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Singly charged negative ions in the gas phase have attracted considerable experimental 
and theoretical attention over the past decades. However, the existence of free doubly 
or multiply charged negative ions, in particular those of small systems, has remained a 
curiosity and a matter of some controversy. Recent experimental and quantum mechan- 
ical studies show that multiply charged negative ions of small molecules and clusters can 
exist as isolated entities. 

Thei>reticalI\-, isolateil mul t i~ ly  charged 
nlolec~llar ions (A'- or B p )  generally are 
not stable hecause of the strong rep~~ls lon of 
their excess charges (electrons or positive 
holes) that may lead to molecular fragmen- 
t ,~t ion (Coulomb explosion). Isolated anloll- 
~c systems also nyay Jeca7- by emission (auti>- 
detachment\ of an  excess electron, which 
makes their theoretical 1111.estieation sub- 

Masse!-'s hoo~c o n  negative ions in 1976 
( I ) ,  alollg wit11 his ~lpdated article in 1979 
( 2 ) ,  suinmari:eil essentially el-erything that 
[vas lcno~vn about singly charged anions a t  
that time. This treatlse has hail an  enor- 

rearrangement of these charges over the small 
atonlic or mi>lecular region. In order to min- 
imize the illterelectron rep~~lsic>n. lnallv 1110- 

stantiall!. more complex than that ofcations. 
T o  obtain reliable results for the generall!. 
lon. billJillg energy of the outermost excess 
electron, one must have theoretically anil 
computational17- JemanJing methi>ds that 
accuratel7- account for the diff~lse character 
of this electron ani] provide a balanced treat- 
ment of the electron corre la t io~~.  Electron 

lecular anions adopt a gas-phase s t ruct~~re  dif- 
ferent from that in the conJenseLl state. Ho\j-- 

i l l o ~ ~ s  impact in the field <)f negatil-e-ion 
pl~7-sics. Hotop and Lineberger (3) pub- 
lislleci a n  authoratlve revie\\- of recom- 
~neniled electron affinities (Eris) of all at- 
oms, other than the rare earths, repi>rted up 
u n t ~ l  1984. Bates (4 )  has conlpleteil tlle 
Jli 'i~cult task of re\-iewing the Illany advanc- 
es in the understanding of the structure of 
negative ions up untd 1990. This review 
also tabulates vario~l, estimates for the EXs 
of the lanthanides (La through LLI) and 
actinides ( A c  thro~lgh Lr). T h e  mean val~le  
in each set is C.l e\'. Coinr ton (5 )  has 

ever, large residual interelectron repulsions 
cause m~~ltipl!- chargeil aniolls ti> be ~ I L I C ~  

more fragile to electron loss and fragmenta- 
t1on in the gas phase than in the conelensed 
state. Thus, their fornlation anii characteri-a- 

correlation has a major impact 011 their sta- 
hilit\- kvith respect to electron eiection for 

tion 1s cliallengiilg, both esperimental17- anii 
theoretically. 

All of the el,iiience for lono- l i ld  oas- 

singly charged isolateid anii>ns and is gener- 
ally expected to be even mi>re crucial for 
m ~ ~ l t i p l y  charged systems. S~~rpr~singl!-, there " 

phase multiply chargeil negative ions has 
come from mass spectroscopy (h'1S). T h e  
experimental d~fficulties are great; 111 tact, 
llolle of the early ohservaticx~s of douh17- 
chareecl atoniic and Jiatonlic anions have 

are rele1,ant exceptions rvhere the presence 
of several excess charges suppresses the im- 
pact of electron correlation: Hlghly ionic 
systems constltLlte a special class \!-here elec- 
tron correlation is iinoortallt hut does not 

rel-ie\\-eii tlle ver7- recent theoretical and 
es~xri rnenta l  develounlents in the field of 

been corrotxxateJ, and many have been 
sho\\-n to be artifacts. A particularly poi- 
gnant example is the earl!- i7hservation of the 
iodine ilianion, I?- .  Ba~lnlan et id. (6)  i>l~- 
serveLl 1'- and I- to 1C-':I ) ~lsing a 
P e n n ~ n g  Lon source ~v i th  a 6C0 rn. a g netic- 
sector ~n: ignet~c inass spectrometer follon-ed 
11: an  electric Lletlector for energy anal!-sic. 
T h e  energy anal!-sis allo~ved them to rule o ~ l t  
nletastable J e c o m ~ o s l t ~ o n  of X ,  as an arti- 

have a decisive illtl~lence i>n the at~solute 
stabilit7- of a multip17- charged allion to elec- 
trim l o s ,  hlultip17- chargeil anions also at- 
tract specla1 interest hecause the7- t~elong to a 
class of systems that i i)  alrvavs exist in the 

atomic negati1.e-ion physics up until 1994. 
;\/lost atoma and a c~nsi~lerable fraction of 

the known molecules can fLrm stable. sinol\~ 
L ,  , 

charged negative ions. Although singly 
charged neoative lolls have attracteid cons~J-  

presence of excess charges and (li) may dis- 
sociate if the n~llllber of estr,l charges is 
reduceil. T h e  electron~c anti nuclear a!-mme- 
tr7- used in the calc~~lations lnust he caref~llly 
selected. For Instance. fro111 coinmon chem- 

