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ABSTRACT

KINETICS OF ELECTRON-ATTACHMENT REACTIONS
IN ANHYDROUS ETHYLENEDIAMINE

by Larry H. Feldman

The reaction of the solvated electron with water is
of particular importance to radiation chemists (1).
Preliminary studies by Dewald et al. (2) using solutions
of cesium in ethylenediamine to measure the rate of this
reaction by the stopped-flow method have been followed
by a more extensive study of this system and extended to
the other alkali metals.

The stopped-flow apparatus was modified to include a
rapid-scanning monochromator and detection system capable
of making from three to 150 spectral scans per second.

The reaction system is thermostatted and uses Pyrex mixing
cells. This arrangement permits study of rapid changes in
the spectrum for suitable moderately fast reactions. The
instrument is double-~-beam and direct reading in absorbance
units. Data are stored on an FM tape recorder and played
back to an oscilloscope. Tests of the instrument's per-
formance are given.

These studies of the reaction of cesium with water in

ethylenediamine verify the earlier rate constant
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(k»+~ 20 M™'sec~!), and in many cases show the presence of
a slower second-order process (k~“ 5 M-!sec~!). Similar
results are found for the reactions of rubidium and
potassium with water. The reaction of sodium with water
in ethylenediamine is first-order in metal absorbance, but
the order in water varies with the water concentration.
Lithium-water reactions yield as many as three second-order
rate constants, yet the lithium solutions used showed
primarily an infrared band. The results are discussed in
light of current models for metal-amine solutions and are
correlated with the known absorption spectra (3).
Preliminary studies of the rate of reaction of metal-
amine solutions with electron acceptors other than water
have been made. Reactions with methanol and ethanol show
rates similar to those with water. 1In addition, the
presence of an absorbing intermediate was indicated, which
will warrant more detailed examination. The rate constants
for the reactions of cesium solutions with ethylenediammconium
and ammonium ions were found to be 1.7 x 10° and a lower
limit of 3 x 10% M~*sec-!, respectively. The latter value
is in agreement with the results of radiation chemistry (4),
while the former has not been previously determined.
Possible mechanisms for these electron-attachment reactions

are discussed and suggestions for further work are made.
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I. INTRODUCTION

Hart (1) has pointed out that solvated electrons,
resulting from the interaction of ionizing radiation with
water, have been present on this élanet for four billion
years. So reactive is this species, that its existence has
been demonstrated only very recently (2-4). 1In 1864, Weyl
observed that alkali metals dissolve in liquid ammonia (5),
and in 1908, Kraus proposed on the basis of electrolytic
experiments that the anionic species was, in fact, the
ammoniated electron (6).

Metal-ammonia solutions have been studied in great
detail in a number of laboratories. At the recent Weyl
Colloquium, the physical properties of metal solutions were
reviewed and models to explain these properties proposed (7).
Since this time considerable work has been done and will be
reviewed in some detail in Chapter II.

Alkali metals are soluble in several primary aliphatic
amines, certain ethers, and other solvents. The existence
of solvated electrons in many solvents other than water has
been established by radiation chemists (8). An important
aspect of radiation chemistry has been the measurement of
the rates of reaction of e; with different chemical

olv

species. Most of the work to date has been with e;q as the



reducing species. Over 300 different compounds have been
investigated for their reactivity with e;q (9) . These
bimolecular kinetic studies are necessarily limited to the
range k > 105 M-*sec~! because of competing reactions with
impurities and/or solvent. From the viewpoint of radiation

chemists, the reaction

e+ H,0 — H + OH_
ag aq

is the most important reaction in aqueous radiation chem-
istry. Were it not for the slowness of this reaction,

k =16 + 1 M~*sec~? (10), only the fastest reactions of the
hydrated electron could be studied.

The reaction of solvated electrons with water has
also been studied by Dewald and co-workers (11,12) who
reacted solutions of cesium in ethylenediamine using the
stopped-flow method, and followed the decay in electron ab-
sorbance as a function of time. A rate constant of
24.7 £ 1.5 M~*sec™? at room temperature was reported.

These studies pointed to possible use of such a system
for the study of other electron-attachment reactions. 1In
this research, studies using the cesium-water system were
further pursued, but complications developed almost at once.
A second, slower reaction was found to occur and the data
showed an abnormal amount of scatter from run to run. The
resolution of these difficulties has formed a major part of

this investigation. Reaction of other alkali metal-water



systems in ethylenediamine, as well as a number of other
electron-attachment reactions, have been examined.

In the course of this work, a number of experimental
techniques were developed for the preparation of anhydrous
solvents and metal-amine solutions. The stopped-flow
apparatus has been modified and made more sophisticated by
including a rapid-scanning monochromator and associated

electronics.



II. HISTORICAL
A. Metal-Ammonia Chemistry

The blue color of dilute metal-ammonia solutions is
a familiar phenomenon, and probably is what initially in-
trigued most investigators. 1In concentrated solutions,
however, there is a metallic copper-like appearance and,
in some cases, phase separation. If proper attention is
paid to cleanliness and purity of materials, a stable solu-
tion can be obtained. Failure to observe such precautions
can lead to false or incomplete results because of the

decomposition reaction
M + NHz —> MNH, + % Hp (1)

Using EPR techniques, Kirschke and Jolly (13) have demon-
strated that the reverse of this reaction can be made to
occur to a slight extent.
The physical properties of dilute solutions of alkali

metals in liquid ammonia have been studied extensively by

a wide variety of methods. Some studies have also been
made using solutions of alkaline earth metals. These in-
vestigations have been the subject of a number of reviews

(7.,14-17) and will only be considered briefly here.



