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1. INTRODUCTION 

Dans ce travail nous présentons les résultats obtenus au cours 

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

I divers milieux ainsi qu'une étude des interactions électron - ion I 

l alcalin en solution. 1 

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

1 
l 

l de l 'électron solvaté produit par  radiolyse pulsée dans les mélanges 1 
eau-ammoniac e t  eau-éthylenediamine. Leur variation en fonction 

de la composition du solvant a été étudiée. Nous avons parallèlement 

étudié les spectres de solutions de métaux alcalins dans l'éthylène- 

diamine. Le spectre d'absorption de ces solutions montre l 'existence 
l 
1 

de plusieurs espèces. L'une d'entre elles es t  l 'électron solvaté e t  

son spectre es t  identique à celui dbtenu par r ach~ lyse  pulsée, l 'autre 

e s t  dépendante du métal. L'électron solvaté es t  en équilibre avec 

l 'espèce dependant du métal. La cinétique de la réaction entre l 'électron 

solvaté e t  l 'ion sodium a été étudiée dans l'éthylenediamine par  radio- 

lyse pulsée. 

Ce travail e s t  divisé en deux parties. La p remi i r e  traite du spectre  

de l 'électron solvaté et  de l 'interprétation des variations spectrales 

en fonction de la composition du mélange. Un nouveau modèle e s t  
I 

proposé. La seconde partie présente l es  résultats obtenus dans les  

solutions métal-éthylenediamine sur  l es  interactions électron - ion alcalin. 

1. 1 ,  Première  partie. 

L'interprétation des spectres de l 'électron solvaté a fait l 'objet de 

nombreuses publications. Un certain nombre d'entre elles donnent 
1 

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

Nous présentons une méthode empirique d'analyse du ipectre dtabsorp- 
l 

tion utilisant les  moments expérimentaux. Les momeqts théoriques 

peuvent ê t re  évalués à par t i r  de l'hamiltonien du syst)ime et  de la  
i 

fonction d'onde de l 'état fondamental. La comparaison entre l e s  

quantités expérimentales e t  théoriques permet de connaître l es  divers 

paramètres  introduits dans le  modèle microscopique de la solution. 



Cette méthode de calcul e s t  testée dans le  cas  de solutions 

de métaux dans l 'ammoniac liquide. Elle s e r t  ensuite à 

in terpré ter  l e s  variations du spectre de l 'électron solvaté 

dans l e s  méla.nge s eau -ammoniac e t  eau -é  thylenediamine. 

Dans le  cadre d'une étude des m ~ d è l . ~ s  de solutions, nous 

avons réal isé des spect res  Raman de solutions métal-ammo - 
niac afin de varif ier  une théorie qui prévoyait qu'un mode de 

vibration de l a  cavité sera i t  actif en Raman dans la région 

50 - 200 cm- l .  

1. 2. Deuxième pa-tie. 

Les spect res  d'absorption des métaux alcalins dans l e s  amines 

sont différents de ceux qu'on observe dans l 'ammoniac. Pour 

les  expliquer, les  espèces M', M,  M -  e t  e -  sont postulées. 

Nous avons étudié le  spectre de Na- qui e s t  l 'espèce prépon- 

dérante dans l e s  solutions de sodium dans i'éthylenediamine et  

nous avons déterminé son coefficient d'extinction. Pour  les  

aut res  espèces nous avons m i s  en évidence l 'existence d'équilibres. 

La cinétique de la  réaction ~ a '  et  e -  a été étudiée pa r  radiolyse 

pulsée. 

L'utilisation de complexants de catigns du type e the rs  macrocy- 

cliques pe rmet  de déplacer l e s  équilibres en solution e t  ouvre 

une nouvelle catégorie de solvants dans lesquels des métaux 

peuvent ê t r e  dissous. 



II. ETUDE DES SPECTRES DE L'ELECTRON SOLVATE DANS 

LES MELANGES EAU-AMMONIAC E T  EAU-ETHYLENEDIAMINE. 

Dans un nombre r e s t r e in t  de solvantsla dissolution de métaux 

alcal ins  conduit à la formation d 'é lectrons solvatés.  Les  solutions 

de métaux alcal ins  dans l 'ammoniac e t  l e s  amines  ont é té  l e s  plus 

étudiées. 

L a  rzaiolyse pulsée pe rme t  de générer  des  é lec t rons  solvatés 

dans presque tous l e s  solvants.  On obtient un spec t re  d 'absorpt ion 

identique à celui des  solutions de métaux dans l e s  m ê m e s  solvants.  

II. 1. Obtention des spec t res .  

Dans la  j,mblication 1, nous avons m e s u r é  le  spec t r e  d 'absorpt ion 

de l 'é lectron solvaté produit  pa r  radiolyse pulsée dans l e s  mélanges 

eau - ammoniac e t  eau - éthylenediamine. 

Nous avons étudié l a  variation de la  position au maximum d ' abso rp -  

tion e t  de l a  l a rgeur  du pic  en  fonction de la composition des 

mélanges.  Nous avons noié que, dans tous l e s  cas ,  une seule 

espèce absorbante  étai t  responsable du spectre .  L e s  e s s a i s  de 

décomposition du spec t r e  e n  une somme de pics dus à d ive r ses  

espèces  n'ont pas  donné de résu l ta t s  significatifs. 

L'obtention des spec t r e s  s e  faisant point p a r  point, de nombreuses  

données de cinétique de réaction de l 'é lectron avec d ivers  subs t r a t s  
+ /  

ont é té  obtenues e n  part icul ier  celle de e - t NH4 . 
Dans la  publication 1, nous décrivons l e s  techniques expérimeiltales 

m i s e s  en  jeu e t  la  méthode d'exploitation des  m e s u r e s .  Nous pré- 

sentons l e s  résu l ta t s  obtenus e t  l e s  discutons. i 



P U B L I C A T I O N  1 

P U L S E  RADIOLY SIS STUDIES. XVIII. S P E C T R U M  O F  

THE SOLVATED E L E C T R O N  IN THE SYSTEMS E T H Y -  

LENEDIAMINE -WATER AND AMMONIA -WATER. 
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Pulse Radiolysis Studies. XVIII. Spectrum of the Solvated Electron in the Systems 
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(Received 16 February 1970) 

T h e  pulse raciiol!.sis technique with fast infrared detection r a s  used ta (letermine the optical absorption 
r-pectruin of the sol\-atcd clccrron in the systeins cthyleiiedianiine-\vater and aninionia-ivatcr. Thcse spectra, 
determiiied over the eritirc concentra~ion range. s l io~r  the follon-ing: In  animonia and in ethylenedaniine, the  
bands a t  1550 and 1350 niii. respcc~ively, have the sanie shnpe and position a s  thore attributcd to the  
solvatcd cle,tron in alkali iiieial solutions. In  each of the txx-O-coniponent s>-stenis a single band is seen irith 
the peak pz--;[ion interinetliate to t h x e  in the pure solverits. For ethylenediariiine-\\-riter mixtures, the 
band shape (iiorriin!izcd'~ aiid half-\vid:h encrgy -cale\ are invariant xvith composition, whiie for aniinonia- 
ivater niixtiires the ratio of the peak position to tlie half-~vidtli is invariant. These obscrvations suggest a 
delocalizcd electron n i rh  optical characteristics detrrinined by tlie aggrcsate properties of the solvcnt. 
J lodcls  which require th;it the cptical properties t e  strongly inîlueilced by solvati«n with a small nurnbcr 
of sol\-ent niolecules are nor in accord mith ihcse observations. Kiiieric da ta  indicate thar the decaj- of 
the solvated clectron in aminonia and in cthylenediamine is a coniplex process. ? h e  rate constant for the  
reacuon of the solvatcd elcciron in ainmoriia with aminoniuni ion \vas found to be a t  least four orders of 
magnitude lowr: than th-  diiiusion-controlled limit. 

INTRODUCTION EXPERIMENTAL 

Inforination about the optical absorption spectrunl The gezeral methods of pulse r a d i ~ l y s i s ~ ~ * ~ ~  and the 
oi the solvated electron derives principally froiii txro particuln, experiniental arrangeriieiit used i n .  this 
sources. These are the toiitinuing iii\~estigations of laboratorj-?* have becn described in detail and need be 
alkali metal solutions ii. aninioriial-3 and in various oiitlined here only br;efiy. T ~ v o  ne\$- techniqiies will be 
a i ~ i i n e s ~ ~  in \\-hich the so1v;tted electron is re1,ttivel~- described in some\l:,at greater detail. These are the 
stable, and tlie pulse r a d i o l y ~ i s ~ . ~  stiidies of the solvated extension of our dctection cap:ibility into the iiifrared, 
electrong in \vaterio." aiid in vaiio~is organic liqiiida12-'6 a fenture essential to the present investigation, and 
in n-hich it is unstable. Sonie four j-ears ago a beslniiingg the use of a new saniple handling technique \+-hich has 
\vas iiiade a t  unif>.ing the data froni tliese two sources, proved very efiective for iiiultic~mponent cheniical 
as there are soiiie special featiires in the all;ali iiietal- systeiiis. 
aniine SJ-stems n-hich are iiniqiie to tlie nietül. Pulse 

Pulse Irradiation 
raciiolysis e~periilierits have bcen reported for liquid 
n i i ~ n o n i a , ~ ~ ~ ~ ~  and there have been some disputed .A Varian V-iiîS.4 Iinenr accelerator \vas iised as 
observations in e t l iy lencd ia~ni i i e ,~~~~~ and sonie partial the e!ectron source with 3--1-'\IeY electrons, generally 
spectra in other aiiiines." Thcrc have been only a a t  a pulse ciirrrnt of about 350 ni.!. The piilse ~v'dth 
liriiited riiimber of investigations of the electron in two- riras varicd from 0.1 to 1.2 psec. Precise dosiinetry was 
coniponent solvent systeili~"~'? in ivllich it lias been not esplicitly ~ieeded for iiiterpretation of the present 
slio\vn tliat one does ïiot observe separate absorption work, but it was kncwn25 froiii mertsurements with a 
band niasinia, and thnt the absorption band is, to modified Friclie dosinieter tliat a O.l-psec pulse de- 
this estent, dependent iipon tlie aggregate propcrties livers ,? dose of about 6X 10 e 
of the solvent. 

This investigation of the spectriim of the solvated 
'"Y 

Optical Detection 

electroii in the systcn~s ethylenediailiine-wnter aiid The transient optical absorption was ohsci-vcd with 
aninionia-\vater is dirccted a t  both objectives, iianiely, two separate pliotodetectors. l n  RCA 7102 plloto- il the unification of the experiniental observations of the riiultiplicr \vas iised for the vis1 le rcgion u p  to  about 
two methods and the deteriiiination of whether tliere 1.0 p. 3fost of the iiieasiirein nts, up to 1.6 ,u (the 
is any selective solvent behavior in electron solvation 1iiliit;ttion of the grating availa "b le a t  that time) were 
in these two-coriiponeiit systcms. In the course of tliis made with a liqiiid-iiitrogeii-cooled indiiini antinionide 
work mriny observations have also been made of the detector, type XIOS, obtairied from Xmericari Elec- 
kinetics, froiii which it is possible to cstiinate rate troiiic Lnborritories, Inc. (Barries Engineering, Inc.). 
constants for sonic of the eleiiientary rertctioiis of the The rise tiiiie, using op-rational aniplifier feedback 
solvatcd electron in anmionia and in ethylenedianiine. techniques to riiiniriiize k C  time constant effects, was 
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FIG. 1. I.:ffsct of pulslng the senoil laiiip and using reference 
detcc:inn ona l )~ r~ r \~a r i cc  r~r)roducii,ility. A. \\-itI;ni:t Iainp puising, 
si~igle Iicain; Sii10=0.49h; e, \\-ith Ianip pulsing and reference 
photoiniiltip!ier; XIIg=0.36i. 

foiind to be Iéss than 0.2 psec. The liiiearit~- \vas tested 
by siiperiniposing :t clioppecl l i ~ h t  signal from a gxlliurii 
arsenide eniitter a t  :ibout 0.9 p ,  upon a stendJ- light 
signal. 1-arying the stead! ligh: signal ovcr the output 
rar.ge of the ;~iiiplifier, no deviation from lincarity \vas 
observed rvithin a détection sensitivit~- of 1%. The 
intlium antiinonide [!otector could be iised down to 
0.6 p. The 7102 de.-~tor  \vas used principally as a 
reference ~vnvelc.ngili iiionitor with a split optical 
beam iii point-SJ--point spectral s~:~iiniiig. 

The light soiirce uscd \vas ; 500-11' 0si:ii-ii senon 
ianlp, t? pe S B 0  450 \Y. For efizctive iisc of tlie iiidiuin 
nriti~.onide detector it \vas fouiid dcsirrble to piilse 
this i,mp to obtain highcr oiitpiit. Iii the high-iiitensity 
pu1sc.d niode n current pulse of 130 -el is ndded to the 
norninl coiitiriiious ciirrent of 20 A. The  rcsiilting in- 
crease in iiitensity is about 23--10 tiiiles that of the 
steady operation, depending on the \vavclength. The 
cluration of the light f!nsh is several iiiillisecontls, with 
a usable constant intençith- portion of nboiit 0.15 msec 
syiiclironized \vit11 the electron pulse. Scnle e~pansions 
iip to terifolcl sho~ved no apprecinble time variation of 
iiitensity clilring the flash. 

tllthoiigh s:itisfactory split-beaiii iiiensurerncnts coiild 
be made up to 1.0 p iising tn-O nioiiocliroiiiators and 
photoniultipliers, the rcsponse of the solid-state infra- 
red detector \\-as too low to peiiiiit çplit-bearii opera- 
tion nithout pulsing tlie lnmp. In addition, the large 
solvent absorption in the iiifrared i~iade reliable 
niensurenients difi~iil t .  'I'he iiiiproveiiierit in spectral 
charactcristics ~shich resiiltcd fïoin pulsiiig tlic Ianip 
and ciiiplo! iiig a referericc beani may hc scen in Fig. 1, 
11-liich coiiipnreç the spectra obtniricd in thcse t ~ v o  ways. 

Baiisch and Loiilb prating nionocliroriintors, ' i jpe  
33-86-25, j1'3..5, lvere uscd xith the liglit beani split by 
a partinIl!. rellécting iiiirror. 'J'he grating for tlie infra- 
red to 1.6 p had a dispersioii of 25 iini,'niiii. Since the 
exit slit \vas geiierally set itt less thr.11 1.2 niiii, the 
brind\vidtli of the liglit nioiiitorccl rira:. less thnn 30 r i n i .  

;Ilthoiigh this band width would be uiisuitable for the 

stiidy of iiarroIir lines, it \vas s;itisfnctory for the stiidy 
of the brond nbsorption band of the so1v:ited electron. 

Reaction Cells 

I'liese cclls werc of the standard type, previoiisly de- 
scribed," niade of higli-purity silica. For work in the 
infrnred, thin cells \vit11 an optical path of 3.0 inni were 
iised to rediice absorption of the monitoring light by 
the solv-vit. 

The cells wcre conncctcd to n snniple hnndliiig device 
in \vhich snniples of niaterials to  be added were con- 
tained in senled, evacuated, thin-\\,alled gl:~ss buibs 
~vhich could bc successively broken il? sifil to change 
the composition of the systeni as predeternii:.-d. This 
sample systeni is sho~vn in Fig. 2. 

The biilbs ~vere evaluated either aftcr the addition 
of a solid or before distillxtioii of voIati1e coiiipounds 
into thciil. The steni of the tliin-~vxlled bulb %-as in- 
serted into a dra~vn-oiit piece of Pyrex tubing ~vhich 
\vas attached, along with foiir or five others, to a 
nianiiold. To forni a \ acuuiii-tigh t seal, heüt-shrinkable 
tu'ùing of either polyl-inyl chloride (avnilable frctni an). 
clectroiiic supply house) or 'Tefion (Flo-'rite Tuhing, 
Pope Scientific, Inc., llenonionee Falls, \\'isc.) was 
collapsell n-ith a heat pin.  .Ifter the bulbs h:td been 
seitletl off ililder vaciiiirii, the plastic tubing coiild be 
easily ciit off with a razor blade, thus allo\vi,ig the 
stenis to De \vei;rhed. For very small aniounts c f  lion-. 
volatile coiiipoii:icis, solutioris cont;tininy tlie corn- 
pound üt a kno15-n concentration could be introduced 
into the bulb \vit11 a h~-podcrrnic s! ringe. After ~rcigh- 
iiig the bulb to deterniine the aiiloiint of soliition 
added and nttnching it to the vacuuiii line, the solvent 
coiild be rcruo\-cd by ciistillation. 

?'liis tccliiliqile has been vcry usefiil since al1 solute 
additi>iis are made to the salizc saiiiple of soivent. 
\\lien a r e  is iised in cleaiiing and haiidling of the bulbs, 
no probleiiis of contniiiiilation occur and ciiipty biilbs 

Frc,. 2. Samlilc cclls with 
I~reahal~le ainpoiiles for the 
arlditioii OC solutc. (a)  Del- 
iiiar-Vrry balve; (b) Fischrr- 
Foi ter 15-mni "Solv-Seal" 
joirit; (c)  bre:~ka!>le anip~ules;  
(d'i Tefloii-Covercd maghet; 
(e) optical cell. 



cnii be brokcii witli no change i i i  the decay kiiietics of 
the electroii in the solvent. 

l'lie cclls wcrc clei~iicJ. first with ,iii 111: I iSOs-  
detergent ~ l c a n e r ~ ~  ancl thcn ni th  boilirig aqrlu regia. 
This \X-;LS folIo\\-cd 1)). itt least 10 rinses \vit11 hot triply 
distilled \r7:lter. The cells \vcre kept full of triply dis- 
tilled \vater iiiitil jiist before iise. They \\-ere dried, 
when necessary, by evaciintion. 

Cryostat 

For Lhe investigation of the ammonia-watcr systein 
i t  was neccssary to iise either rediiccd tenipcrntiires or 
to rcsort to pressurized s>.steins for soliitions \vhich 
\vere high in ainmonia content. Teinperatiire \vas 
regulated by means of a siniple thermostatic box, 
which has been de~c i ibec l ,~~  in whicli the control was 
obtniiied by ;L Ao\v of coolctl iiitrogen g:~s. Iii the iriter- 
iiiedir~te concentration region, ruiis were cnrricd oiit a t  
Loth roorii teniperature and - 1j0C to periiiit the 
deteriiiination of an approprinte teinper:~tiire coefficient 
for the low-temperature spectral data. 

Katerials 

\Vater nas  tripl>- distilled, \vith the first two diçtilla- 
tions froin acidic dichroniate and alkaline pernianganate 
solutions, respectively. The thiid distil1,ttion {vas car- 
ried out in a quartz still. \iiiiiionia \vas coiiden-ed onLo 
potas~iii i~i,  and tlie rcsultaot blue soliition \\-as allo~ved 
to  stand for seveiar d a ~ . s  before the final distillation 
into the rarliolysis cell. For solutions of loi%, aininonia 
content, reaçent grade aqiicous animonia was iised. 
I<thylcnediainiiie \vas freeze purifiedl2%Ilo~~ed to torin 
a bliie solution n-ith Sa-K alloy, ;tnd finaIl). tlistilled 
frorii the l~lue solution i j r  TacZro. :\Il solutions wliicli 
were not prcparccl tlirectlj- on the liigh-\~acuiiiii line 
\vere tlioroughly drgasseti before iise by rcpeateci 
freeze-piimp-thaw cycles. i\ giei~seless high-vaciiüin 
s) steiii coiitaiiiing an oil diffiision  puni^:, \\,as iised in 
al1 preparatioris. Solutioii concentrations were detcr- 

0.0 1 1 I I 1 I I J 

5 6 7 8 9 1 0 1 1  
Wovenurnber (cm-' x 

FIG. 3. .Ibsorption spcctrunl of tlie rolvated elcctron in liquid 
amrnonia a t  - 1jSC. -, I'ot.is?;iini soliitions (Ref. 2, corrccted for 
teniperature diifercrice); e, pulse ra<liolysis. 

a h 1 2 1 14 
Wovenurnber (cm-' x IO-') 

Fic. 4. .Ibiorption spectrum of the solvated electron in 
ethylenediainirie a t  rooin teniprratiire. -, Cesiuiii solution 
(Ref. 5 j ;  8 ,  palse radiolysis. 

mincd by one of several riiethods. For 1011- concentra- 
tions of aminonin in vater, pIl titratioiis were iised. 
For higher conccntra*i?ns and for soiiie of the eth'kne-' 
diaiiiiiie riins tlie cc11 \vas ~veighed before and after 
eaçh addition. T:in:ill>-. for soine of thc ?th>-lenediainine 
runs, 11-eighcd anlotints of \vater cont,.ined in sicicarms 
equipped JT-ith brenlï seals n-ere ;~ddc.d to  a \vcighed 
aniount of eth!lencdianiine. \i'eighcd amoiints of 
reagcnt grade amnionium bromide in fragile g l a s  
ainpoules coiild be added to the anli-iionia as desire 1. 
.\riIl\-droiis eth:lnol c3uld also be :~dded in this way. 
Iii order to eliniiii:ite reclucible impiirities froiii the 
ammonici aiid the e t i i ~  lenediamirie and to  iiiake the 
final sol~itioiis basic, cnough potssiiiiiii in glnr-ç capil- 
laries could be atltlcd to nial:e the solutioiis froiii 
to 10-25Z in lx~se if desired. 

RESULTS AND DISCUSSION 

This papcr dcnls piimarily ni th  the opticd absorp- 
tion spectiuni of the solvated elcctroii in the systiiiis 
e t h ~  lericdiamine-nater and ainiiionia-water. Neïer- 
theless, since the spectral data are obt;~iiied photo- 
iiictricnlly by point niappiiig, tliece obscrvatioiis 
include an abiiiidaiice of rate data froni which scriie 
gcneral statenieiits niay be niade about the natiire of 
the rlecay of the iihsorption band of the solvated 
electroii in amilionin and in ethylenediainine. 

Solvated Electron Spectra 

Solvateci clectrori nl~sorption spectra were measiired 
iip to 16Uil nni for pure aninioiiia and for 16 solutions 
containing ariiriioiiin and 11-nter: They were also iiieas- 
iired for pure ethj-leiic<liaiiiiiie biid for 11 rnistiires of 
i t  with \vater. -4s sholvn in Figs. 13 and 4, the agrceiiient 
bet~veen the rêsiilts obtained b)] pulsinç pure animonirr 
and piire eth) lencdinmiiie and those obtaincd by using 
nietal s ~ l u t i o i i s ~ ~ ~  is esccllciit. 'I his agreeiiieiit provides 
confinliatory evidence that tlic solvatcd electroii pro- 
duccd by rniliolysis is the sanie as tliat foriiied iii inetal 
soliitioris in amnionia and ainiries. 

The  spectra obtairied for the mis~iires with \vater 
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peak positions ancl haIf-wiclths. The procetliire fiiially 
clioscn in~olvecl fitting the data n-itli n shnpe fiiiiction 
by iisiiig ;t dampcd iionliiiear least-srliiares prograii~?~ 
whicli pro~ided cstiiiintcs of the st:iridard deviations 

ectra 011 an of the pnrameters. Since the absorption ,p 
energy basis are higlily asymiiietric ~vitli pronouiiced 
high-encrgy "tails," thc high-energy half of the band 
Ras fittctf with a Lorentzi:tii shape fuiiction while a 
Gausçian shapc fur'ction \vas used for the low-energy 
half. 'The t ~ o  fiinctions were constraincd to have tlieir 
maxinia nt the same enei.s~-, but t l l~ir  l~alf-n-idths were 
independeriil>- variable. 'Ihis procediire \ ielcled excel- 
lerit reprcsentations of the çpectrn. Figure 5 slio~vs a 
t) pical spcctruin and the least-squares cun7e ~rh ich  
resuited ironi this fitting procedure. 

Frc. 5. Least-squares fit of the absorption spcctrum ('Y=*= 
0.S67) to a coiritincd GaiissLan-1,orenkinri function for the am- TABLE II. Solvated electron absorption band position and half- 
monia-water spstem. --, Least-squares ciirve; 8 ,  observed values. \\idth ior ethi !eneciiai:liric\vatc.r ini\tures.* 

were generally \\-cl1 defined when the pulsed lainp \vas 
iised together with a reierence photomultiplier. The 
spcctra shown in Figs. 3-5 are representative of the 
precision obtained in this way. .Ill of the spectra ob- 
tained for ethylcriediai-i~ine-\rater mistures and nll but 
five of the spectra for airunonia-water mistiires used a 
reierence photoi-i~ultiplicr. In oider to obtain reliable 
linewidth inforination, the spectra mere ineasured 
over as \vide a range of ~vliavelenptlis as possible. 

A niethod of treating the data was soiight which 
~rould permit error estimatcs to be made for both 

TABLE 1. Solvateci elcctron absorl:tiori band position and half- 
\\idth for aiilriionia-!vater i r i i~ tu res .~  

-- 
aIole Pcak 

fraction Peak. \Vidth at position + 
water position. haif-height lialf-\\.idth 

0.0 6 300 3100 2.03 
O. 144 6 3.50j-210 3.110&710 1.86 
0.213 6 9 i 0 f  700 3700rt200 1.88 
0.358 7 1SOf 90 4470f 300 1.61 
O. 367 7 4ï0f 40 3710f 60 2.01 
0.421 7 650&110 4OOOf160 1.91 
0.421 7 620fl40 4200f200 1 .S1 
O. 489 S 234f 70 ' 4935f 100 1.67 
O. 496 8 30Of270 555Of424 1.50 
0.533 8 900f120 5S00f 400 1.53 
0.594 9 5iOf2.10 6520f 440 1.43 
O .  594 9 5iOf 50 5S.50&100 1 .64 
0.717 11090flCO 65SOf215 1.69 
O. 752 11 82Of 80 7230f 133 1.64 
O .  759 12 lïOf250 6530f600 1 .S6 
0.841 12 950fïO 6iSOf SO 1.91 
0.862 12 900f80 7120flîO 1.81 
0.929 13 3TOrtllO 6930f135 1 .Y3 
O. 949 13 470f 100 7100f 200 1.90 
1.000 13 MOltîO 7210f 135 1.89 

---- 
a Gncertairrties given are $taridard devia icirrs obiained lrom a lead- 

squares fit of the data (sce text). Cnits are crn-1 in ail cases. 

Mole 
fraction 
\vater 

0 .0 
0.263 
O. 424 
O .  424 
0.524 
0.537 
0.603 
O. 655 
O. 702 
0.757 
o.  820 
0.863 
1 .O00 

Peak n'idth at 
position haif-height 

i 360f145 70701533 
8 SbOf 140 i 930 f  360 
9 34Of 210 ' i 0 5 0 f  330 . 
9 3903~200 i 2 6 ~ ~ 3 5 0  

10 lGOf250 6600it360 
10 liOC70 7210*100 
11 O O O f  100 i 000 f  133 
11 400rt100 6316.*!50 
12 4bOfljO 6ijO~kt-150 
13 020f 170 6SljrtlSO . 
13 S-10&230 7lJOrt220 . 
13 i00f 160 i O O O f  190 . 
13 6.10fiO ï2OOf 100 

-- -- -. - - - - 
" Tiicertainties given are smridard deviations ohtained fro!n a leas?- 

auares fit of tlie data ($ce teAt). Uiiits are c m - '  iri ail cases. 

The results for ammonia-water mist i~res  are given 
in Table I and sliolvn in Fig. 6, and those for ethy!erie- 
diainine-\rater iilistiires are given in Table II and 
Fig. 5. 'l'he error liniits shon-n reprcsent lincar esti- 
iiiates of the standard deviations resriltiri~ fronl the 
fit of the individual spcctra. Iil'soine cases, the spectra 
obtainecl iiniiiediately after the pulse and a f ~ e r  tlie 
initial fast decay ( t >  10 psec) werc both measured. 
IYithiii experiiiiental error they are itlenticai. 