u 

erable attention during the past 30 years, ilo~l- 
hly charged negative ions ha\-e been \,ie\veci 
~v i th  curiosit\- and some ex~~erimental contro- 
versy. Only recentl7- has their eslsteilce been 
firmly estat~lisheil. D o ~ ~ b l y  and higher multi- 

fact res~llting in ");"-" in the n<~ss spectr~1111. 
This ol~serl-ation \\as quest~i)ne~l  b!- Frees s t  

al. (7). n h o  used radioacti\-e '"I in their ion 
source. After collecting ~xrhat the!- especteei 
ti, be 1'- 111 the 1011 collector cun, ni, "'I n.as 

ical concept3 the standard texthook dianii>n 
C 0 3 '  is predicteLl to be a claseLl-ahell spe- 
cies, but the use of a spin-restr~cte~l approach 
111 calculations ~vould inake it impossible to 
describe reality, that is, the ~nstahillty of 
C O , '  to ilissoc~ation into a free electron 
anci tlle monoanlon (open-shell system). 

Interest in multiply chargeii anions be- 

1317 ch,irged negative ions are commi>nly oh- 
served o n  s~lli:~ces, in solution, or as "b~~ilding 
blocks" in condensed nlatter s~lch a, 
[X"Lp][B"Lt] salts. In such clleinicnl environ- 
ments, the local electrostatic field constituted 

, , 
detected, although "'I \\-as detecteLi in the 
1 -  CLIP, as expected. T h e  Koski group con- 
c l ~ l J e ~ l  that the signal nl~lst have heen causeLi 
h!- sonie impurity. h'lany experiments using 
MS t e c h ~ l i u ~ ~ e s  that clo not iiirectl\- count 

1.v the surro~~nding positively charged counter- 
ions helps stat~ili:e the multiply charged anion 
with respect to fragmentation and to the de- 

gan both as a scientific curiosity and from 
unfulfilled uhe in tandein accelerators. D o ~ i -  

the negative ion particles-b~~t rather detect 
their motii>n (heq~lency) in a conlhined 
electric anil n~arlletic fielei-have heen 

bly chargeii negative ions \voulii effectively 
cli>ut~le the final ion kmetic energ!- without 
increasino the standoff voltaoe of the accel- 

tachment of one or more of the escess elec- 
trons. For a nonlnteracting [A"-] entity in the 
gas phase, hon.e\,er, the statxli:lng local field 
1s nhserlt mil the Co~lloillh repuls~on bet\veen 
the excess charges can 01117- be reciuced b!- 

L. 

plagueLl b7- so-calleLl harmonics, which ap- 
pear at halt--mass freij~~ellcies ancl give a false 
indication of do~lhly charged anions. hlociern 

erator. Multipl!- charged anions are fincling 
applications 111 bioinedical MS ani{ in the 
MS techn~ques  relateci to the sequencing of 
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h~gh-resolution Illass spectrometers can cir- 
c ~ ~ ~ n \ - e n t  inanr- of these esperiment,il diffi- 
culties, and there is no1v collsiderable exper- 
iinental evidence i;,r multiply charged pol!-- 

. . 

the 11~1nlan genome. 

Atomic Negative Ions 

Xlnlost all eleinenta studleLl have stable the Deuattmeni of ~ h e m i r ~  Unlve;sit\l of Tennessee atomic nezative ions. Mo\\-ever, there is 110 

Knoxvie TN 37998-;EGG, USA. cirnchlsive h i s  evidence for long-liveel atom- grounLl-state negative-ion configurations, 
'To ~vhom correspondence s l i o i ~ d  be addressed. ic or Jiatomic multiply charged negative ions. that is, positive EAs. Notable esceptioils 
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are nitrogen, he ry l l i~~m,  nnii ixagnesi~~m; 
also, thel-e is no evidence t11,lt mercurv and 
zinc can h r m  stahle negative icms in their 
grounii state. T h e  first l3hotodetachment 
est>eriment on a neoati1,e 1cin heam \\-as 
perii~rmeci hy Branscomb anii Fite (8) o n  
the 1s' 'S, ground state of the hydrogen 
negative ion, H p .  Lykke et  itl. (9) measureLl 
a highly accurate E.4 value of L7.754?L7(7) 
eV (numk~er in parentheses is the stanilard 
error 111 the last digit) for 11:-cirozen in a 
thues l~ol~l  photodetachment experiment us- 
in. collinear laser ami H- heams, '4 ver\- 
precise theoretical EX l - a l ~ ~ e  fi>r H nas  
soml~uteil  by Pekeris [0.754?09(3) e l T  
( i d ) ] .  13~1ring the past ilecade, illally other 
atomic anid mc~lecular EAs have been accu- 
rately cletermined. I)evelol?ments in ,1b in- 
itio q u a n t u ~ u  theuretical ,lnd c s rnp~~ta t lona l  
t e c h ~ ~ i ~ ~ ~ ~ e f i a l o n g  with new experiinental 
methi>ils such as ohotoiietachme~lt  thresh- 
old spectroscopy of the negative ion with 
tunable lasers have reil~~cccl the  ~lllcertaint\- 
of measureii or preilicteci EA d u e s  to the 
rallge of C.01 eV or less. 