The following methods have been used: electron paramag-
netic resonance, static magnetic susceptibility, nuclear
magnetic resonance, conductivity, electromotive force,
transference number measurements, x-ray diffraction, photo-
electric effects, the thermo-electric effect, optical ab-
sorption spectroscopy, vapor pressure studies, compressibility
and viscosity, density and volume expansion, photolysis (18),
and electron nuclear double resonance (ENDOR) (19).

Unfortunately, investigators in this field often pro-
pose a model which fits the results of a particular set of
measurements, but which is inconsistent with those of another
set. Any valid model proposed for these systems must
explain:

1. The presence of a single asymmetric optical absorp-

tion band that peaks near 7000 cm™!, has no

observable fine structure, and obeys Beer's Law

(20-22) .

2. The volume expansion of metal-ammonia solutions,
including the minimum found with sodium-ammonia

and potassium-ammonia solutions (23-25).

3. Electrical properties: the fraction of current
carried by the anionic species varies from 0.8 in
dilute solutions to more than 0.99 for concen- |
trated solutions in the neighborhood of 1 M (17,
26) ; concentrated solutions exhibit high electrical

conductances characteristic of metals (27), while



more dilute solutions exhibit electrolytic con-
ductance; a minimum in the equivalent conductance

occurs at about 0.05 M (28).

4. The results of static field magnetic suscepti-
bility measurements (29,30) as well as those of
electron paramagnetic resonance (31), which indi-
cate the need for diamagnetic species because of
a rapid decrease in molar susceptibility with

concentration.

S. Knight shifts and relaxation times of alkali-metal
and nitrogen nuclei (32) and protons (33) in metal-
ammonia solutions.

Several models have been proposed, none of which has been
fitted to all of the data. These are reviewed below.

The earliest model, proposed by Kraus (6), assumed the

presence of undissociated sodium atoms, sodium ions, and sol-

vated electrons according to the equations

Na = Na+ + e (2)

e  + x(NH3) = (NHz)y e~ (3)

A number of observations led to the realization that the
electrons in metal-ammonia solutions are trapped rather
than free. O0Ogg (34) postulated that the solvated electron
could be considered as trapped in a spherical cavity sur-
rounded by ammonia molecules. He assumed that the electron

is confined by an infinitely steep spherical potential well.



The wave function of the electron according to this model

is that for a particle in a spherical box of radius R,

v = 1 sin(mx/R,) (4)
ZWRO Y

The zero point kinetic energy is h®/8mRZ while the polari-

2
zation energy of the dielectric is - %ﬁ (1 - %

o s
is the static dielectric constant of ammonia. The total

), where D,

energy is then given by

I e? 1
E-mg- 2R, (1-Ds) (5)

Minimizing E with respect to R,, letting 1/Dg™~ 0, gives

4
E = - -1—2%2- = - O.38eV (6)
and
2
Ro=?;l‘;* =9.9 % (7)

This treatment leads to an underestimate of the enthalpy of
solution and to an overestimate of the cavity radius.
Lipscomb (35) refined these approximate calculations by
incorporation of several additional contributions to the
energy of the system: electrostriction, electronic polari-
zation of the molecules on the cavity surface, and surface
tension. Stairs (36) further improved these calculations
by making a better estimate of the wave function using a
graphical method of integration.

A natural extension of the primitive cavity model

assumes that the surrounding solvent molecules do not provide



an infinite potential well for the electron. Thus the charge
distribution of the extra electron can extend into the

medium beyond the cavity boundaries (37). Application of
polaron theory by Jortner (38) considers the interaction
between the electron and the polarization field of the

medium. This approach is an improvement upon a similar treat-
ment given by Davydov (39) and Deigen (40), who also used
polaron theory to theoretically treat metal-ammonia solu-
tions.

In Jortner's treatment (38) the polarization is con-
sidered to be composed of two parts, the total polarization
and the electronic polarization. The difference between
these is the "permanent polarization" which creates the
potential well. The electrostatic potential resulting from
this polarization is assumed to be continuous up to R_. the
cavity radius, and constant within the cavity. A one para-

meter hydrogen-like wave function of the form
us
Yis = = exp (-pr) (8)

is used for the ground state and the energy of the ground

state is calculated from the variation integral

h3y2
87T2m

Wis = fv vis [- + v(r)] vis dv (9)

by putting JWis/du= O. 1In this model the electronic polar-
ization will lower the energy of this state by an additional
amount. Agreement between this model and experiment is

fairly good, considering the number of approximations



involved (17,38). An improvement in these calculations has
been made by Jortner, Rice, and Wilson (37) using a self-
consistent field approach. This treatment, however, does
not enhance agreement with experiment. The experimental
value of the enthalpy of solution is 1.7 £ 0.7 eV, and the
value calculated by Jortner (38) is 1.60 eV, while the SCF
value (37) is 0.92 ev.

