4 mm id. ESR tube sealed to an inverted U-tube such that
the metal could be distilled into one arin of the U-tube and “cryptate”
could be placed in the other arm. In this way, solutions containing
the complexing agent could be kept away from the metal as long as
desired. For some of the studies, Aminco cylindrical absorption
cells of 0.3 or 1.0 mm path length were used.

ESR spectra were measured with an X-band Varian E-4 Spectro-
meter. Optical spectra were measured with either a Beckman DX-2
Spectrophotometer or with a scanning system which had been
designed for stopped-flow measurements [22]. The latter system
was modified to permit the use of lead-sulfide detectors as well as
photomultipliers. The cell compartment was designed to permit
measurement at various temperatures down to —100°C by using a
Varian V-4540 variable-temperature control unit. Lack of stability
of some of the solutions at room temperature made it imperative
to work at low temperatures. A variable-temperature cell-holder
was constructed for the DX-2 instrument which permitted measure-
ments to be made over the range —100°C to +30°C.

Results

Although potassium does not dissolve in diethyl ether and
although the polyether, 11, is not visibly soluble, a suspension

of I in diethy! ether, when brought into contact with a mirror "

of potassium, produces a very dark blue solution immediately.
The solution is stable for many hours at —80°C but remains
blue in the absence of metal for only 10 to 30 minutes at room
temperature. In contrast to potassium solutions in diethyl

Kin £1,0 with “Cryptate”

2
1'0 i H i i L i i L 1 L 1 i L L e
1 15 20 25
(i) Wavelength {j1)

Fig. 1
Near-infrared spectrum of potassium in diethyl ether in the presence
of “cryptate”, 1I, 4t 25°C; path length 0.3 mm. Both the partially
uncompensated band of the solvent at 22—2.3 3t and the band of
K~ at 0.8~1.0u arc evident

ether in the presence of “crown”, I, which show only a weak
ESR singlet (ca. 107¢ to 1077 M) and only the optical band

of K~ [16], solutions containing H show a very strong singlet’

in the ESR spectrum (ca. 10™* M) and a broad featurcless
absorption band in the infrarcd in addition to the K~ band.
A typical room temperature spectrum (path length 0.3 mm)
is shown in Fig. 1. In Fig. 2 the infrared band is compared
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i Fig. 2
Solvated electron spectra in —— x —, diethyl ether, -.~-Q-.—-

ammonia, and -- A—- ethyldiamine

with the solvated electron bands in ammonia and in ethyl-
enediamine. When short-path length Pyrex cells were used, the
V-band, characteristic of Na~, was formed in addition to the
K~ band. This is reminiscent of the behavior of solutions of
potassium in ethylenediamine [13] and may be attributed to
contamination by sodium from the Pyrex. The shape of the
V-band is shown in Fig. 3 together with the spectrum of a
solution of sodium in ethylenediamine.

Wavelength {p)
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0k O'QQxx/’(\
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Fig. 3
Comparison of the band attributed to Na™ in cthylenediamine,
—— () — with that in diethyl ether —— % —

All of the optical bands shift towards the blue with decreasing
temperature as shown in Fig. 4. The temperature coefficients
are —15.9, —~13.5, and —12.6cm~'deg™! for Na~, K™, and
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Temperature dependence of the position of the band maximum for
Na~, e~ and K~ in dicthyl ether

e~ respectively (o = 0.9). These values are similar to those
found for metal-ammonia solutions [1].

Three attempts to dissolve potassium in tricthylamine were
unsuccessful, perhaps because of the low dielectric constant
of this solvent (2.42). Blue solutions of potassium in the pres-
ence of II which gave a singlet ESR signal were also obtained
with di-i-propyl ether (¢ = 3.88) and with di-n-propyl ether
{¢ = 3.4). Blue solutions were also obtained in this way with
dicthylamine. We have, in the past, attempted without success
to dissolve the alkaline earth metals in amines. In the presence
of I, deep blue solutions of barium in ethylenediamine were
formed. However, lack of stability and the relatively high
mclting point of ethylenediamine have so far prevented the
determination of spectra.

In order to test the supposition that reaction (2) is shifted
to the right in the presence of “cryptate” a solution of sodium
in ethylenediamine was studied in the absence and in the
presence of IL. A dark blue solution (absorbance of the V-band
too high to measure in a 2.4 mm tube} in the absence of the
complexing ether gave a relatively weak ESR singlet (107* to
107 % M). The addition of II increased the strength of the ESR
signal by at least two orders of magnitude. In addition to the
" usual V-band of Na~ a strong absorption band at 13,
characteristic of the solvated electron in ethylenediamine
[13, 24], was observed. Contact with metal resulted first in an
increase in the absorption of both Na~ and e, and ultimately
" in the disappearance of the band of ¢~. The final solution
showed only an off-scale absorbance in the region of the Na~
maximum and no absorbance in the infrared.