Exneriment,ll anii theoretical stuilles 
shon. that alkaline earth atoms call 111 fact 
prL)iluce a stable negat11-e 1011 (4) .  Because of 
their closeil-shell electron cont~gur,~ti irn,  
rare gas atoms 111 their grounci state routlnel!- 
are cLx~siiiereil as incapable of permanentl!- 
h lnd~ng  an  extr~l electron. I - Io~~ever ,  this 
conclus~on 1s strlct17 1.aliii onl\- for I-Ie anii 
N e  because Ar. Kr. and Xe exh ih~ t  drahtlcal- , , 

ly different physical properties (such as 
clhemical reacti~.lt!-) f ro~l l  those of H e  anil 
N e  and thus are consliiered "pse~iiio-closeii" 
shell atoms. Contllctlng esper~nle~l ta l  and 
theoretical data. ho~vever. lea1.e onen the 
possit~le exlstellce of bounii, or at  least long- 
llveii, rare jias negati\,e 1011s. Halxrlanii et nl. 
have presented tentati1.e experiment,il evl 
Jence  for Xep bi~uncl states ( 1 1 ) .  

Molecular Negative Ions 

Llan!- exper~mcntally anii theoret1cal1~- cleter- 
llll~lecl E14s for molecular (a11d atc)1111c) sys- 
tuns  havc been tahulateil by Bates (4)  [see 
also (3 .  12, i 3 ) ] .  The E14 1-slues for atollls and 
sinall illolecules (\\-it11 up to five or SIX atoms) 
may he bi7th negative aind positlve anil Sen- 
erally rallge from ,ibout 7 up to -4 eV (Fig. 
1A) .  All of the atoms and nlost of the mole- 
cules \\-it11 negat1r.c EAs generally are very 
short Ilved. A notahle esceotloil 1s CO, - ,  
~vh lch  cxlsts In a iluasl-hound state [llfetimc of 
( X p  - 9L? I ?L? p,s (12)] as a result 
of poor ixerlap of the nuclcar wave ti~llctloil 
representlllg the 1.ent anii extended CO,-- 
anion and that o t  llilcar CO-. Notc the ahrunt 
cl~angeb of the EA \ d u e s  \\-it11 the numhcr o t  
\.alcncc clcctroinb (Fig. 1A) .  Negative 1i71ls 
with 3. 16. and 24 ~ ~ a l c n c e  electroils arc m i t e  , , 

stahle, reflectlilg the tact that greatest stah~llty 
exlbts t i ~ r  clohcJ shells. 

Fluoriiles ha\-e attracted l~artlcular interest, 
nartly lxcause of their tendency to attach ,lo\\- 
A ,  

electrons anii their subsequent use as gaseous 
ilielectrics. Attention has also heen ilel-oteJ 
to fl~~oriiles beca~lse saille have such a high 
first E.4 [>4 eV (14)j that they have been 
calleil "iuperhalogens." The  hexafluorides, 
hlF,. n.here b l  is a d-shell transitiL>n metal 

L, ' 

atom, are pronii~lrilt examplea, having EX 
~ ~ a l u e s  of about 5 to 9 e l T  (Flg. 1. B and C) (4. 
14). Urailiuill hesatl~iorieie. UF, ,  an  interme- 
Jiate procluct in the reprocessing ot nuclear 
fuel, is experiinentally estiinateii to 11al.e an  
E.4 value of >5 e\' (15). Fluorlciea of the 
att)ms in the first rolvs o t  the perioiiic table 
zenerallv have much lev-er E A .  Notable ex- 
ceptions are tllr ,111ions of the alkaline cilfluo- 
ricies, hlF,-, and allcali~le e,lrth tritluoriiies, 
blFj -. These ionic species bind the aclditlonal 
electron hy 5 to S e\' anil thus fit Into the 
category of "superhalogens" (Fig. 113). 

T h e  large first EA of lllany blF,-type 
fluoriiles and structurally relateci sybtems 
senerally [16) can he a t t r i b ~ ~ t c d  to ( i )  their 
nonl?oniiint! highest occupied mcilecular or- 
bltal i H O b l O )  ( that  is, this orbital consists 
ina~nly  of atomic orbltals sited a t  the F 
atoms, which accornmi~~iate  the extra elec- 
tron);  ( i ~ )  the high electronegatlv~ty of the 
F I~gands,  ~ x ~ h i c h  effect11-el!- supports strong 
l?lndinc. of a n  ailciitlonal electron; (111) the  
reasi>nahl!- l,~rge number of F I ~ ~ a n i i s ,  n.hich 
makes the effective delocalir,~tlon (distribu- 

t ion) of the excess charge Liensit:- over the 
large liganii sphere a~llenahle ( t h ~ l s ,  the 
snlaller the  extra portion of an  electron to 
he accommodateii hy an  a t o n  IS, the easier 
it is for a11 ,~tc?in to hold this portion): and 
(iv) the  high polarit:- (ionicit!-) o t  the b18-- 
Fh- l  ?oni 1 s in . MF,> tl~lorides (thus,  binLling of 
the extra electron is e t fec t ivel~~ ~ lnuor t e i l  , L A  

bv ctr~)ng Couloinb attraction l?etn.een this 
electron and the central, pc>siti~.ely charged 
illeta1 atom). For 111~1ltip1~ cl~argeci negative 
molecular ions, largely ionic bonding char- 
acter tends to stabilize the negatively chargeci 
species toward fragmentation and auti~de- 
tachinent of an  extra electron. 