Interpretation of the Spectra 

In  this work, as in previous s t ~ d i e s ~ ~ ~ ~  in otlier 
systeiiis, the pcak po.iitions and half-widths are inter- 
mediate to those in the pure solvents. Clearly, tlie 
resiilts riilc oiit the pbçsiliiiity tliut the optical proper- 
tics in the tu-O-coiiiporient solveiits resiilt froiii tlie 
superpositioii of i>antls nrisixig frorri t \vo spc~ics  ckianic- 
teristic of the iiidividiial solvents. :Ilthoiigh the 
solvated electron is perierally coiisidcred to be de- 



localizetl over a niinibcr of solvent iiinlccules, there arc 
~iiodcls \\iiich con::iclcr strongcr intcr:~ctioii with 
t ~ \ - o , ~  or foiif" s ~ l v c n t  niolccules tlirtii with the others. 

If the factors ~vliicli iri~luence tlie peak positioii, linc- 
~viclth, and extinction cocflicicrit xvere determined 
xriairily by sol\-:ltion to a srna!l niiii:Ser of species, one 
~voirld eypect a superposition to brondeii the 1i:ie. In 
oriler to detcrniiiie the cxtent of the brondeiiing which 
rvould result, spcctra wcre calciilated for niixtirrcs of 
aniilionia and \vater on the basis of a simple substitu- 
tion iliodel. \\hile any correct nioctel would have t~ 
peimit selective solvation ancl perli,ips allow for a 
change in the solvation nuniber, the qualitative con- 
clusions of the present siinple niocle1 as the)- pertain to 
IincIvidths ~voiil(l apply to any siibstitution inodel. 

The assiirnptions used to  calciilate the spcctra are 
the following: 

(1) The nuiilber of sols.ent n~oleciiIcs involveci in a 
"strong" interaction \vit11 the elcctron is the salne for 
nminoriia, water, and nii~tures.  I'lierefore, for a total 
solv;ition pliniber IL there would be ( 1 z + 1 )  niolecular 
species present in a riii-itiire. 

(2 )  Tlie pesb positions and half-n-idths (in wave- 
nunibers) and the riiolar estinction coefficients for the 
ii:teimedinte species, [(~,),(S2),-,3, are linear fiinc- 
tioris of m. Si acd Sz repiesent animoniit and Kater. 

(3) The fraction of solvntetl clcctrons present in a 
given species iç piven by the siil,& probability es- 
pression3' 

Pm = (XI) " ( X I )  "-"[?t !/m ! ( r t  - m) !], 

ULUU 
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Frc. 6. Varilition witli composition of the prnk position (upper 
ciir;.c, open symhols) and ha l f -~r id th  (lo~ver curve, solid syml,ols) 
of the solvntcd electroii spcctriini i n  a~iinionia-\vater niistiircs. 
Sriiiiigles represcnt sir;:;lc-ljcam incnsureiii<:nts ol~tairicd \\itli<itit 
1;in.p piilsinp. \Vlien r i o  error bar5 are slionn. the st;ir:clard devia- 
tioii is less than  the s i x  oi the syuil,ol. . . . , Hal i -~ ic l t l i  calculated 
for a sol\.ation iiiiriil,er of 3; ---, hrtli-\\idth calculated foï a 
solvation numher ,of 5. 
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Frc. 7. \'arintion lvith conlpoiiticn of the penk position (upper 
curve, open circlcsi and hnli-\\.i<lth ! io\ver curve, su!id circlcs) of 
the  sol\-atçd cleciron in erh>-lenetliamine-\vnt(,r mixtures .Ali 
nieasureniciits cnipioyvd 3. ri.ierr'iice det-ctor. \ \ h m  no error b:irs 
are s h o ~ n  the standard deviation is l e s  tlian the zize oi Lhe 
syrnhol. 

in u-hich i\'i and & are the rilole fractions of coin- 
poiieiits 1 nnd 2 in the riiisture. 

Tlie coiilposite spcctr;~ wcre calciilated as a fiinctiùn 
of i-iiole fraction for various values of I L .  i l s  expected, 
svhcn 1 1  becanie very large, the predictcd peak position 
and Iislf-nidth approaclied linear fucctiotis of niole 
fraction. Itowever, for snisll values of ~ s ,  the inodel 
predicted large positi~re dcviatioiis froni linearity. 
Incieed, for rt= 2 and 3, this niodel predicts the appexr- 
ance of \vell-defiiied shoiilders nt iiiteriiiediate conceii- 
tr;~tions. The piecticted vari'ttions of half-~vidtli ivith 
mole frndion for 15-3 and 5 are shonrn in Fis. 6. 

It is clear that a sirnple substitiitioii mode1 based 
upon a ~iual l  solvation iiumber for the solvatcd elec- 
tron is not siistnined by the Freqeiit resiilts. TIiis 
concliision is reinforcecl by the resiilts for ethplene- 
dinniine-water mixtures. In  this case, although the 
position of the peak shilts sonie 6000 cr i r l  the helf- 
m-idth does iiot clinnpc perccptibl~- n ith water content. 

'I'liese resiilts are in ngreciiicnt n-itli niodels for the 
solvatcd elcctron nliicli consider the electron to be 
dclocalizecl so that tlie clectron can snniple tlie average 
en\.ii-oiiine~it of the mixture, in accoïd witli theories 
wliicli trcnl the mecliiini as a continuoiis diele~tric.3~ 
Alterniitivcl!r, of course, the factors nliicli determine 
the transition eiiergy nntl local iluctuations of the 
tr?.iisition eriergy coulcl be sniooth fuiictions of çori>- 
position not iiccessarily relnted to çpccific interactiotls 
of the electron with solvent iuolecules. 

Decay Kirietics in Arnmonia and in Ethylenediamine 

The observation by Coiiipton et al.I7 tliat an initial 
rapid decay of tlie transient absorbarice in pulse- 
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FIG. Y.  Pulse radiolysis of aninionia under vorioiis conditions. 
Rote  cur\.es ivcre oi,served a t  a \~ave lcngth  of 1000 niii. (a) Piire 
a n h ~ d r o u s  nriimonia; (i,) dilute blce solution of K iii S!11 
(<  10-4JI); (c )  solution ol  K S I l ?  in ammoriia ( ~ 1 0 - " I l ) ;  (d)  
solutioii of KSIT, and et'nariol (^.1.4X10-2Jf) iii nriiinonia; 
(e) solution (11) \vitlx \vater added to give X'n20io=0.1-14. 

raciiolyzed piire liquid aniiiionia is followcd by a very 
SION- dec;t\- \vas confirnied iii this xvork. rllthoiigh no 
sj-steiiiatic study of t:ic teiiiperature dc-peiidence of 
the decity \vas rnsde iii the present work, it is in quali- 
tative agrcenieiit with their obser~at ion '~ that the 
relative fraction of the total decay whicli occiirs a t  the 
fast rate increases with iiicreasing tciiiperature. At  the 
temperature of rnost of t!iis \vork (- 15 to - 2j°C) the 
absorbance reiiinining after the fast tlecay aniounted 
to onlj- 5 ~ ~ - - 1 0 / o  of the initial absoi-bnnce. The fast 
decay \vas essentinlly complete in 10 psec, and the 
decay of the residiial absorbance was nt lenst three 
orders of iiiagiiitude slo\v:r. The sanie gtnernl behavior 
\vas observcd for piire etlij-lenedianiine. . 

Judgiiig froiii the relati\-e absoibances corrected for 
the optical path length, the solvated electron concen- 
trations pioduced by the piilse in this ~vork were sorne 
20 tinies those studietl hy Coiiipton el al. Xltliough 
tlicy reportcd that both the fast and the slow decay 
were fii-st ortler in the absorbance, in tlic present work 
the fast decay (first 3 psec) \vas iound to he second 
order in the :tbsorbaiice. 'I'his tlecay is slio\i-ri in Figs. 
S(a) andl9 wliicli are represcntative of a Inrge nuniber 
of traces riidde iirider diffcrerit conditicxs. The addition 

l ime (y sec) 

l 
of ctliaiiol ( to  givc coiiceritr;~tioiis as Iiigh r ~ s  1W2iii) 
liad no nppnrciit cl'fect upon the decay rate. 

1 

C'oiiipton et nl." and Cle;~ver, Collinsoii, niid Dain- 1 
ton3' noted that tlie rntlioljsis of inetal soliitioris in 

l ariiiiionia caiisecl an increase i i i  liglit trnrisniittance. 
Tliis behavior ,vas confirmeci in tlie preseilt woi-k for / 
Loth ainiiioiiia and ctli>leiie~li,~iiiine soliitions of po- I 

tassiuni. Figure S(b) shon-s tlic trace obtairied nhen a 
pale bliie solution ( '? lW4.1f) of potassiiim in nininonia 
\vas pulsed. Dilut-. bliie soliitions ( 2 5 X 10- '31 in 
pot:issiuni) in eithcr nnirnonia or etlij-lenediitiiiirie 
coiild be complctcly I,le.iclic(l by repentcd 1.0-,uaec 
piilses. This rcqiiircd froiii 5 to 75 pulses dcpending 1 

iipon concentration. Presiiiii:ibl?. the bleaching pro- 
ducr: aiiiide or eth?leiic.cIiamide ions. .ifter the biiildiip 
of a iiigh enoiigh base concentrat ion ( 7 1(V3-11) the 
piilsing of bliie solutioiis in etliylenedianiinc resu!ted 

Frc. 9. Initial electron decay in amnioriio undcr various condi. 
tioris, of~servîtl o t  1000 iiin. O, Pure  anhyclrous SH3, I =  -35°C; 
4, 0.06.if XIf,Iir inIXtl3 a t  -25°C; a, SI-II-I~,O mixture a t  
-35°C; ,Ynzo-0.213. , 

in tlie gro~vth of the nbsorbnnce rather tlinn its clecay. 
Solutions of potasciiim aniide in animoi?ia, pro- I 

duced cither by rçpeated piilsiiig of potassium solii- I 

tions or b?. alloi\-iiig a potnssi:ini solutioii to deconipose 
(niiiide conceri trtition 7 10-"Jf) shon td the ~~~~~~~~ing 
bcha\ i,,r iipon rntliolysis: T!ie forinntion of the sclvated 
elcctror, absorbance diiring the pulse n-as fnllo\\.ed by 
a fast decay ( t I J 2 < O . 5  psec), a t  lenst four or five tiines 
fasttr than the dcca>- in neiitral aiih~drous a:iinionia 
[sec Fig. S(c) j. The ad(1itioii of et1i;iiiol (IO-= to 13-"31) 
rcsulteci ~q the coinplcte êliniiiiation of tliis ï:ipi(l decay . 

[Fig. F;(d)]. Thc residunl absoihance l:isie~! for tiiiies 
as long as severnl seconds. \\'itli basic r t h j  l<~netlianiine 
(iorilied Ly tlie tiecompoçitioii or pclsing of potassiuni 
soliitions) the solvated clectror, hiifid requi! t d  seconds 
to tlisappear evcii in the atjsence etlianol. In  tlie rase 
of basic e thj  lciiedian?ine, the absorbarice shonred a 



first-ortlcr gro\sth (!1/2=3-S nftcr tlie end of tlic 
piilse. 

'The additioiiof-watcr to eithcr basic arniiionia or to 
t)asic ethylenetfianiinc to > ield mole frnctioii; of lvnter 
iip to 0.5 resiilteti_iriPn pnitial dccay of the solvated 
electron nbsorliarice a t  a rate coliipnral~le to tliat in 
the pure neutral solvcnt [Figq. S(c) and 91 followed 
by a dccay a t  least three oiders of magnitude slou-er, 
whose rate iricreasccl 1)-itli i,.crensing ivatcr conccritra- 
tion. .\s slio\rn iri Fig. 9, the initial decaj. rate in ani- 
lnonin coiitaining adcled animoiiiiini broniide (as higli 
ns 0.06-11) is ne'trly the s'triie as thnt in piire niiiriionia. 

The rcaction of the solvatcd clcctron with aiiinioriiu~ii 
ions in liqiiid aninionin iç ver? iloiV incteed. This \vas 
confiriiied by euaniiiiiiig the dec'ly of the rcsidiial ab- 
çorb:tnce of the salvnted c!ectroii in the presence of 
hnon-n c~ncentr~itions of animoniuin broiiiide nt 

r - C  -h C. This decny \vas fiist orcler in the nbsorbnnce. 
Less than 10yc of the initial nbsorbnnce of the sol\rated 
elcctron rcmaincd after the initial fast decly, so th:tt 
it I\-as iiecesrnry to aiiiplify the signals tciifoid ii,  
order to follo\~ the renction with SI?,- .  111 oitler t 3  
ol~tnin reproducible res~>lts, it wis also neccssar! to 
preirrridiate the solutions nith eight to ten l.O-psec 
pulses hefore recordin; the deca>- binetics. At ani- 
~iionium ion concentratio~is 1ielo;v 10-?.II, the apparent 
rate const:~nt for the renction of Cs11 , -  with KI-&+, 
:Ls-uniing first-oider beliavior for eacli coliiponent de- 
cieased n-ith iricreasing conceiitr;ition of SII,Br,  siig- 
gesting thnt the propertics of the preiiraclinted solution 
niiected the dcca~-  rate. \Yith 2.OX10-?.21 SILBr,  
;ipparent rate constants of 3.*, 3.4, and 3.SXlO-ilf-'. 
sec-' wcre obtaiiied, n-hile 6.OX 10-?JI SI14Br yielded 
valiirs oi 3.5, 3.2, and 3.SX104W-'-sec-' for the rcac- 
tiori. Since this c:ilcul.ttiori neglects the cfiect of ion 
pairing and of ioiiic streri;th on the rate constant, i t  
does not necessarily repr~ss~iit  the rate of reriction of 
isolatecl solvated ele~troris and aniiiio~iiuin ions iii pure 
animonia. Ari i~pprosiniate iipper liiiiit for the direct 
reactioii rdte a t  -2j0L iilnl- be obtrtiiiecl by assiiniing 
that the ion pair i ' ; I f l t . B r  cloc-s riot rcact ancl by 
correcting for the hinetic salt effect. 'l'liis correction 
uses conductaiice data3 to deteniiiiie the coriceritrntion 
of frce ioiis and the ionic streiigth, and gives an upper 
linlit of 6+2X10idf-'-sec-1 for the rate coiistant of 
the direct reaction of e~11; with SEI4+ in SI&. The 
101s value for this rate constant is soiiie\vhat coin- 
parahle, taking into accouiit the teniperature difierence, 
to the analogous reaction of e,q \vit11 XII,+ in \vate? 
(k%l.JX 106) and of e,i/ with RS&+ iii etliylcrie- 
diamine.26 The value iç orders of niagnitude lo\ver than 
the value of 3X 109.Jf-i.sec-1 cited by Shubin el 
wliose siibseqiient conuneiits in their paper indicate 
that they u-ere aware that reactio~i with S H l +  mas 
not the rate-li~niting reaction urider their conditions. 

Tlie results obtrtined in this stucly iiiay be suniniari~ed 
as folloms: Ir neutral or acidic aimionia (niade acidic 
with either ,iH,+ or 1-120) the r im~ouiated electron 

rencts r;tpitll>- \vit11 ail osiclizing çpecics (siicli as the 
XII? radical) n.liicli is not scavengcd by ct1i:~riol. Sirice 
the iiiitial concciitrntion of the o~i t l iz inj  spccics is not 
kiia\rn, 3rd since XII: is nlso prcsiiiiied to dis;ippcnr by 
anotlicr rcnctioii, the rate constant for tlic renction of 
the so1v:itetl clcctron \vit11 XIII cririnot be c:~lciil:itcd. 
IIon,cver, ossiiiiiing ric;irly eo,ii:il initial concentrations 
and using the estinctiori coefliçient for nietal-nni- 
inoiiia ~olii t ionsl-~ givcs a second-order rate constant 
greater tli:in 10:nJI-l.çec-'. 111 a(idition to its reaction 
x i th  csi~;, tlic osidizing species prcr:iiiinbly disnppears 
by ariother renction (poszibl~. 7SII2-+SI-I1).  'i'hcre- 
fore, a residiial concentr:ition of the niiinioriiated 
electron is procliiccd \\-hich (:c~:enc!s iipon the relative 
yields and renction rates. Siiicc dilute solutions of 
potnçsi:iiii in nnin~oriiii are blcaclied by pulsing, the 
total yicld of osidiziiig species \\-!th ~vhich esna- can 
react rnpidl>- is prc1i;ibly grenier thnn tlie yield of e>:lrc. 

In basic solutions, another ratlieal (possibly SI{-) . 
is protlucetl, ~ ~ l i i c l i  is effectively cca\~eriged b>- ciliano1 
(in etIl!-leiiedianiiiie, the sol\-ent rippénrs to nct as a 
scaA'enger ;or the correspondin; species). In the ab- 
sence of a sïa\.enger, the so1v;lted electron abcorbance 
in basic aiiinioni;~ disnppears conipletely and rapidly 
aftcr the pulse (tl:,<0.5 sec). 

\Ire are ir.debted to Ifr .  John Richter for construc- 
tion of the electroiiic iiistr~inicntntion rcqtiired for the 
fast infrnred dctecror anci pulsecl senon lninp a!id for 
maintaining the linac. 

* 'This work \vas supportcd by the LT.S. .Atoiiiic Energy Cornniis- 
sion and \vas dorie \\-hile J. 1.. D. \vas a visiting ~ciciitis: on 
saliiratical ieave a t  'I'hc Ohio Stztc University. 
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II. 2. Interprétation des résul ta ts .  

La  variation de la  position du maximum du spec t r e  d 'absorpt ion 

en  fonction de l a  composition des  mélanges (en fract ion mola i r e )  

ne peut pas  ê t r e  décr i te  d'une façon simple.  Nous avons montré  

qu'une combinaison l inéa i re  de diver  s e s  espèces  absorbantes  ne 

pouvait pas  rendre  compte de cette variation. 

Aucun des nombreux modèles  e t  t ra i tements  théoriques de l ' é l e c -  

t ron  solvaté ne pe rme t  de t ra i te r  l e  cas  de mélariges de solvants.  

Nous avons développé ilne méthode empir ique d 'analyse des spec t r e s .  

II. 2. 1. Analyse des spec t r e s  pa r  une méthode de  moments.  
(publication 2) 

a )  Définition 

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

p a r  la relation suivante 

xn f (x) d x 
n 

où n indique l ' o r d r e  de ce moment.  

b) Sens physique des moments  

Le riloment d 'o rd re  zé ro  e s t  égal  à la sur face  comprise  sous  

la  courbe de distribution, l e  moment  d ' o r d r e  1 donne la  valeur  

moyenne de l ' absc i s se  x . 
Le sens  physique des  moments  d ' o r d r e  supér ieur  peut s e  d é t e r -  

m i n e r  en  utilisant un changement d 'origine.  Le moment d ' o r d r e  

2 cent ré  s u r  la  valeur  moyenne e s t  la  var iance ou pour une 

courbe gaussienne la  la rgeur  à mi-hauteur .  De même l e s  moments  

d ' o r d r e  supér ieur  sont r e l i é s  à l ' a symét r i e  de la  courbe e t  à l a  

déviation de la courbe à une distribution normale.  



c )  Calcul de moments  théoriques 

I l  a é té  démontré  que les  moments  de la courbe de dispersion 

de la  pa r t i e  imaginaire  de la  constante diélectrique E2  (E) 

pouvaient ê t r e  calculés  d'une façon simple e n  t e r m e s  de la  

fonction d'onde de l ' é t a t  fondamental e t  de commutateurs  de 

l 'hamiltonien (publication 2, equations 1 e t  3). 

d) Relation en t re  EL (E) e t  le  spec t r e  d 'absorption dans l e  cas  

de l ' é lec t ron  solvaté. 

La  par t ie  imaginaire  de la  coiistante diélectrique e s t  liée au 

coefficient d'extinction de l ' é lec t ron  solvaté par  la  formule 

où n (E) e s t  l ' indice de réfract ion,  c l a  v i tesse  de la lumière ,  

€ 2  (E) l a  constante diélectrique i-maginaire, (E) l 'absorpt ivi té  

de la  solution e t  E l ' énerg ie  de la  radiation incidente. Nous 

avons déduit dcs  m e s u r e s  expérimentales  de réflectance de 

Koehler (réf.  14, publication 2 ) ,  que pour des  solutions diluées 

d 'é lectrons solvatés ,  l'inclice de réfract ion était  constant dans  

la région d ' intérêt .  Un simple exalrien de l a  formule c i -dessus  

pe rme t  de voir  que le moment  d 'o rd re  n de la  courbe d'absorption 

dit moment  expérimental  p n 

correspond au moment  d 'o rd re  n + 1 de tz2 (E) 

e )  Calcul des  moments  expérimentaux 

Pour  d é c r i r e  la  forme des spec t r e s  de l 'é lectron solvaté,  une 

forme -mathématique rendant compte de l ' a s y m é t r i e  de la courbe 

devait ê t r e  choisie. Nous avons uti l isé la  courbe gaussienne 

asymétr ique de F r a s e r  e t  Suzuki pour laquelle Rusch  e t  Lel ieur  

ont démontré  que l e s  moments  sont définis. (1) 



f )  Méthode de calcul  des p a r a m è t r e s  d'un modèle.  

Le modèle ut i l isé  dans la publication 2 e s t  celui du puits 

de potentiel sphérique de profondeur Vw e t  de rayon a . 
Nous avons évalué l e s  p r e m i e r s  moments  de la courbe de 

dispersion de ;a par t ie  imaginaire  de la  constante diélec-  

t r ique : Me , M l  , M2 , M3 . Pour  la suite du calcul,  l e s  

moments  sont no rmés  de telle so r t e  que rh = Mn 

MO 

L e s  expressions de m l  , m2 , m3 sont données dans les  

équations 10 a ,  b, c . 
Les  moments  expérimentaux sont calculés à par t i r  de la 

formule  math6matique a jus tée  à l a  courbe expérimentale.  

Pour pouvoir compare r  l e s  valeurs  obtenues aux expres -  

s ions théorique s ,  il faut calculer l e s  moments  d ' o r d r e  

- 1, 0, 1, 2 . L e s  va leurs  n o r ~ a é e s  de c e s  moments  sont 
- 1-i 

"n 
= n 

Fi- 1 
Pour  évaluer l e s  d ivers  p a r a m è t r e s  introduits dans l e s  

expressions théoriques,  il suffit de résoudre  le  sys tème 

d'équatioris : - 

Deux moments  suffisent pour obtenir deux équations indépen- 

dantes  qui permet ten t  de calculer  Vw e t  a . 
A l 'a ide de c e s  va leurs ,  on recalcule m e t  on le , 'compare 

- 3 
à l a  valeur expérimentale  pour avoi r  une indication 

de l a  qualité du calcul. 



g )  Résultats.  

Nous avons appliqué cet te  méthode aux spec t r e s  de l ' é lec t ron  

solvaté dans l ' ammoniac  liquide B - 65 O C  . 
Nous avons uti l isé l e s  spec t r e s  publiés sous fo rme  tabulée 

dans la  l i t t é ra ture .  

Les  résu l ta t s  que nous avons obtenus pour d ive r ses  concen- 

t ra t ions sont cohérents.  Nous obtenons une profondeur du 

puits de 1. 84 + 0. 02 eV e t  U r i  rayon de 4. 07 f 0. 05 A O  . - 
Dans tous l e s  cas  la valeur de m 3  calculée à l 'a ide de c e s  

données e s t  legèrement  supér ieure  à l a  valeur  expérimentale  

m a i s  du m ê m e  o r d r e  de grandeur ,  ceci  montre  que le  modèle 

e s t  valable pour r ep résen te r  l e s  spec t r e s  d 'absorption de  

l ' é lec t ron  solvaté dans l ' ammoniac  liquide. 

On peut voir d ' ap rès  l e s  va leurs  de la  profondeur e t  du rayon 

du puits,  q u ' ~ n  seul  é ta t  lié exis te  dans ce puits e t  que l e s  

t ransi t ions doivent ê t r e  du type é ta t  l ié continuum. 



P U B L I C A T I O N  2 

SOLVATED E L E C T R O N  S P E C T R A .  STUUY O F  THE 

ABSORPTION CURVES B Y  A METHOD O F  MOMENTS. 



Sûlvated Electron Spectra. Study of the Absorption Curves by a Method of Moments 
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The opticai spectrum of the solvated electron in liquid mmoni? is analyzed by a method of moments. A geaerd 
formalism to compute the theoretical moments is presprited. These rnainents are function of only the ground 
state wave function. The moments of tlie experimental curves are obiriincd bg uçing a fit to a slier~ed Gaussian 
A comparison of theory and experirnerit is presented usirig a ,sp'~erica! $4 el1 model. The psameters of the weil 
thiis obtained are V,  = 1.85 eV and a = 4.1 A and only one houcd state is allowed. 

1 The optical absorption spectrum of solvated electrons 
in liquid ammonia con~ists  of a broad asymrr.etric band 
centeied in the ne=-infrared and tziling in the ~ i s i b l e . ~  
The  nzture of this absorption band has becn estensively 
studied and various apprzraches such as the cavitity nlodel," 
the seffiicontinuum m ~ d e l , - ' . ~  or rtb initio c a l ~ u l a t i o n s ~ . ~  
have been used. In most of these works, one starts from 
a given theoretical model and directly calcuiates the 
quantitics of interest, narnely, the position of the ab- 
sorption peak, which are then compared t o  the experi- 
nerital  regults. Kevertheless, sdme workers have at- 
tcriipttd to reprduce the shape of the spectmm. Delahap 
has decomposed the spectrum into several bands arising 
frorn bound-bourid and bound-continuum transitions, but 
thiç does not fit the solvated electroti absor~t ion  band in 
amrnonia. hlore recently, Mazzacurûti e t  al.'' have used 
an exact expression of the absorbnnce for the case of a 
particle in a spherical box. Their results are in good 
agreement with espcriment but t!ie method caniiot be 
extetided to  more realistic model potentials. 

In this paper, a generd method to derive, from the 
erperimerital spectrum, the characteristic parameters of 
a given model poteiitial fenturing the solvated electron 
potential is prescrited. From this, it is then possible to 
disciiss the nature of the allowed optical trarisitioris aiid, 
for itis:,irice, the niinlber of bound states in the case of a 
spl i~rical  box. For this purpose a rnethod of moirients is 
u ~ ~ d .  The  theoreti2al expressions for the moments of the 
absorption cun7e cnii be determincd from thc ground state 
wave fuiictioii in terms of the pnrameters of the iriodel 
potenlia]. 13p eqiiating tlicse C X J J ~ C S S ~ ~ I ~ S  to the cxperi- 
iricntnl values of the lowest ordcr monieilts, n set of 
cquatioi~s ûllowiiig the determiiiation of the parameters 

is thcn obtained. hforeover, when the numbcr of calcu- 
lated moments is greater than the nurnber of parameters, 
a critical test of the validity of the rrndel pot-ential can be 
done. 

In section LI, a formnlisrn is developed showing thst  one 
only rcquircs the knowledge of the groiind state wave 
function, without any assumptions concerning the tran- 
sitions. In section III, the computation of the e x p r i n e n ~ d  
nioinents is described and in section IV a simple appli- 
cation to the case ~f an electron in a spherical box is given 
Thcn, in section V, nurnericai results are discussed md 
possible improvements are descrihcd. 

II. Genera l  Formalism 
The contri~ution of a solvated electron to the irnaginary 

part of the dielectric constant is g-en byll 
1 

eZ(E>) = 41~~~(g l<Ie) (c l { l@6 [E - ( E ,  - E g ) ]  

wlicre atomic units are used. le) represents the Brave- 
function of one of the excited states, and E, the energy 
asociated to this state; Ip) the wave fundion of the ground 
state, and E, the ground state eiiergy; r i s  the coriiponent 
of the elcctron position along a giveri direction. In this 
expression, it is ini;)lied that  tlie ground s tate  is noiide- 
gencrnte. ?'lie sunirnation is extended over al1 the excited 
states. 

