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Abstract

' f
The optical absorption spectrum of the solvated electron has been

determined,  at room temperature, in several amides and amines.     The

abhorption maxima are found to be: N,N-dimethylformamide, 1680 nm;

N,N-dimethylacetamide, 1800 nm; N,N-diethylformamide, 1775 nm; dimethyl-

amine, 1950 nm; 1,2-propanediamine, 1500 nm.  The results for these

amides are not in accord with an empirical correlation of such data
--

recently proposed by Freeman. The general spectral grouping of the

absorption of es in a variety of liquids with type of compound is

discussed.  Rate constants have been determined for reactions of ei

in   ethanol with formamid.e., N-methylformamid.e,   and   N, N-d imethylformami.de.

The values are respectively 1.8 x 108 M-1 sec-1, 2.2 x 108 M-1 sec-1,

and 1.1 x 109 M-1 sec-1.
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Introduction

Experimental surveys of the spectrum of the solvated electron in various
types of liquid have indicated '  a marked spectral grouping of the absorption

23

-         maxima with type of compound. Although there is considerable overlap of these
4

1 spectral groupings, the maxima for the aliphatic alcohols  are found mostly1

5                                                                                                                                     6

in the visible to the near infrared;  the maxima for the ethers  are in the
3.7

region 1800 to 2300 nm; several amines which have been reported '  are in
the region from about 1300 to 2000 nm.  These observations seem to indicate
that molecular structure, in terms of functional groups in the molecule, isindeed an important factor8 (along with the dielectric behaviour of the liquid)
contributing to the optical properties.

This paper contains results for the spectrum in three amides, two of which
€

9have been the subject of a recent report  with which our results are sharply atvariance.
These reported spectra in the amides have a special bearing on the                matter of spectral grouping. Spectra have also been determined in two amines

and in a hydroxy ether. Kit. 3tics of reactions  of the solvated electron  in
enthanol with several of these compounds have been invegtigated and rate                   %constants determined.

t
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Experimental

10
As in earlier work, a Varian V-7715A electron linear accelerator was

the source of the 4 MeV electrons.  This accelerator is capable of generating

either pulses of from 10 to 80 nbec duration, with a beam current of 600 mA,

ot pulses of from 100 to 1400 nsec duration, with a beam current of 325 mA.

In general,.the shorter, higher intensity pulses were used when the species

under observation had lifetimes of less than about 1 Bsec.  The 200 nsec,

325 mA pulse delivers a dose of approximately 1.2 x 101   eV/g in water.    All

experiments were conducted at ambient room temperature (23 f 2'C).

The radiolysis cells were made of fused quartz, with optical windows of

high purity silica. Cells of three different sizes were employed in this work.

Liquids which absorbed the analyzing light only weakly in the wavelength region

of interest were irradiated in cells having optical paths of 20.0 mm.  When

stronger optical absorption by the liquid was encountered, cells having optical

paths of either 5.0 mm or 3.0 mm were needed.  These cells were connected to

pyrex storage bulbs, which were equipped with Teflon stopcocks and Teflon-seal

j oints to allow connection   tb   a vacuum system.

A 500 W flashed xenon arc lamp was the source of the analyzing light

beam. Appropriate Corning glass filters were·placed in the optical path

before the cell to prevent photolysis of the sample, and in front of the

monochromator to eliminate second-order diffraction and scattered light effects.

Fast optical absorption spectrophotometry was used both to monitor the kinetics

and to map the spectra of the transient species.  Transient absorptions

could be monitored in the wavelength region 230 to 2300 nm with submicrosecond

time resolution.  Five-nanosecond time resolution was possible at wavelengths

below 1000 nm The optical detection systems employed in this laboratory have
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6 11
been described in·detail elsewhere. '

Formamide and N,N-dimethylformamide were both reagent grade from Fisher

Scientific Company.  N-methylformamide, N,N-diethylformamide, N-methylacetamide,

N,N-dimethylacetamide, N-methylpropionamide, dimethylamine, and 1,2-propanediamine

were obtained from Eastman Kodak Company.  Absolute ethyl alcohol, U. S. P., was

'from Commercial Solvents Corporation; the 2-methoxyethandl was from Union

Carbide Corporation.