Imprecsi\,e progress, experimentally anii 
theoreticall!-, has also been maiie in the fielei 
of Jiati>mic anions anci carboil or nletal clus- 
ter anions [see ( 4 ,  5, 1 7)j. T h e  interest in 
negatively chargeii carbon c l~~s te r s  is partly 
attril~uted to the 11~~111i- uossible structures . L 

they can adi>pt, inc1uLiing the closeii-cage 
filllerenes [for example, EA(C,,) = 2.65 eV 
(18)j .  Jin et al. (19) have preil~cted from 
charge-transfer "bracketing" reactions a 
larye flrst Er i  of 4 . M  -t 0.27 eV for the 
highly fl~lorinate~l t;~llerene molecule C,,,F4,. 

Atomic Dianions 

Proceecllng from the knowledge of stable 
singly charged negative ions 111 the gas 

~t 1s na t~ l r ,~ l  to , as< -1 1 f a f .  lee atoll1 or 

L'3 OH Be0  5 H C , ~  

.H,O Sl 6,0 
C* Cy 6 NH4. 

B:H HO, 
LIZ 

CH,, . NH, HCF . p  
HCO : 

8' L N a  
NH LIF . O2 

'402 

0 3  

K 
CF, . 

N2O La 

y o 3  

CH2COF 

7 HNO, 

v 
Fe 

t C0 
J 

N2 
& , ,  -- A- 

5 10 15 20 25 
Number of valence electrons 

HIF, TaF6 AUF, + BeF3 CaF3 1 

lrF8 IPtF6 LIF, MgF3 1 
' MnF, ZnF, 

6 ReF, 
B CrF, CUF, , C WF, OsF6 NaF, -_ HsF, D 5 ' ~ ~ - ~ ~  - 3o -72 14- -- - - - 

KF2 I 

22 2 4  26  28 76 78  80 3 7 11"1%?9- 
Atomic number of metal 

Fig. 1. (A) Experi~nentay measured (a) and calculated ab intio f;) EAs for some atoms and molecules 
made from ele~nents of the frst up to the fourth row of the perodic table. The EAs are plotted versus the 
nunber of valence electrons (excludng the two K shell electrons) of the neutral species Calculated ab 
initlo b ~ ~ i d ~ n g  energies for the exira electron of (B1 3d-shell metal and (C) 5d-shell nieta hexafluoride 
monoanions, together :?,~th those for fD) some s n g y  charged negatve alkal~ne difluordes and alkal~ne 
earth tr~fluordes. 
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moleculc can hecome cloubly ncgativc 
cha~ped .  hlillikcn's oil-clrop experilllent 
shorvs that multiply charged negative ilrop- 
lets are stable, and classical electrostatics 
sholvs that an insulateil conducting spllerc 
c l l a red  w ~ t h  any number of clcctro~ls N 
call attract an additional electron proviiieil 
~t 1s close e n o ~ ~ u h  to the suriace ( a t  laree 
illstances, there is Coulomb repulslon). 
Classically, a conilucting spllere can he in- 
finitely cllarged (20).  Tlle potential acting 
o n  the estra elcctron n;iturally exhibits a 
Coulomb "barrier" that cffcct~\~ely incrcascs 
the stahilitv of the iN + 1 ) clectron system 
toward los5 of the a~iilitional electron. 

Chanturn mechanically, however, it is - 
not eviilent that a singly charged negative 
"sphere" such as ,311 atom or molecule can 
accept a second extra charge. Early Bohr 
atoll1 moLiels (21 ) inii~catecl that H '  was 
unstablc n l t h  respect to H anil H .  T h ~ s  is 
coniirmed hy  a thcorenl of Lieh's (22) .  T h e  
~nstahility of the isolated hydrogen dianion 
has heen e5tablished also bv lnallv ah initio 
stuiiies, l v h ~ c h  are too numerous to inclu~ie 
[sec, for example (23)l .  Thus, at tllc ~ ~ u a n t a l  
level we lvant to kno\\. 11o\\. small a stable 
Jouhly negative chargeil system can he. 

Theoret~callv,  the o\~er \vhelm~no Cou- 
li>mb repulslon between the tn.o cxtra elec- 
tr(lns c o ~ l t ~ ~ l e ~ i  t~ the 51nall regLon of atomic 
d la~ l io~ l s  make5 the occurrence ot  bound 

isolateii long-li\~ed d i a ~ l ~ o n s  of some h e a \ ~ e r  
a t ~ ~ m s  (24,  25),  hut   no st of thesc clainls 
havc l x c n  cltller retracteii or hho~vn to be 
fla\yed (26).  Although some fr;igmcntary 
eviile11ce may ~ ~ 1 s t  for long-l~\~eci (> 10p%) 
atollllc illanions, there 1s no  concluslvc c\,- 
~ ~ i e n c e ,  experi~nental or theoret~cal,  that 
clther bounil or lo~lg-llved atollllc Liianlons 
exist In the gas phasc. 