The  nth order nioment of c2(E) is defined by 

2 
hl,, = -Jc2 (E)En  dE 

n ( 2 )  

Urir~g the closure relation, Lannoo niid Decarpig~iy'~ have 
sliov;ii tliat these niorncntç can be tspressed iii the form 

1 Tho Jourr~al of fhyskal CIiernJtry. Vol 8 1. No. 2, 1977 





1 Cclra!eil tleçlron Spectra 
1 

?'I\.I3LI< I I I :  Viiial Rcsiilts 
---.-.- 

No. I Z I  , V , ,  cV a ,  A E ,  eV - .-- 
1 5.4118 x IO-' 1.83 4.11 -0.70 
2 5.470 x IO-' 1.84 4.14 -0.72 
3 5.459 x IO-' 1.82 4.05 -0.67 
4 5.913 X IO-' 1.87 4.01 -0.G9 
5 5.763 X IO-' 1.86 4.05 -0.70 

1 I IT.  Application of tlie TIicory to  a Siiiiple 
Poten t ia l  JYell 

'I'he evaluniion of the theoretical moments necessitates 
the choice of a inodel Hainiltoniari for ivliich the ground 
state wave fuiictioii must be cietermined. 

7'1:: cavity iiiodel has beeii widely iised, and we have 
chosen to âpply our method to one of the sirnplest cases: 
the prrticie in a sphcrical box of radius a and of depth V, 
For this rilodel the 1s ivave fiiriction of thc ground state 
is knoi\-n. The  nunlber of excited states is given by the 
size of the potential well. 

T h e  values of the moments are (in atornic units) 

( where 

(KG)' sin ZKa [(Ka)2 - S] Kn cos 2Ka T=---- - -  
3 2 2 

indication of a sliglit iiiiidequncy of the mocicl. 
The cnlculr,ted ciiergy 11:) cari bc compared .ivitli the 

tlircsiiold on the low energy side. Tlie valiieç we have 
ol)taii~ed, thoiigli reasoliable, are Loo Iligh. 'This point c m  
be rclated to tlir tliçcrepniicy rneiitioiied above w i t h  regard 
to  m3, siiice, v;licn the well's edge is rounded off, the 1mur.d 
levcl moves ~ i ~ r n a r d . ~ ~  

The  cnergy 1': cantiot be directly compared with the 
experirilerit;~l data of pliotoeinission by solvated electron 
 solution^,'".^^ since these values iriclude transitioris to the 
vacuum and not to the ddocalized states in tlie bulk of the 
solution. 

This difference is well poiiited ou t  in the mode1 of 
Copeland, I<e;ttier, and Jortner'" in xvliich a constant tenn 
Vo represents ?lie difference betiveen the energy of the 
quasi-free electroii in the nediuiii m d  that of the electron 
tindcr vacuuiii. This difference \vas described by h l a ~ a t . ~  

Our calculations based only on the shape of t he  optical 
spectrum cannot givé the value of 1% I t  could be 0btiGned 
by the differeilce between the values of the photoemission 
tkueshold m d  that of the threshold to the delocalized ctah 
in the bulk of the solutions. 

These resiilts obtained in a simple case show tha t  the 
application of the method of nionients to the analysis of 
the  solvated electron spectra can give import,mt infor-' 
mations about the potential well, t he  electronic ground 
state, and tfie t>-pe of transirions inv3ivt.d. Its main in- 
terest resides in the fact that the cdculatiuns are relstil-cly 
easy and thus c m  be extended to more realisiic potentiels 
nshere the calculation of the conipletc absorption spectrum 
is no longer possible. Tt is also to be rerneinbered that no 
particular assumptions concerning the  transitions a:e 
necessary. 

In  a îurther work, we intend to conpute  the moments' 
using a more realistic potential model, as well as  to cdr- 
relate the characteristic puarineters of these potintials for 
solvated electrons in vnrious rnedia. 
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1 with 

K = J m j ;  w); = m; - X  = K cotg Ka ( l l b )  

and E is the energy of the ground state. 
The  tn O unhnowns are V ,  and a. They can be obtained 

. by solving the two equations 
- 
Po = 11'1 

Fi = m2 

The  values of V,  and a are obtaiced with a program 
solving siniultaneous nonlinear equations.?O l'hese values 
were used to recalculate nz3. The results are shown on 
Table III. 

V. Diçcussion 
The  values obtained for 17% aiid a, satisfying the 1,andau 

condition," indicatc that, iii the frameivork of tlie spliericd 
box rnodcl, tlicre is orily one bound state in the well. 
Therefore the optical band is due to transitions to the 
contitiiiuin. This corifirnis the results obtaiiied by hlaz- 
zacurati e t  al.'\vho have fitted the optical spectrum with 
the  cornplete expression for the absorbancy first derived 
in tliis case by Rrcit aiiti C o i i d ~ n . ? ~  

The  valrics of recalculatecl î r on  V, anci a are of the 
right order of niagnitirdc, bci~ig systematicallp 20% higher 
ttian the exl)erimental values. Silice m3 ic very sensitive 
t o  thc i:iagnititde of the grurir:d stczte wave fuiiction a t  the 
cdge of the ncll, this discrepancy cari be colisidered as an 



II. 2. 2.  Applications de la  méthode. 

Dans cette par t ie  du t rava i l ,  nous appliquerons la rnéthode 

décr i te  en  II.  2 .  1. pour in te rpré ter  l e s  modifications 

du spec t re  de l ' é lec t ron  solvaté causées  soit  p a r  effet de 

tempéra ture ,  soit  p a r  des  modificatioils du solvant. 

Ce t rava i l  s e r a  publié ul tér ieurement .  

Dans ce qui va su ivre  nous donnerons pour chaque spec t re  

l e s  v ~ l e u r s  des  p a r a m è t r e s  obtenus p a r  l 'a justement  de la 

courbe gaus sienne asymétr ique aux donnkes expérimentales .  

Iléquation de la courbe e s t  : 

où A e s t  la valeur de l'absorbante au m-aximum E 
Max Max ' 

b e s t  un pa ramèt re  d 'asymétr ie  e t  A E  e s t  r e l i é  à l a  la rgeur  

à m i  hauteur W p a r  la relation 

Nous donnerons a u s s i  l e s  va leurs  des  moments  expérimentaux 
- - - 
P o '  Y' v2 , e t  la valeür dù moment théoriqüe r n j  

calculée à par t i r  de la profondeur e t  du rayon du pai ts  de potentiel. 

a )  Effet de tempéra ture  dans l 'ammoniac pur .  

Nous avons r éa l i sé  cette étude à l ' a ide  des  résu l ta t s  tabulés 

publiés dans l a  l i t t é ra ture .  Pour  a s s u r e r  l a  cohérence des  

calculs ,  seuls  l e s  résu l ta t s  extrapolés  à dilution infinie p a r  

Rubenstein ( 2 ) ont é té  ut i l isés .  Cela entraîne due les  t r o i s  

tempéra tures  étudiées sont : -55, -65 e t  -75  '(i . 
Nous avons repor té  l e s  résu l ta t s  dans le  tableau 1. Nous obtenons 

1 

une bonne précis ion s u r  l e s  p a r a m è t r e s  décrivant  la  courbe. 

Dans l a  seconde par t ie  de la  table sont r epor t é s  l e s  moments  

et  l e s  p a r a m è t r e s  du puits. Comme précédemment  ( 3 ), i l  faut 

noter que l e  moment  m 3  calculé à par t i r  de V, e t  de a e s t  
- 

l égèrement  supér ieur  au  moment  u2 expérimental  m a i s  du 

m ê m e  o r d r e  de grandeur.  



T A B L E  1 

ANALYSE D E S  S P E C T R E S  D'ABSORPTION DE SOLUTIONS DE 

POTASSIUM DANS L'AMMONIAC S N  FONCTION DE LA T E M P E R A T U R E  

MOMENTS E T  P A R A M E T R F S  DU P U I T S  

- - - 
: moments  expérimentaux. u 0  e t  y servent  à calculer  V w e t  a 

1 

b 

0.43 f O. O2 

O. 51 f O. 02 

O. 48 0. 02 

- 
m3 

: moment  d 'o rd re  3 calculé d ' a p r è s  Vw e t  a à compare r  à 112 

A E  
cm-'  

3400 t 50 

3320 ? 60 

3400 t 50 

T 
O C  

-- 

-55 

- 65 

-75 

1 U N I T E S  

E 
m a x  - 1 cm 

6810 1 30 

6920 + 40 

7160 f 40 

- L e s  moments  no rmés  sont expr imés  en unités atomiques d 'énerg ie  
( 1  u.a .  = 27 ,21  eV ; 1 eV = 8060 c m - l )  
L e s  moments  m l  e t  Co en u. a .  

2 
L e o  moments  m 2  e t  rl en (u. a .  ) etc . .  



b) Effet de  la  composition du solvant. 

Nocis avons réanalysé toutes les  données obteniies dans le  c a s  

des  mélanges eau-ammoniac e t  eau-éthyl'enediamine ( 4 ). 

Nous n'avons tenu coinpte que des  données obtenues, par  rad io-  

lyse pulsée,  dans le  s m ê m e s  conditioris expérimentales ,  ce 1 
qui explique l ' absence  des points C D  rrespondant aux solvants purs .  

Nous avons repor té  l e s  résu l ta t s  de l 'a justement  de  la courbe 

gaussienne asyme'trique aux données expérimentales  dans l e  

tableau 2 .  On peut voir que l e s  incert i tudes su r  c e s  va leurs  

sont importantes .  Ceci tient au fait  que l e s  spec t r e s  sont obtenus 

point p a r  point e t  qu'un nombre r e s t r e in t  de points e s t  disponible 

pour chaque spec t re .  De plus la nécess i té  d 'avoir suff isamment  

de lumiè re  s u r  l e  détecteur infrarouge forçai t  à ouvr i r  les  fentes  

du monochromateur  e t  donc à diminuer la résolution. 

( v o i r  publication 1 pour l e s  détails expérimentaux). 

Pour  cer ta ines  concentrations l e s  spec t r e s  ont é té  r éa l i sé s  

plusieurs  fois ce qui explique que ces  points apparaissent  p lus ieurs  

fois dans les  tables.  I l  faut noter que tous l e s  spec t r e s  sont c o r r i -  l 
gés pour l 'effet  de tempéra ture .  

Nous avons r epor t é  dans la  table 3 l e s  résu l ta t s  de l 'analyse des 

courbes pa r  la  méthode des moments.  Bien que ces  résu l ta t s  

soient plus impréc i s  que dans l e  c a s  de l 'ammoriiac, on observe  

la  m ê m e  différence en t re  l e  moment calculé m 3  e t  l e  moment  
- 

expérimental  . Cette différence e s t  toujours dans le  m ê m e  

sens  e t  de l ' o r d r e  de 22%.  Cette comparaison montre  que l e  

modèlé e s t  valable dans toute la  gamme de concentrations. 

Nous pouvons vér i f ie r  la  cohérence de nos résu l ta t s  en  observant  

que l e s  valeurs  de V, e t  de a tendent v e r s  la m ê m e  l imite  

lorsque l 'on s ' approche  de l ' e au  pure .  Ceci e s t  m i s  en évidence 

s u r  l e s  f igures  1 e t  2 . 



T A B L E  2 

MELANGES E A U  - NH3 . S P E C T R E S  EXPERIMENTAUX 

VALEURS CORRIGEES à 25°C 

1 x ( ~ ~ 0 )  E 
max A E  13 

i 
! ~ 

cm-1 cm-' 
p- 



T A B L E 2 (sui te)  

M E L A N G E S  EAU - ETI- IYLENEDIAMINE 

x ( ~ ~ 0 )  E max A E  h l 

cm - 1 cm-' 



T A B L E  3 l 
A P P L I C A T I O N  DE LA M E T H O D E  D E S  M O M E N T S  

M E L A N G E S  E A U  - AMMONIAC 

i - - - 
x ( ~ ~ 0 )  p O  p l  F-i.2 m 3 v w a 

x10 x l û  e V  A 
3 

x 1 O 
5 

x10 
5 

B Valeurs extrapolées 

c hi! $ %*\ 

' i l  cî. ; 
.-'d 



T A 8 L E 3 (sui te)  

MELANGES E A U  - ETHYLENEDIAMINE 

i V a l e u r s  extrapolées 



Fig. 1 . Profondeur du puits de potentiel en  fonction de la 
composition dz  mélange. 



X E D A  
e NH3 

F i g .  2 . Rayon de  la cavité en fonction de la composition 
du mélange. 



II. 2. 3.  Interprétation. 

a )  Nombre d 'é ta t s  l i é s  dans le puits. 

A pa r t i r  des  va leurs  de V, e t  de a ,  nous avons calculé 

l ' énerg ie  des  é ta t s  l i é s  possibles  dans le  puits. Dans l e  

cas  du puits de potentiel sphérique 1-a condition d 'exis tence 

d 'é ta t s  l i é s  e s t  obtenue pa r  la  solution d'équations t radui -  

sant la continuité de la  fonction d'onde e t  de s e s  dér ivés  

à l a  l imite  du puits. Ces équations sont différentes pour 

chaque type de fonction d'onde. 

Pour une fonction d'onde 1 s ,  il y au ra  un état  l ié (E < 0 ) 

s i  l 'équation - x a = Ka cotg Ka 

peut ê t r e  vér if iée  pour V, < E < O 

x =- ; K =\IG); a = rayon du puits 

Noiis avons v2rifié qu ' i l  exis tai t  un état  l i é  de type 1 s dans 

tous l e s  cas .  Cet é tat  e s t  le  plus stable qui puisse ex is te r  

dans le  puits. L 'é ta t  l ié  d 'énergie  snpér ieure  e s t  un e'tat 2 s 

dont la  condition d'existence e s t  donnée p a r  : 

K2 - -x2 - -  - 
1 - Ka c o t g  Ka 1 + Xa 

Nous avons vérifié que dans tous l e s  cas  de puits de potentiel 

obtenus, il n 'exis te  pas  d 'é tat  2 s lié. Il e s t  évident qu ' i l  n ' y  

au ra  pas  non plus d 'é tat  lié 2 p ou d 'é tat  d 'énergie  s u p é r i e i ~ r e .  

Dans le cadre  de notre  inodèle, nous devons considérer  que la  

t ransi t ion responsable  de l 'absorpt ion e s t  dc type 1 ~ - 9 c o n t i n u u m .  

Cette conclusion e s t  renforcée p a r  les  t ravaux d ' au t r e s  au teu r s  

qui ont uti l isé la  formule théorique du spec t re  d 'absorption d'une 

part icule  placée dans un puits sphérique pour d é c r i r e  le  spec t r e  

de l ' é lec t ron  dans l ' e au  e t  dans l'amrrioniac. ( 5 ) 



Ces  auteurs  uti l isent un ajustement  d'une formule théorique 

aux valeurs  expérimentales  e t  obtiennent de cette façon l e s  

en t r e  les  p a r a m è t r e s  du puits e t  l a  position du rnlaxirnum d 'absorp-  

tion. 

va leurs  de la profondeur du puits e t  de son rayon. L 'accord  
l 

plus ou moins bon ent re  l'absorbante calculée e t  expér imen-  

ta le  doit donc s ' éva luer  p a r  la qualité de l 'a justement  ce  qui 

e s t  une quantité difficile à m e s ù r e r .  Notre méthode uti l isant 
1 

l e s  moments  de la courbe pe rme t  d 'évaluer  la qualité du 
1 l 
I 
l 

modèle en comparant  des  va leurs  numériques de moments  
1 

expérimentaux e t  calculés.  De plus la méthode des  moments  
l 

procède pa r  intégration ce qui e s t  un bon procédé de l i ssage  
1 

des  données expérimentale  S. 

L e s  valeurs  de  l ' énerg ie  du p r e m i e r  niveau sont repor tées  

dans la table 4 . Cette valeur peut ê t r e  comparée  au seui l  

d 'énergie  correspondant  au  début du pic d 'absorption. Comme 

nous l 'avons remarqué  dans la publication Z ,  l e  niveau d 'énerg ie  

E ~ ( ~ x ~ )  obtenu d ' ap rès  la courbe expérimentale  extrapolée e s t  

s i tué plus haut que le  niveau calculé. Ceci indique que le  pui ts  

e s t  co r rec t  à s a  base ;nais  que l e s  bords du puits sont p r ~ b a -  

blement a r rond i s .  I l  faut auss i  noter  que dans auciin des c a s  

la  valeur de l ' énerg ie  de seuil  d 'absorption expérimentale ET 

ne pe rme t  de postuler  p lus ieurs  niveaux l i é s  dans l e  puits. 1 
E n  effet un au t re  état  l ié  produirai t  une au t r e  bande d 'absorpt ion 

à une énergie  infér ieure a u  seui l  d 'apparit ion de la  bande d'absorption. 
1 

b) Interprétat ion du déplacement des  pics.  

Notre analyse nous p e r m e t  de r e t i r e r  des spec t r e s  d 'absorption 

une quantité de  renseignements qui ne s e  raient  pas  disponibles 

p a r  une au t re  méthode. 

Nous pouvons en part icul ier  e s s a y e r  de t rouver  s corrélat ions 

I 



T A B L E  4 

ENERGIE DE SEUIL 

Eau  - Ammoniac 

+ valeurs extrapolées 



T A B L, E 4 (sui te)  

Eau - E thylenediamine 

S valeurs  extrapolées  



X E D A  

@ NH3 

F i g .  3 .  Energie du seuil calcülée en fonction de la composition 

du mélange. 



Nous avons t r a c é  1.a courbe EMax en  fonction de l a  profondeur 

du puits (figure 4 ) .  Nous y avons placé tous l e s  points dont 

nous disposons. La relat ion que nous obtenons e s t  l inéaire  

ce  qui indique que l a  connaissance de la  position du maximum 

peut s e r v i r  2 définir  la  profondeur du puits. Ce résu l ta t  peut  

nous s e r v i r  pour confirmer qu'un seu l  processus  d'absorption 

e s t  m i s  en  oeuvre pour toutes les  solutions. 

c)  Variation de la  la rgeur  à mi-hauteur .  
1 

Dans l e  cas  des  mélanges eau-ammoniac,  la  la rgeur  à mi-hauteur  

de la  courbe d'absorption e s t  multipliée p,zî un facteur  deux en  

passant  de l 'ammoniac à l 'eau.  Cette variation ne peut s ' e x p l i q ~ ~ e r  

pa r  des  corrélat ions s imples .  Dans l e  cas  des  mélanges e a u  - 

éthylènediamine la la rgeur  du pic r e s t e  constante quelque soit; la 

concentration du mélange. Dans ce dern ier  c a s ,  nous avons 

a u s s i  noté que le  rayon dci puits d e  poter~ti-1 ne va r i e  pas e n  

fonction de la concentration di1 mSlange. 

Nous avons essayé  de r e l i e r  la  valeur  de la  l a r g e s r  à mi-hauteur  

à une fonction du rayon du piiits. L a  la rgeur  à mi-hauteur semble  

ê t r e  une fonction l inéaire  du volume du puits. ( ~ i g u r e  5)  

c i )  Interprétation de la variation des p a r a m è t r e s  du puits de potentiel. 

Dans not re  calcul  nous ne faisons aucune supposition sur  l e s  

ra i sons  physiques qui permettent  d 'obtenir un potentiel de la forme 

qcie nous uti l isons.  De m ê m e  l 'exis tence d 'un  seu l ' é t a t  l ié e s t  une 

conséquence des  calculs.  

P lus i eu r s  t ravaux récents  uti l isent un modèle s imi la i re .  
l 

Copeland. Kestner  e t  J o r t n e r  ( 6 ) obtiennent un dui ts  de potentiel 

c a r r é  à l ' in té r ieur  de la cavité en considérant qu l a  p r e m i è r e  

couche de solvatation intervient de façon dans l ' express ion  

du potentiel 



Vw eV 

X E D A  O NH3 O NH3 pur  a j a s s e  ie i i4é ia ; .  re 

Emax = O. 486 V, - O. 072 ( i O. 05 ) 

Fig. 4 . Relation en t re  la  position di: maximum e t  la profondesr du puits. 



Fig. 5 . Relation entre la largeur à mi-haateur e t  le volume de la cavité. 



Il faut noter que le  potentiel e s t  constant à l ' in té r ieur  de la  1 
cavité. (voir figure 6b). 

Dans l ' express ion  précédente Fi e s t  le  moment  dipolaire l 

effectif, r d  e s t  l a  distance du cent re  de la  cavité au cent re  

du dipole de la  molécule ,  r c  e s t  la  distance du centre  de la  1 
cavité ail continuum si tué a p r è s  l a  p remiè re  couche de sol-  

vatation e t  N e s t  le  nombre de molécules  constituant cet te  1 
couche de solvatation. 

L'uti l isation d 'un te l  calcul e s t  conipliquée p a r  la  nécess i té  
I 

de calchler  le  moment  dipolaire effectif . E n  part icul ier  

un tel  calcul e s t  beaucoup trop difficile pour des  solvants 

contenant des  molécules  de nature différente. 
1 

1 
Kajiwari,  Funahashi e t  Naleway ( 7 ) ont démontré  que le  

I 
l 

spec t re  de l ' é lec t ron  solvaté po~iva i t  ê t r e  déc r i t  en considé- 

rant  un potentiel sphérique. E n  part icul ier  c ' e s t  le p r e m i e r  

t ravai l  permettant  de reprodui re  l ' a symét r i e  de la bande 

d'absorption. Dans leur  modèle,  l 'approximation du puits 

sphérique e s t  obtenue à par t i r  du potentiel continu en  consi-  

dérant  l e s  fluctuations de potentiel produites p a r  les  molécules  

constituant l e s  couches de solvatation (fig. 6 c)  

Nous pouvons à l 'a ide de  ces  d e r n i e r s  résu l ta t s  e s s a y e r  de r e l i e r  

la  profondeur du puits aux va leurs  du potentiel prévues par  l a  

théorie du mil ieu continu 
B v = -  1 1 ( ) f i B = - - -  
a ECO O 

a e s t  l e  rayon du puits de potentiel, e s t  l a  constqnte diélec-  

t r i q u e  optique, e t  .E l a  constante diélectrique statique. 
, .O 

Nous avons tout d 'abord  réa l i sé  ce calcul dans le  cas  de l ' ammoniac  

pur .  Pour  ce solvant l e s  indices de refract ion sont connus en  fonc- 

tion de la  tempéra ture .  

Nous pouvons compare r  l e s  va leurs  expérimentales  m i s e s  SOUS 

la  fo rme  du prodiiit V,.a aux va leurs  de B . 



Fig. 6. a . Description d'un modèle de cavité. 

V - 
a : rayon de sphère diire effectif des m o l é c ~  l I3s situées 

à une distance rd du centre de la cavité. 

rv : rayon de la cavité "vide". 

rs  : rayon effectif des molécules de b~ lvan t .  

r c  : distance à laquelle commence le continuum. 



Fig. 6 . b, c . Formes de puits de potentiel. 



Ce calcül e s t  r epor t é  dans la table 5 pour  l 'ammoniac pur  aux 

t ro is  t empéra tu res  étudiées. Nous notons que l e s  va leurs  du 

produit V,. a sont systématiquement plus élevées que cel les  

obtenues pour f3 bien que cette différence ne soit  jamais  supé- 

r i eu re  à 10%. 

Ceci provient en  part ie  de l ' impréc is ion  des m e s u r e s  expér i -  

menta les ,  le domaine de tempéra ture  étudié étant t rop  res t re in t .  

Il faut auss i  noter  que les  va leurs  de l ' indice de réfract ion de 

l 'amnloniac pur  ont été extrapolées  a s s e z  loin de l 'endroi t  ou des  

points expérimentaux étaient disponibles. 

Compte tenu de l a  simplicité du modèle utilis; cet accord  e s t  t r è s  

satisfaisant.  

Nous avons ensui te  appliqué le  même  calcul aux mélanges eau - 
ammoniac e t  eau  - éthylènediamine. Les  constantes diélectr iques 

de c e s  mélanges ne sont pas  connues e t  des approximations ont dû 

ê t r e  f a i t ~ s .  L a  constante diélectrique optique des mélanges e s t  

considérée comme une fonction l inéa i re  des fractions m o l a i r e s  de 

chacun des constituants. Nous avons calculé l a  constante diélectrique 

statique des mélanges en supposant l 'additivi té  des  polar isabi l i tés  

mola i r e s  e t  en  uti l isant la formule de Kirkwood 

1 

où V e s t  le volume molaire .  

A l ' a ide  de ces  constantes nous avons calculé l e s  va leurs  de 

e t  nous les  avons comparées  aux va leurs  de Vw . a . ' Nous notons i 
immédiatement  que pour l e s  mélanges riches. en eaujnous avons 

I 
un é c a r t  t r è s  important  en t r e  l e s  va leurs  de f3 calcplées e t  expé- 

1 

r imentales  : 

x B V,t a 

O. 949 0.556 O. 687 (eau - N H ~ )  

O. 863 O. 536 0.714 (eau - E D A )  



T A B L E  5 

E F F E T  DE T E M P E R A T U R E  DANS L'AMMONIAC P U R  

L e s  va leurs  de E, sont extra.polées des m e s u r e s  

d' indices de refract ion de l 'ammoniac pur ( 8 ). 



Pour  l e s  mélanges r iches  en amine ou ammoniac,  l e s  é c a r t s  

ne sont plus dans le  m ê m e  sens  pour l 'ammoniac e t  l 'éthylène- 

diamine 

x ( ~ ~ 0 )  B V,. a 

Comme nous le montrons figure 7 l ' é c a r t  en t r e  les  va leurs  

calculées  e t  expérimentales  e s t  systématique e t  s ' acc ro i t  

lorsque l 'on s ' approche  de l 'eau pure.  Pour  expliquer cette 

déviation, nous postulons que l ' e r r e u r  introduite provient de 

1' cltilisation des constantes diélectriques optiques du mil ieu 

continu e t  qu ' i l  s e r a i t  sans  doute plus appropr ié  d 'ut i l iser  des  

constantes diélectr iques effectives au  voisinage de la  cavité. 

Pour  évaluer c e s  constantes effectives,  nous avons évalué une 

valeur effective en  uti l isant une méthode de moindres  c a r r é s  

pour résoudre  l 'équation 

Nous obtenons de cette faron l e s  va leurs  suivantes à p a r t i r  des  

mélanges eau - ammoniac  

E, ( ~ ~ 0 )  = 1 . 3 8  k 0 . 0 2  

E, ( N H ~ )  = 2 . 1 0  f 0 . 0 4  

à par t i r  des  mélanges eau - éthylènediamine 
1 

E, ( ~ ~ 0 )  = 1 . 2 3  f 0 . 0 3  

E, (E DA)= 2. 05  ?. 0. 0 4  

Les  va leurs  expérimentales  déduites des  indices  de réfract ion 

étaient : 



A l 'a ide de c e s  va leurs  nous avons établi la comparaison 

en t re  $ e t  l a  valeur calculée V,. a .  Nous avons t r acé  

ces  courbes e n  fonction de la  concentration en eau s u r  la 

f igure 7. On peut voir a ins i  qu'en ayant a justé  l e s  cons - 

tantes  diélectriques des  constituants purs  on peut déc r i r e  

la  var iat ion du produit V,. a en fonction des  propr ié tés  

m-,croscopiques du solvant. 

Il e s t  à noter que la valeur  de l ' indice de réfract ion de 

l 'ammoniac e s t  a s s e z  sujette à caution. La valeur  de n 

pour des  solutions à 3070 en poids d 'ammoniac dans l 'eau 

e s t  déjà  de 1. 35 (9) ce  qui donne une constante diélectrique 

de 1. 8 7 .  E n  supposant la  loi  d'additivité des  constantes 

diélectriques cela  nous donne E~ ( N H ~ )  = 1.92, valeur  

beaucoup plus proche de 2. 10 que ne l ' é ta i t  la valeur  1.77 

citée c i -dessus .  