Each of the amides was dried with Linde (Union Carbide) molecular sieve

and distilled at reduced pressure under argon.  The 2-methoxyethanol was distilled

at 1 atm  first from an acidic 2,4-dinitrophenylhydrazine solution and then

from sodium.  The ethanol was distilled from a sodium ethoxide solution under

an argon atmosphere.  The 1,2-propanediamine was refluxed for several hours

with'potassium under a nitrogeh atmosphere. and then distilled.  The dimethylamine

was purified by means of two vacuum distillations.  All of these liquids, except

for dimethylamine, were degassed immediately after distillation by subjection

to at least two freeze-pump-thaw cycles and were stored under vacuum in the

dark until needed. The dimethylamine was degassed before the vacuum distillations

were carried out.  Both the dimethylamine and the 1,2-propanediamine were

vacuum distilled into Pyrex storage flasks containing mirrors of triply-distilled

potassium at least 24 hours, but not more than 48 hours, before they were to

undergo irradiation. All samples to be irradiated were introduced under vacuum

into the Pyrex reservoirs to which the radiolysis cells were connected.

For  a typical experiment with ethanol, 2-me thoxyethanol,    c r the amines,

apprdxibately 35 to 45 ml of liquid were used. After each electron pulse,

the irradiated liquid was mixed with that in the reservoir to dilute any

stable radiolysis products that may have been formed. The dilutions were always
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at least 15-fold or greater, since the approximate volumes of the cells having

20.0,  5.0,  and  3.0 mm optical paths were  2,  1,  and  0.6 ml, respectively.

No reservoir sample was ever subjected to a total of more than about 60 pulses,

and over the course of any experiment no change was perceptible in.either the

yield or the decay kinetics of the optically absorbing transient species in

these liquids.

Experiments with the amides were more diffult to conduct because of the

relative ease with which the amides decompose upon irradiation. The decomposition

products were found to affect the yields of the transient species, as well as

their ·rates of decay,   both in formamide   and in N,N-dimethylformamide. Therefore,

each sample of amide was irradiated only once, after which it was discarded.

The cell in which a liquid amide was irradiated was always connected to two

100 ml Pyrex bulbs.  One of these served as a reservoir for liquid which had

not yet been irradiated; the other was· used to contain liquid after it had

been irradiated.  Following each electron pulse, the contents of the radiolysis

cell were emptied into the waste bulb, and the cell was refilled from the

reservoir bulb.  This procedure was followed until all of the liquid initially
«

contained in the reservoir had been irradiated.

Results and Discussion

Spectrum  of  e I in Liquid Amides

The optical absorption spectrum of the solvated electron has been

determined in each of three amides: N,N-dimethylformamide (DMI'), N,N-dimethylacet-

amide (DMAd), and N,N-diethylformamide (DEF).  Shown in Fig. 1 a$e the room

temperature spectra in these amides over the range 800 to 2100 nm.· The wave-

lengths at which the absorption maxima occur are:  DMF, 1680 * 30 nm; DMAd,
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1800 E 50 nm; DEF, 1775 * 150 nm.

The data from which our opti
cal absorption spectrum of e

- in DMF has'
S

been determined are presente
d in Fig. 2, extending from 

550 to 2100 nm.  As

.-

indicated in Fig.  2, this spectrum is a composite of results obtained in

three separate experiments. 
 This absorption band, havin

g a maximum at 1680 nm,

can be eliminated by saturation of the DMF with N20 at a pressure of 1 atm.

In the presence of anthracen
e (10-2M) the 1680 nm band i

s also eliminated

and the spectrum of the anth
racene radical anion is obse

rved instead.  Both

high reactivity toward N20 a
nd reaction with.aromatic hy

drocarbons such as

anthracene to form aromatic 
radical anions are, of cours

e, typical of the.

solvated electron.

Low signal-to-noise ratios i
n DEF, primarily the result 

of low optical

densities due to decay of th
e short-lived e  during the 

electron pulse, were

responsible for the large un
certainty in the location of

 the optical absorption

maximum for the spectrum of eA in that amide.