Diatomic Molecular Dianions 

In contrast to the casc of atomic dianlons. a 
molecular d i a n ~ o ~ l  (such ,is a diatomic) 
must hc stable not only ~ 7 1 t h  respect to thc  
election of a n  extra clcctron but also to 
fragmentation. A frce i l~anlon acquires sta- 
hllitv as a result of clcctro~lic hindine as 
well as a potentla1 barrler to dissociation. 
Eased o n  the  most frequently encountere~l 
case o i  stable, s~ngly charged negative dis- 
sociation fragments, the schcnlatlc picture 
in Flg. 2 illustrates thls harricr \vith a hypo- 
thetical potential energy curve for a molec- 
ular clianlon A E '  (generally, A a ~ l d  E may 
not bc atoms; tllcy call hc fragment5 of a 
larger system). T h e  drawing sllows the fre- 
i~uently encountere~l case o t  an  avoidccl 
cross in^ (dottcd lines) hctneen two dia- 
hatic states (curves 1 anii 1) of the same 
spin and symmctry rcprescntinp thc disso- 
ciation l im~ts  A '  + R and A + B . T h e  

attmctl\,c cur1.e 1 correlate5 \\,it11 the A + 
t. + B dissociation linllt ~f 11e~ther ' 4 '  1101. 

B '  exists as a bounil state. In  t h ~ s  case, the 
state is assumed to he a resonance lvith a 
complcx potential-energy surface. T h c  111- 

cluslon of a co~l lples  cncrgy assurcs that thc 
state decays (autodetachcs). T h e  shaded 
area indicates a poss~hle b r o a i l e n i ~ l  from 
the f i~l i te  liietime o i  the resonance state. 
C u r \ ~ e  2 represents a purely repulsive state 
bci~lg  essentially Coulomhic in character 
anil corrclatcs with A + B-. T h e  ailinhat- 
ic potcntial-cnergy surtacc result111 troll1 a n  
a\~oidcd crosslnir \ v ~ t l ~  cur1.e 1 exhil ~ ~ t s  a 
local minimum (ground-state structure, I )  
,ind a local m a x ~ m u m  (transition-state 
structure, 11). Thus, A B '  is stahlc if its 
zero-p~int  ~ l l i x i o ~ l  lies helow the  asymptotic 
l i ~ n ~ t  of A + B . Ho~vever,  even if the 
lowest state, AE'-, is abo\~c this asymptote, 
,I long-li\,ccl A E '  nlav exlst ~f thc  L3recon- 
clitioli ot a sutficlentl; deep lllinililrlln to 
support the zcro-point vibration of the di- 
anion is fuliillcd. This state then can decav 
only by tunneling t h r o ~ ~ g h  the long-range 
Coulomb harrier. I11 thls case, the height 
a n ~ i  rviilth o i  the Coulomb harr~er  generally 
are the prinlary iactors d e t c r m ~ n ~ n g  the litc- 
tune of the  metastahlc statc. Colllsareii to 
ato~llic dlanions, the  fragility to iragmenta- 
tion greatly increases the complexity o i  
hot11 the exnerimental a n ~ i  theoretical in- 
vestigation of molecular ciianions. For any 
structurally stahle or lnctastablc ~ i i a n ~ o n ,  
the presencc of a long-mngc clcctron-clec- 
troll Coulomh repulsion assures that a 
(large) potential l~arrler to the aiiLlltlon or 
rcmo\~al of the seconci extra clectron gen- 
erally ~ ~ 1 1 1  exlst. T h ~ s  harricr can glve rlse to 
long-l1\7ed m u l t ~ ~ l y  chargcd n c g a t ~ \ ~ e  ions 
that are ailiabat~cally unbound (shape reso- 

I 
AB'- I - - - - - - - 

Distance between A and B 

Fig. 2. Schematic drawing of potent~al energy 
cutves ilustratng the ntersect~on of two diabatic 
states (solid Ines). The avoided crossng between 
the corresponding adabatic cutves IS indicated 
by the dotted Ines. Both A and B can be mole- 
cules themselves. Notce that in the case of hghy 
onlc molecular systems. the overall shape of the 
adiabat~c potential energy surface also exhibits 
the characterstics shown In the figure. although 
the concept of an avoided crossng of two dia- 
batic states m~ght be debatable [the dramling 
stems from (51)]. 

nances) anil pro\~ldes additional d y n a m ~ c  
stah~lity to iiianions that are adiabatically 
hounii. 

In comparison with a to~nic  iiianions, one 
may cnvislon that h r  diatomic dianions the 
repuls~on het\\.een thc t\vo cxtra clectro~ls 
can be reduce~i cithcr by spatla1 separation of 
the excess charoes or bv their Llelocallzation 
(smearing out) oL7cr thc larger molecular 
structure. Two ItinLis of Jelocalizatlon are 
generally poss~hle: (i)  the charges may he 
truly delocallzeii over a part or the whole 
molecular system, or (i i)  the charge5 may he 
sp l~ t  ~ n t o  sc\,eral parts, each iof thebe local- 
ized o n  a ~l i fkrent  site (ligancl). Spatial sep- 
,ir,itlon ot  two (locali?eii) additional neeati\,e 
unit cllarges may be vierveil as a special case 
of the latter. I11 this case, we can roughly 
guess the total hln~iiny energy pcr electron 
to 1.e the EA of thc acco~nlnoiiatlng entlty 
minus the repulsion energy V(r )  of the iiis- 
t am elcctron pan; LT(r) = 14.417 111 electron 
\.olts for two electrons at a i l~stancc r 111 

anostroms. A realistic cstin~ate for cilatonllc 
ilianions preciicts a n  implausibly large mil;- 
illla1 interatonlic seaarat~on r of -4 A. 
Thus, the occurrence of bounil or c\,cn long- 
lived ciiatomlc dian~ons in thc gas phasc 1s 
highly ~mprobahlc. In 1966, Stucltcy and 
Kiser (24) cla~lneii experimental eviilence for 
strong slgnals of thc long-llve~i hcc illatomic 
dianio~l CN'-: their rcsults, ho\\~evcr, xere 
not substantratc~i by other ~nvest~qators a~lii  
have heen quest~oneci hccausc of tllc posslbll- 
~ t y  of "llar~nonlcs" of C N -  in their olnegatron 
11s cxpcriment, although K~ser (25) has ar- 
gued against tlus Interpretatloll. 