The previous study [16] showed that solutions of potassium
in tetrahydrofuran in the presence of “crown”, I, gave no ESR
absorption from the monomer in contrast to the results in
THF alone [24]. This phenomenon was further tested by
observing the effect of the addition of the “crown” compound,
1, to a solution of potassium in ethylamine. The original
solution showed both the four-line ESR paitern ofthe potassium
monomer and the singlet of the solvated electron. Addition
of I caused the four-line pattern to disappear and the singlet
to grow markedly. These results are shown in Fig. 5.

7058 b) Xin EtNH; with "Crown’ at-20°C

Fig. 5
ESR spectra of solutions of K in ethylamine. Spectrum (a): no added
complexing agent. Spectrum (b): with “crown” added. Note the
: change in scale

The pronounced effect of these complexing agents can be
demonstrated in another way. The ESR spectra of alkali salts
of many aromatic radical anions show hyperfine splitting by
the alkali cation, presumably because of contact pair forma-
tion. Complexation of the cation should be able to prevent
such contact pair formation. To demonstrate this effect, the
ESR spectrum of codium anthracenide in diethyl ether at
—70°C was measured (Fig. 6a) and showed hyperfine splitting

alNa® An" in Et,0 at-70°C

Fe-MES0—

—‘“”\WV v

723 bl Soln.a + 'D}own‘ at-70°C

Fig. 6
ESR spectra of anthiracenide radical anion in diethyl ether at —70°C.
(a) Spcctrum of ion-paired sp«.cncs (b) spectrum obtained after
adding “crown” to the solution in (a)
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by Na* in agreement with the results of Hirota {25, 26].
The addition of “crown™, |, to the solution caused the disap-
pearance of the Na hyperfine splitting as shown in Fig. 6b,
in complete accord with expectation. These results are similar
to those obtained when alkali solvating agents such as “glymes™
are added to similar solutions {27].

Discussion

All of the results obtained so far, although preliminary in
nature, are consistent with the equilibrium system described
by reactions 1—3. The addition of a compiexing agent which
can stabilize the cation shifts all three equilibria to the right.
The use of a good complexing agent, such as “cryptate”, Il,
seems to provide enough stabilization energy to yicld solvated
electrons in solvents in which the metals would otherwise be
insoluble or in which tlic major reducing species would
normally be M ™. If this proves to be a general phenomenon,
it should permit comparison of solvated clectron spectra
obtained with metal solutions in various solvents with those
obtained by pulse-radiolysts.

The behavior of solutions of sodium in ethylencdiamine in
the presence of “cryptate” II requires further comment. In
the absence of complexing agents (and even in the presence of
“crown”, I) only the Na ~ban forms. indicating that reaction
2 is shifted far to the left. The effect of I (C) may be represented
by the following in addition to equilibria 1 ~3:

2Na(s) + C & Na*C+ Na~; 4)
Na~ +C = Na*C + 2e”. (5)

As long as C is present in cxcess, both Na™ and e~ are
observed, However, when most of the {ree C is consumed by
reaction (4), reaction (5) is reversed. The solubility Hinits
represented by (4) and (5) have not yet been deternined.
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Iv. CONCLUSIONS.

Premiere partie,

Nous avons réalisé une étude de l'influence de la composition
du solvant sur les spectres de 1'électron solvaté.

Nous avons mesuré les spectres de 1'électron dans les
mélanges eau - éthylenediamine et eau - ammoniac en
utilisant la technique de la rodiolyse pulsée. Pour ces
mélanges, la position du maximum et la largeur a mi-
hauteur varient d'une facgon continue mais non linéaire

entre les valeurs obtenues pour les solvants purs. En

aucun cas la forme de la courbe ne permet de détecter
plusieurs especes en présence.

Pcur analyser ces résultats, nous avons développé une nou-
velle méthode reliant le spectre d'absorption a des grandeurs
théoriques telles que l'hamiltonien choisi pour décrire les
états énergétiques du systeme., Nous calculions dans cette
méthode les moments du spectre expérimental et nous les
comparons aux moments théoriques correspondant.

Le modele choisi pour calculer ces derniers est un puits de
potentiel sphérique de profondeur V et de rayon a . L'égalité
de deux moments expérimentaux et calculés permet d'obtenir
deux équations d'olu nous tirons VW et a.