Nous sommes donc amenés  à supposer  que l 'on peut  u t i l i se r  

l e s  constantes diélectriques optiques des  solvants purs  dans 

le  c a s  de l ' ammoniac  e t  des  amines  m a i s  que cette approxi-  

mation n 'es t  plus valable dans le  cas  de l 'eau. 



e a u  - ammoniac  

x ( ~ ~ 0 )  

@ c o r r i g é  * , .  . , . . . @ non c o r r i g é  

V,. a  

Fig .  7 . Compara i son  e n t r e  6 et  V,. a. 



II. 3 .  Comparaison avec d ' au t r e s  méthodes.  

II. 3 .  1. Trans fe r t  de charge au solvant ( c  t t s ) .  

Depuis longtemps ont é té  cherchées des  corrélat ions en t re  l e s  

positions des  maximum des spec t r e s  de l ' é lec t ron  solvaté e t  de 

l ' iodure en solution dans les  m ê m e s  solvants ( 10 ). 

Récemment  Fox e t  Hayon ( 11) ont publié une remarqiiable relat ion 

l inéaire  en t re  la  position des spec t r e s  de l ' iodure e t  de l 'électrori  

solvaté dans 43 solvants dont l e s  constantes diélectriques s ta t iques 

vont de 2 à 80 . 
Le mécanisme de l 'absorpt ion de l ' iodure e n  solution e s t  in te rpré té  

en t e r m e s  de t r ans fe r t  de charge au  solvant (c t t  s ) .  L e s  principaux 

c r i t è r e s  pour qu'un te l  mécanisme soi t  p résent  sont l e s  suivants : 

a - dépendance de la  position du maximum s u r  la nature du solvant 

b - variation l inéaire  de la position dci maximum en fonction de  la 

tempéra ture  

c - relation l inéaire  en t r e  les  positions des maxima de deux cliromo- 

phores  absorbant  p a r  c t t  s dans d ivers  solvants 

Ces c r i t è r e s  sont vér if ies  pour l ' é lec t ron  solvaté. Il semble donc 

in téressant  de compare r  nos résu l ta t s  avec ceux que l 'on peut calculer 

pa r  la  théorie c t t  s . Le  calciil théorique de la position du r ~ a x i m c i m  

d'absorption a été  r éa l i sé  par  plusieurs  au teurs .  La formulation l a  

p l ~ s  acceptSe e s t  celle de Stein e t  Treinin. La  position du maximum 

n ' e s t  pas  calculée p a r  la  mécanique quantique. On util ise un cycle de 
1 

Born - Haber mettant  en  jeu des quantités connues. 
' 

Le cycle proposé dans le  mécanisme de Stein e t  Treinin e s t  l e  

suivant (II) h v x-  (solv) - X ( ~ 0 1 ~ ) -  

TE2  
X -  +- (so lv)  A x - t e -  t (solv) 

g E_- g g 

La charge e s t  portée p a r  l ' ion placé au  cent re  ùe la cavité fo rmée  l 
par  l e s  molécules  de  solvant. L 'act ion de la  lumière  co r~s i s t e  à 

r é p a r t i r  cette charge s u r  ces  molécules  de solvant. 



Décrivons maintenant l e s  d iverses  &tapes du cycle. 

On considère que l 'énergie  m i s e  en  jeu pour la  transit ion optique 

e s t  égale à l ' énerg ie  du maximum d 'absorpt ion de cette transit ion. 

Ceci n ' e s t  bien entendu qu'une approximation. 

Dans l a  p remiè re  étape, l ' ion e s t  r e t i r é  de la  cavité e n  la i ssant  

cel le-ci  intacte donc sans  changer la  polarisation du milieu. 

e s t  donc la  somme de l ' énerg ie  d ' interact ion de l ' ion avec la  pola- 

r isat ion permanente du milieu e t  de la polarisation électronique 

indüite p a r  l ' ion. L a  seconde étape ( E ~ )  correspond à l ' ionisation 

de X(g) 
. Dans la de rn iè re  étape ( E ~ )  l ' é lec t ron  e s t  réintroduit  

dans l ' é ta t  excite du milieu e t  l ' a tome e s t  r e m i s  dans l a  cavité. 

Un te l  cycle peut ê t r e  a i sément  modifié pour déc r i r e  l ' é l ec t ron  

solvaté 

Les  t e r m e s  E e t  E2  ont la  m ê m e  signification que précédem-  
1 

ment.  Afin de dé r ive r  une formule reliant l e s  va leurs  spec t rosco-  

piques aux diver s e s  propr ié tés  dü solvant, nous allons expliciter 

l e s  deux t e r m e s  E l  e t  E 2  . E e s t  la somme de l ' énerg ie  due à la 1 
polarisation permanente dii diélectrique B/ro e t  de l ' énerg ie  due à 

1 1 
la  polarisation électronique - (1 - - ) où ro e s t  l e  rayon d e  la  

r o  E, 
cavité. Le  t e rme  E2  m e t  en  jeu l 'é ta t  excité. Dans l e  modèle c t  t s ,  

l e  puits de potentiel e s t  de forme coulombique ce qui produit un 

nombrc infini d 'é ta t s  l iés  dont l ' énerg ie  appara i t  explicitement dans 

l a  formulation du modèle. L 'express ion  obtenue par  Stein e t  Treinin 

s ' é c r i t  : 

(en unités atomiques) 

Les  deux de rn ie r s  t e rmes  correspondent à l ' é ta t  excité. 

De nombreux au teu r s  ont uti l isé ceme formule pour définir des  

rayons de "cavité" dans l e  cas  des  spec t r e s  de l ' é lec t ron  solvaté ( 13 ). 

Cette procédure n ' e s t  pas cor rec te .  



Dans la  discussion suivante notis allons détail ler l e s  hypothèses 

supplémentaires  introduites dans l e  modèle c t t  s appliqué à 

l ' é lec t ron  e t  effectuer des  comparaisons avec le  modèle du pui ts  

c a r r é .  Voir l e s  figures 8 a ,  e t  8 b pour  la signification des t e r m e s .  

- Dans le  modèle c t t  s classique (avec  un ion au cent re  de la 
l 

cavité),  on considère qu 'à  l ' é ta t  fondamental, l ' é lec t ron  e s t  f o r t e -  

men t  l ié  à l 'a tome e t  qu ' i l  s e  trouve a u  fond du puits. La profon- 

deur  du puits e s t  B/r où ro e s t  le  rdyon crystallographique. Il e s t  
O 

bien connu que l ' énerg ie  d 'un électron placé seul  dans un puits de 

potentiel n ' e s t  pas au  fond du puits. 

Dans le modèle du puits c a r r é  l ' énerg ie  du niveau fondamental 

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

- L'approximation, faite dans l e  cycle c t t  s ,  de prendre  hv 1 
m a x  

comme énergie  moyenne de l a  t ransi t ion optique n ' e s t  valable que 

s i  l e  spec t re  e s t  symétr ique pa r  rappor t  àvmax . C ' e s t  donc une 

t r è s  mauvaise approximation dans l e  cas  de l ' é lec t ron  solvaté. 

1 
i 1 

- L a  théorie c t t  s pe rme t  d ' identifier l ' énerg ie  séparant  le  niveau 

correspondant  à l ' é lec t ron  au repos dans le solvant e t  le  niveau ! 
l 

correspondant  au vide. On retrouve cette valeur  dans l e  cas  du 

puits c a r r é  de potentiel. Nous posons dans ce cas  
l 

ve = Se=- 1 ( 1 - 1 )  
2a (en unités atomiques) i l 

La comparaison ent re  l e s  deux fo rmes  de puits de potentiel e s t  

valide s i  dans l e  cas  du puits coulombique, l e  niveau, 2 p e s t  

placé suffisamment p r è s  du haut du puits pour que ce t  état so i t  

déjà  t r è s  délocalisé.  Dans le  cas  du puits c a r r é  de potentiel l ' é t a t  

2p n 'exis te  pas ,  et  l ' é ta t  excité e s t  délocalisé.  Ainsi que nous 

l 'avons cité plus haut (II. 2. 3 ,  d) le  puits c a r r é  de potentiel peut  

ê t r e  p r i s  comme approximation d'un potentiel coulombique si les  

fluctuations du solvant sont p r i s e s  e n  considération. 



Nous avons montré  en II 2. 3. b qu'une relation empirique de 

type Emax(e-)= A. V, + B existait .  D ' ap rès  la  figure 8 a 

on peut voir qu 'à  condition que l ' é t a t  2 p  soit  suffisaminent 

délocalisé o n p e u t  é c r i r e  EmaX (1) = V,+ C C étant une 

valeur  représentant  la  différence en t re  l ' énerg ie  du niveau 2p 

e t  celle de l ' é lec t ron  l ib re  au  repos.  On note que l 'exis tence 

d'une telle relation donne une explication qualitative aux c o r r é  

lations de Fox e t  Hayon (11) 

La  valeur  de ~ ( 1 s )  + Ve a un sens  physique; e l le  correspond 

à l ' énerg ie  qu ' i l  faut fournir  à un électron solvaté pour l ' é j ec t e r  

dans le vide. Cctte valeur  devrai t  donc cor respondre  au  seul  de  

photoéjection m e s u r é  p a r  Delahay ( 14 ) : 1.8 - 1.9 eV pour d e s  

solutions méta l -ammoniac  à -60 O C  . 
D'après  le  cycle thermodynamique, on peut voir  acissi que cet te  

quantité correspond à la chaleur de solvatation de l 'é lectron.  

Cette valeur a é té  évaluée par  J o r t n e r  (15), e l le  e s t  de 1. 7 -1. 0. 7 e V .  

Pour  l 'ammoniac pur  à -65"C, nocis obtenons une valecir de 1.54 eV 

en prenant pour E (1s)  s a  valeur calculée dans la  publication 2. 

Cette valeur s e  compare  a s s e z  bien aux va leurs  obtenues pa r  

d ' au t r e s  méthodes.  El le  e s t  infér ieure à celle obtenue pa r  Delahay. 

Ceci peut s 'expl iquer  e n  notant que de nombreuses  approxima- 

tions ont é té  fa i tes  dans notre  calcul;  en part icul ier  l ' énerg ie  

nécessa i r e  pour f ranchi r  l ' in terface vide - solution a é té  négligée., 

Pour  l e s  mélanges eau - ammoniac e t  eau - éthylenediamine, 

nous avons repor té  l e s  va leurs  de Ve e t  de Ve + E (1 s)  dans l a  

table 6. Ces  va leurs  sont  t r a c é e s  en fonction de la  composition 

du mélange figure 9 e t  10 .  La  variation de c e s  va leurs  ne présente  

pas  de singularité en t r e  l e s  l imi tes  des  solvants purs.  

Il e s t  à noter que la valeur  de Ve e s t  du m ê m e  o rd re  de grandeur  

que celle que Jortrler (6) uti l ise dans son modèle.  



I (a) 
vide 

- . I I i . - - i r u i D - i i I - -  

solvant 7'- 

Ve = Sion 

1 s s u r  l ' ion 

vide 
-Dq13. . i I i . )PZD"DPIs I  7 -  

I solvant I 

Comparaison des grandexrs  introduites dans la théorie 

c t t s  e t  ce l les  du puits c a r r é  de potentiel. 
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F i g .  9 . var ia t ion  de Ve e n  fonction de la  composition du mélange. 



Fig. 10 . Variation de Ve t E (1 s) en fonction de la composition 

du mélange. 



I I .  3 . 2 .  Modèles moléculaires .  

Webster (15) a uti l isé un modSle constitué de quatre  molécules  

placées au  sommet  d'un t é t r aèd re  entourant l a  cavité. Dans c e  

calcul a s s e z  proche des méthodes a b  initio, l e s  fonctions d'onde 

des  molécules de solvant sont p r i s e s  en  considération pour définir  

l e  potentiel subi p a r  l 'é lectron.  Webster  a appliqué son modèle  

aux mélanges eau  -ammoniac  en substi tuant successivement  l e s  

molécules d 'eau p a r  des  molécules d 'ammoniac.  De cette façon 

il a pu obtenir l e s  va leurs  de l ' énerg ie  de l a  t ransi t ion optique 

pour cinq va leurs .  La  comparaison de  s e s  résu l ta t s  avec l e s  

va leurs  expérimentales  e s t  montrée  ci  -dessous 

O I 
M ~ i e  Fraciun (H,O) 

Cependant pour résoudre  l e  problème d'une façon plus fine une 

s t ruc ture  plus complexe qu'un t é t r aèd re  e s t  nécessa i re .  

II. 3 .  3 .  Vérification du modèle de Jo r tne r .  (Publication 3) 

Dans leur  a r t i c l e ,  Copeland, Kestner e t  Jo r tne r  (6)  décrivent  

l e  spec t re  de l ' é lec t ron  solvaté en  t e r m e s  de  configuration du 

solvant. (section II. 2 .  3 )  

La coordonnée choisie e s t  une m e s u r e  du déplacement r ad ia l  de 

N molécules de solvant p a r  rappor t  au  cent re  de la  densité é l ec -  

tronique. Ces calculs donnent des  courbes d 'énergi  indiquant la 

i 

e 
stabili té de l ' é t a t  fondamental e t  de l ' é ta t  excité. Q'après  l a  courbe 

donnant l ' énerg ie  totale de l ' é ta t  fondamental, il e s t  possible de 

calculer  l e s  niveaux d 'énergie  de vibration de !a cavité. L e s  hypo- 

thèses  introduites dans ce calcul sont  les  suivantes : 



- Les  molécules sont t ra i tées  comme des sphè res  d u r e s  

- Les  N moléc~ i l e s  formant  la cavité se  comportent comme 

des  osci l la teurs  harmoniques de te l le  sor te  que l a  forme de la 

courbe d'énergie potentielle dans la  région du minimum d 'énergie  

peut ê t r e  représentée  p a r  une parabole.  

L e s  fréquences calculées s e  trouvent dans la  région 25-75 c m - l  

pour l ' é lec t ron  dans l 'ammoniac liquide, e t  ces  au teurs  ont suggéré 

que cette vibration s e r a i t  observable en spectroscopie Raman. P a r  

analogie avec des calculs  s imi l a i r e s  slir l e s  cent res  co lorés ,  cet te  

vibration e s t  appelée un "mode symétrique".  

Nous avons en t r ep r i s  une étude des  spec t r e s  Raman de solutions de  

métaux alcalins dans l 'ammoniac en  nous in té ressant  de plus p r è s  à 

l a  région des  basses  fréquences.  Cette étude présente  un cer ta in  

nombre de problèmes.  Comme nous l 'avons vu précédemment ,  l e  

maximum d'absorption s e  trouve aux environs de 7000 cni" ( 1 , 4 3  p ) 

dans le  proche I R .  I l  e s t  donc impossible d 'avoir  une longueur d'onde 

exci tatr ice  située à une énergie  plus faible que celle de l a  p r e m i è r e  

t ransi t ion $le cironique . 
Bien qu'absorbant dans le  proche infrarouge,  c e s  solutions sont inten- 

sément  colorées .  I l  faut donc fa i re  un compromis en t re  la  concentration 

e n  électrons solvatés que l 'on veut auss i  haute que possible e t  la  néces  - 
s i té  d 'avoir  de la lumiè re  diffusée p a r  l 'échantillon. La concentration 

des  solutions étudiées étai t  de 1 0 - ~  à 1 0 - ~  M.  

Nous n'avons pas observé  de r a i e s  Raman supplémentaires  dans l e  domaine 

des  basses  fréquences.  Nous avons essayé  ensuite de voir  s i  un effet pouvait 
, 

ê t r e  observé su r  l e s  fréquences de vibration du solvant lu i -même.  A p a r t  

une légère  variation de l ' intensité des  r a i e s  dues probablement à l 'absorbanc 

de la  solution, aucune variation n ' a  pu ê t r e  détectée.  L 'absence d'effet de 

l ' é lec t ron  solvaté s u r  l e  spec t re  Raman peut s 'expliquer en  par t ie  pour l e s  

ra i sons  expr imées  c i -dessus .  Ce résu l ta t  ne pe rme t  pas  de confirmer ou 

d ' inf i rmer  l e  modèle de C c ~ e ' a n d ,  Kestner e t  Jor tner .  
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h4.G. DEI~~\c.KI<R, P. F. R'usCI~,  B. DIJ~~I:I.TIGXII:S, and G. LEPOL:TKE 

Stiidics of tlie Kariiaii spccti-iiiii of diliitc ~)otassiii~ii-aniiiioiiia soliitioiis arc rçpoi-te3. So ne\\. 
ban& n p p c a ~ d ,  arid rio diîlcsc.iicc bctnecri thr:  sprciriiiii of pure aiiiriionis and ilin1 of the 
soli;tiori coiild bc dctccrcd. I'o~jiblc rc3sons for the fiiiliire io observe aiiy ricv: baiidj are 
disciissed. 

Thc ~nost  strikiiig fclturc of tlie opticfil absorptioii spcctriiiii of dilurc aiid rnoder- 
ately concciiti-ntcii nietnl-niiiii:oni soliitio:is is tlic presciicc of a siiizle absorp- 
tioii bniici i i i  the ~icnr-i:ifi.arcd regioii \\.ith a innsiiniini r i t  aboiit 0.8 eV. 7-liis barid 
is vcry iiitcnsr: ( v  = 4.5 x 10' liter mole-' ciil-'), broad (linlf-\vidili =: 0.4 eV) and 
rioticçably as~iiiriirtric to\snriis higlicr cncrgy. I t  is gtricriilly ncce;)tcd C I .  21 that 
tliis bniid rcsiilis froili an optical 1i.ansitioii of the solvatcd clcctroii. The cnsity 
niodcl [.il is nblz to esp1:iiri ttie absorptiori bnriil iii tcrins of a traiisitioii of tlie 
solvnied clcîtroii froni ri 1s (si-oiind) to 3 3p (cscited) statt.. 
In  a reccilt p:~pcr ;-t],-Copslniid. Kcstricr, and Jortncr proiidt. a thcoretical 

,dcscriptiori of  the solvatcd clrctron iii ter-;ils of 3 confieurntion coordinritc (cc1 
niodcl. 7'11~ cooidin:ltc clioizri is n nicnsurc of ttie riidifil displncer-r:eiit of ri solisnt 
molcciiles abaiit the cerltcr ) f  the solvritcd elcctron dcnslty. l'hcse cnlciilntions 
yicld total tliici-gy ci ir~sç c1inr;ictcristiç of stable systciiij for botti tlic ~roiirid aiid 
escitcd stntcs. Froni ttiz total zriersy ciirve for the 1s stnte i t  is pozsibfe to cnlcu- 
Iate the vibrntiorial encrsy !c\elj of the cavity by rnnking t1ic f~llo\i.ir.c 3ssunip- 
tions. First, tlic aniriionin molcculcs focniin: the ~ ~ v i t y  arc esssntirilly hard 
spherts, and sec-orid. tilt. )I  ca\ity niolcciiics nct us a hnrrnnriic oscillntor 5i:cii tliat 
the potentiril cncrgy ctirve in tl!c rs~inri of thc riiiiiimurn criil bc c?pprouininrsd hy 
a parnt~ola. l'hus froni thc second dcri\ntive of riit curse cvalunted .it tlic nii~ii-,  
miim, [lie frcqiieiicy of vibi.ntioii cari bc c~tlciilnted as a f~iiic:iori of 11 and of the' 
potcritinl ciicrgy 1; \\.hic11 1.cpr~3sciits !ht) encrzy of a qu:isi-frec clectrori i i ~  thc 
mcdiiiiii. ?'lie cn1cui:tteci frcqiiciicics arc in tlic rnrze 3 - 7 5  cm-\ arid Copeliind, 
Kcstiier, niid Jortncr siiscçst tliat t!iis vibrntio;. can b7 observed by Rriinari 
scnttcriiig. 13y nnnlc7zy \ l i t11  siriiil~ir crilci~l:itioris 011 clccrro~i iiiipiirity ccntcrs iq 
thc solici strirc, tliis il~sntioii is ca!lc~I a "s~.~iimctric' breiithii!: niode". 
In  tlic solid stiitc cc calciilntioris for [lie F-c~iitcr [j], tlic syiiinietric brc:itliiri, 
niodc is foiiiid to b;: of inllici. Ion. ciicrgy anci can bc i!scd to cspl:iiii quniitit:iti\c.l 1 
tlic obscri.cd br.oaticniiig of tlic clectroii absoipiiori b:~nd. 0 1 1  tlic bnsis of ilies 
calculniioiis i t  \vas pscdictccl CG] tliat ttiis iiiotlc of vibrntioii of tlic cc (i.c. t lk 
l;it!ice siii~roii!iJiiig tiic 1--cciitcr) sliorild 17c obs:rsat;lc by 12ninnii scnttcriii_c. 
Altlioiisli 11iei.e \sas :i Kaiiinii spcctriiiii obscrscd \vit11 1:-ccriters i i i  XaCI atid ]<Ci. 
ilie ses~ilts slio\ved "iio c\.itlciice for a stroiig slinrp loc:ilizc.~l niodc of ~ibiritioii" 
Pl. 
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Tliê absorptioii spectriini of [lie solvatcd clectron hns bccii ii?vcstigntcd by many 
rescarchei.s [S, 9) biit tlic s!?cctriiiii of tlii: solvciit lias, i i r i t i !  rscciiily [!O], riot 
recci\.cd :;iircli attcntiori. -1'lic iiifrared ( IR)  spectriirn of t i ~ c  solvent lias bccn 
observc<l [ l  11 for solutions of potassiiinl aiid liiiiiiiiii  iii  aiiiiiioriin. Tri tliis iii\'csti- 
gation it \va< uhscri-cd tlint (11;' prcscncc of tlic sol\';itcd clccti-oii pcrtiirbcd tlie 
s p ~ t r t ~ i ~ ~  in t l ~ e  3 p S C ~ ~ O I ~  ini~cli 111orc strongly tlinn ordiiinry snlts i i i  aininoiiin. 
A stutiy of tlic ltnmnii spcctriirii of tlilutc' 1)otnssiiiiii-anitiioiiin solutions \vas 
iiiitintt.ii in orcler to look for nc\v bands or far tlic pcrtiirbntioi; of tlic aitimoiiia 
vibratioii b:iiids. II is tlic piirpose of this pnpcr to prescrit soriic or the preliniilinry 
rcsiilts. 

E X ~ P ~ ~ I I I C I I ~ : I ~  
Potassiuni soliitioiis Ivith inctiil coiiceritratiotis rnnging from 1 0 - ~ - 1 0 - ~  hI wcre 
p i ~ p a r e d  iin c! liriilr.ica1 6 i i i i i i  Of) Pxrcs tubiiic. ?'l;cse cclls coiild \\itlistniirl the 
j>rC.ssure of  amrnoriin at room ten1pcrn:ure. 7 ' 1 1 ~  stnbilit! of tlic soliitions at rooiii 
tempzrature \vas esccller-it; no decomposition prohleii-is occiirrcd during tliç 
TllilS. 

The Rainan spcctroi:,eter iised was a CODEIIG Pl-1 1. Tliir iiiitrurnciit lias a 
double ~ i i o n o c l i r ~ i ~ ~ a t o r  cqiiippcJ \vit11 grntiiizs riiicd nt 1SOO liiics,!initl. Entrnnce 
and e\.it siirs \vue ncljustnhlc and coiild 2ij.e rcso1iitio:is froin 0.1--10cn1-'. 'The 
dctec:~r n.as a ptiotornultipliei of tliz S 20 [>pi: \vit11 n src'ctrnI range from 
30CO--SV93 j\. riiid a ii~nsiiiiiini seiisitivity nt 42CO.4. Tlie lislit soiirce nes a 
tiinnblz K r ~ l i t o i ~  Inscr (CRL niodcl 52). Thc tctrtl polvsr oiltr,iit of thi. laser is 
of the ordcr of 1 \v:,tt. The ligl?: bzam \vas focused on the ceIl coritairiing the 
solution and pnssr ci throii_eli i; tivicc. The scnttcrcri light \vas rcccivcd in a directiori 
pcrpcndiculnr to the inciticrit lislit. Tliz czll holdcr \vas eqtiippcJ \vith a cryostat 
cooled by tlie controllcd cvnporatiori of liquid nitrosen. l'lie tcnipcrature could 
bc rcgul3tt.d !vit11 an  nccurricy of $:z3 C. 
Al1 of our stucly nns  cioiic by c;rmp~tring tlic spcc:rn of piirc arnnioiiia and of ri 

nietnl soluticii t~ikcn undcr ezncily thc sniiic çoridi:ions. It is soci~t to kecp i!i ii~ind 
thnt liqiiid a1iiniorii:i is n poor scrittcrcr of light. I'lic Iriser esciting lirie Iins to br: 
clioscii cnrckiIIy i i i  order to  iisc tl:c photoiiiiiliiplicr \\~lizrc its serisitivity is zood. 
To detcct [lie \i.ccikest of tlic bniidù of piire iiniii:~rii:i, slit-iviilths of tlic ordcr of 
10cn-i-' lverc iiecdcd. The concentrîition of tlic soliitioris hiid to bc acljustccl i i i  

order to have ciiouçh liglit rcacliiiig tlic detcctor. 

Resirlts 
Tlie spectral rczioii Ironi 0--40M cm- '  \\.ris carcfiilly investiptcd. The  rc~iori  
bctn.ccri O and 100 cni- '  u.ns studicd ~ v i i l i  spccial nticrition siiicc i t  \vas \vlit.rc 
Jortiicr cr al. prcdictccI tlic appear:ince of a iic\v bnrid. A cnrcfiil nli~riincrit of Ilic 
oplicnl syslcni nritl tlie sclectioii of nnrro\i9 slits ~illo\vcd ils to ~vo rk  as  C!O~C as  
10cii1-.' îroiii tlic R;i~.leigli liiic. This rcgioii \va' sti!dicii \:'itll SC\.CII cxcitiiig liiies 
from tlic Kryptnii I:isti (fi-om 461'9-676-1 t i ) .  Xo iicw bniids nppenrcd, and x e  
coiilcl iiot C ! ~ J C C ~  aiiy i!irîc.rciicc bct\vecii tlic spccti.urn of pl.irc XII3 niid tli:i1 of 1 1 : ~  
K-NII, soliiiion. 'Tlic rcgio~i of tlic vibration bniitls of NF], \vas stiitlicd \v\'itli 
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the 4762t\ iitie niid sctiirigs sirch thc ~ibrat ioi i  baiids of nmnionia w r e  ivedl 
definecl. It \vas iii~possiblc to dctcct niiy nc\v b3iid. 
As slio\vn in 1-ig. 1 ,  ihe iisc of the 4762 t\ (2.605 CL') esciting liiic places tlic Rniiinn 
spectri~rn of 11ic fiiildaiiieiltal sol\.ci~t vibrations oiitsitle of [lie rcçioii of iiiteiise 
solvatcd elcctioii abso:.piioii: Tliis shoiild allonf tlir iisc of soliitioiis of Iiigh 
coiicc~itratior~. 'l'hc Tirsr leatiii~c iiotcd \\as n ~i~arl:cd decrcnsc of ihc iiitciisily of 
the sol\-cnt specii-iiiii; iiiucli of tliis is cxprctecl on tlie basis of absorl)tiori.of 
sc;?ttccccl liglit by the bliic baiid. . 