Molecular Dianions 

T h c  diallion o i  the di~ller o i  henzo[cd]- 
pyrene-6-one, a large organLC ltctonc, was 
thc t~ r s t  long-livcd doubly charged ncgati\,e 
ion to be observed in the gas phase (27). 
hlany ohservat~ons h a \ ~ e  s l~lcc  hccn nlade of 
such large orgaluc dl~legatlve systcms. 01lc  
of t h e ~ l l  reports long-chain d~carboxyl,itc dl- 
anlons (28) that accluirc stability through 
spatla1 separation of the two localized cxtra 
unlt charges. 

Interest in the dianions ot  t i~llcre~lcs 
(29) has skyrocketed, n l t h  the C,, and Cj, 
molecules eliciting the greatest attention. 
They nerc  reporteLl to form long-ll\,cd 
(> 10-j  S) gas-phase djlanions (3C-32). T h e  
obscrvation of long-ll\,cd C b c 2  \vould ap- 
pear to be contradlctcd by csistl~lg calcu1,i- 
tlons that yleld a negatl\,c EA for C,,- 
(33-36). T h e  addition o i  two clcctrons into 
the threeic~ld dcgc~lcrate t,,, empty orhltal 
gi\,cs rlse to a 'TI, ground state for C,,'-. 
A b  initio restricted Hartree-Fock calcula- 
tions shorv that C,,' a C ,  are approx- 
imatcly equal in cnergy (33);  a "jcllium" 
ilescription predicts that C,,' is unbound 
(34) ;  a s e l n ~ e r n ~ ~ r ~ c a l  mocl~f~eii neglect of 
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differential overlap (MNDO) calculation 
predicts that the second EA is negative by 
0.4 eV (35); local density-functional calcu- 
lations also give the second EA as -0.02 or 
-0.3 eV, with the latter expected to be 
more accurate (36). The metastability of 
C6,Z- is attributed to a shape resonance 
resulting from the long-range Coulomb re- 
~ulsion combined with the shorter ranee 

shell ground state). Assuming linear struc- 
tures, as for the neutral and monoanionic 
precursors, theoretical studies [( 13, 39); see 
also (40)] related this alternation pattern to 
the variation of the stability (that is, EAs) 
of the dinegative clusters (Fig. 4A). How- 
ever, these studies predicted electronic in- 
stability (negative EA) for the smaller co- 
valent clusters C2- with n < 10 (Fig. 4A). 
Regarding C72- and C:-, the discrepancy 
between experiment and theory has been 
clarified in a recent theoretical study by 
Sommerfeld et al. (39). According to their 

results, the structurally and electronically 
stable (Fig. 4A) ground state of C72- and 
Cg2- is represented by the "center-ligand 
sphere" structure [C(C2),I2- (D3,, symme- 
try) and [(C4)C(C2),I2- (CZv symmetry) 
(39), respectively. The HOMO of both 
structures is nonbonding with respect to the 
central C-C2,4 ligand interaction [EA(C2) 
- 3.4 eV; EA(C4) - 3.5 eV (40)l. In 
addition, if we assume a "center-ligand 
sphere" structure, the predominantly covalent 
dianions [C(C2),I2- and [(C4)C(C2),I2- ex- 
hibit a markedly positive charged central C 

- 
electron-molecule binding, as pointed out 
previously (30, 34). The resulting Coulomb 
"barrier" is analogous to that which gives 
rise to a-particle decay from the nucleus. 
The Coulomb barrier restricting the motion - 
of the two excess electrons in C6,ZP is 
shown in Fig. 3: The center of C,, is posi- 
tioned at zero energy, and the two equiva- 
lent electrons (parallel spins) "waltz" 
around the C602- at an energy correspond- 
ing to the estimated second EA (+0.3 eV). 
"Tunneling" through this Coulomb and an- 
gular momentum barrier (t = 1) is very 
improbable (34). 

Jin et al. (1 9) recently studied dinegative 
ions of highly fluorinated derivatives of C,,, 
which provides further evidence of the im- 
portance of the Coulomb barrier. The dian- 
ion C6,F4;- is produced by direct attach- 
ment of two electrons to gas-phase C60F48. 
The doubly charged anion exhibited unusu- 
a1 stability to the removal of either excess 
electron. This finding is attributed mainly 
to a positive second EA (-2 eV) and the 
presence of a large (1.5 eV) long-range 
Coulomb barrier, which is built from the 
bound state for the two extra electrons near 
the C60F482- molecule and the Coulomb 
repulsion between these electrons at large 
interelectron se~aration. Note the analow 

Fig. 3. The interaction potential of an electron at a distance from a singly charged negative sphere of 
radius a and dielectric constant k 

- e2(k - l )a3 c2 Z(C + l ) f i2 
V(r) = + - +  

2(k + 2)P(P - a2) r 2m,r2 

where t is the angular momentum of the incident electron, me is the mass of the electron, and f i  is 
Planck's constant divided by 27~. The Coulomb barrier potential is that for C,- + e (k = 4.4, a = 3.5 A, 
and e = 1). The energy level occupied by the two "waltzing" electrons is +0.3 eV, in accord with recent 
EA calculations. 