In an earlier publication, H
ayashi et al.   have reporte

d the observation

of ei in both DMF and DMAL
They  identified bands with maxima at 650 nm and

625 nm in DMF and DMAd, resp
ectively, with the solvated 

electron.  As the   «

spectrum in Fig. 2 shows, th
ere is no indication, in our

 work, of any optical

absorption maximum at 650 nm in DMF, the location of Juax reported by Hayashi

et al. 9 Our determination of these absorption maxima differs  from the values

9which they reported by about  1000  nni                                -

Our new spectral data suggest  that  in the amides,  as  in. the alcohols,

ethers, and amines, grouping
 of e  optical absorption ba

nd.s by class of

compound may occur. The range of J  values in the amides, including the
ax

est:imated uncertainties, is from 1650 to 1925 nm. The locations of the
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absorption maxima for ez in numerous polar liquids, including the amides, are

illustrated in Fig. 3.

The e  spectra in the amides give some indication of the relative

importance of the structural class of the molecules of the solvating liquid,

compared to its bulk dielectric properties,  in determining the location of

1   .  From Fig. 3 the absorption maxima of the eI spectra in the amides can
max

be seen to be located entirely within the spectral region characteristic of

es in the amines. The optical properties of ez in the amides thus appear to

be similar to those in the amines, despite the much higher static dielectric

constants of the amides.  The hydroxy  compounds, which have dielectric constants

closer to those of the amides, have e  spectra in an entirely different region

(see Fig. 3).  In DMAd, which has a room temperature static dielectric

12
constant of 40.2, A is located at 1800 nm; in 1,2-ethanediol, which hasFla X

a similar dielectric constant (37.7 at 25°c), jnax13      is at 580 nm. 4

13
Recently, Freeman has proposed an empirical correlation of the optical

absorption maximum of e  (expressed as a transition energy,  EmaK) with a term
13 14

which involves the Kirkwood correlation parameter  '   and the dielectric
---

constant. A basic premise of this correlation is that short-range interactions

are of considerable importance in determining the value of Ffn  -  Theax

empirical correlation was developed to fit spectral data for e  in a number of

amines, ethers, and alcohols, as well as in ammonia and water.  Our data for

Emax in the foregoing amides are not at all in accord with this correlation.

13
The parameter which Freeman has used to reflect the structure in liquids

13·14is the Kirkwood correlation parameter, gK '  from the equatioh   '

[(Ds-1)(2Ds+1)/9Ds](M/d) = (4*N/3)[a»(4<112 /3kT)]

where D  is the static dielectric constant of the liquid, M is the molecular
S
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weight,  d is the density, N is Avogadro' s number, a· is the optical polarizability,

  is the molecular dipole moment, k is Boltzmann's constant, and T is the

absolute temperature.  A value of gK greater than unity indicates a greater

Polarity in microscopic regions of the liquid than would be expected from

the molecular dipole moment. Freeman has suggested that this enhanced13

polarity should increase Emax

The   term with which Freeman has correlated  E ax is Dsdg yp, where a,
P

is the polarizability of the polar group in the solvent molecule.  Fig. 4

shows a plot of E versus Dsdg   for the various liquids which Freenan13
max

has considered.  Clearly, the correlation fails in the case of the amides.

The primary problem with the correlation term seems to be that the values

of Ds are considerably larger for the amides than for other liquids having

similar E values, and no other parameters compensate for this difference.max

For the amides, therefore, the importance of short-range interactions associated

with the functional group relative to long-range ones dependent upon DS is not

correctly represented in the correlation term.

Spectrum of e  in Amines              )

Shown in Fig. 5 are the optical absorption spectra of e  both in

dimethylamine    (DMA)   and   in 1, 2-propanediamine   ( 1,2-PDA)   at room temperature.

The optical absorption maxima are at 1950 * 50 nm in DMA and at 1500 * 50 nm

in 1,2-PDA.  Both of these
1 values are within the dpectral region characteristicmax

of e8 in ·other amines.  As in the other diamines for which 25 absorption maxima  -

have been reported (ethylenediamine,7 1360 nm; 1,3-propanediamine,3 1500 nm),

Amax  in 1,2-PDA occurs  at a somewhat shorter wavelength  than  in the monoamines

15(diethylamine,3 2050 nm; DMA, 1950 nm; ethylamine,   1800 nm).
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Spectrum of eQ in 2-Methoxyethanol

The absorption spectrum of es in 2-methoxyethanol at 23'C, over the

range 350 to 1300 nm, is presented in Fig. 6. The location of X is 745 * 30 nm.max

Hentz and Kenndy-Wallace5 have reported the maximum of the e  absorption band

.in :this liquid at 300 C to be 740 nm. Our result is thus in agreement.