Fiç. 1. Pojitiori oc trie K r  eucitirig line (4762 t ! )  and the s o l ~ e n i  lundnnic.nt:il vibrations rcla- 
tivc to the sol\;~ted ~Iectron3b~orp:i01l ~:c'ak (d.1ta froi~i Ref. 191) 

Iri the rcgiori of 1000 ciii-' \ve fniirid thc I': and r, fii!id;~ti:cntal vit?ratic.riç of 
ariiriionin. 'Tlicsr bands \\.cre \\.cnk esen in piirc ?!II3 aiid tlic si~iinl-to-noise ratio 
\vas of tlie order of 10. I I I  o i ~ c  cspcrinicnt ive dcrcctcd a sliclit sliift of thc Y. b:ind 
to  lo\vcr c i ic i~ics  biit tliis f î ~ ~ t l r c  coiild iiot bc rcj~rod!rcccI. \ \ ' i t l i i i i  espci-imcntiil 
crror, tlic nnsriinli~ed b;iricls of  tlie pi1i.c ninnioiiiri nrici of tlic riictnl-ai1iri1niii3 
soliitions n.crc i(lc:itical. I 'hc lo\\.criiig of ilic Y: aiid v, bands \\.as tlic saine for 
bot11 baiidj i~licii  _coins froiii p!irc solvciit to tlic nietal solution. 
Iii tlic rçgioii of 3OC70cni-'. tlircc pcalrs ~vcrc obser\ui. r)'>pic:iI spcctsa of  pi!re 
NI 1, rinc! a 10-3 h i  K-NH, snliition at -f- 33' C rire si~oivri iri  J'ig. 2. Tlie l e s t  
iiitcnst: pcak of tliis groiip (33S;l cni-') Ii:is bccn assig.ncd tlic nsyiniiictsic N--1 J 
slrctcliiiig vibr;ition Y, [ IL  133. Tlic t \ ~ o  rciii:iiniiig pcnks (3305 aiid 3215 cm-') 
rire nttribiitcd to tlic asyninicti-ic 1-1--X-1-1 b:iidir~ç ovcrtoiiv (?Y,) aiid to tlic S)'ili- 



inctric N--11 strctcliin$ vibrntinii (Y,). Tlic overtonc occurs wiili eriiianceci iiitciisity 
bccaiisc of 1-eiiiii rcsoii:iiicc \ r . i t l i  tlic ftin(l:iii:ci~~iiI \:ibi.:iiiori Y , .  (Iii iiiiniiil!içuous 
assigiiiiiciit of ilizsc t\vo. iiiorc iiitciisc 1)cnks is no1 possibic: for sc\.cnil rcosons. 
First, bot Ii pc;iks çho\\, a c1cj1ol;it-iz:itiori ratio :ipproachiiig zero. \\.liicli in~licntcs 
thnt tlic vibr;~iions cncli Iinvc 11 coiiiinoii S ~ I N I ~ I C I I . ~  cleinciit. Sccolidly, tllc I a y c  
iiiimber of cuii:liiiintioii niicl o\,ci.toiie pc:iks obscsvcti i i i  tlic iicir-iiifs:ii-cd rcsioii 
of tlic spcctsi:iii oilicliiid NI I ,  ; i i i i l  AGNI 1, soluiions is iint obscrvccl in ilie Ilriman 
s]>cctriuii. 1'IiiiS i t  is iiill~ossible to CICCJUCC tlic nssi~iiin~i11s L)y fosilliiig SIIIIIS (and 
tliîfcicrcnces) of ilie fiinclniiicniril ri-eqiiciicics. Ali assigiiiiiciit of ille p u i ~  solvent 

Fig.2. Raman spcctsa of thc sol\.cnt fii~id:in~eiitrtl vibrations in  1 1 : ~  3 ji region fur puie NI13 . 

arid IO-' X I  ic-StI, a i  t- 20' C. Srnrrcd pc:iks rire 1;1scr tniis5ion liiics 

'I'riljlr 1. Obsri\cd Insci R:iinnii frcqiicticizs ofptiic liqsid nirinioiiin 

t ( -C)  v2 1'4 2 r, Y I  y3  Rcf. - - 
-63 1060 iL3-4 3396 3206 . 3375 

t=--- 
[II 43 

- 55 1070 ! 5.1 1 3296 3?06 3263 
+25  1066 1628 330 1 321 5 3379 

dl 51 
Cl51 

4-23 1056 1634 3205" 331 5" . 3.353 ;I liis work 
4-20 10.55 16-15 33 1 Sa 330-Ja 33SG 
+ 25 3215" 330 1 " 33S1 

Cl63 

- -- -- -- C1'Kl 

' Do~iblct assigiied to Y, iiiiti ?Y; in I'L'I II" I I  ~ C ~ O I I < I I I C C .  

a 
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baiids is givci~ iii l'ablc 1 \vlicr.e tlic dntri fsoiii tliis invcstiçntion are coriiyarctl to 
otlici. 1;rses liainnn data. 
Tlircc fcaiilres of 11ie 3099 ciii-' rcgioii spccuri!in 111ci-it spccinl atteiition. Fisst, 
t1iei.e appear to Ilr iio iicnr pcnks. St.condl>r, \\.itliin tlie rcsoli~tion of tlic observa- 
tioii tlicrc is iio sliif~ c;: t!ic j3c:il;s iii iIic K-.XII, soliitinii relative to piii-i s o l ~ ~ i i t  
at tlic S;III~C tiii~pc'rnt~sc. rrllj~.(ily, the iilteiisity of tlic ~ Y B I C S  is ~ C C I ~ C ~ S C C ~  i ~ i  tlic 
K-NI1, soliitioii ns coinparcd to piirc solvent. rlll thrcc featurej arc in apparent 
coiiti.;iclictioii to tlic obçcr\.cil iiifrai.cd spectriiiii [ l  11 i i i  thc snnie region. 7'lic lack 
of ne\\. peaks or sliift of the solvciit penks caii bc sl io\~n by noslnrilizirig bot11 
spectra of Fip. 2 ;  botli spect1.a can  bc coinplctely supcriiiiposed. 

Disciissiori 

111 spitc of tlic hct tlist iio lie\\. bniids \vcsc ohsesved, our rcsiilts caniiot escliide 
the ~xistcr:cc of n Kniiinii :ictisc syinrnctric brentlii!?; iiiodc of t1i: solvatcd clcc- 
troii cavity. I'hcrc are scvci.i11 cessons for ttiis: 1. l'lie cïci[iiis iir~c itsed s!ioiild liave 
an eriergy lo\\.cr tlian the fisst çlectronic tr-arisitioii. At  p~.csciil. tllcse are no 
Raman spcctroiiisters capable of operiitiiig i i i  ilic ncnr-infraretl region. 2. ?'lie 
coiiceiitr.n~ioii of sc:ittc'i.iiig ce i~~crs  ii~;iy bc too 101s to obsci\.e [11c tr:ii~sitions. 111 

iilost Raiilnn ~sl?~i~irncii ts ,  tlic coiiccnirntiori of [lie soliitioii inus[ hi: at lcnst 
IO-' h.1 to $ive risc to a si_~iiriI. 1:nitinri spcctsa of 1:-cèi~ters l:l\.e Sccii reportcd 171 
at inucli lo\vcr coiicc~itr:itior?s tl~nri t1:os.e uscci in tliis jtiiti).. biit thi. siiniple \\.iis 
cooled to liqliid niiro:cn tcmp2raturc to nilrrolv tlic e!cctroii iibsorption band. 
3. The i i s r  of a single cc niliy iiot be a valitl cics~riptio~i of the cavity. I t  hiis-bccn 
statcd [ 5 ]  ttiat evcn tliou-h tlic sinrlc cc m:iy b? a iiscT~i1 dc\.iîe, i t  rnny not 
correspoiid to n rr i~l  coordincite of tlie systciii. Suc11 n ststcmcrit is ~?rirticiiiarly 
iniportnrit ti.licii discussiri_c tlic liquid stlitc (i.c. sol\nti.d elcctroris). The cc descrip- 
tion of riri clsctrorr iiiipcrity ccritcr in th? soiid statc :i13!i<.j lise of !II:: k t  th:lt th;; 
ncaiest nciglibors of tlie C S C ~ S S  ~Ic:ctro!i arc ions i i i  posirions c tiic!i arc: mors or 
Icss fiscti in sp:~cc. I n  tl1,e ~ 1 s t :  oln soivatcd cl;'c'irori the neiglibo!.~ ;Ire tlie sol~erit 
n~olcciiles isliic!i h:ivc norrnril riiodes of vibratiori of thcir o\vri. Furr!isrniore, 
ncithcr tlic posi:ions of tlic iiciçhbors nor tlic orit.iitatio:l of the snsity is fiscd in 
slnce. 
Ilotl: tlie Rnmnii and flic II) dntn on rnctnl-a tiln:o~iia so!iitio~is siig~cs: t l in t  thcre 
is an inter-action bctn-ccn tli: sol\.nreif clcctroii niid the sol\-cnt. The kict thnt ttie 
solverlt \.ibr-niii>ii::! p:;ik occiirs n t  tlic sririic po.;itign i r i  hoth piiic snI\.int niid i i i  ; 

inctnl so:~itiori.i ic. soiiic\vli;it siisprisiii~. Frorii the i1ifriii.i.d ahsorpiiori dntn, oiic 
\ ~ o u l d  csjxct iliat tiie t~irill! syriiriicti-ic vihi.:i!inn ( v ,  aiid v:) \\.oiild sliift \\.it!i 
iiicrcasiiiç inct;il ~ ~ ~ i ~ ' ~ ~ i t ~ . ; i t i i ) i i .  1t iiiiglit c\.eri b5 si~cccsfirliy nssiicJ tlint eirlicr.tlic 
positions or Iizlf-\\.iclilis or boili \\,oiilci cliaiigC bccniire of tlie cffects of sile sJ.m- 
niciry of [lie sol\.ciit nioIcciilc i i i  ilie absoi.prioii of tlic c;ii.ity. 
The ciccrcasc in  iiitcnrity is pi-nb;ib!y duc to tlic absoi.ptioii of tlic scatlcrcd 
radinriori by [lie higli-cricrgy tail of thc snl~iitctl cIccti.on nbscirption pcak. A 
qtiaiitiiaii\.c conil>rli.isori of ilic iiitcrisiiics iii iliis pseliiiiinasy in\,cstigntioii is 
not ~~oss j l~ lc .  'Jlicrc is :ils0 n lack of data for tlic cstinctiori cocfficiciit of ilie 
sol\.ntcd.clcctrori nt tlic'sc cncrgics and tcinpcsature. 
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III. Solutions de métaux alcalins dans l e s  amines.  

Lorsque l 'on dissout un méta l  a lcal in  dans l e s  arnines alipha- 

t iques,  p lus ieurs  espèces  sont en  présence.  On peut l e s  me t t r e  

en évidence p a r  l 'étude du spec t r e  d 'absorption optique de ces  

solutions ou p a r  R P E . L'existence d 'équi l ibres  en t r e  ces  e s  - 

pèces s e  manifeste  dans l e s  m e s u r e s  de conductances. 

III. 1. Coefficient d'extinction e t  équilibres. (publication 4) 1 
Le spec t r e  des  solutions de métaux dans l e s  amines  e t  é thers  

a déjà é té  t r è s  étudié. Aucune de ces  études n 'a  donné l e s  va leurs  

des coefficients d'extinction. Ceci  e s t  du au fait  que c e s  solutions 

sont instables ,  l a  décomposition étant catalysée par  l e s  paro is  

des  cellules.  Une au t re  source d'ennuis provient du fa i t  que le 

sodium contenu dans l e  v e r r e  s 'échange avec d ' au t r e s  ions alcal ins  

e t  provoque des pertuèbations dans le  spec t re .  

On observe  en général  deux bandes d 'absorpt ion pour l e s  solutions 

de métaux dans l e s  amines.  On at t r ibue la  bande observée  dans 

l ' infrarouge à l ' é lec t ron  solvaté e t  celle appara issant  dans l e  visible 

à une espèce dépendant du m é t a l  probablement de s t ruc tu re  M -  . 
La position de la  bande de l ' é lec t ron  solvaté e s t  indépendante clu 

méta l  m i s  en solution, s a  fo rme  e s t  identique à celle que l 'on 

obtient p a r  radiolyse pulsée. L a  bande dépendant du mé ta l  appara i t  

à 660, 850, 900 e t  1020 nm pour Na, K, Rb e t  Cs . Dans l 'é thylène-  

diamine qui e s t  l e  solvant que nous avons ut i l isé ,  l a  ,bande à 1020 nm 

du cés ium n ' e s t  observée que pour des  concentrations t r è s  for tes  2.1 

métal.  E n  règle  générale  on observe  un équilibre du type : 

Cet équilibre e s t  totalement déplacé v e r s  l a  droite dans le  c a s  de 
l 

solutions diluées de césium e t  v e r s  la gauche dans $e cas  du sodium. 

a )  Coefficient d'extinction 
I 

Nous avons m i s  à profit  ces  observations pour m e t t r e  au point une 

méthode de m e s u r e  du coefficient d'extinction de Na'. Nous avons 



util isé la  réact ion ~ a +  + 2 e ' 4 N a -  . Cette réact ion e s t  

complète. Nous l 'avons réa l i sée  e n  mélangeant rapidement 

(1  m s )  une solution de bromure  de sodium à une solution 

diluée de césium. Pour  évi ter  l e s  problèmes de décomposition, 1 
l a  concentration de la solution de césium était  toujours supé-  , 

rieiire à celle de sodium c ' e s t  à d i re  qu'i l  y avai t  toujours une 

absorption résiduel le  dans l ' infrarouge. 
i 

Nous avons obtenu l 'absorbance rée l le  de Na- en  uti l isant une 1 
méthode de déconvolution. En t raçant  l 'absorbance de Na- e n  l 

i 
l 

fonction de la concentration en Nat ajoutée,  nous avons obtenu 

une droi te  dont la pente e s t  le  coefficierit d'extinction de Na'. 

Nous avons trouvé un coefficient d'extinction de 8. 2 & 1 0 ~ ~ - ' C r n - ~  1 
I 

en  admettant qu ' i l  y a i t  un atome de sodium p a r  espèce a b s o r  - 
bante. La force  d 'osci l la teur  de cette t ransi t ion e s t  égale à 2 

ce  qui e s t  conforme avec  la  s toechiométr ie  Na' . 
b) Etudes des  équilibres.  

E n  ütil isant la  m ê m e  technique de mélange rapidc qüe p r é c é d e m -  

ment ,  nous avons mélangé des solutions d'ion potassium à une 

solutlon de cés ium métal .  Le mélange s e  faisant dans une cellule 

en  quartz ,  il n'y avai t  pas  de contamination p a r  l e  sodium, 

Nous avons observé  l 'apparit ion de la bande à 850 nm c a r a c t é -  

rist ique des  solutions de potassium. Aux t r è s  fo r t e s  concentrations 

4- en K , l e s  deux bandes correspondant  à K -  e t  à l ' é lec t ron  étaient  

toujours observées .  

L e s  résu l ta t s  obtenus indiquent c la i rement  l 'exis tence d 'équi l ibres .  
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Publicatwn costs assisled by the U .  S .  Atomic E~rergy  Comnciasion 

The V bnrid, characteristic of the opticnl absorl~aiice of solutioiis of soc1iu:n mcttil iii ethylenedinmice, was pro- 
duced by the reactioii of cesiriiii inetal sulutioiis \vit11 solutioiis of sodium salts. By keepiiig the cesium con- 
ceiitratio~i iii escess niid iisiiig flow techiiiques, problzms cariseci hy decompositioii were miiiiiiiized. The 
absorbniice of the V bniiti mas a liiicar fuiictioii of the i i i i t i~l  coiiceiltration of the sotliurii salt aiid yielded a n  
oscillntor strenlgth of 1.9 * 0.2 2iid nn estiilctioii coefficieiit of 8.2 -k 0.3 X 10' SI-' cni-l bnsed iipoii th.: 
stoichiomctry Sa-. Combiiiat,ioii of these resiilts xvitli pulse-radiolysis st,udies gielcled ni1 oscillutor strength 
of 0.83 * 0.12 ciiid an estiiict,ioii coetricieilt of 2.0 * 0.3 X 10' Sf -' cm-' for the solvatcd electroii iii ethylene- 
diniiiiiie. Otlier equilibri:~ involviiip AIf and e- were estimiiied. 

Ili traduction There lias bceii general agrcentent that the brosd 
~.pcctr:i. of Inetal solutions iIi aniiIlcs and absorption barict in tlie infrarccl is cltaractcri~tic of the 

have beeri stuclied c x t e ~ i s i v c l y ~ - ~ ~  biit tliesc studies have 
(1) This  work was supported by the U. S. Atomic Eiicrgy Com- fniled to provic!c quantitative values of the molar ,i,,ion. 

estinctiori cocflicicrlts. The major obstnclc llm bccn (2) 1t. R. Dcwald :~nd J. 1,. Dye, J .  phus. Chem., 68 ,  121 (1964). 
tlic iristabilitv of solutions, esr~eciallv in si)cctral cells references.) 

, b 

of large surfncc-to..volun,e r:itio. ~ ~ t : ~ 1 ~ ~ i ~  of the (3) 1'. O t t o l c n ~ h l ,  lc. Bor-Eli. II. Linschitz. and T. 11. Tutt le ,  Jr.. 
J. chrl l i .  r>tlys., 40, 3729 (1064). 

dccoinposition by the contaiiicr n-alls sceiiis to be n, (!) A I +  Ottolenglli, IC, a,ld II. Linscliitz, ibul., 43, 206 
rii:tjor !;miting fnctor . '~Xriot l ier  source of difficulty (1965). 

lins bec.n t1ic co~lfusion ovcr bnllCl assigilnicIli,5 \\hich (5) L. 1t. Dalton, J. D. Ilynbrnndt, E. 31. Hansen, aiid J. L. Dye, 
i b d . ,  44, 3969 (19bG). 

u-.'.: iiltiniatc-ly tr:iccd to the tase of contnmination by 
(6) 1. Hiirley, T. 12. Tutt le ,  Jr., and S. Golderi, &id., 48. 2918 

sodiuin froiri the Pyrex contai~ier.~ (1~68).  
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solv:itcd clcctrori, cither :iloric or i:i iori pairs or liiglicr 
< " T  , \ ,~rrgatcs. '~ licccrit piilqu-r:i<lic)lysix s!iitlic.s 1i:lvc 
corifirmc.ct tlie siinilarity in b:iiid sh:il;c bctwccn tiic 
ilifrarecl b:intl of rnt.t:ils in cthylciict1i:irniiic nriti that 
of the eol\~atcti (~lrctron :it liigh cliliriiori in the s:iiiie 
s ~ l v c r i t . ~ ~  hftcr  Llic rea1ix;ition tlint the V baritl a t  
Gao-700 rini rcqiiirts thnt :,otliuni I;e prcscnt6 it bccanie 
app:i.rerit tliat tfiis bnrict is tlic soctiiim analog of the R 
bands a t  aboiit SjO, 000, nnc! 1020 nni for T<, Rb, and 
Cs respec t i~c ly .~  Slatnlori, Golden, :ir,il O t to l~ngh i ,~  
by andogy with the spectrilrn of iodiclc ion in nniiiie 
eolvcnts, assinricd the n1c~~i1-dcpentlcnt band to a 
charge-to-trnnsfer-solvent (ctts) transition of the alkali 
anion, Al - .  This assignment \\as also used in several 
photochernical ~ t u d i c s ' ~ ~ . ' ~  of the bieachirig and re- 
formation of the sodiurii V band. 

Witii the obscrvntion that sodiurri ions rcnct rapidly 
and quantirativcly n i th  the solvated elcctrvn in ethyl- 
encdiaminc,l6 \\-e dccidcd to take atI\raritagc of this 
propcrty to mensure the extinction coc~fficicnt of the 
sodium V band nt 650 nm. Several othcr propertics 
of thcse solutions iverr measured as tsvell. 

Experimental Section 

Ethylcncdiamine \vas first dried in zlanto over cal- 
cium hydride or bariurn oside. It \vas thcri subjcctcd 
to a freczc-purification p~~ccti i i re" involving a t  lcast 
five cyclcs. Solvrnt prtparccl in this \v:ly could be 
distilled orito a potassium fil111 to forln stable blue solu- 
tions. lio\vcvcr, i t  coiild not be i~iixed \\-ith a very 
tliliitc rnctnl solution 11-ithout caiisirig decomposition. 
'ïhercforc, the freezc puriiicntion 11-:is followcd by c?. 

dcgassing ancl distillation procctlure. The  ethylene- 
diamine JV:IS distilled frorii a blue soliition of potmsiuni 
aridior sodiurii immediatc:y prior to use. The ~a!ts 
used were AR grade. They xere dricd under vaCuriIn 
and ~\-nshcd rvith anhydrous ammonin prior to use. 
Tlie metnls ( S a  and II; J. T. Baker Co., 99.90%; 
Cs; a gift from the D o ~ v  Chcinical Co.) \t.cre distillcd 
under high vacuum tlirough sevcrnl constrictions. 
Solutions of cesiuni in ethylencdiaiiiinc of ca. 2 X 

131 coriccritration, nhcri prcparcd in this way and 
storcd in 1-1. vessels, usu:illy had hnlf-livcs of 12 hr or 
more a t  room temperature. Sodium .so!utionç wcre 
miich more stable. 

Arialyscs for sodium and potassium Iverc iiiade by bot11 
einission and :~bsorption fiarne photon~etry by using 
a Beckrnan DB fiame photonicter arid/or a Jarrel-Ash 
atornic absorption flanie photorneter. 'These nleta!s 
\\-erc iritrodiiccd into cliliitc nclueous ZICl and analyzcd 
by coinpniison with sta~~c!ard solutions. 

Optical spectrn ivere riiensured in afiow systein (path 
lerigtli 1.0 mm) \\-hic11 has bcen described else~vliere.~~ 
This utilizcs s Pcrliin-Elmcr Alode1 108 rapid-scan 
monochroniator. The  sigiinl and a rerercncc signal 
xere tlctcctcci by t n o  IZC,I 7102 rnultiplic~r phototiibrs, 
(\vliicli liniitcd the spectral range covercd to 6W-1000 

rinii) corivcrtctl. to nbsorb:lrrcc by n 1og:rrithniic opcrn- 
tional nmplificr, :ind rccortlcd oii ari 1\1ii1:c.~ SP-300 
FA1 tape rccoidcr. 11b.iorb;iiicr: calibrntioris \vcrc made 
by usiiig nciitrnl dcnsity filtcrs (Oriel 0;)tic:~I Corp.) 
\vliicli \vcrc chcckctl \\-ith :i. Cary Jlotl(,l 1 i  spcctro- 
photonicter. \\':ivclcrigth c:ilibratioii \v:is tione by 
u4ng ncoclyrniiim glsss filtcrs. Thc  data \\ere trans- 
fcrred to piinc!icd cnrcis vin n, Varian C-1021 cornputer 
of nveragc tr,rrisicnts nriti a C-1001 Ci\'i?-to-Cnrd 
coupler. -111 corrcctioris n.erc niade :irid :111 spcctrs 
were fittcd to cqiiations by using n CDC-G5GO digital 
computcr alid tha appropriate Irast-squares pro- 
grams.lg 

Conlaminatio7~ by Sodium jrom Pyrex. We vcrified 
thc ohservntions of liurley, Tilttle, and Golden6 which 
indicn:cd thnt Pyrex can e~qi ly  be a source of sodium 
coritaminntion. Distillation of potnsaiurn through 
Pyrex XI-ith an 0x3-gas fl:irnc al\\-ays rcsultcd in sodiiim 
contamination of the disti1l:~tc. Ilo~vever, distillation 
\rith a "cool flan?cn did riot givc dctcctable contarnina- 
tion. Isotassium soliitjons, whcn prcparcd in Pyrex 
vcssels, aln-nys sho~t-ed a 1' b:ind. AnaIysis slio~vi'd that  
these solutions containcd cnough sodiuni t o  have bcen 
rcsponsible for the absorption. Solutions prcparcd in a 
quartz apparatus did n ~ t  shon- a V band and contaiced 
no detect:iblc sodiuin coritarninotion. Ho~vcver, contact 
of sucli s~~lu t ions  IL-ith P j r c s  for as tsittle 3s IO scc re- 
siiltcd in the fdrination of a V band, and rodiiim could 
bc detectcd by nnalysis. 'I'hcse observations arc in 
complete ngrecmcnt n-ith the enrlicr ~ v o r k . ~  It should 
be notcci, ho\vcvcr, that frcsh solutions of rubidium and 
ccsium ir, ctl~~lcrirdiarnine do ilot show n. V band, evcn 
in a Pyrex ccll. 

Exti7zction CoefFcie?zts. T r i  order to rninimize the 
cffccts of decomposition, the V band (maxiniuni ab- 
sorbance a t  Gj0 nm) \\-as produccd by thc  rcaction of 
clilut<: ccsiurn :iolutions with sodium bromide or sodiuin 

(7) S. hiatalon,  S. Golden, and hl .  Ottolenghi, J .  Pliya. Chem., 73, 
3098 (1969). 

(8) J. L. D j e .  SI. G. DeDncker, and V. A. Nicely, J. Amer. Chem. 
Soc., 92, 5226 (1970). 

(9) 1. I I~ i i ley ,  T. R. Tutt le ,  Jr., and  S. Golden, P u r e  Appl. Chem., 
449 (1970). 

(10) G. Gabor and IC. Bnr-Eli, J. Phys. Chem., 75, 256 (1971). 

(11) V. A. Nicely and J. L. Dye, J .  Chem. Phus., 53, 119 (1070). 

(12) J. L. D y e  .ind R. R. Dewald, J. Phys. Chem., 69, 135 (1964). 

(13) J. L. Dye, 31. G. DeBacker, and L. M. Dorfi~ian,  J. Chem. 
Phys., 52, 6251 (1970). 

(14) D. IIuppert  and IC. Bar-Eli, J. Phys. Chem., 74, 3265 (1970). 
(15) S. H. Clarum and J. II. 3Ixishnl1, J .  Chem. P h y ~ . ,  52, 5555 
(1970). 

(16) J. L. Dyc, ref 9, p 483. 
(17) L. II. Fel<liiiaii, R. R. Dewald, and J. L. Dye,  Adoan. Chem. 
Ser., No. 50, 1G3 (1961). 
(18) J. L. D y e  and L. II. Feldiiiaii, Reo. Sri. Inslrum., 37, 1% 
( 1  966). 

(19) V.  A. Nicely and J. L. Dye, J. Chem. Educ., 43, 443 (1971). 
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iodide in the stopped-flr>w systcm. Thc ccsiiirii solu- 
tions shoucd oiily the ir briiid (iiinxiniuin nhsorb:tnce 
nt. l2SO nrii) of th(: ~o1v:~tcd c I c ~ c ~ ~ o I ~ . ~ , ~ ~  C ; r o ~ l h  of 
the V bsritl \vas coniplcte ~vitliin tlie iriisirig tirne (ra, 
1 mscc) :incl thc spectr:~ clic1 iiot cllnngc ui th tinic after 
n i i~ ing  ovcr n pcriod of :tt lenst scv(>rnl niiiiiites. Whcii 
the soriiuni ion concer:tr:ition w:is evcn in sliglit cxcess, 
no infrnrcd absorbancc (detrlctioii liinit 1030 rim) \vas 
detcctcd, in agrccmcnt ivith tlic rcsults for pure sodium 
so!ution~.~ JIT'nen the ratio [Cs]/ [Na+] \vas high 
encugh to give a resiciual infrarect absorption, the ab- 
sorbance of the V band n-as n liiicar fiinctiori of the 
concentration of Nn+ as shown in Figiire 1. Xither 
S a B r  or Ka1 could bc iiscd uitli  idciltical rcsults. I n  
order to siibtract the coritribiitioti of the iiifrnrcd band 
to tlie total nbsorb:tnce, the spectrum n-as fifittcd by 
lcast-squares to a iinear combinntion of tlie spectra 
of pure cesiiin~ soliitioris and of pure sodiuin solutions 
in ~'thylcnediainine.~ .1 typical fit is sho\vii iii Figure 2. 
The rcjults and a stntistical estirnate of tlic st:iridard 
deïintion for ench fit are giveii in Table 1. S h c  varia- 
tion of absorbance of the V band ui th conceiitrntion 
sho~i-n iri Figure 1 yi2lds a lcast-squnrcs value of the 
molar catinction coefficient of S.2 =t 0.3 X IO4 -11-' 
ciilri b s e d  upon 1 nlol of sodium ioris pcr mole of 
absorbing spccies. (Al1 of thc unçcrtnirities given in 
tliir pnpcr represerit stntistical estimates of the standard 
doviution). If tn-O sodiu~ii ions wcre rerluired, the 
molnr extinction coefficient \vould be 1.64 * 0.06 X 
IO5 JI-' cm-'. 