"3 

between this quanta1 finding of a Coulomb 
barrier near the molecular sphere and the 
classical electrostatic considerations regard- 
ing an insulated, conducting negatively 
charged sphere penetrated by an additional 
electron. The charge delocalization and 
strong binding of the extra electrons to the 
large number of F atoms may also support 
the electronic stability of C6,F4;-. 

Regarding small molecular dianions, the 
observation of isolated doubly charged neg- 
ative ions of van der Waals clusters of ox- 
ygen as small as (02)32- (37) is particularly 
interestine because this molecule does not 

0 

appear large enough to reduce the interelec- 
tron repulsion sufficiently. More experi- 
mental or theoretical evidence, or both, is 
needed in this area. Recently, Schauer et al. 
(38) presented conclusive experimental ev- 
idence that long-lived ( > I F 3  s) covalent 
carbon-cluster dianions, Cn2-, as small as 
C72- exist in the gas phase. A strong even- 
odd alternation of the abundance of these 

-7 , , . , ,  
d 1 0  

2 4 6 8 10 12 14 16 3 4 5 6 
Numkrofccrbon.Lomr, Number of halogen atoms 

clusters was observed in MS experiments, 
with ~ e a k s  for even-n clusters (closed-shell 

Fig. 4. (A) Calculated EAs for the carbon cluster monoanions C,- (73,37,38). (B) Calculated detachment 
energies for the (0) ionic doubly charged negative alkaline halides MXS2- (46) and M2Xb2+ (52, 58) and 
(0) alkaline earth halides MXd2- (45, 57), together with those for some (0) dianionic hexafluorides (72, 
4 7-50). 

ground state) being much more intense 
than those for their odd-n neighbors (open- 
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atoll1 (-d.4) beside the "shell" of negatively 
charged C, xnd Cq ligands. Note the close 
relation of this molecular constitl~tioll to that 
discusseci above tor the "s~~perl~alogens." 

Several theoretical st~ldies indlcate that 
the separation of spatially localizeil extra 
charges at the ends of a chainlike strLlctLlre 
generally do  not represent a ~1ri)lnising plat- 
forln f i x  tlie evoll~tion of hound or long- 
lived negative ion states (41 ). T h e  apparent 
instability of the linear clusters C 7 '  anii 
C 2 -  aml,l\. ile~iioiistrates the vdliditr of 

this general statement. However, there ex- 
1s t~ one recent theoretical study (42)  that 
claims electronic stahility of a linear dian- 
ion, that is, hlglS,'-. T h e  vertical detach- 
ment energy calculateci for this iiianlon is 
very slliall (Q.3 el'). Also, the stability of 
M g , S , '  to fragmentation has not yet heen 
considered in Inore detail. 

T h e  possibility to adopt a "center-ligand 
sphere" structure sholllci primarily he con- 
sidered as a necessary hut not at all si~ffi- 
cielit prerequisite tor electronic stability. 

Thus, even prominent textliook examples 
of dianionic covalent molec~~les  tliat tit into 
this category such as C 0 3 '  and SO4' - are 
predicted to decay 1~y emission of a n  extra 
electron (43-46). In ailditlon to autode- 
taclhment, a dianlon ailopting a "center- 
ligand sphere" structure may ~ l s o  be unsta- 
ble to~varci f rqmentat ion.  This has heen 
~llustr~lteii, for example, ln tlie cclse of the 
gas-phase dianion H F , '  (46) .  

Several niore recent theoretical studies 
(47-50) have also considerecl whether the 
attachlliellt of a seconci electron to an  
h lF ,  ~liolloallion provides a chall~lcl to the 
f~>rmatioin of electronically stahle ciianic~ns 
(FIE. 4B). hliyoshi and co-ui~rkers (47) cal- 
culateii a positive electron iietachmcnt en- 
ergy of 4.85 anci I . i 6  eV for CrF,' ancl 
MoF,'-, respectively. Korobov c t  al. (43)  
estimated the EA of P t F ,  to he 3.9 i- C.6 
eV, and Gutsev (49)  predicteil a positive 
EA of 3.58 eV for S i F , .  No detailed stuiiies 
of the str~lctural stability of these dianionii  
transition-metal hcxafluc>riiies have heen 

KF-terminated systems: K,F135. I A 

1 Unsymmetrical terminated systems: K7FlZ5. I 

I KFp-terminated systems: K6Fl15. 

2 646 
1 6 7  y 1 2 , 6 4 0  F , 2.740 2 617 ,,,, 1 F , ,,,, 

- K F - - K  K-F-K 116.2* 
137.30- F - 137 7 O  

95.0 121.9"\ 

-1 
I 11 I I I I 1 I I I I I I I I I 

5 6 7 8 9 10 10 12 13 14 15 16 17 18 19 

Number of fluorine atoms 

Fig. 5. (A) Calculated ionic model structural parameters for the metastable potassium fluoride penta- 
anions, (B) Calculated ionic model detachment energies for the smallest pseudo-linear potassium fluo- 
rides w~th three to seven extra charges. All systems are designed follow~ng the l~nes of a general 
construction principle (52. 58). 

perfi>rmeci, which lliliits the meaning of 
their apparent staliility to electron loss. 
Ewig anti van Wazer (50)  provideii sollie 
theoretical evidence for CF,'- to be stahle 
structurally ( n o  ilissociatic~n) and electron- 
ically (no a~~toiletaclimeiit) .  