Nous avons calculé les valeurs vV, et a pour l'lammoniac pur
et pour les mélanges eau - ammoniac et eau - éthylenediamine,
Dans tous les cas, nous avons observé que la taille du puits
ne permettait d'obtenir qu'un seul état 1ié, Nous en concluons
que 1eé transitions sont du type ls —————continuum,

Nous avons obtenu une corrélation linéaire entre la valeur de -
la profondeur du puits et 1'énergie du maximum du spectre
pour tous les solvants étudiés. Cette relation ne peut pas étre
déduite des hypotheses introduites dans le modele. Une relation
similaire a été obtenue pour relier la largeur a mi-hauteur

au rayon du puits de potentiel; la meilleure relation linéaire




est‘ obtenue si l'on relie la largeur a mi-hauteur au volume
du puits de potentiel, A l'aide de ces deux relations il est
donc possible d'évaluer les parametres du puits de potentiel
directement d'apres le spectre d'absorption,

La variation de la profondeur du puits de potentiel en fonction
de la composition des mélanges a été interprétée en considé-
rant que le solvant se comportait comme en milieu continu,
La valeur de V, se compare bien avec celle de B 3 condi-
tion de prendre une valeur "effective' de la constante diélec-
trique optique de l'eau.

Avyant trouvé que la transition se faisait vers un continuum,
nous avons essayé de comparer nos résultats avec ceux que
prédit la théorie du transfert de charge au solvant, Four pou-
voir appliquer cette théorie au cas de 1'électron solvaté nous
avons du la modifier. De cette fagon nous avons pu calculer
la différence d'énergie entre le bord du puits et le vide.

Nous avons ainsi calculé des énergies correspondant au seuil
d'éjection de photoélectrons a partir d'une solution contenant
des électrons solvatés., La comparaison avec les valeurs

expérimentales est bonne. Ce calcul permet ainsi d'obtenir

une estimation du potentiel créé par le solvant sur un électron
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quasi libre se trouvant dans le milieu, Cette valeur se compare

assez bien avec les valeurs de Vg introduites par Jortner dans

ses calculs,

Nous avons essayé de vérifier une des conclusions du modele

de Jortner. Il avait supposé qu'un mode normal de vibration

de la cavité entourant 1'électron serait actif en Raman. Nos
. - . ioes .

résultats n'ont pas permis d'infirmer ou de confirmer cette

supposition,




Deuxieme partie,

Les résultats obtenus confirment 1'existence d'especes de
stoechiométrie M~ dans les solutions de métaux alcalins

dans 1'éthylenediamine,

Nous avons d'abord mesuré le coefficient d'extinction et la

force d'oscillateur de Na~. La valeur 2 trouvée pour la force
d'oscillateur indique que deux électrons participent a la tran-
sition, La stoechiométrie de cette espece est donc Na+(e')2 .

Pour le potassium et le rubidium, la forme K~ ou Rb~ est en
équilibre avec 1'électron solvaté, Ces équilibres sont complexes

et les-données ne peuvent pas étre correctzment décrites avec

des équations simples,

La réaction de KT + Na~ a été tentée, au lieu de l'espice K~

a laquelle on s'attendait nous avons obtenu apparition d'électrons
solvatés, Ce résultat est trés surprenant et nous n'avoﬁs aucune
explication a proposer pour ce phénomzene.

La cinétique de la réaction Nat + e~ a été mesurée par radiolyse
pulsée. La réaction est strictement du second ordre par rapport

a 1'électron solvaté, La dépendance de la constante de vitesse

sur la concentration en ion sodium nous a amenés a postuler un
mécanisme plus complexe pour cette réaction., La réaction KM+ e”
ne produit pas d'espece K™, mais la présence d'ions Kt empéche
la réaction Na' + 2e"—3Na~ d'stre complete,

Une explication complete de ces résultats nécessité rait la connais-
sance de la structure détaillée des especes dont nous ne connaissons
que la stoechiométrie., En effet dans les solvants de faible constante
diélectrique les especes sont associées et une étudle complete des
équilibres doit mettre en jeu leurs constantes d'association.

Nous avons montré qu'il était possible de modifiexj les équilibres

existant en solution en utilisant des agents complexant les cations,
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A l'aide de ces composés nous avons pu montrer qu'il était

possible de dissoudre des métaux alcalins dans d'autres

solvants que l'ammoniac et les amines, Selon la constante
!

d'association du complexant et de 1'ion alcalin, diverses

especes peuvent €tre mises en évidence,
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