Table 1: Absoibnnce of 6he V I3xrid at 15,2CO cm-' Prodiiced 
by the Addition of Soriiriin Ions to  a Cesiiini Suliitioii (Path 
Length: 1.0 mm. Iiidividiinl Entiics Rcpieserit the 
Average of Three to Five Rcplicatioiis) 

Piilse-rndiolgsis stutlics of the rcactiori brtwceri Kaf  
and eroi,.- in ethylcricdianiiric16~20 show thnt th,: gro~vth 
of thrl V baiid arid the t1cc:iy of tlic ir band occur simul- 
tantoiisly nntl arc both second ordcr iii ;I!-]. Kitlier 
S a B r  or X:iI coiild bc uscd Ivitli idciltical results. Tlie 

1.0 2.0 3.0 4.0 

~ a *  Molarity x lo4 

Figure 1. Co~itribiltion of the \' bnrid to the absorbance of 
solriti«ns formed by niixing a soltition of cesiiim in 
etli>-leiiediarnine with a soliition of either sodiuni bromide or 
soditrrii iodide in ethyleiiedianiiiie. The ditfcreiit aymbols 
reier to different ruiis. 

Figure 2. A typical spectrum of a soliitiori forrned by  iiiixing 
n soliitioii of cesiiini metal in ethyleriedittiuine witli a 1.26 X 
IO-' -11 soliition of qodiiirii iodidc in etliylenediamine. Tho 
solid line \\-as obtainetl by the 1essLsqiisres fit of a linenr 
cornbiitation of the spectra of pure Cs (ir band) arid 
pure Na(V band). 

spcctrum ;it "infinite tirne" is that  of the V band ozily 
and slioivs littlr or rio ir band. 135 comparirig the 
absorb:iiicc of tlic V barid a t  thc end of the rc~iction 
~vitli the nbsorbnricc of the solvatecl rlectrori a t  the 
bcginning of the rcactioii, the ratio of extinction co- 
efficients of the two spccics per mole of elcctions could 

(20) J .  L .  Dye,  II. C .  DeBncker, J .  Eyre, :ind L. M. Dorfrlian, 
unl>ubiished work. 
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bc obtaincd. This ratio \vas inclcpciident of tlic con- 
ceritrntioii of sodium 1)romicic (or sodium iorlitlc) ovcr 
tlie range of coiicctitr:itioii IO-? 111 < [Na + ]  < 0.5 il[. 
Thcse esperimcrits yicld ilv"/Air0 = 2.1 * 0.3. Tlie 
ratio g iv~r i  refcrs to nbsorbarices nt the ~vavelcngtlis of 
niasinium absorb:incc of tlic V band :ilici the ir band 
rcspcctively. Other dctnils of these pulse radiolysis 
stiidics \vil1 be rcportcd c l ~ c w h c r e . ~  

Equilibrium Stwlies. 'flic addition of pot nssiiim 
salts (C = 4 X IO-' to 6 X JI) to a solution of 
crsiuni in etliylenediamine resiiltcd in the appear- 
aricc of thc potassiiim It band at 850 nrn. Sincc even 
pure potassium soliitions coritain botli the R bnrid and 
thc ir con~plctc conversion of the ir band to the 
R band \\-as not espectcd, nor n-as i t  found. The  
coritribiition of ench band wns determincd by usirig the 
s p ~ c t r n  of the separate bands2 aiid a Icast-squares fit 
of thr  absorbante over thc eiitirc wavelcngth region 
studicd (600-10.50 nm). The rcsuits are displsycd in 
Figure 3. The absorbsnces of the t \i 1 bands are the 
computed values at  the rcs~ect ivc maLrna. 

Solutions contnining ICI nt relatively high concen- 
trations wcre mixed with solutions of sodiuin in ethyl- 
ciiedianiine in the cspcctstion that the V band of 
sodium rniglit bc converted into the R band of potas- 
sium. Surprieingly, tlie change in absorption cor- 
rcspondecl to a coritribiition from tl-2 ir band rather 
thnn the PL band. T o  verify thc presericc of a common- 
ion effect, solutions which containcd both I<I and Na1 
\vcre mixrd n i th  sodiuni soliitions. Ko chafige in the 
sprctrum occurrcd in these cases. The  results of tlicse 
esperimerts are givcn in Table I I  and tlic spcctra are 
sholvn in Figure 4. Once again, Table I I  gives the 

Table II: E<lriilibrium Stiidies: K +  + V Band 
(Contributions to the Total Absorbancc by 
Three Specics." Pnth Length: 1.0 nim) 

Run IK '1. 
nurnber M Air .4 R -4 v 

3.3 O.  125 O. 108 O. il36 0.253 
3.4 O. 143 O. 030 0.379 
3.5 O. 129 0.031 O.  292 
3.6 " 9.136 O. 030 O .  373 
3.7 O. 146 0.019 0.348 
5.2 O.  125 0.0 O. 0'20 O. 297 
5.3 [Na+]added  0.0 0.013 O.  334 
5.4 0.012 0.010 0. 324 
6.3 O. 1875 O.  044 0.00 0.610 
6.4 0.042 0.641 
6.5 O. 042 0.646 
7.3 0.375 O.  139 0.00 0.431 
7.4 O.  165 0.00 O. 554 
7.5 0. 149 0.01 0.374 
8.7 O. 375 O. 026 0.00 0.481 

[Ne+] 'dded 

a See t e r t  for a description of the rnethod of data  treatrnent 
and the rncnniiig of the A valries. 

Figure 3. Tiie ratio of the nbsorbnnce cc>ntribiitiori of the R 
band of K to the ir bnrid of Cs in soliitions fornied by inixing 
a solution of caiurn metnl in ethylencdianline with x solution 
of potasbiiiin iodide in ethylenediamine. The rinr.ertstinties 
repreient statisticnl e~t imates  of the stxndsrd devintion for 
repentcd deterriiinntions (norrnally three replicatioris). The 
estimated iriitial :ibsorbnnce of Cs is 4.0 for points represerited 
by open circlcs and 0.6 for poirits represented by solid circlqs. 

Figure 4. Coinpsrison of the spectra of a solution of sodium 
in ethy!enedin:nine in the prebeiice (dashed line) aiid absence 
(solid line) of added potnssium iodide. 

conlputrd abscrbanccs a t  tlie respective maxima of the 
ir, R, and V bands which ~vould bc required to fit the 
obscrved spectra. The values giveri for AH shoulcl he 
considercd as upper liniits only. 

Thc adclition of ICI to a solution of sodium in ethyl- 
cncdiamine was repeated with a ceIl whicli permittcd 
the ir rcgion to bc scarined. The  ir band lvhich formeci 
upon addition hnd tlic sanie shape and peak position 
(7S00 cm-') as the solvated elcctron. 

Discussion 
In  ordcr to determine the stoicliiometry of the spcciea 

rcsponsible for the '5' band, oscillntor strengtla uTere 
calculatcd from the data on thc b s i s  of one and t ~ v o  
sodium nuclei per iinits. Becailse of the characteristic 
asynirnetry of the a'usorption bands i t  seems inap- 
propriate to attcmpt to fit the bands with syriimetrical 
functions or to calclilate the oscillator strcngths from 
half-widths. As shown by Dye, DeBacker, and Dorf- 

The Jolrrnd of PhyslsicaL Chmvislry, Vol. 75, >Io. 20, 1971 
l 



ni:~ri, '~ tlir :~bsorptiori b:iiicl shnpes of solvatctl clcc- 
troris iri wntcr-arnriioiii:~ aiici n:itrr-~thy1~~iictli:~niiric 
mistiircs arc corivc~iir~itly and accurately ticscribcd 
by a conibiriatiori of gniissiaii and loreiitzinii furictions. 
Sucli a proccdiirc fits thc c.:itirc b:intl, inclricling thc high- 
cnergy "tnil." Wlicii tlic oscillator streiigths arc com- 
putcd from tlicsc functions, thc vnlucs arc apprcciably 
liiglicr for tlic solvatrd clectroii in \\-atcr and iri nmnionia 
thaii hnd bccn prcviously assunicd. lnstcad of the 
value of 0.71 for thc hydratcd e l e c t r ~ n ~ ~  \vc obtain an  
oscillator streligth of 0.81 \vhilc thc vllutl of 0.64 for 
the amniorii:tted electron2' bccoriics 0.92 .t 0.10. 

\The11 the spectra obtliried by tlic addition of Xa+ 
to ccsium solutior~s arc trcntcd in this n-ay, an oscillator 
strengtli of 1.9 -t 0.2 is obtnincd for thc V band, based 
upon one sodium nucleus per absorbing unit. This 
\voiild bccomc 3.5 .t 0.4 if two sodiiim nuclei w r e  re- 
quired. According to the f siim ruleZ3~?' ~ v c  woiild 
espcct that an oscillator strcngtli of tibout 2 ~vould re- 
quire a t  Icnst tlro cqiiivalent clcctro~is irivolved in the 
transition. Thc sprcics Ka- fiilfills this rcquircment. 
-4s ari ndded conlparison, it ~ h o l ~ l d  be notcd that the 
oscillator strength for thr  3'P +-- 3% transition of the 
gascoiis mngriesiiini atom is 1. ;-=j.ns This gives strorig 
evidcnce that the ~pecies rc~ponsible for the V band 
contains tn-O clectrons per sotfiriin iiuclcus. It  shoiild 
be notcd that bccausc of the rcquircmeiits of charge 
bal:incc, studics on pure sotliuLn solutions n-ould be 
qxpccted to yic ld an extinction coefficient nnd oscillator 
ùtrength per sodium nucleus \\-hich is only '/2 that found 
in thesc studies. 

A furtlier verification of the stoicliiomctry is obtaiiied 
ironi the pulse-radioIysis ~ t u d i c s . ~ ~  The  assuincd 
stoichiometry . 

and the ratio Avm/Ai,O = 2.1 * 0.3 yicld an extinction 
cocfficicnt for the solvatcd electron in ctiiylcnediamine 
of 2.0 -t. 0.3 X 10"nd an oscillator strcngth of 0.88 
* 0.12. Thc agreement of this value witli those for 
the hydratcd and amnioniated electron adds furthcr 
strength to tlie assigncd stoichicmetry. 

Siini!arity of the V and R Sands strongly siiggests 
that the latter also result from absorption by AI-. 
Since thc peak positions are strongly dependent upon 
the nictal uscd, i t  scems likely that thc alkali metai 
interaction witli thc pair of clectrons is riot the result 
of weak interactions siich as \rould bc espectcd for the 
ion pair 3 I +eZ2-. Indced, thc siniiiltnncous csistence in 
solution of bands attributable to Ka- and I<- and 
tlie complete absence of pcaks at  intermediate wave- 
1cngthsz6 suggcsts that  the sprcies might \vcll be the 
sphcrically symmcirical alkali anion with both elec- 
trons in s orbitals. The  existence of siich a specics in 

6'/ ' 
hl. G. DEUACKET~ AND JAIIES 1,. USE 

1 
nic2:il-ain:nonia solritioiis lins bcrn ~iiggrstcitl.~' How- 1 

cvcr, in this caw, rio mc!al-drpcndcnt absorption baiids I 

liavc tccn obscrvcd. 
'!?lie results obtniiicd by nîixiiig K I  tvitli ccsium solu- I 

tions iridicntc thc prcsence of tlic cquilibrium 

I<+ + 2e- II(- I 
l 

At the salt concentrations uscd, tve ~ori ld  cspect rnost 
of the ions to be pnired so that the equilibrium might 
better be writteii as 

I ( -6 .1 -  + 231+.e- 'M+-I<- + kf+-I- 

in ~rliich A l +  rcprrsents either Cs+ or Ii+. This would 
be furthcr cornplicatcd by the trndency for solvated 
electrons to forni spin-paired s p ~ c i c s . ~  Thcrefore, 
correct analysis of the cquilibrium data is virtually 
impossible. Ive cnn notc from Figure 3, ho~vcver, 
that the intcnsity of thc 1% band reliitivc to tlic ir band 
inercases tvitl1 iiicreasing concentration of ICI. 

TVe expectcd thst tlLc acidition of ICI to  a sodium 
solution ~vouid yield thc Ii band of Ii-- according to 

Ho~r.cver, this was not the case. Instead, the addition 
of KI  causcd the grou-th of an infrared :~bsorption, 
presüniably caiisi'd by the solvatcd clcctron. This 
effcct has :ils0 rcccritly bccn observcd in piilse-radio:y- 
sis studics." 0t scems that  the prcscnce of Iil shiits 
the cquilibriiim 

2e- + Na+ Na- , 

to  the left. We have no explnnztion for this phcnome- 
non. 
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III. 2.  Etude cingtique de la réaction ~ a +  + 2e--+Na-. (publication 5) 

1,a technique de mélange rapide de solutions ne permet  pas 

l'étude de réactions dont le  temps de demi réaction e s t  inférieur 

à 10  m s  . Nous avons étudié cette réaction pa r  radiolyse pulsée 

de solutions d ' i ~ n s  sodium dans 1' é thylènediamine. En  l 'absence 

d'icns sodium, le  temps de vie de l 'é lectron solvaté était  de plu- 

s ieq~rs  secondes. 

Nous avons suivi la  réaction en mesurant  simultanément la  dispa- 

rition de l 'électron solvaté et l 'apparition de la bande de Na'. 

Nous avons vérifié que l e s  formes  des spect res  d'absorption des 

deux espèces ne changeaient pas au cours d t  l a  réaction. 

En l 'absence d 'autres ions que ~ a '  oÿ CS', l a  réaction e s t  s t r ic te-  

ment du second o rdre  par  rapport  à la  concentration en électrons 

solvatgs, Les  mêmes  constantes peuvent ê t r e  util isées pour décr i re  
t 

la disparition de e' e t  l 'apparition de Na' . L'addition d'ions K al1 

milieu réactionnel ne provoque pas l 'apparition de la bande de K' à 

850 nm mais  provoque l 'apparition d'une absorbance résiduelle à 

la  fin de la réaction. Ce phénomène avait déjà été observé dans 
\ 

4- l'étude des mélaiîges de solutions Na-, K (publication 4). 

Nous avons étudié l'influence de la concentration en ions sodium 

su r  l e s  constantes cinétiques. Aux concentrations élevées, la  cons - 
tante de vi tesse semble indépendante de la concentration en sodiilln 

aux e r r e u r s  de mesure  près.  

Pour in terpré ter  ces  divers ph.énomènes, nous proposons l e  mécanis-me 

suivant 
e S  -t e s  =#e2 

2 - 

Nous obtenons un accord raisonnable avec l e s  valeuks expérimentales.  i 
i 
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Pnlse Radiolysis Study of tlie Kiiietics of Formatioli of En- in Etl~yleiiedianiinie 
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Fast react,iori stiidies of the formatioii of Na- iii etliyle:iediain;,ie frorti e,,i- and sodium ion were csrried oiit by 
tlit piilse radiolysis incthod. The dccay of the ab~orbaiice of es,,- and tlie grolvth of tlint of Ka- were both 
s~coiid ordcr with sirnilar rate cc.nqtnnts ~vliich were iildc1)endeilt of the coiicrntratioii of sodiuni ioii nbove about 

3 1  I ~ i i t  decreascd witli a uecrease in the coiiceiitratioii of S a f  belon, tliis value. Tlie presence of Cs' had 
110 cffect upoii the rate. A t  lo~v coiicciitratioi~s of Sa+, escess I<+ ctiiiscd the reactiori to reûch equilibrium 
ratlier thaii to proceecl to coinpletioii. The results s h o ~  that the forii.iatioii of species coiitniiiing two elect,rons 
(ivhicli may he r;uplcd with rnetal cation) precedes the reactioii iii whicli Xa- is fornieci. Quantitstive kiiietic 
tests of the mecli::iiisiii are prcserited. 

Introductioii i e ~ . Z . ~  Rcnction of tlie solvatcd clectron with a metal 

Biniolcculnr reactions of the solvated electron with atom (or rnonomcr or ion pair) nccording to  

anotlier single-electron spccies have nom- bcen observed e,,l- + Na- --t Na- (2). 
by s vnricty of inetliocls in a numbcr of solvents. The 
reacti0n in mater (1) Tliis work was s i~~)~>orted by the (i. S. Atornic Eriergy Cornmission 

and N ~ S  initiated xvhile J. L. D. was a visiting scientist on  sabbatical 
Ha0 leave a t  The Ohio State Univcrsit:. in 1060. 

es,,- f C,,,- --+ II2 f 20H- (1) (2) 1,. JI. Dorfrnnn and 1. A. Taub, J .  Amer. Chem. Soc.. 85, 2370 
(1963). 

hns beerl establislied b ~ r  isotopic2 alid by kinetic stud- (3) AI. S. hfatheson and J. Rabaiii, J. Phus. Cheng., 69,1324 (1965). 
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1i:l.; b(~sii  I" .~po~c~(l  to (.spl:iin tlic (1:tsli' or I:~qr~r~ pliotol- 
p i s  of :lll,:rli I I I C ~ : ~ ~  -:liiiir~r s~l i i t io~is .  'l'lie rc.;~ctions 

cs,i- + hi-'- f i  h l -  (or i\l+,c-) (3) 

c,,i- + AI. TZ JI- (or 2Alf,e- --t RI-) (-1) 

\\-livre J I .  is tlic nlknli nictnl nt0111 or nioiionirr :tiici 

'\1+,p- is tlic ion pair, Iinvc. bccri iiivolicd iii csr kirictic 
stiidies6 niitl opticnl stüdics7 of fl:isli pliotolyzctl nirt:il- 
etlicr solutions. Rccc~iitly, rc:ictioii 3 1i:is bccii pro- 
posc(l to rsplaiii soiiic of tlic :ibsorb:iiicc cliaiigcs \vliich 
follo\v tlic pliotolysis of diliitc soliitioiis of pyreiiidc ion 
iii t~trnli~~drofiirizii .~ 'The tletnilcd rolc of tlie nlliali 
iilétnl spccics iii tlic Iiiiic3tics rernnins sornciilint obsciir:., 
niitl the idcrititx of iiicli~~icliial clcnici~tnry renctioiis un- 
certain. Tlic presciit  ilse se rndioi:;sis stutly of the sol- 
vatcd electron in ctIi~~lcricdiami11(~ solutions in tlie prcs- 
encc of sodiiim ions, \vitIl aiid 11-ithout potnssiiiiii or 
cesiiim ioiis, \\-as iiiirlcrtakcri in ail nttempt to sort out 
tlic roles of tlic vnrioiis nictal ions aiid to fiirthcr rclnte 
tlie dccny of the elcctroii ab.;orhnrice to tlie gro~vtli of 
tIic I' banci, attribiitcd to i:9-.9*10 

Solutions of alkali metuls in ;tiiinioiiia and in aniines 
linve been studicd for a nuniber of ycnrs. IIo~vt.\~cr. in 
spite of tlicse efforts, crrn tlic stoicliiornctry of tlie 
spccics prese~it' in solution lias iiot bccii ii~icquivocally 
cletermined. EIcct roclicniica1, t hcriiiodi.nniiiic, and 
magiictic resonancc stiidies of inetnl-:lnimoiiin soliitioris 
give evidciice for thc existciicc of spccies ni th the stoi- 
cliioiiiêtry 11, AI-, :ind possiblg 31:. 11-14 The absence 
of t'iefiriitivc clinngcs in the spectroscopie properti,:~ of 
nictnl-aii~moi~ia solutions nitli concciitrntion has led to 
the proposa1 thnt the inetal-colitninirig spccics siid nlso 
ilie spin-p:iircd specics are foriilcd by rclntively wenk 
interaction anlong solvatcd ~Icctroris and dIi:ili metal 
cstioris. M.15 

In  contrast to thc behavior of nictnl-nmnionia solu- 
tioiis, n1et:il soliitioiis in some aniiiies nrid ethers show 
iic~v opticnl bands16 and csr :tbsorptions17 \vhicli are 
cliarnctcristic of nlc tnl-containing spccics. The csr 
r e~u l t s  slionr uiiccliiivocally that  a t  lcast onc spccics of 
stoicliionictry 31 is p re s~n t  as a minor coristitiient. 
Ho\vcvcr, the stoicliiomctry of tlic spccies responsible 
for tlic nietal-dcpeiident optic:il absorption has becii 
tlie siibjcct of speculatioii for s o x e  tirnc. Witli the 
denioiistrntion by Iiurley, Tuttle, nritl Goldenlx tlint 
mctal-amine solutioiis could rclcnsc significnnt nmoiiiits 
of sodiuni from Pyrex, sorne of tlic confusion in the 
field n-as rcrnoved. Tlic similnrity of tlie solvcrit niid 
tcmpcrnturc dcpciidciicc of thc position of tlic opticsl 
band \vit11 these properties of tlic cliarge-trarisfer-to- 
solvent band of iodidc ion, lcd Aintaloii, Golden, niid 
0ttolenghi"o propose tlie stoicl~iometry iU-. This 
stoicIiiomctry \\-as also uscd to csplnin the kinctics of 
reconibiiiation of spccics produccd b.1 flnsli plioto1~-sis 
of inetal-amiiie4-5 and rnetal-ctl~er~.~ solutioris. 
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I t  I i :~ i  rc~cciitly bc~bri s ~ i O \ ~ l l ' ~  t k i t  t) ,  ;. rnnjor :ibsorp- 
tioii in sol~iti~)ris of so~liiitn in c t ~ i y l ~ ~ t ~ ~ ~ ~ I i : ~ r n i ~ i ~ ~  (maxi- 
miiiii :it GT,O riiil) orinir!ntc.s frorn :L sprciec; of stoiclii- 
onictry X:L-. The nbsoiptio~i of c,,i- is sinall cvcn iri 
tliliitc s~ lu t ions . ' ~  At tlic otl:cr ilstrcnie, ctilutc ccsiiim 
sohitioiis iii tliis solvcrit slio\v only tlic iiifrarcd ÿbsorp- 
tion of the solvntcù e l c c t r ~ n . ~ ~ ~ ~ ~ o l u t i o i i s  of  pot:^^- 
siiiin niid riibidiiiin nrid coiicci~trntcci soliitioris of cesiuni 
in etliyl(~iicdian1iiic slio\v bot11 the sol.cF:ttcd clcctron nb- 
sorptioii nri<i a niet al-dcpcndciit baiitl, prcsiiniably f r ~ r n  
1 Iii less strongly solvatirig nicdia sucli as in ethyl- 
ariiine arid tlie highcr monoainiiies and in ctk :is t.he 
solvattd clcctron absorption bcconics less pronoiinced 
aiid tlie spcctruni in dominatcd by tlic zbsorption of 
1 .  The crliiilibriiirn 

lies so fnr to tlie riglit in ctliylcriediniiiiiic tlint thc addi- 
tion of a sodium snlt to  a solution of ccsiuin in this sol- 
vent yields only the band of Ka- I\-IICII stoicliioin~tric 
amourits of snlt a-c iisetl.lo 

Se\~eral investigitors have s l i ~ n . n ' - ~ . ~ ~ , "  tliat nlctal 
solutions in aniinrs aiid in ctlicrs yield the solvnted 
clectron upon p1:otolysis. Tlie rate o i  formation of 
Sa- 4 . 5  and of ii:tcrniediates7 aftcr a dissociatirig flash 
hnve bceri stutlicd. IIuppcrt anci Bar-Eli5 siiidicd tliis 
proccss ~s n fiiiiction of t ~ m p ~ r a t i i r e  and ionic strcngth 
in 1 ,?-propniicc!inr.iine and in cthj-!ellediamine. Tliey 
foiiiid the gron-th .?f tlie Kn- absorption to be n sccond- 
order process \vit5 a rate wliich :vas iiidependcrit of 

(4) A. Ga:ithon and JI. Ottolenghi, Israel J. Chem., 8 ,  165 (1970). 

(5) D. IT.ippert and Ii .  II. Bar-Eli, 3. Phos. Chem., 74 ,  3285 
(1970). 

(G) S. 11. Glnrurn niid J. FI. AInrshall. J. Chcrn. Pllys.. 52, G25i (1970). 
(7) J. G. I<loosterl~orr, 1,. J. Giling, 11. P. ET. Itettschiiick, aiid J. D .  
IV. \-nnVoorst, Chcm. I'hys. Lcll., 8 ,  462 (1971). 

(8) XI. Fisher, G. Ramme. S. Claesson, and AI. Szwrrrc, ibid.,  9, 309 
(197 1). 

(9) S. AIntalon, S. Golden, and h l .  Ottolenghi, J .  Phus. Chem., 73, 
3095 (1969). 

(10) AI. G. DeBacker :itid J. 1.. Dye,  did. ,  75,3092 (1971). 
(11) E. Becker, It. II. 1,iiidquist. and B. J. Alder, J .  Chem. Phys., 
2 5 ,  971 41956). 
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281s (1963). 
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ad(lvt1 Sn+. Scveral j-<:lrs :\go it \\:fi rcporlct12' t1i:it 
rt.::ctioii 3 coiilcl bc stiitlictl in c.1115 I(~iic~cli;ii!iiric by iisiiig 
1n11--(8 ratliolj .iih t~ pri)tliicr tlir s~I\ ' :~t(~cl  ~ l c ~ t r o i r .  I30tli 
tlie d(1c:~y of tlic absorption of c - :iiid tlic gro\vtli of tlic 
ab-orptioii of K:L- follo\vcd sccoritl-or.tlcr kiirctics. Tlic 
pre><>iit papcr tlcccribcr tlie kirictics of tliis rc.:ictioii iii- 
clutiirig tlic effcct of coiicciitn~tioii of sodiiim ion and of 
othcr salts. 

The tecliiiiqucs of piilse r a t l i ~ : y s i s ~ ~ - ? ~  uscd in tliis 
lnboratoryz7 havc bceii dcscrihccl iii clctciil. A Varian 
T'-7713A clcctroii liiicnr accc1cr:itor n-as used as a pulsc 
zoiirce of 3-1-11(:V clcctroiis, gciiernllg a t  ,z pulsc ciir- 
rciit of abolit 3.50 mA. Tlic pulse -\\-idth \\-as varicd 
ironi 100 to 500 iiscc. A 100-iiscc piilse dciivcrs n dose 
of nbout 6 X 1016 eV/g to \vater. 

The trnnsiciit opticnl ab~bsorptiori  vas siniiiltancously 
ob-erved -\t ith tn-o scpnrnte photodctcctors. Eitlicr an 
R C 4  7102 or 7-00 photomiiItipIier \\-as uscd bclow 
abctut 1000 rini niid for al1 kinetic studics. To study 
zb-orption spec~ra  into tlic infrarcd, a licliiid nitrogen 
coolrd iiidiuni aiitinlonide detcctor, '\Tocle1 AlOX, ob- 
t:ii;ied froni Barne.; Engineering, Inc., -\vas uscd. This 
drtector: uilich lias bcen i i s ~ d ~ ~  out to 2230 nm, has  a 
rise-time (10 to 90%) of about SO nsec ni th tiic circuitry 
vliicli lias been dc~c r ibcc l .~~  Thc linearity of the dc- 
teclor \vss testec! \iith a clioppcci light signnl superini- 
po>cJ on a steady signal. S o  dcviation from liiiearity 
co:ilci be dctcctcd -\\-itliin :I seiisitivity of 1%. A fisshed 
;oC!-M- Osrani xenon 12nip, Type X BO *laCl TV, ~v:\-,zs used 
as liglit source. Baiiscli aiid l.omb gr:tting moiiocliro- 
niators, Typc 33-S6-25, f/3.5, 11-ere uscd -\\ itli appropri- 
nre cutoff filters. 