A model that has seen considerable popularity is that
of Becker, Linquist, and Alder (41) (BLA model), which is
sometimes referred to as the cluster model. It is assumed
that the metal atom is ionized and that the electron is
trapped by the potential produced by the metal ion and the
oriented ammonia molecules around the ion. In addition to
this "monomer" species, a solvated metal ion, an electron
arising from the dissociation of the monomer, and a dimer
consisting of two monomers bound princjpally by exchange
forces are postulated. The model involves consideration of

the competition of two equilibria

M=M + e (10)
and

Mo =M+ M (112)

Presumably the electrons are solvated, but no explicit
mention of their state is made (41). The BLA model has been
used successfully to fit conductivity (26,41,42) as well as

magnetic susceptibility data (41).
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Gold, Jolly, and Pitzer (43) have pointed out that the
BLA model is not consistent with optical, volumetric, and
NMR data. These authors propose instead that the monomer is
a simple ion-pair consisting of an ammoniated metal ion and
an ammoniated electron. The dimer species, My, is pictured
as a quadrupolar ionic assembly of two solvated electrons
and two solvated metal ions in which there is little distor-
tion of the solvated species. On the basis of Jortner's
calculations (38), they assume that the wave functions for
the two e;m in Mz will overlap significantly, and further
that the singlet will be lower in energy than the triplet by
more than kT. In this way, at least qualitatively, optical,
volumetric, and Knight shift data are explained (43). It
should be pointed out that O'Reilly (44) has recently used
the BLA model to successfully fit Knight shift and relaxation
time data (32). He was also able to calculate spin densities
at the nitrogens of the cavity species which are in good
agreement with experiment (44).

When calculating equilibrium constants from experi-
mental data, either the BLA monomer or an ion pair, M+-e-,
can be used for the M species in Equation 10. However, the
constants calculated from conductivity data differ from
those obtained using magnetic susceptibility data (45).
These difficulties can be overcome by introducing another

species, (M), and a third equilibrium,

(MY=M + e~ (12)
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Such a scheme has been propésed by Arnold and Patterson
(46,47) and by Golden, Guttman, and Tuttle (48). The M'
center is diamagnetic and negatively charged.

Arnold and Patterson (47) made no assumption about
the exact nature of the various centers but confined their
discussion to the calculation of the equilibrium constants
for the various processes (Equations 10-12) . The constant
for Equation 10 was determined from conductivity data at low
concentration and the other constants were computed from
transference number and susceptibility data. Agreement with
experiment is good, even at high concentrations, but three
adjustable parameters are required.

The model of Golden et al. (48) introduces the metal
anion, M, for the M' species. Equations 10-12 would then

be rewritten as

M -8 =M +8 (10*)

Mt =M e (11*)
and

M +2s =M +2s” (12")

where § is solvent and § is equivalent to €olv”

Using
this scheme and only a single adjustable parameter, they
obtain good agreement with vapor pressure, conductivity,
Knight shift, and optical absorption data. The last com-

parison, however, according to Jolly (49), may be in error.

By a thermodynamic argument, Golden et al. (48) -show that
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the M species is not equivalent to the ion triple,

S--M+-S-. This argument_is only valid for non-polarizable
hard sphere ions and neglects consideration of wave function
overlap in the ion triple as a mechanism to lower its energy.
The data they used cannot, in fact, distinguish among the
various descriptions of the species. The advantage of the
treatment of Golden et al. over that of Arnold and Patterson
is the reduction of the number of adjustable parameters from

three to one.

B. Metal-Amine Chemistry

Alkali metals dissolve in many primary aliphatic amines,
several ethers, and in a few other oxygen containing solvents
(11) . 1In all cases, the blue color characteristic of metal-
ammonia solutions appears. Work with metal-amine solutions
has been less extensive than with metal-ammonia solutions.

A possible reason was the lack of stability of the former as
compared to that of the latter. Analogous to Equation 1,

these solutions can decompose with the evolution of hydrogen
M + RNHp, —> M(RNH) + % H> (13)

Recent results in a number of laboratories have indicated
that this reaction is not much faster than the corresponding
reaction in liquid ammonia (after adjustment for temperature
'differences), and with proper care its effect can be mini-
mized. This .could lead to an increase in the number of

workers in the field.
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A summary of earlier studies of optical absorption
spectra (50) and conductivities (51) is given by Dewaid and
Dye. 1In these papers, and in Reference 11, aside from pre-
senting extensive experimental results for metal solutions
in ethylenediamine (EDA), the authors pointed out the need
for a model for metal-amine solutions which did not simply
modify existing models for metal-ammonia solutions (52), but
added other species.

Dewald and Dye (50) observed one to three very intense
absorption bands depending upon the alkali metal used. One
of these peaks appeared in the visible region at 650 mu
(V band), one in the near-infrared region at 800 to 1100 mu
(R band), and the third in the infrared at 1300 mu (IR band).
The V band is present in lithium, sodium, potassium, and
rubidium solutions and its shape and position are independent
of metal, but the intensity relative to the IR absorption
depends strongly upon the metal. Solutions of potassium in
EDA éhow the R band at 845 mu, rubidium at 890 mu, and
cesium at 1030 mp. All solutions show IR absorption, but in
sodium solutions this absorption is negligible compared
with that of the V band. The various bands are only slowly
interconverted.

The conductances of cesium, rubidium, potassium, and
lithium in EDA show the same general concentration depend-
ence, while sodium solutions exhibit a marked difference in
behavior (51) . Dye and Dewald (52) postulate that the IR

species in these EDA solutions are "ammonia-like" in nature



14

containing species consistent with the model of Gold, Jolly,
and Pitzer (43), and that the metal-dependent R band is due
to covalent dimers similar to those found in alkali metal
vapors. The V band was attributed to an elédctron trapped
by a solvated MZ ion in the same way that the electron is
presumed trapped in a BLA monomer unit (41) . The possibility
that the V species was in fact a BLA monomer was ruled out
on the basis of the slow conversion of this species (52).
These assignments were supported by thermodynamic estimates
and the ability of the model to account for the diverse re-
sults reported by others (52).