The  width at half-height  o f  the  band is found  to be  13,300 cm-1  rather

6

more like the bands of e . in the alcohols than the ethers,  where the wi
dth at

half-height is on the order of 4000 cm-1. The molar extinction coefficient

at the maximum, determined from dosimetry and formation · of anthracenide   ion

is  estimated to be  1.3 ·x '104 M-1  cm-1. The location  of X at 745 nia, wellmax

within the alcohol range, indicates that the spectral properties of e  in

2-methoxyethanol are strongly dominated by the alcohol functional group.       '

Reactions of e- in Ethanol with Amides
S

Our attempts to generate observable concentrations of e- in several amides
N. wtettu feopw,bwITAe

other than those already mentioned, namely, formamide, N-methylacetamide

(NMAd), and N-methylpropionamide (NMP), have not been successful.  The

observability of the solvated electron will depend upon its lifetime in a

particular liquid and the time resolution of the experiments.  Fel, Dolin,

.16
and Zolotarevskii have suggested that some guidance as to the lifetime might

be gained from the value of ;;he rate constant for reaction LE e-  with the        5aq

16.17
particalar compound.  Rate constants

'

of about 4 x 107, ].. 5 x 107, and

5 x 107 M-1 sec-1 have been teported for reaction with formamide,  NMF,  and

DMF, respectively.
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The bimolecular rate constants which we have
 determined for reactions

of the electron solvated by ethanol with the
 same amides are 1.8 x 108,

2.2 x 108, and 1.1 x 109 M-1 sec-1 for forma
mide, NMF, and DMF, respectively.

Our bimolecular, rate constants were obtained from the slopes of plots of the

observed pseudo-first-order rate constants for the decay of es, monitored

at 700 nm, versus concentration of added ami
de.  The amide concentrations

ranged from 3 x 10-3 to not more than 3 x 10
-2 K

The rate constants which we have determined 
for these reactions of ez

in ethanol are all considerably larger than 
those for reactions of eaq

with the same amides. For NMF and DMF the differences are greater t
han an

order of magnitude.  This dependence of reac
tivity on the solvating liquid is

further illustrated by the lifetime of eI in
 pure DMF.  If the electron were

to react with the DMF in which it is solvate
d with the same rate constant as

did the electron solvated by ethanol, then i
ts half-life would be less than

50 psec.  However, the experimentally observ
ed half-life for e- in DMFS

was approximately 1 Bsec. These results indicate that the rate with wh
ich

the electron will react with an amide depend
s upon the liquid in which the

electron is solvated, and may therefore not 
be useful as a guide toward

estimating the lifetime in,the pure liquid.

«/
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Figure Legends

Figure 1.  Optical absorption spectra at room temperature of the solvated

electron in liquid amides. DMF .....
,   DMAd - - -,   DEF - .

Figure 2.  Optical absorption spectrum at room temperature of the solvated

electron in DMF showing individual data points.  Each separate

point represents individual experiments with separate samples;

v represents a superposition of such separate experiments.

Figure 3.  Optical absorption maxima for the solvated electron in various

liquids   at room temperature: - hydroxy compounds    (- 4-  are   for

water and 2-methoxyethanol) ;-- ammonia and amines; ---amides;  .·-

•a••  ethers.

Figure 4.  Correlation of Freeman for transition energy for spectrum of e 

with liquid properties. E is plotted against Dsdg ip·   0,max

various liquids   at d ifferent temperatures ; 0, amides.

Figure 5.  ®tical absorption spectra at room temperature of the solvated

electron in amines. 0, 1,2-PDA; 0, DMA.

Figure 6.  Optical absorption spectrum at room temperature of the solvated

electron in 2-methoxyethanol.  The width at half-height is 13,300 cm-1.

.-
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