Renction cells u-ith high purity silica opticnl \\ iiidows, 
of a gconictry prcviously ~!c<cribed,~~ -\vert used. JITitli 
runs coiitairii~ig sotlirim aiici pot?,qsium, tllc proccdurcs 
prc\-iou$lq- de~c r ibcd*~  wcrc iiscd n-ith the niodificntion 
tliat etliylcnediaminc eitFcr poured or  distillcd 
froni a storage bulb undcr vucuiiin into the reactioii cell. 
Tor runs -\vit11 ccsiuni, a n-nstc storagc bulb -\vas addcd 
to :l:e ceIl configiiratio~i to pcrinit prior rinsiiig of the 
cc11 nitli etli5-lcncdianiinc. A sicle arm pcrmittcd ce- 
siiini-contnirii~~g capiIlarips to bc brokcn untler vacuum. 
;jlkali nietal salts ncrc added iii sinall, tliiii--\-\rallcd bulbs 
-\!-liicli wcre brolïcii in situ as recluircd. 

EthyIeiiedi:~iiiine, obtaincd as a gift from Dow Chem- 
icsl Co., liad a statecl piirity of 90%. It \vas frceze- 
piirified as r e c o m n ~ e n d e d , ~ ~ ~ ~ ~  and then \vas distilled 
oiito a potassium iiiirror to form a stnblc bluc solution. 
Xftcr n 24-lir storagc ovcr potassiuni, the solverit n-as 
distillcd into an cvacuatcd storagc hiilb. Sodium and 
potnisiuni, n-ith noniinal puritics of 90.90ajo1 n-ere ob- 
taincd from J. T. Balïcr Co. Ccsiiim -\ras obtaincd as 
11 gift froni Doiv Ch(~niica1 Co. The metals -\vc;e triply 
di>tilled by using n cool 831nc aricl storcd iii 5hort leiigths 
of 2-nini i d .  capillary tubing. 

O 2 4 6 

Time after end of pulse (psec) 

Figiire 1. First-order growt h of es,, - in ba-ic ethy1ciieclI:imine 
after the ciid of the piilye. AI~sorbnnce rneasiired at 1000 nm. . 
-4, Il i lute I<S11R t = 10-"11) nith -10-? -11 KI present; B, 
4 x 1 0 4  -11 1is1111; c, 4 x 10-8 .v 
I i S H R  -+ 3 X '11 KaUr. 

Results and Discussion 
The formntioii of solvated clcctrolis in pure ethylcric- 

diaiiiinc niid ,n basic ethi-lc~icdi:i~i~iile (coi~t:ti~iing =5 
X Jl potlis-iriin ctliylcricdiainidc, IiSTTIiY) 'lias 
bccri drscribed prc~iorisly.~0 Tlic iifétin~c of c,,i-- in 
the irrndiatcd pure sol-~ent is oiily a icn- niicroscconds, 
bcing limitcd hy rcaction nitli tlir coiintclrion. Hom- 
ever, in basic ctli~~lcricdi~niiiie, the   al vat cd elcctïon is 
stable for a t  lcast scvcral sccoiids niter the piilse. Eby 
coiitrabt, in b:liic ainmonia, tlie lifctiiiic is only about a 
riiicrosc~corid uiiless n radical sc:ttrer?gcr siich as  ctlianol 
is prescrit.Z0 Thcrc is anotlier sigiiifiennt diffcrcricc be- 
tn cc11 t!ie bchnvior ~yitli nmmonin alid tliat ~vitli  ctliyl- 
ciiediamine. In basic ammonin wliich contaiiis ctliaiiol 
( 5  31) the sbsorbancc of tlie elcctrori groivs only 
cliiriirg the pulse, \vliile in basic etliylciicdianiiric (made 
basic with tlcconiposcd sodiiim, potassium, or ccsiurn 
soliitions) thcre is ;?II atlditionnl sub>tantial gro~vth of 
the nbsorbancs after thc piilse. Tlic gro\vtli of nbsor- 
bance is first ordcr iii al1 cases. As $ho\\-n i ~ i  Figure 1, / 
the final value of the absorbnncc can be ncally three 
times tliat a t  tlic ciid of tlic pulsc. Witliin givcn :'lin 

(23) J. L. Dye. ref 14, p 483. 
(21) JI. S. JIntlieson and L. JI. Dorfniaii, J .  Chem. Phys.. 32. 1870 
(1960). 

(25) L. J i .  Dorfman and JI. S. l\latliesoii, Proor. React. Kiltet., 3,237 
(1965). 
(2G) AI. S. AInthrson orid E. JI. Dorirnnn, "Pulse Rntliolysis," ' 

Jf.1.T. Press, Ca~nl,ridge, AI.ws., 1060. 

(27) IV. D. Felix, B. L. G~ill, and L. JI. Dorfmon, J. Phys. Chem.. 
7 1 ,  351 (1967). 

(25) L. 11. Dorfrnai~, F. Y. Jou. and R. ll'agcninn, Ber. Bhnsenges. * 

P h y ~ .  Chetn., 75 ,  651 (1071). 

(20) L. II. Feltlinan, R. It. Den-nld, and J. L. Dye, Adcan. Chetn- 
Ser., N o .  50, 163 (19M). 
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Figwe 2. Absorbante xfter growth of e,,i- in basic 
ethyleiiedianiirie in the presence of liC. The pulse rndiolysis 
reslilts have beeri nornialized t,o 600 iiin: 0, run of 4/2/69; 
Y ?  ruii of 6/7/69; -, spectrum of Cs and esoi- in 
ettiylciiedian1ine.19~~ 

(fised bnsicity) both the rate constant for this forma- 
tion and tlie relative i n c r e ~ c  in absorbance ivcre indc- 
pendent of total radiation dose, salt concentration, and 
 bore 700 nin) u-avelcngth For esample, 22 growth 
curves in a solution lvhich i v a s  -1 X 111 iii KXKR 
(alid for some of the pulses also 3 X Ai in KaBr) 
wcre examincd ovcr the wavelcngtli rznge from 700 to 
1000 rim. Arialysis of thcsc data yielded A,/Ao - 
2.62 * 0.28 and li = 5.22 * O.S9 X IO5 sec-'. [hl1 
unccrtaintics givcri in tliis pnper reprcsent statistical 
estimates of the st:iiidard cieviatioii obtaincd by a l e s t -  
sciiiarcs nnalysis of tlic data.] At sliorter mnvelcngths 
(1350--373 nm) tlie value of A,/A, remaincd constant, 
but the first-ordcr rate constniit for the growtli of ab- 
sorbance increascd progrcssively by a factor of 2-3. 
The spcctruni is iinch:ingrd cluriiig thc grolvtli (chccked 
ovcr the completc ivavelength rarigc of GO0 to lGOO nm 
orily n-ith solutions niatlc basic ivitli potassiiim). Even 
\\-hcn tlic concentrntioii of KI \vas as higli as 0.27 Af 
tlicrc \vas not niorc thaii 10% coiitributiori from the R 
band of I<-. This is illustratcct by Figure 2 iii ivhich 
the ivavclcngth dcpencléncc of the absorbaricc (relative 
to tha t  a t  the refcrence ~vav~lcngti i  of 600 nm) is com- 
pnrcd \vit11 tliat of thc solvatcd clcctrori in ctliyleliedi- 
amine. 

The inclependcnce of the gron-th rate witli nlctal, salt, 
and pulse leiigth suggests tlic dcconiposition of an  irrter- 
nicdiate species to producc tlie so1v:ttcd elcctron. One 
possible reactiori sclicine corisists of the scavenging r o  
action 

followed by a rcnrrnngement and elcctron detacliment 

Rc:ictioii G reprrsriits tlic nbstrnctioii of nn cr-hydrogcn 
in bavic solutions. 'i'lic first-ordcr fornxitioii of tlie sol- 
vntrtl clcctron cou!(l tlieii prcsum:tbly rcsiilt frorn renc- 
tions (3 :in(] 7. 

IVIieriex~t~ sodii~ in ions n-erc prcscn t. in the soli1 tion, 
the growtli of absorb:incc of e,,i- nns follo~vcd by its 
decny and tlic simiiltnncoiis grolvth of the absorbnncc 
of Ka-. The spcctium a t  times long eiiougli to reach 
cquilibriiim is coinparcd iri Figure 3 n-itli t1i:tt of a solu- 
tioii of sodium in ct:~)-lcccdiaminc.~~ If thc stoicliiom- 
ctry of the convcrsion is piven by eq 5,  theii Ive may re- 
late the absorbancrs A l  and A2 nt two different lvave- 
lcngths to the corrcsponding extinction coefficients by 

in nliich i l l"  and AzO represcril the absorbance nt the 
time of maxi mi in^ c,,i- absorbance. Tlie nbsoibniicc 
at  GO0 nm provcci to be n lineiir fuiiction of tliat nt 1000 
nrn diiriiig tlie eiitire rcaction. The slope n-as indcpcn- 
dent of the nature and concentration of the cation alid 
of pulse d11r:~tioii. Data obtaincd froin 19 sets of trsces 
yieldcd 

Tlie band shnpcs Lire Iïno\vn froin studics of nictd solu- 
tions.lg Tlicse cari be uscd with the prescrit resiilt t o  
detcrminc the ratio of the c~xtinction coefficients nt the 
rcspcctive band nia:iinia. By u.;iiig tlie kriolvn estinc- 
tion coefficient of Sa-, tNn- = 2.2 X IO4 31-l cm-'Io 
a t  650 nm, wc obtairi se- = 2.0 .t. 0.3 X l n 4  31-' cm-' 
for tlie solvntcd elcctron nt 12SO iini nt 25". This gives 
an oscillntor strcngth of 0.88 Lt 0.12.1° 

500 700 900 

wavelength (nm) 

Figiire 3. hbsorb:ince (normalized to 6.50 nm) at long times 
after the reactioii 2e- + Na+ -, Na-: 0, plilse radiolysis 
rcst~lts; -- , spectrum of N a  in ethyle~icdinmiiie.'~ 
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Tinle after pulse (rnscc) 

Fiziire 4. Rcpreseiitntive secoiid-order deeay of tlie 
nbçoibance of e,,i- and grov. tli of tliat of Na- iii 
eth>leiiedianiine. Tiie coiiveision factor of 1.77 1s obtaiiied 
from the extinction coeficients. Tlie s!opes for decny and 
gron th  are crliinl nithin the uricert:iiiitg of the coriversioii 
factor: C ,  drcny; A, growtli for 1.G X A l  NaBr aiid 9 
X AI C,SHI{; O, clecay; X, groirth for 0.038 111 NaBr 
and = 3  X IOw3 A1 NaNJIR. 

Reaction 5 is esscntinlly coinplete a t  the concentra- 
tions of c,,I- and Ka+  used in tltesc cxpcrinierits (with 
or ~ ~ i t h o i i t  atldecl Cs+; ho~rcver, sec lntcr for tlie cffcct 
of Ii+). Froni the estiiictiori cocficients nrid the q u i -  
librium nbi.orb:tnces a t  600 nrid 1000 riin, \\-e obtain I<s 
2 101° 31  - 2  a t  ambieiit tcrnpcratiires. 

130th tlic dccay of absorbancc of e,,i- aiid tlic growtli 
of tliat of S n -  follon-cct second-ordcr kinctics. Figiire 
4 slio\vs s~~cond-ortlcr plots of the dccny of absorbaiice 
a t  1000 n m  and gro\rtli nt GO0 nm for two differerit sets 
of coriclitio~is. About hnlf of thc tinta xcre tre:ttecl by 
n siniultaneous fit of second-ordrr kiiietics to both 
gro~vtli and decay with n iionliricar least-sciuares pro- 
g r a n i . 3 V o r  the rest of the data, the gro~vtli and the 
dccay n-erc scp~lratcly fit to sccorid-ordcr rspressions. 
The  rcsiilts are sii~ninarizcd in Tablc 1. A plot of the 
al-er:igc second-orclcr rate cciistaiit us. the  totnl concen- 
tration of addcd sotlium (nietal pliis salt) is givcn in 
Figure 5. The rate constant refcrs to tlie rate Isw 

-d[e-]/dt = 2d[Na-]/dt = 2k[c-J2 

Alost of tlic iiit1iviJii:ii poi~its i i i  tliis figcrc n\:,rescnt the 
avciagc valiir of froin 4 to 1.5 c1ctcriiiin:itioiis of tlic rate 
const:~iit. Soiric of tl:c dntn \\-erc obtniiicd \vitIl low 
concriitr:ttioiis of sodiii~iî ions :~n(i I~igIi(:r coiiceiitrntions 
of 1)otassiiini ions. 12s wili bc slio\\-ii l:itcr, iiiitlcr tlicse 
coriclitioris re:ictioii ci is not complctc. For siich cases, 
tlic rntc corist:iiits slio~vn in Figure 5 rcfer to tlie for- 
~vnrd  reaction. 

-- - - 

Table ! : Surnniary of Pseudo-Second-Order ltate Constants 
for the Rcactioii ci e,,i- \\rith Ka+ in Et-hylenediamine 

10'[Natl 
(total No. of k X IO-*, Stand. 

molarity) replications M-1 SIC-' dev X 10-9 Comment8 

a Average rate con~tan t  obtnined l ~ y  fitting growtli and decsy 
septiiztely. * Soliition made basic by  decoinposition of 9 X 

d l  Cs. Soliition inade basic by decornposition of saturated 
soliition of Na ( ~ 3  X 10--3 AI). K o  K +  or Cs+ added. Na+ 
:id(ied as NaBr. d Soliition macle basic by decornposition of K. 
T'n!iies fiom 2 to 6 X 10-3 JI dcpending on tlic rriii. S i ~ ~ u l -  
taiieous fit of ctccty nnd growth of absorbante. f [IC+] > 
[ i in+] ;  ieactiori goes to rcjuilibiiiini. Decay anci growth of 
abs«ibarice fitted siniiiltaneously to obtniii both forwnrd and 
backwaid ratc constant. 0 KI atldcd in aiiiounts from 2.7 X 

to 0.17 JI. h For tliis riiii, the coefficient in eq 8 was Loo 
smnll by abc.:t 20%. The origiri of tliis discrcpaiicy is nnt 
known. 

I 

I t  can be scrn from Figure 5 tliat the second-order 
rate coristaiit is cssciitjaliy iiidc&ieriderit of sodiiim ion 
coriceiitratiori nbove 0.01 31. Ho\vever, bctween 0.01 
and 0.001 d l ,  thc ratc constaiit dccreascs by aii order o f ,  
magnitude. Tliese rcsiilts providc a bnsis for cliscus- 
sion of several possible niechanisins. It sliould be 
noted a t  the outset that  the resu!ts of conductance 

(30) J .  L. Dye and V. A. Nicely, J .  Chem. Edtrc., 48 ,443  ( 1 9 7 1 ) .  
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[ ~ a + ]  Total Molarity 

Fjgii~ e .5. P~rirdo-seco~~tl-o&r I nte corist;iiit for the renction 
of e,,i - \\ itli S a  ' iri et h> leiic<liniiiiiie. The d i d  liiie vas 
obtairied by tenkt-sqiiaics fit of eq 1.5. K a +  \{a.; added as 
I n B r :  O, C-SHR = O X dl; A, iio Cs or 1 i  +, S a S I i R  
= 3  X JI: f, I<?;IIIl v.iiic<i froin = 2  to 3 X d l ;  
O, folnaid rate coriatnii:; KSJIR vaiied fror,i .=2 to  
6 X .Il; for some cnvs  KI wns also ac:led. 
Ileaction prorecds to  eqiiilibriurn. 

stiidies of nict al s o l u t i o ~ i s ~ ~  in etliylcncdianiirie seem to 
demand that solvntcd cieci-011s form ioii p:iirs with 
nddcd cations in ctliglcricdiariiiiie jiist as do ordiiinry 
s:tlts and tlint tlie forniatioii coiistaiits are iiot stroiigly 
dcperidciit oii the cation. Evcn for tlie n i o ~ t  dilute so- 
lutioiis iised in tliis study, the renction 

is inore thaii 90% coii~l>lctc a t  cquilibriurn. Fiirtlicr- 
niore, Ive n-ould expcct "loose" ion-pair forination to 
occur by tliffiisiori coiitrol. Tlicrcfore, on the time scale 
uscd for the study of the 1;irietics of forinntion of Ka-, 
reaction 9 shoiild be nt cqiii!ibriiini. Tlic iiivnriniice of 
tlie sprctral sli:~pc of diliitc ccsium-ctliylcnecliamirie 
soliitions \vit11 coriceritratioii15:tnd tlic siinilarity witli 
thc spcctrum of c,,I- in tltis s o l v c ~ i t ~ ~  iridicntc tlint the 
optical propertics of tlic solvatcd clectrol: arc iiot altercd 
sigiiificaritly bg siicli ion-pair formatioii. 'rliis is also 
the case for mctal--nniniorii:~ soli~tions. '~ 

A p1:tiisiblc rcactiori inccliniiism for the forinatiori of 
'\'a- sccmcd, on tlie basis of t h  resi11ts fc~r solutioiis 
contairiing only sodium ioris, to be tlint prcvioiisly pro- 
posed6 as a rcsult of esr studics 

e,,i- + Na+ --+ Na+,e,,~- (or N a - )  (10) 

\vit11 the n~odification tliat renctioii 12 be ~vritten as 
cyuivalcrit to rcnction 11 

Na+,eS01- + Na+,eso~- -+ Na- $- Na+ (12) 

This ~vould eimply rcquire tliat tlie cquilibriiiin for re- 
action 10 lie far tb tlie right and bc rcncliccl witliin a 

"II\\- iriicrosccoiitlr : ~ t  tlic :ippro!)rintc coiicc~iitrntioi~ of 
sdtliiirii ioii. 'i'li(> r:itc iicccl t l i t ~ i  iiot tlis~ciicl oii tlic 
coiicrritr:ltiori of sotliiiiii ioiis \vlicri otlier c::tioris :ire iiot 
prcsoiit :kt :ij)pr(~ciablc coiicc~iitratioiis. if, Iiowovcr, 
niiot1ic.r cntiori is ;)r(.qciit irl csccss, tlic pscrrdo-sccoiid- 
ordcr rate cuiistaiit \vould :lccrc:wc by the f:actor 

in \vliicli I<sx" and K," arc tlio npproprintc eqiiilib rium ' 

coiistaiit', for rractioii 3. Slie data, ho\\-cvcr, sliow 
tli:~t the rntc is iridcpciidcnt of the prcscrice of otlier 
catioris, c ïen  ivhen tliey arc. iii c scc~s  coiicciitration. 
This mccliaiii~iii (rc:ictinris 10 nrid 13) appears, t h e r c  
fore, to  be riilcd oiit. Otily if tlie cquilibriiim constant 
for tlie formation of a specics of stoicliinnictr; K a  \\-cre 
niiich grcntcr tlinn tlic corrc~spoiidirig rcnctiori to form 
Cs or I< and if the spcctruni of S a  wcrc nenrly the sanie 
as that of r,,i- coulcl the data be conip~ttible \vit11 this 
niechnnism. 

Since tlie rcsults with inixcd metnl cations rule out  
tlie forcgoing niecliniiisni, \\-e arc forcrd to coric1i:de tha t  
the formation of a sy~ccics containiiig two e1cct:ons oc- 
ciirs prior to the step in \\liich Na- is forineil. One 
such mecl;:inism is 

I t  slioiild bc iioted t1i:tt the follo\virig tivo rcnctions, 
in \\-liich tlic solvnted clcctroii nnd the diclcc tron species 
rniglit bc n.ssociatcd uitli rnctal ciltioiis, a re  corisiclered 
cqiiivalent forms of reactioris 13 niiti 14, re~pcctivcly. 

(Sl+,csoi-)2 + Na+ -> Na- -b 211+ (14a) 

By u s i i ; ~  the ste:idy-statc approxiniatioii for tlie con- 
cciitrntioii of tlie tlielectroii spccics the rate Iaw gives 

iii ~vliich k is the pseudo-sccoiicl-ordcr rntc coiist:~tit. 
Tlic solid line iii Figurc 5 \vas obtniriccl b y  aii appro- 
priately \\-ciglitctl lcnst-sciiiarcs fit of al1 of the data t o  
cq 15. This J iclds k13f = 1.GG f 0.12 X IO9 '11 -1 sec-1 
x11d kI3r/kl4 = 3.5 * 8.8 X 111. Altliough the fit 
to  tliis iiiccliuiiisni is riot very good, coriiplications 
causcd by ion-pair dissocintioii nt lo\v coriceiitrations 
niid by ionic strrngtli cffccts nt liigh coricentrations 
\vould bc expectcd nrid are not included iii tlic data 
trcatnient. Tlic approsinintr value of klsf m:xy be com- 
pnred \vitIl the vnIiie2s3 kl = 5 X IO9 111-' sec-l for t he  
niialogous rc:tctioii iii \vater. 

I t  lins rccciitly brcn ~ i o t c d ' ~  tliat potassiuni salts can 
apparciitly reverse ret~ction 5. To study tliis effect, 

(31) lt. R. Dewnld and J. L. Dye, J. Phys. Chem., 68. 128 (1964). 
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Figure 6. Effcct of K +  on renctioii of es,]- with K x +  in 
ethyleriedianiiiie: 0, [XaBr] = 1.6 x .Il; [CsNIlR] = 
O X 31; A, [Sal3r] = 1.8 X IO-' 3f, 
[KSiIR]  - 5 x IO-' M. 

Tirne (msec) 

Figure 7. Decay of c,,i- and groivth of Na- in 
ethyleiiediamirie fit by npproach to eqiiilibriiirn e- + c- 
t 

a .  Solid liiies give tlic Ilest lenst-squares fit 

(Na+) 
to  both groxvth and decay sirniiltaneoiisly mith ndj:istnient of 
initi:il absorbailces and k. Reverse rate constaiit cnlciilated 
frùm final absorl>nnccs and k: O, clccay nt 1000 iiin; 
X, grolvth a t  600 nm. 

solutions containing hoth Na+  and I<+ \vit11 the lnttcr 
iii exccss 15-ere studicd by piilsc rnrliolgsis. I n  thcsc 
cases, the re:iction proccedctl to an cquilibrium in wliich 
apprcciable absorbailce rcmaincd nt 1000 rim. Figure 
6 coinparcs thc rntc of dccay of tlic absorbniicf: : ~ t  1000 
nni for a solution \vliicli contains Cs+ and one \\-hich 
contains nboiit tlic ;sanie coiicciitratioii of X i + .  Both 
solutions Iiavc aboiit the same concent ration 3f Na+. 
For re~ctions wliicli did iiot go to complction, tlic decay 
of nbsorbnncc nt 1000 rim niid tlic grou-th a t  GO0 nm 
n-ere fit siinultniicously by tlic rate Iaw 

k! [Na-] - - ._ 1 _ d[c,,,~-1 - _ _ _ _ _ _  
2 tlt 

- k[c,,i-l2 -- kl[Na-] (16) 
tit 

'i'lie coiicr~iitrntioiis of c,,i- niiti of N a -  ~vcrc cnlciilntcd 
froni tlic nbqorh:liicc vnliir:i :it tlic t\vo ~v:~veIciigtlis by 
iisitig tlic cxtiiictiori cociliciriits prcvioiisly ob t;~iried. 
A typical fit of tlic (1:~t:i i.; slion ii  in I;igiirc 7 ~vliich givcs 
the cnlciilaterl niitl obscrvcd :~bsorb:iiiccs nt tlic t\vo 
navclciigtlis as :L fiiriction of timc. As slio\vii iii Figure 
S, tlic vnliics of tlic cqiiilibriiim "coristnnt" Kg c ~ ~ I c ~ I -  
lntcd froni the rntr (inta as k' /k  :ind nlso froni tlie ab- 
sorbnnces a i  cquilibrium arc iic:irly tlie saine. The  
data arc siimniarizcd in Table II. 

- 
Table II :  Jiinetir: .zr:<l Erliiilibri~irn Data for the Reactien of 
c,,i- with Sn '  in l!thylene(linrnine in the Preseiice of an 
ISxccss of K + " 

" The riin descrihcd iii footnote h of Table 1 is not iiicliidcd. 
Totnl rnolarity. The sol~itioii wns made habit by decornposi- 

tiori of I< nictnl holiition. li+ ad<lcd ns ICI, Na + nctdccl as  NaBr. 
See eq 16. k and k' obtnincd by siinii1t:ineoiis lcast-sqiixres fit 

of dccny of ak,sorbnnce a t  1000 iirn niid grnirth nt 600 nrn. Cal- 
ciilsted as l O - ~ I ~ e - ] ~ / ( [ e - ] " ) 2 .  ' k t  = @ within uiiccrtninty. 

Figure 5 slion-s that  the for\\-arc1 rate constant, k, hm 
about the samc clcpenclciicc on tlic total sodiiim ion con- 
centration as iii tlia nbscricc of potnssiiim ions. The  
data are not cxtcnsive riioiigli to pcrniit n cluantitative 
dctcrniinatiori of thc clcpciidcricc of tlie ratc constnrits 
and tlic equilibriiiin constant on thc coiiccritratio~i of 
potas~iuni aiid sodiiini ions. Tlic value of 1<5 clecrenses 
\vitIl clecreasiiig [Na+] and nitli iricreasing II<+] as ex- 
pcctcd for thc formation of a. spccics sucli as I<+,e- 
from Ka- aritl Iï+. (These spcctra niid thosc obtnined 
wheri ICI w:is ndclctl to solutions of sodium iii c thyleno 
diamiiie1° s h o ~  no cvitlciicc of tlic foricntioii of tlic band 
of IC- a t  8.50 nm.) Ilo~vcvcr, atteriipts to fit tlie data 
with sevcrnl simple eyiiilib. iiiin schcrnes failecl, Inrgcly 
becaitse they prcdictcd a r'iiich Iargcr effect nt Iiigh con- 
centrations of I<+ thaii \vas obscrved. 130th thesc data 
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Figiire S. k / k f  obtnincd froin least-sqiiares fit of kinetic data 
compnred with the equilibriiirn constant, K5, obtained from 
absorùn~ices n t  the elid of reaction. Error bars catculatcd 
{rom i l  standard deviation on k'. 

and tliose obtaincd prcviously10 show ths t  the potas- 
siiiin ion hns a significaiitIy greater afiriity for the elec- 
trori tlian does cesium ion. 

Coiicliisions 
Itecent kinetic studies of the formatmion of R I -  *-' in 

anlines and etiiers have bccn iiitcrpreted in tcrnls of an  

The Journal of Physical Chemistr~,  Vol. 76, A'o. 6, 1972 

intr~rinrdinlc of stoic1iiorr;c~tiy J I  to nliic! :i, sccoritl 1:lcc- 
troii ndtls iri a siibhcciiiciit s1c.p. Iridc~c~l, corisidcr:itioii 
of coiiloinbic iiitcrnctioiis Iencis lis to cs1,cct the tliff~i- 
sioii-coiitrollrcl forni:itioii of ioii p:iirs. XIo\\-cvcr, tlio 
prcsciit sturiies iiidicntc tli:~t t l ~ c  forrnntiori of X:i-- iri 
etliy1riiecli:iinine occiirs by rcactioii of ;\\'a + witli a s p o  
cics wliicli :ilrc:ulg coritaiiis t\vo clcctroiis. 