The discovery of nuclear hyperfine splitting by the
metal nucleus in metal-amine solutions (53,54) has introduced
a powerful and sensitive method for examining the paramagnetic
species in these solutions. Bar-Eli and Tuttle (55) studied
the EPR spectra of solutions of potassium and lithium in
ethylamine, potassium in methylamine, and potassium and lith-
ium in mixtures of these amines. They have also examined
rubidium and cesium in ethylamine (56). The hyperfine split-
ting 6btained in these solutions is strongly dependent upon
temperature and solvent composition. A striking example of
the latter is seen in the work of Dalton and co-workers (57)
on the EPR spectra of potassium in ethylamine-ammonia mix-
tures. In samples containing 0.6 to 23.4 mole-percent am-
monia the hyperfine splitting changed from 11.52 to 2.64
gauss at 25° ¢, and corresponding changes were observed at

other temperatures. Bar-Eli and Tuttle (55) interpreted



15

these phenomena in terms of a modified BLA model, while
Dalton et al. (57) quantitatively described the temperature
dependence with a model involving equilibrium between atoms
and monomers, and introduced an additional monomeric

species (one in which an ammonia molecule has replaced
ethylamine) to explain the dependence upon ammonia concen-
tration. O'Reilly and Tsang (58) have sought to explain

the temperature dependence of these solutions in terms of the
combined action of solvent-molecule polarizability and an
expansion of the monomer with temperature.

Ottolenghi and co-workers (59) have assigned the V band
to the monomer and the R band to a dimer for metal solutions
in ethylamine. This assignment is based upon the observed
constancy of the ratio of DESO my t© Pgso mu for both
potassium and rubidium in ethylamine, where D is absorbance.
They also observed that the decay of the EPR absorption
closely followed that of the V band for solutions of potas-
sium in ethylamine. Similar results for the ratio Dgoo mu

to D have been reported by Ottolenghi and Linschitz

1000 mpu
(18) in both the original and in photo-regenerated potassium
and rubidium solutions in ethylamine.

It has been shown conclusively by Dye, Dalton, and
Hansen (60) and by Dalton et al. (57) that the species
responsible for the V band and that giving rise to the hyper-

fine splitting (monomer) are not the same. Their arguments

are based upon determination of spin concentrations, opposite



16

changes in V band absorbance and number of spins as a func-
tion of temperature, dependence of spin concentration of

the hyperfine species and the absorbance of the V band upon
ammonia concentration, and the kinetics of decémposition.
The latter was found to yield a D650 to D850 ratio of nearly
unity for potassium in ethylamine (57) and for extensive
kinetic studies (61) of alkali metals in EDA. Thus the
nature of the V species is still largely a matter of con-
jecture, but it is not the same as the species observed by
EPR.

Ottolenghi and co-workers (62) demonstrated a large
shift of the maximum of the R band towards the blue with
temperature for solutions of potassium, rubidium, and cesium
in ethylamine. Such a shift is not consistent with the
previous assignment (52) to the lz:'e—-lz; transition of an
alkali metal dimer. Recent measurements on the spectra of
gaseous Rby and Csz show that the absorption should probably
be assigned to the *m, 4%-12; transition shifted to lower
energies by the interaction with solvent (63). Alternatively,
the intermediate absorption could be due to another type of
species.

Anbar and Hart (64) have studied the properties of an
electron-pulse-generated species in ethylenediamine. They
observed only one band with a maximum at 920 mp and a two
usec. half-life, and attribuyted this to the solvated electron.

This does not agree with the earlier assignment based on
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spectra and conductivity (50-52) . Recently, this system has
been re-examined (102) and the earlier peak was found to be
an artifact of the measuring technique. The absorbance of
the transient produced by pulse radiolysis rises continu-
ously from 700 mp to the limit of the method (~1100 my).
This strengthens the assignment of the IR band to the sol-

vated electron.
C. Radiation Chemistry

Historically, the evolution of gas from agueous solu-
tions containing radium salts was one of the earliest
radiation-induced chemical reactions to be observed and
studied. Both oxidation and reduction of dissolved substances
were observed, and as far back as 1914, Debierne (65) suggested
that free radicals from the water might be responsible for
the chemical action of radiation.

In 1959, Barr and Allen (66) showed that the hydrogen
"atom" (H ) formed in the radiolysis of neutral aqueous
solutions containing hydrogen, oxygen, and hydrogen peroxide

by oxidation of hydrogen
OH + Hx —> H' + Hp0 (14)

reacts with oxygen much faster than with hydrogen peroxide,
while for solutions containing only oxygen and hydrogen
peroxide, the rates of reaction with hydrogen "atoms" pro-

duced by water radiolysis are comparable. They concluded
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that the two types of hydrogen atoms were different, and
that one was atomic hydrogen and the other an acidic or
basic form of the hydrogen atom. The pH dependence in the
radiolysis of aqueous systems provided further evidence for
this hypothesis (67,68) . The species present in acid solu-

tion, H,, can be formed from Hy, by
+
H,b + HsO0 —> Ha (15)

This reaction has a pK value of about 3 (69). H; was elimi-
nated as a kinetically important acid form by Czapski,
Jortner, and Stein (70) who produced H atoms by electrode-

less discharge and showed that the reaction
H + HpOp — OH + H0 (16)

was unaffected by pH from 1-13. A number of experiments (71)
showed H' to be atomic hydrogen, and Czapski and Schwartz
(72) utilized the kinetic salt effect to demonstrate that
the reducing radical produced in the cobalt-60 radiolysis of
water has a unit negative charge and may be considered a
solvated electron. Recent work using pulse radiolysis con-
firming these results has been reviewed by Matheson (73).
Hart and Boag (2,3), using a pulsed beam of electrons
to irradiate pure deaerated water, observed a transient
absorption band peaking at 7200 ®. since the spectrum was
suppressed by known electron scavengers, such as H30+, Oz,

and NpO, and resembled the absorption bands of the solvated
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electron in liquid ammonia and methylamine, it was identi;
fied as that of the hydrated electron. The results of Keene
(4) confirmed these observations. The probable existence
and properties of the hydrated electron had been predicted
earlier by Platzman (74). Since its discovery in 1962, a
number of the properties of the hydrated electron have been
determined and are summarized in Table I.