Tlie coiiclusioiis froni tliis work niay bc  conipnred 
\\-itli othcr rccerit s t i~c l ics~-~  in  h hi ch tliffcretit cspcri- 
riiental r~ietliods have becn i~sccl. The cspcrinicntal 
rcsiilts froiii the pl-iotoclicinicnl studies of G:intlioii and 
Ottoleriglii* ancl of Iluppert niid Bnr-Eli5 a rc  sini:l*~r to 
ours. Thc  absence of a11 ionic strengtli cffect woiilcl be 
cxprctcd i f  most of tlic clcctroiis formcd ioii pnira. Tlic 
eqiistion uscd by Glaruril :3nd 1 [ a r s l i a l l~o  fit thcir data 
(their eq -4s) 11m the s:inie dcpcnclcrice oii tlic cntioii 
concentr~ition as that  givcn by cq 15, derivcd from Our 
proposcd mcclianism. Slie Iiigh value of the precx- 
poneriti:il notcd by Glarum aiid 1l:trslinll6 docs iiot rlile 
out the prcsent nic.chariism becnuse the obserrred ?cc- 
ond-order rate coni;taiit is a combinntion of rate con- 
stants and concentiations. The rcsults of Iiloostcr- 
boer, ct al.,' indicate tliat in tlie et!inrs \\-hicli tliey iised 
(diglynie, DME, tetraglyilie), n ncn* species of stoiclii- 
ornetry ?;a is fornied. Its absorption a t  830 rim is so 
far rcniovrd from thnt of thcir statrd absorption riiaxi- 
m u a  for tlic solvatcd clectrori (= 1500 niii) ths t  i ,  can- 
not be increly s "loose" ion pair Ka+,e-. Sirice no 
similar transient \vas obscrvcd in tlir preseiit nvrk in 
ctliylcnedinnîine, no direct cornparison \vit11 tlie kinetics 
in tlicse cthcrs caii be macle. 



III. 3 .  Utilisation de composés couronnés e t  de cryptates .  
(Publications 6 e t  7) 

Une nouvelle voie d'étude des  équi l ibres  existant dans l e s  solutions 

de métaux alcal ins  a é té  introduite p a r  l 'uti l isation d 'é thers  m a c r o -  

cycliques capables de complexer l e s  ions alcalins.  

L'uti l isation de c e s  composés pe rme t  de dissoudre d e s  métaux 

alcal ins  dans d e s  solvants où i l s  sont habituellement insolubles. 

I l  e s t  a ins i  possible d 'obtenir des  solutions de sodium dans l ' é t h e r  

éthylique ou dans l e  tetrahydrofurane (T  H F). 

La constante d 'associat ion de l ' ion  alcal in  avec le  colmplexant joue 

un rôle  important  s u r  la  nature des  e spèces  en  solution. Ainsi, 

pour l e  sodium m i s  en  solution dans l e  T H F  p a r  le dicyclohexyl 18 - 

crown - 6 ,  l ' espèce  la  plus stable e s t  l ' espèce  ~ a -  e t  l ' é lec t ron  

solvaté ne peut ê t r e  observé que pa r  R P E  a l o r s  qu'avec le c rypta te  

2 ,  2, 2 ,  l ' é lec t ron  solvaté e s t  l ' espèce  prépondérante.  



P U B L I C A T I O N  6 

SOLUBILIZATION O F  ALKALI METALS IN TETRAHYDROFURAN 

AND DIETHYL E T H E R  BY USE O F  A GYCLIC POLYETHER. 



[Reprinted froin the Journal o f  the Arrierican ChemicalSociety, 9 2 ,  5226 (1970).]  
Copyright 1970 by the Anierican Cheriiical Society and rcprinred by perinission of the copyright owner. 

Solubilization of Alkali Xletals in Tetraliydrofuran 
and Diçthyl 1Sther by Use of a Cyclic Polyether 

Sir: 

We wish to report a new technique for dissolving 
alkali metals in solvents iri which they are ordinarily 
eitlier insoluble or only slightly soluble. i'his niethod 
may extend the range of solverits in wliich the properties 
of relatively stable solutions of solvated electrons and 
other species conirnon to  s net al-amine ~ o l u t i o n s ~ ~ ~  can 
be studied. Of particulitr interest would be the ability 
t o  make extended cornparisons with the properties 
of solvated elcctrons produced by piilse radiolysis. 

The basis for tliis incrcascd solubility is the ability 
of certain cyclic polyethers to complex alkali nietal 

Noting that stabilizatiori of the cations 

(1) R.  K. De\vald aiid I. 1,. Dyc.. J .  Phys. Chott., 68, 121 (1964). 
(2) M. Ottoleiiglii. K .  Bar-Eli, and H .  Linschit7, J .  Ci~<*ni. Phys.. 43, 

206 (1965). 
(3) C. J .  Psderscii, J.  Auicr. Chertl. Soc., 89, 7017(1967). 
(4) C. J. Pedcrseii, ihid.. 92,386 (1970). 
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slioiild iiicrerisc the solubility of the iiictrtls, we stiidicd 
tlic ciTcct of ntlcliiig cyclolicsyl-18-crowri-6,", to tetra- 
Iiydrofiirnn ('Tlfl:) arid tlicrliyl etlicr (&O) in Ilic 
preserice of a iiiirror of pot:issiuni. Witli botli solvents, 

deep blue solutions werc fornied. Solutioiis of both 
potassiiiiii and cesiurn in T l I F  formeci readily nt rooni 
tempcratiircs and were stable for scveral hours eveii 
in the absence of exccss metal. Metal concentrations 
of about 1 X M wcre obtained by usiiig 5 X 
10-3 M solutions of 1. Solutioiis storcd at -7S0 
for several days s l i o \ ~ ~ d  no visible signs of decoin- 
positiori. In order tc  foriii soliitioris of potassiuiii 
in E t20  it was iiecessary to first cool the systeiii to -75'. 
Once foriiied, howc~er ,  the bluc solutions in this sol- 
vent were stable a t  rooin temperatures for 5-10 riiin 
and for hours at -78'. At this ~vritirig only the three 
inetal-solvent pairs described above have been ex- 
anlined. l t  is probable that many other systems will 
behave in a similar fashion. 

It hns been reportcd6 tiiat very dilute solutions of 
potassium in THF exhibit two epr signals, a four- 
lige pattern charactcristic of tlie potnssium riionorner 
and a single narrow :ir:e attributed to  the solvated 
electron. In the presence of 1, liowcvcr, the miicli 
more conceritrated potassiiim solutions in T I IF  uscd 
in tliis work showcd oiily a siiiglc epr line. Iri Et10 
at 35O, in addition to  tlie single liiie ( C  cx IO-; M) 
a \$eak four-liile pattern (C cx M, A i 11 G)  
was observed, probably attributable to the potacsium 
niorionier. Both ?.brorptioris in EtzO were absent at 0' 
and appearcd upon wnrr-iiirig to rooni ternperature. 
The sinzle lirie observcd in THF solutions could be 
obserted down to the freezirig point of the solvent. 111 
both solvcnts at low teniperatiircs (-60' arid below) a 
weak scven-line pattern was observed. The splittiiig 
\ d u e  and relative intensities indicate that tliis ab- 
sorption is probably froiii the benzenide aniori.' This 
identification was streriçtliened by addiiig sniall amounts 
of ben~ene  to a sirnilar solution of potassiiiin in TEIF 
contai~iing 1. The result was a niarkcd increase in 
the intensity of the epr pattern but no change in the 
nunlber of liiies or  the splittirig value. 

The cpr resiilts iridicate that the relative concentra- 
tion of nionoriler dccrenscd when 1 is present. Tliey 
also sliow, in cornparison with the optical spectra, 
that only a sniall fractiori of thc total dissolved nietal 
gives an epr pattern, a resiilt wliich is consistent with 
the behakior of nietal-aiiiiile solut io~is .~ 

The optical absorption spectra measiired at room 
teniperaturcs with a Bccknian DI<2 spectrophotoriieter 
are shown in-Figure 1. Tliese spectra have been cor- 

(5) See ref 3 for a discussioti of the nonieiiclature of  tliis class of  cotii- 
poutids. 

(6) R. Catteratl, J. Slriter, atid hl. C. R. Synions, J.  Clrem. PIr).s., 52, 
1003 (1970). 

(7) T. K. Tiitt!~. Jr., and S. 1. Wcissrnan, J. Amer. Cl~eni. Soc., 80, 
53i i ( i958) .  

(S) L. R. Dalton, J. D. Rynbratidt, E. M. EIanscti, alid J. L. Dye, J. 
Cltem. Phjps., 14, 3969 (1966). 

Figure 1 .  Absorption spcctra in the presence o f  1: ( 1 )  ccsium in 
THF, (2) potassiuril in THF, (3)  potassiutn i i i  &O. 

rected for decoinposition by intcrpolating the results 
froni siiccessive scans. Potassiuni in THF in tlie 
presence of an excess of 1 showed orily a single band 
with a rnasiiiiuili at  11,100 cm-', while the band 
maximum for cesiuni solutions occurred a t  9700 cin-*. 
Witli E t 2 0  the band rnarirnum for pot~ssiiim occurred 
at 11,200 cii.i-l and a stioiilder (probably caused by 
sodiuni froin the Pyrex container" was observed a t  
-14,000 cili-'. Tiiesc peaks can be ideritified with 
the corresponding incial-dependeiit "R-bands" in 
metal- ainine solutions. Even when the absorbance 
a t  the peak was -3 in E t 2 0  (as juclgrd by the pcsitions 
of unit absorbarice, 9500 and 16,000 crn-') there was 
no detcctable absorption in the rcgioii from 8008 t o  
3000 cm-'. A siiiiilar search was not possihle for 
solutions in T H F  bccause of the stronp solvrnt ab- 
sorptions in tliis region. The absence of an oprical 
band for the soi:~ited elcctron is not necessarily at 
variance \vit11 the presence of an epr signal attributed 
to this species. The  estiiiiated spin concentration of 
IO-' hl is an order of maçnitude bc:o~.v tliat whiclz 
would have beeri dctected optically. 

Similar absorption bniids in metal-aniiiic solutions 
have beeri attributcd to tlie alkali anion, M-.Io Tlie 
absence of Iiyperfine splitting by the potassium nucleus 
in THE' i i i  the presence of 1 contrarts ~vi th tlie results 
in T H F  alone6 and indicatcs that the equilibrium 

is shifted to the right by the coniplexation equilibriurn 

M+ + 1 , complex (2) 

Presuinably the solubility eqiiilibriuni 

is si~liilnrly sliifted to  the right. However, the absence 
of a solvnted electroii absorption band nrid the very 
low coricentration of unpnircd spiri indicate that tlie 
equilibriuili 1 

lies far to the Ic-ft in these solvents. 
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Alkali PActal Solutions 
Effect of Two Çyclic Pdyctfners on Solubility ard Spectra 

Uy James L. Dje, %Ici ï a k  Lok, Frcdcrick J. Telian, Riclinrd R. Coolen, Sicliolas Pap:idal<is, Joseph RI.  Ccraso, and 
hlarc C. DeBackcrS) 

Department ol Chemistry, Michigan State University, East Lansing, Michigan 48823, USA 1 
Alkali metals can be made to dissolve in solvents in which they are normally insol?ible or only slightly soluble, by using cyclic polyethers 
to coinplex the cations. Although the use of the cyclic polyethcr. dicyclohesyl-18-crow-6 rcsülts mainly in the formation of M -  as tlie 
rcducing species, the bicyclic polyether, "cryptatc" yields in addition, substantiril concentrations OC solvatcd electrons. It also increases thc 

solubility comparcd nith tlie "crown" compound. 

Durch z!.klische Polyiither, die Katior~komplese zu binden rerrnogen. konnen Alkaliinetalle auch in solchen L6sunpsmiiteln pelost werden, 
ii7 denen sie sonst niclit oder nur areni- Ioslich sind. Wahrcnd Dicyklohexyl-18-crown-6 bevorziigt zur Bildung von M- (M Metallatom) 
ï t i h r t  ersibt der bicyklische Polyather 'Cryptat" bei erhohter hletall-Loslichkeit ziisatzlich betrschtlichc Konzentratiorien an solvatisierteo 

Elcktronen. 

Introduction 

Although metal-aminonia solutions are complicated by ion- 
p ,? i r in~  and spin-pairing processes. tl?ere is no direct spectro- 
ccopic evidence for the existence of reducing species other than 
the solvated electron, e,,,. Indeed. in one mode1 of nietal- 
amnonia solutions the properties of diliite solutions have bcen 
interpreted in terrns of ion-pairing processes [ l ,  21 and otlier 
relatively long-range interactions anions solvated electrons 
and solvatcd cations [3]. By contrast certain metal-amine 
and inetal-ether solutions have ESR and optical spectra which 
can only be interpreted in terms of additional specics of 
stoizliiometry M [4-61 and M- [7- 101, with the formcr a 
re!ari\ely miiior component. The assili~iiient of the "V-band" 
in sodium-amine çoliitions to  a species of stoichiornctry Na-, 
as  suggested by sevcral investigators, has recently bcen con- 
firrned in our laboratory by measurinç its extinction coefficient 
and oscillator strength [Il].  A~ot l i c r  characteristic of these 
scrlutions is the generally low solubility of the alkali metals. 
The cquilibria involved may be reprcsented by tlie following 
scheme : 

î \ i ( s )  3 M+ + M- ; (1) 

i\lthough the eqiiilibriurn constants are unknown, Lve can 
expect them to increase with an increase in the solvating power 
and dielectric constant of the solvent. hIetal solutions in 
aliphntic mono-amines (except rnetliylamirie) and in poly- 
ethcrs can be dcscribed mainly by thc lirst equilibrium. In 
these solvents hl  and e -  appear to be rnirior specics cornpared 
\vith hl-.  

The propcrticsofmetalsolutiotis in etliyleiiediamine, methyl- 
amine and hexarnetliyl phosplioric triainide are intermediate 
brt\vccti tliose in the monainiries and ethers and thosc in 

') Prsserit address: Ecole des Hautes Etudes Indtistrielles, 13 rue 
de Toul, 59 Lille, France. 

ammonia. For  example, s o d i ~ m  solutions in ethylenediamine 1 
sha\v \ery little. if any. infrared absorption from the solvated 
e l~z t ron  [13] while cesiuin solutions ha\e  optical spectra [12] 
and conductances 1131 ahich are characteristic of solvated 
electrons and their "aminonia-like" aggrcgates. The discovery 
that certain cyclic pol>etliers behave as co~iiplexing agents 
for the alkali catians [14, 151 led us to study the effect of 
compounci 1, dicyclohexyl-1:-crown-6, or  simply, "crown", 
on the solubility of alka!i met:.!; in simple ethers [16]. Siiiiilar 
studies habe recently bcen r ~ p o r t e d  in ahich stiaiglit-chain 
poljethers werc used as coniplexing agents [17]. 

Sol~itioiis of potassiuin and cesium in diethyl ether and in 
tetrahydrofuran (THF) exhibited optical and ESR beliavior 
whicli indicated that co~nplcsatioii of the cation had increascd 
K,  and K,. Howevcr, althouph the ESR spectra indicated 
the presence of solvated electrons, the coriccntration of e,,, 
was sevcral ordcrs of magnitude below that of M-. 

The dcnionstr?tion that tlie liehaosa-dianiifie macrobicyclic 
moleculc II, a member of a class of ccmpounds referrcd to  a s  
"cryptates", is an even stroriger compleuirig agent for the alkali 
ions than are the "crown" compounds [ lS  201 prompted us I- 

to begin ari investigation of the nbility of II to enhance metal 
solubility in ethers and other solvents. It was hoped that the 
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Fig. 4 
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 sim;:ar t o  those 
found for metal-amnonia solutions [l]. 

Three attempts to  dissolve potassium in trietliylamine were 
unsuccessful, perhaps because of the low dielcctric constant 
of this solverit (2.42). Blue so!utions of potassium in the pres- 
ence of II ahich gave a singlet ESR signal were also obtained 
with di-i-propyl ether ( E  = 3.88) and with di-n-9ropyl ether 
( E  = 3.4). Blue solutions were also obtained in this way with 

I diethylarniiie. We have, in the past, attempted without success 
to  dissolve the alkaiine earth metals in amines. In the presence 
of II, deep blue solutions of bariurn in ethylenediamine were 
formed. However, lack of stability and the relatively high 
me!ting point of ethylenedianiine have so far prevented the 
determination of spectra. 

In order to  test the supposition that reaction (2) is shifted 
to  the right in the presrnce of "cryptate" a solution of sodium 
in ethylenediamine was studied in tlie absence and in the 
presence of II. A dark blue solution (absorbance of the V-band 
too high to measare in a 2.4 mni tube) in the absence of the 
complexing ether gave a relatively weak ESR singlet ( i O - '  to 

. M). The addition of II inereased the strensth of the ESR 
signal by at least two orders of magnitude. In addition to  the 
usual V-band of Na-  a strong absorption band a t  1.3 p, 
charactcristic of the solvated electron in ethylenedianiine 
[13,24], was observed. Contact wi:h metal resulted first in an 
increase in the absorption of both Na-  and e-, and ultimately 
in the disappearance of the band of e-. The final solution 
showed only an off-scale absorbance in the region of the Na- 
maxirnuiii and no absorbance in the infrared. 

The previous study [16] shoned that solutio~ls ofpotassium 
in tetrahydrofuran in the presence of "crown". 1, gave no ESR 
absorption froni the monomer in contrast to the resuits in 
THF alone [24]. This phenornenon was further tested by 
observing tlie effect of the addition of the "crown" compound, 
1, t o  a solution of potassium in ethylamine. The original 
solution showed boih the four-IineESR patternofthe potassiun1 
monorner and the singlet of the solvated electron. Addition 
of 1 caused the four-line p:i!tern to disappcar and the singlet 
to  grow markedly. These results are shown in Fig. 5. 

l/lspin conc. = 100 times that in al 

bl K in EtNHz with 'Crown' al-20°C 

Fig. 5 
ESR spectra of solutions of K in ethylaniine. Spcctrum (a): no added 
complexing agent. Spectrum (b): with "crown" added. Note the 

clia3ge in scale 

The pronounceci effect of these complexing agents can be 
demoiistrated in another way. Tlie ESR spectra of alkali salts 
of many aromatic radical anions show hypcrfine splitting by 
the alkali cation, presumably because of contact pair forma- 
tion. Coiilplexation of the cation sliould be able to prevent 
suc11 contact pair î~ rmat ion .  To  dernonstra:~ tiiis effect, the 
ESR spectrum of codiurn anthracenide in diethyl ether at 
- 70°C vras measured (Fig. 6a) and showed hyperfine splitting 

 mm bl Soln. a + 'Crown' al -70°C 

Fig. 6 
ESR spectra ofant1i:acenide radical anion iii diethyl ether a t  -70°C. 
(a) Spectrum of ion-paired spteics, (b) spectrum obtained after 

adding "crowii" to the solut;on in (a) 
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Disciission 

Al1 of the results obtained so  far, altliough preliminary in 
nature, are  corisistent with tlie cqiiilibriuiii systern described 
by reactions 1 - 3. The  addition of a compieving agent which 
esn stnbilize the catiori shifts al1 thrce eqiiilibria to  the right. 
The  lise of a good complesiiig agent, such a s  "cryptate", II, 
secms t o  provide enougli stabilization encrgy to  yicld solvated 
elcctrons in solvents in whicli the rnetals would otherwise be  
inso!uble or  in whicli t:ie major reducing spccies would 

normally be M T .  If this proves to be a general plienomenon. 
it shoiild permit coinparison of solvated clcctron spectra 

obtained with rnetal solutions in various solvents with those 
obtained by pulse-radiolysis. 

The bchavior of solutioris of sodium in ethylenediarnine in 
the presence of "cryptate" II requires furtlier comment. In  
the absence of coinplexing a?-lits (aiid even in the presence of 

"crow,n", IJ  only the Na -banri forms. indicatirig that reaction 
2 is shifted far to the left. The  effect of II (C) may  be represented 
by ihe followiiig in addition to  equilibria 1 - 3: 

2Na(s)  t C p N a ' C  + Na- ; (4) 

N a -  + C  @ N a + C + 2 e - .  ( 5 )  

As long ns C is preseiit in cxcess, both N a -  aiid e-  are 
observed. Ho\vever, \rhen most of the Cree C is ç o n s u i ~ c d  by 
rcaction (4), reaction (5) is reversed. T h e  soliibility 1;laits 
reprcsented bq (4) ar,d (5) have not yet been deterrnined. 
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IV. CONCLUSIONS. 

P r e m i è r e  partie.  

Nous avons r éa l i sé  une étude de l'influence de la  composition 

du solvant s u r  l e s  spec t r e s  de l ' é lec t ron  solvaté . 
Nous avons m e s u r é  l e s  spec t r e s  de l ' é lec t ron  dans l e s  

mélanges eau - éthylènediamine e t  eau - ammoniac en  

1 ut i l isant la technique de la  rcdiolyse pulsée. Pour  ces  

l mélanges,  la  position du maximum et la  l a rgeur  à m i -  

l hauteur var ient  d 'une façon coritinue m a i s  non l inéaire  

I en t re  l e s  va leurs  obtenues pour l e s  solvants purs .  E n  

l aucun c a s  la  forme de la  courbe ne pe rme t  de dé tec ter  , 

I plusieurs  espèces  en  présence.  

I Pour ana lyser  c e s  résu l ta t s ,  nous avons développé une nou- 

velle méthode rel iant  l e  spec t r e  d 'absorption à des grandeurs  

théoriques te l les  que l 'hamiltonien choisi  pour d é c r i r e  l e s  , 

états  énergétiques du système.  Nous calcuions dans ce t te  

I méthode l e s  moments  du spec t r e  expérimental  e t  nous l e s  

I comparons aux moments  théoriques correspondant.  

Le  modèle choisi pour calculer  ces  d e r n i e r s  e s t  un pui ts  de 

potentiel sphérique de profondeur Vw e t  de rayon a . L'égal i té  

de deux moments  expérimentaux et  calculés pe rme t  d 'obtenir  

deux équations d'où nous t i rons  V e t  a . 
W 

1 Nous avons calculé l e s  va leurs  Vw e t  a pour l ' ammoniac  pur 

e t  pour l e s  mélanges eau - ammoniac e t  eau - éthylènediamine. 

Dans tous l e s  cas ,  nous avons observé  que la  tail le du puits 

1 ne permet ta i t  d 'obtenir qu'un seu l  état  l ié.  Nous en concluons 

que l e s  t ransi t ions sont du type 1 s ----continuum. 

1 Nous avons obtenu une cor ré la t ion  l inéaire  en t r e  la va leur  de - 

l a  profondeur du puits e t  l ' énerg ie  du maximum du spec t r e  

pour tous l e s  solvants étudiés. Cette relation ne peut pas  ê t r e  

déduite d e s  hypothèses introduites dans l e  modèle.  Une relation 

s imi l a i r e  a été obtenue pour r e l i e r  la l a rgeur  à mi-hauteur  

au  rayon du puits de potentiel; l a  meil leure relation l inéa i re  



e s t  obtenue s i  l 'on rel ie  la  la rgeur  à mi-hauteur  au volume 

du puits de potentiel. A l ' a ide  de ces  deux relations il e s t  

donc possible d 'évaluer  l e s  p a r a m è t r e s  du puits de potentiel 

directement  d ' a p r è s  le spec t r e  d'absorption. 

La  variation de la  profondeur dl; puits de potentiel en fonction 

de l a  composition des  mélanges a é té  in te rpré tée  en  considé- 

r an t  que le  solvant s e  comportait  comme en milieu continu. 

L a  valeur de V, s e  compare bien avec celle de B à condi- 

tion de prendre  une valeur "effective" de la  constante diélec-  

t r ique optique de l 'eau.  

Ayant trouvé que l a  t ransi t ion s e  faisai t  v e r s  un continuum, 

nous avons essayé  de compare r  nos résu l ta t s  avec ceux que 

p réd i t  la  théorie  du t r ans fe r t  de charge au solvant. Four  pou- 

voir  appliquer cet te  théorie au cas  de l 'électror,  solvaté nous 

avons di1 la  modifier.  De cet te  faqori nous avons pu calculer  

la  différence d 'énergie  en t r e  le  bord du puits e t  le  vide. 

Nous avons ainsi  calculé des  énergies  correspondant au  seuil  

d 'éjection de photoélectrons à par t i r  d'une solution contenant 

des  électrons solvatés.  L a  coinparaison avec l e s  va leurs  

expérimentales  e s t  bonne. Ce calcul pe rme t  a ins i  d 'obtenir 

une estimation du potentiel c r é é  par  le  solvant s u r  un électron 

quasi  l ibre  s e  trouvant dans l e  milieu. Cette valeur  s e  compare  

a s s e z  bien avec l e s  va leurs  de Vo introduites pa r  J o r t n e r  dans 

s e s  calculs.  

Nous avons e s sayé  de vér i f ie r  une des  conclusions du modèle 

de Jo r tne r .  I l  avai t  supposé qu'un mode normal  de vibration 

de la  cavité entourant l ' é lec t ron  s e r a i t  actif en Raman. Nos 

résu l ta t s  n 'ont pas  pe rmis  d ' inf i rmer  ou de confirmer cette 

supposition. 



Deuxième part ie .  

Les  résu l ta t s  obtenus confirment l 'existence d 'espèces  de 

s toechiométr ie  M' dans l e s  solutions de métaux alcal ins  

dans 1' éthylènediamine. 

Nous avons d 'abord m e s u r é  le coefficient d'extinction et  la 

force  d 'osci l la teur  de Na'. La valeur  2 trouvée pour  la f o r c e  

d 'osci l la teur  indique que deux électrons participent à la t r a n -  

sition. La s toechiométr ie  de cette espèce e s t  donc ~ a +  (e- )2  . 
Pour  l e  potassium e t  le  rubidium, l a  forme K- ou Rb- e s t  e n  

équilibre avec l 'é lectron solvaté. Ces  équilibres sont  complexes 

e t  1esu.données ne peuvent pas  ê t r e  correct-rnent décr i tes  avec  

des  équations s imples .  

La  rPnction de K' + Na- a été  tentée,  aii l ieu de l ' espèce  K' 

à laquelle on s 'attendait  nous avons obtenu apparit ion d 'é lectrons 

solvatés.  Ce résu l ta t  e s t  t r è s  surprenant  e t  nous n'avons aucune 

explication à proposer  pour ce phénomène. 

L a  cinétique de la réaction ~ a '  + e -  a é té  m e s u r é e  par  radiolyse 

pulsée. La réact ion e s t  s t r ic tement  du second o r d r e  par  rappor t  

à l ' é lec t ron  solvaté. La dépendance de la constante de v i tesse  

s u r  la concentration en ion sodiurri nous a amenés  à postuler un 

+ -  mécanisme plus complexe pour cet te  réaction. La  réact ion K t e 

ne produit pas d 'espèce K - ,  m a i s  l a  présence d' ions K+ empêche 

la réact ion ~ a '  + 2 e m 4 N a -  d ' ê t r e  complète. 

Une explication complète de ces  résu l ta t s  nécess i te  ra i t  l a  connais- 

sance de la s t ruc tu re  détail lée des  espèces  dont nous ne connaissons 

que la stoechiométrie.  E n  effet dans les  solvants de  faible constante 

diélectrique l e s  espèces  sont a s soc iées  e t  une étude complète des 

équi l ibres  doit m e t t r e  e n  jeu l eu r s  constantes d'askociation. 

Nous avons mont ré  qu'i l  é ta i t  possible de modifie 21 . l e s  équi l ibres  

exis tant  en  solution en uti l isant d e s  agents complexant les  cations. 



A l 'a ide de ces  composés nous avons pu mont re r  qu ' i l  était  

possible de d issoudre  des métaux alcal ins  dans d ' au t r e s  

solvants que l ' ammoniac  e t  l e s  amil:es. Selon la constante 
1 

d'associat ion du complexant e t  de l ' ion alcal in ,  d iverses  

espèces  peuvent ê t r e  m i s e s  en  évidence. 
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