The initial effect of ionizing radiation on pure liquid
water is to strip off electrons from the water molecules in
the path of the beam. It is believed that the products of
radiolysis (e;q, H, OH, H30+, OH , H.0», and Hp) are formed
within 1078 sec. What probably happens before this time has
elapsed is reviewed by Spinks and Woods (71) and will not be
discussed here. A number of investigators include activated
water molecules, HoO0", in the list of initial radiation
products (75). The existence of holes or positive polarons,
H20+, has been discussed by Moorthy and Weiss (76) in the
irradiation of frozen aqueous solutions at 77° K, but their
presence in liquids has not been demonstrated.

Reactions of the hydrated electron are numerous, and
a recent review by Anbar (9) discusses a number of them in

detail. The reaction

Caq + H-O — H + OHaq (17)

is of particular importance to the radiation chemist. A

summary of rate constants for the reactions that occur
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Table I. Properties of the Hydrated Electron®

— ——
— ——

Amax 7200 & (1.72 e.v.)
Molar extiﬁction coefficient at 10,600 (+ 10%) M *cm-?t
5780
at 7200 & (max.) 15,800 M~tcm-?
f = oscillator strength 0.65
Charge -1
PK, (eaq + HoO = H + onaq) 9.7
Hydration energy (calc.) > 1.72 e.V,
fo] - +
E (eaq + HaO, —>» & Hp + Hp0) < 2.67 volts
T4 (pure water at pH 7.0) 780 psec (Ref. 10)
Diffusion constant 4.5 x 105 (&£ 15%) cm?®/sec

Mean radius of charge distribu- 2.5 - 3.0 &
tion (calc.)

Ge- (in neutral water) 2.6
ag

*
From Matheson (73).
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between many of the primary radiolysis species, taken from
Matheson (73), is presented in Table II. Since Reaction
17 is slow, it does not interfere appreciably with these
reactions.

The reverse of Equation 17,
H+ OH — g + Hz0 (18)

has been studied in detail (77,78) and a rate constant of
2.2 x 107 M~'sec~! obtained (78) . Combining this with the
value of 16 M~t*sec~! (10), obtained for Reaction 17, gives

a pK, of 9.6 for the equilibrium

eaq + HO0 = H + OHaq (19)

It has been proposed that e;q reacts with Bronsted acids
following the Bronsted general acid catalysis law (78).
Anbar (9) has reviewed evidence contrary to this hypothesis
and suggested instead that the electron is incorporated into
the acid to form an AH radical, which may subsequently
undergo decomposition.

In addition to Reaction 17, e;q may disappear by the

bimolecular process

Cag + ®aq — Hp + 20Haq (20)

It has been shown conclusively (77,79) that this reaction
produces molecular hydrogen, and that the hydrogen produced

does not originate from the recombination of two H atoms or



22

Table II. Rate Constants in Pulse Radiolized Water
- ——
Reaction pPH Rate Constant (M lsec-?)
- + 10
2. eaq + Haoaq —» H + HoO 2.1-4.3 (2.07 = 0.08) x 10
- - . 10
3. eaq + H0- —» OH + onaq 7 (1.23 £ 0.14) x 10
4. ejq t ®aq > Ha * 20H,, 40.9 (0.9 % 0.15) x 10%©°
- = 10
6. e;q + OH — OH; 10.5 (3.0 £ 0.7) x 10%°
- - Hz0 - 10
7. eaq + oaq === » 20Haq 13 (2.2 £ 0.6) x 10
- = 7
8. H + ouaq —= eaq + H-0 11.6 (1.8 £ 0.8) x 10
9. H+ H—>H> 2.1 2 x 10*°
10. H + OH — H-0 3 (0.7 - 3.2) x 10%*°
11. H + H,0- = OH + H0 2.1 (9.0 £ 1) x 107
12. OH + OH —>» H,0> 7 (1.26 £ 0.16) x 10*%°
13. OH + Ho —» H + H20 7 4.5 x 107
14. 0, * Ha = H + OH__ 13.3 (8 + 4) x 107
15. OH + Hs0> —> Ho0 + HO> 7 4.5 x 107
+ - 11
16. Hsoaq + OHaq —>» 2H-0 7 1.43 x 10

*From Matheson (73)
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from e;q and H in a cage. The exact mechanism of this ra-
action is not clear. Anbar (9) has speculated that it might
proceed through an intermediate hydride ion, H , since
hydride ion formation is thermodynamically feasible and H
re;cts with water at a diffusion-controlled rate.

Optical absorption spectra of the solvated electron
have been reported for a number of liquids other than water.
Sauer, Arai, and Dorfman (80) discuss the absorption spectra
and yields of the solvated electron in the aliphatic alcohols
by pulse radiolysis and the y-radiolysis of ethanol is con-
sidered by Myron and Freeman (81). The results of Anbar and
Hart (64) in ethylenediamine have been discussed previously
(Ssect. II-B). A reversible increase in the conductivity of
liquid ammonia during y-ray irradiation has been reported
by Ahrens, Suryanarayana, and Willard (82) and an optical
spectrum attributed to the solvated electron in ammonia was
recently reported by Compton and co-workers (83). Other
solvents, along with some theoretical correlations, are

reviewed by Dorfman (8).
D. The Stopped-Flow Method

The stopped-flow method of Chance (84), as modified by
Gibson (85), has been used by a number of investigators
(86-88) to study moderately fast reactions with half-times
from two milliseconds up to 100 .seconds, and requires rela-

tively small amounts of reagents. Precision is usually good
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(~5%), and the method only requires a rapid measurement of
concentration changes.

When this technique is applied to systems exhibiting
a color change during the course of reaction, several dif-
ficulties arise. It is generally not possible to study
intermediates, or simultaneous reactions of species whose
spectral bands are close together. For the most part,
studies involving changes in absorbance as a function of
time using this method have been carried out at one, or at
most two, wavelengths at a time. On the other hand, the
continuous flow method (87) requires a precisely known flow
velocity and rather large amounts of reactant so}utions.

The advantages to be gained from the ability to scan
a large spectral region in a short period of time, have led
to the development of several rapid-scanning monochromators
(89,90) . 1Incorporation of one of these (89b) into a stopped-

flow system is discussed in Sect. III-G.



III. EXPERIMENTAL

A. General Laboratory Techniques

1. Glassware cleaning. The items were first rinsed

briefly with a hydrofluoric acid-detergent cleaning solu-
tion (5% hydrofluoric acid, 33% concentrated reagent grade
nitric acid, 2% acid soluble detergent, and 60% distilled
water, by volume), then ten times or more with distilled
water. Next, they were filled with fresh aqua regia and
heated to boiling, followed by ten more rinses with dis-
tilled water, then by several rinses and/or soakings in
double-distilled conductance water. After each use and a
preliminary cleaning, they were heated in an annealing oven

at 550° c before being cleaned as described above.

2. Vacuum technique. High vacuum techniques were used

wherever possible with well-trapped mercury vapor diffusion
pumps giving pressures between 10”° and 10-® torr, as read
on a calibrated ionization gauge. Dow Corning high vacuum
silicone grease was used on all stopcocks which came into
contact with liquid; Apiezon N grease was used elsewhere.
Apiezon T grease was used on movable tapers and ball joints,

and Apiezon W wax was used on all fixed joints.

25
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B. Metal Purification

Alkali metals of the highest purity commercially avail-
able were obtained from the following sources: sodium,

J. T. Baker; potassium, Mallinckrodt; rubidium, Fairmount
Chemical Company; cesium, a gift from the Dow Chemical
Company; and lithium, Lithium Corp. of America.

To obtain small lithium samples free from oxide and
nitride surfaces, the following procedure was used. A Caemco
Model 39 dry-box was evacuated and filled with high purity
helium (99.7%) which had been passed through an activated
silica gel column at liquid nitrogen temperature. The glass-
ware shown in Figure 1, a knife, a forceps, and a piece of
lithium that had been washed with benzene were put into the
dry-box airlock. After evacuation of the airlock and refill-
ing with helium, these items were taken into the main box.
The stopcock plug had been greased with Apiezon N grease and
was kept apart from the stopcock barrel. A small piece of
lithium, cut from the center of the larger piece, was placed
in the stopcock against the break-seal as shown. Next a
magnet sealed in glass was slipped into the stopcock, and
finally the plug was inserted and turned to spread the
grease. In most cases, the lithium would remain bright and
shiny in the dry-box, but the use of phosphorous pentoxide
as a desiccant seemed to help somewhat. The stopcock was
then removed from the dry-box, pumped down to better than

10-5 torr, and sealed off where the glass had been thickened.
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Figure 1. Lithium break-seal apparatus.
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The other metals were cleaned, cut, and then degassed
under high vacuum. Repeated vacuum distillations were used
to obtain small metal samples in sealed ampoules which were
used to make up metal solutions. Details of the techniques

required are given by Dewald (11) and by Vos (91).
C. Solvent Preparation

Ethylenediamine (Matheson, Coleman, and Bell 98-100%)
was purified in either of two ways. The first method (11, 50)
involved distillation at atmospheric pressure in a stream of
nitrogen, followed by reaction with alkali metals, and re-
peated vacuum distillations. 1In the second method (for which
we are indebted to Professor Paul Sears of the University of
Kentucky), EDA was purified in a large separatory funnel by
slowly freezing it and then melting and discarding the core
(see Figure 2). Pre-purified nitrogen (Matheson) was used
as a covering gas throughout this procedure. The process was
repeated at least four times and resulted in a pure product,
specific conductance = 10-7 ohm-'cm~!, without the diffi-
culties involved in distillation.

Following freeze-purification, the EDA was put over
sodium pieces in a flask (Figure 3 -~ flask no. 1) which had
been evacuated with a mechanical pump through a trap at 77°
K. When the bubbling had quieted down, small pieces of
lithium metal were introduced by turning the sidearm, and

a deep blue solution formed almost at once. The EDA was
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30

cutexl uotjedTyTand sutwerpaualdAyzd °¢ 2anbrg

S)sely & I°3TI-2

saoatd mz.dé 9

(D)

dumd ybnoax
pue dea3 of

umnoea ybTty oL




31

then cooled using an ice-water mixture and degassed with a
rough pump during freezing. Next it was thawed, allowed
to stand for about a day, and frozen again. After thawing,
the solution was pumped on with high vacuum and, from this
point on, only high vacuum was used.

The solvent was then vacuum-distilled onto a potassium
mirror which had been vacuum-distilled from the sidearm on
flask no. 2. It took about a day to distill all of the EDA,
and any hydrogen produced was pumped off from time to time.
At this point, stopcock A was closed and freeze-purified
EDA was again introduced into flask no. 1, and treated as
described above. The EDA in flask no. 2, which had remained
for about two days with potassium in solution, was next
vacuum-distilled into flask no. 3. Then the EDA in flask
no. 1 was distilled into flask no. 2, keeping stopcock B
closed except when pumping off the hydrogen. After the dis-
tillation into flask no. 2 had been completed, stopcocks A
and B were closed and the EDA in flask no. 3 was frozen,
degassed, and covered with specially purified nitrogen
(sect. III-D). The EDA in flask no. 3 was drawn off as
needed through stopcock C, and the EDA in flask no. 2 was
vacuum-distilled to flask no. 3 when necessary. Since the
metals were used up and the stopcocks gradually became
"frozen," it was necessary to clean and reassemble the en-
tire purification train for each double batch of solvent

prepared.
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D. Nitrogen Purification

Nitrogen (Matheson, pre-purified) was used as a cover-
ing gas for all liquids. It was further purified by passing
it over copper turnings in a tube furnace, through an
Ascarite column, a dry-ice trap, and finally a silica gel
column at 77° K in which some condensation occurred. This
nitrogen was then stored in two-liter bulbs on the vacuum

line.
E. Solution Make-up

Water solutions in ethylenediamine were made from
freshly distilled conductance water that was degassed by re-
peated freezing and pumping, and then vacuum-distilled.

Next it was either vacuum-distilled directly into a solution
make-up flask or was used to prepare fragile glass ampoules,
which could be used to make up water solutions of lower con-
centration. With proper care, solutions whose concentrations
were known to one part per thousand could be made up.

Complete details of these procedures are given in Reference 11.

Absolute methanol was distlled from a magnesium-
magnesium sulfate mixture and then degassed and vacuum dis-
tilled. Spectral grade absolute ethanol was distilled after
reaction with sodium metal, then degassed and vacuum-
distilled. A solution of ethylenediammonium chloride
(EDAH+C1-) was prepared by introducing a known amount of

hydrogen chloride gas (Matheson) into a solution make-up
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flask. An ammonium bromide solution was made using the
reagent grade salt. A cesium hydroxide solution was pre-
pared using a cesium mirror onto which water treated as
above was distilled. The concentration of cesium hydroxide
is uncertain because of the separation of a small amount of
a liquid-phase when EDA was added. These solutions were
made up as soon before a given run as possible, but could
be kept for as long as two months, if the flasks were suf-
ficiently leak-tight.

Metal solutions were made up immediately prior to each
run. The apparatus used is shown in Figure 4, which is
after Dewald (11). After attaching this apparatus to high
vacuum, a sealed capillary containing the required amount
of metal was broken open and dropped into the sidearm on
the metal make-up vessel, which was then pumped down to
petter than 10~5 torr. The metal was melted down into B,
and A was pulled off under vacuum. The metal was degassed
and the flask flamed until the pressure stabilized at better
than 10™° torr. Next, the metal was vacuum-distilled and
B was pulled off under vacuum. EDA was introduced, the
solution was stirred with the magnet sealed in glass, and
any hydrogen produced was pumped off. Nitrogen was then put
over the solution, about ten ml. were run into waste, and
then about 30 ml. were run into the decomposition vessel for
analysis. The metal-ethylenediamine solutions prepared in

this manner were stable from eight to 24 hours without
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visible evidence of decomposition at room temperature.
Metal concentration was determined by measuring the amount
of hydrogen collected from a solution decomposed with

ammonium bromide, since
NH.Br + M(in EDA) —= % H, + MBr + NHj

Lithium solutions could not be prepared as above, so
a different procedure was followed. After seal-off of a
lithium sample (Sect. III-B), the ampoule was carefully
sealed to the metal make-up flask in place of the melt-down
sidearm. After evacuation, the flask was filled with EDA
and nitrogen covering gas put in as well. The break-seal
was shattered only after the flask had been connected to
the flow apparatus. Lithium solutions prepared in this
fashion were not reproducibly stable, but did last as long
as necessary for a run (four hours) in two of the three

lithium runs.
F. Fixed Wavelength Stopped-Flow Apparatus

Only a brief description of this apparatus, shown
schematically in Figure 5, will be given here, since con-
struction details of a similar apparatus are given by
Dewald (11) and elsewhere (92). The entire system, includ-
ing syringes, could be pumped down to better than 10™* torr.
Only one concentration of the metal solution was used in a

given run, while up to five concentrations of the more
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stable solutions could be prepared in separate vessels and
attached to the system. Dilutions with pure solvent were
made with a thermostatted buret, and the solutions thoroughly
mixed in a thermostatted vessel using a magnet sealed in
glass. The syringes were also thermostatted using plastic
jackets sealed with O-rings. The thermostatting fluid was
circulated by a Lab-Line Hi~Lo Tempmobile.

The solutions were delivered via heavy-walled capillary
tubing to their respective syringes. Pyrex ball joints were
sealed to the syringes using uranium glass as an intermediate.
Three-way high-pressure, vacuum-ground stopcocks, originally
made in Germany but also available from H. S. Martin Co.,
were then turned to the mixing chamber and a lever depressed
which pushed the syringes. A four-jet Plexiglas mixing
chamber, which had four inlet holes of 0.5 mm bore each
arranged almost tangentially about a 1.0 mm central hole, was
used. This cell is capable of a mixing efficiency of better
than 98% in two milliseconds, as measured by an acid-base
reaction. The mixing cell was mounted upright to eliminate
bubbles. It was gradually attacked by the solutions, and
hadi to be changed every few runs.-

To eliminate this difficulty, a four-jet Pyrex mixing
chamber of 1.0 mm i.d. was constructed from precision-bore
heavy-walled capillary which had been ground and polished by
Precision Glass P;oducts Co., Oreland, Pa. This cell was

constructed by the University Glass Shop as follows: First
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a steel template was machined so that four heavy-walled
capillary sidearms of 0.5 mm i.d., when sealed to the
central tube would have their bores arranged almost
tangentially around the central hole and make an angle of
about 105° with the capillary. The sidearms, closed at the
end, were sealed to the central tube one at a time, taking
care that the template remained hot during the process.

A tungsten rod ~ 0.5 mm in diameter was twisted almost into
the central tube using the radiant heat from the rod to
soften the glass ahead of it. The hole was completed from
above and the procedure repeated. Then the central hole
was closed by melting a fitted glass rod which rested on a
tungsten rod that had been inserted through one of the side-
arms, and finally this area above the mixing chamber was
flattened using a carbon rod. These cells were found to
perform as well as the plastic cells.

Since Pyrex is not suited for work below about 320 my,
two cells were constructed from fused quartz by W. A. Eberhart,
Windsor, Ontario. The basic design is similar to that
described above, but the holes into the central tube were
precision drilled. The cost of these cells is at least ten
times that of the Pyrex cells.

When flow was stopped by the filling of a third syringe
against a metal plate, a micro-switch triggered the time
base of a Tektronix Model 564 Storage Oscilloscope. The
vertical deflection on the scope produced by the output of

the photomultiplier (RCA 7102 or 6199, depending upon
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spectral region) was proportional to the light intensity
over at least two decades. The trace was then photographed
using a Polaroid camera with type 146L transparency film.

Sample traces are shown in Chapters IV and V.
G. The Rapid-Scan System

The principal component of the spectrometer, shown
schematically in Figure 6, is a Perkin-~Elmer Model 108 Rapid
Scan Monochromatof. This instrument with appropriate prism
is capable of scanning a selected spectral region between
0.2 and 10 p, with from three to 150 scane& per second.
External controls permit selection both of the interval to
be scanned and the center of scan. Different scanning speeds
are obtained either by interchanging gears or with a two-
speed switch. The spectral scan is produced by a modified
double-pass Littrow system with a rotating tilted mirror.
The s8lit is 12 mm high, with bilateral adjustment from zero
to two mm, and the monochromator has an effective aperture
of £/5. A photograph of the system is shown in Figure 7.

For the present application, a fused quartz prism was
used, which can give a usable range with appropriate source
and detector of from 0.2 to 2.5 u. A sine sweep generator
is incorporated into the monochromator, and should produce
an output voltage proportional to the tilt angle of the
nutating mirror to drive the horizontal input of an oscillo-

scope. The display produced should have a linearity
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Photograph of rapid-scan system.

Figure 7.
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approaching the wavelength calibration curve of the prism,
but, in fact, is non-linear because of a distorted sine out-
put. Initial difficulties prevented superposition of the
forward and reverse scans so that the signal could be used
for triggering purposes only. Even this arrangement was not
entirely satisfactory because noise on the synch signal
caused random fluctuations in the triggering level. This
led to an apparent shift in the spectral peaks under study.

The instrument has so far been used only over the
range 0.4 to 1.1 pu. For this purpose a Bausch & Lamb source
employing a tungsten-iodine lamp with a quartz envelope was
used. As shown in Figure 6, the light after leaving the
monochromator, impinges on a stacked mirror beam-splitter
(from a Bausch & Lomb Spectronic 505 Spectrophotometer) .
The spherical focusing mirrors in this beam-splitter were
replaced by two of longer focal length (98 mm) obtained from
Karl Lambrecht Co., Chicago, Ill. The parallel beams are
focused on the centers of the flow cell and on a reference
cell, if desired, and then strike two photomultiplier tubes
(RCA 6199 or 7102) . The anode currents, which have been
balanced as well as possible over the region of interest,
are next fed into the log circuit.

The log circuit consists of a high impedance input
amplifier, a dual logarithmic transconductor, an operational
output amplifier, and a power supply. These components are

available from Philbrick Researches, Inc. (Model nos. P25A,
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PL1-P, P65AU, and PR-30C, respectively). This circuit pro-
duces an output voltage that is directly proportional to

the logarithm of the ratio of the current from the reference
phototube to that of the sample, and hence to the absorbance
of the sample. The signal shape and absorbance are inde-
pendent of photomultiplier voltage and of slit width, within
limits set by low light intensity and spectral bandpass.

The typical noise level for a well-resolved spectrum is five
mv. peak-to-peak as measured on an oscilloscope.

The output voltage, adjusted to one volt per absorbance
unit, is equal to absorbance from-~ 0.01 to at least two
absorbance units. Figure 8 shows a comparison of the spectrum
of potassium permanganate taken with a Cary Model 14 Spectro-
photometer and with our system. Figure 9 shows a test of
Beer's Law for potassium permanganate in a one cm cell made
with both the Cary 14 and with our apparatus. Also shown
here are the results at higher concentration using a 1.0 mm
capillary tube and the rapid-scan set-up. The capillary tube
must be carefully masked in order to obtain reproducible
results and avoid scattered light.

During a run, all pertinent data are stored on magnetic
tape using an Ampex SP-300 FM Direct Recorder/Reprodlucer.
Four channels are used as shown in Figure 6. The output of
the log circuit, the synch signal from the monochromator, a
triggering pulse, and an audio signal are each recorded on a

separate channel and at least the first three by the same head.
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