In the  p'lrticular case of small free doubly 
cliargeii negative lnolecl~lar ions, the iiegree 
of each of the 'distinct types of inolecular 
stahility, which rnay be roughly categorized 
as electrollic and structural, is dctermineil 
iiircctly by tlie strong electron-electron 
Coulomb rep~~ls ion  of the t\vo extra cliarg- 
es. Thus, we inrlst Lprobe each of these cat- 
egories of ~ n o l e c ~ ~ l a r  stahility caref~~l ly  n7itl-i 
accurate cluantum calclllatioils ill orcier to 
predict Lvhether a given assemblage c ~ f  at- 
onis and electl.ons constitutes a novel fam- 
ily of species tliat may ultinlatcly be pre- 
pared expesimentally. 

Thoro~lgh theoretical stuiiies that coin- 
s~~ ie re i i  these categories of iliolecl~lar stahil- 
ity for slliall fsee ilol~bly clhargeii negative 

m o l e c ~ ~ l ~ r  ions hy Cederbaum anii co-uork- 
ers (45,  51 ) anii Scheller and Cei le i -ba~~m 
(46 ,  52)  have estahlislled that highly ionic 
small molecular iiianio~ls, incl~~i l ing iiinega- 
ti1.c alkaline-earth tetrallaliiies M X , '  ( M  
= Re, hlg, or Ca ;  X = F or C 1 )  (45)  anii 
highly ionic ciouhly chargcci negative alka- 
line haliiles MX,?- ( M  = Li, Na,  or K; X = 
F or C 1 )  (46) ,  slloulii he stable. Both groups 
of systems are derived by expansion of the  
coorilination sphere of the lnolloanion 
hlX,- and MX, , respectively, and not by 
siiliple aildition of a n  electron to M X t  or 
MXjP .  T h e  latter monoaniolis do  not exist 
tlie~nselves as stahle species. Note,  in par- 
ticular, that LiFj2- presently is the  smallest 
free molec~llar dianion conclusively preiiict- 
eii to exist in the gas phase as a stahle 
clianion. 

T h e  srnall ionic dianions s l io~~l i l  have 
large binding energies for tlie extra elec- 
trons, a strong variation of the geometrical 
parameters, and a itrollg increase of the 
ionic character n.ith respect to their neutral 
and molli~allionic precursors. In pa r t i~u l~ l r ,  
all of the  dianions exhihit ;I nonhonding 
HOMO consisting predominantly of the 
halogen ato~llic orbitals. T h e  slnall io l~ic  
ilianlons acquire stabll~ty to f r agmenta t io~~  
ani{ to loss of an  extra electron by delocal- 
i ~ a t i o n  of the excesb charge de~isity over the 
large sphere ot' halogen ligands. T h e  111gl1 
electronegativlty of tlie halogen ligands ef- 
fectively bupports strolig hiliiii~ig of the ex- 
tra electrons. 

Lletalled investigations wit11 correlated 
levels of theory predict (kinetic) btab~lity of 
the iiianionb MX,' and M X J 2  with ue- 
spect to fl-aglllenratio~i (loss of a halogen 
ion) .  On the hasib of the established stahil- 
icy of their si~igly chargeil negative fragmen- 
tation products (see, for exa~nple ,  Fig. I ) ,  
the,c slliall ionic dianioiis approach stabil- 
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ity in a long-li\-eel metastable ,tatc (rebo- 
n , ~ n c e  atate) belinlil a long-ranile Cau lomt~  

L ~ 

yote~ltial  harrier (see, for example, Fig. 2) .  
Thus, onl1- in tlic ~.iciniry of tlie grounil- 
btate t;tructu~.e of tlle ionlc h S X j 2  and 
h l X , '  does tlle electrostatic attraction be- 
tween tlie positively cliargeil centriil metal 
atom and the n e g a t ~ v e l ~  cliargecl lialogen 
ligancl contribute markeiily to the total 
binding energy and mav locally be greater 
than tlle electron-electron C<)ulomb repul- 
sion hetneen tlie s i ~ i g l ~ .  charged liegatit-e 
f r a ~ m e n t , ~ t i o n  proilucts tllat dominate the 
ciiur,e o t  tlie potentla1 energy cur1.e at larg- 
er ili,\tancea (Fig. 2 ) .  Sclieller and Ceiier- 
haum (16)  useil the \X'ent:el, Kramerb, anLl 
Brillou~n (X'KB) quasi-clabbical fi)rmula to 
estllliate the lifet~llle 7 of the re;on,ince 
s t x e  to 1.e al3out 1 I?" years ~v1t11 respect to 
tunneling througli the pote~itlal  t-arrier. 
Xblile from the presenSe o t  the Iiroaii Cou- 
lomh barrier (7 to 5 A) tor ionic clianio~ls 
s~icll  ah tile MX,'- haliilcs, the magnituiie 
of T. also is related to tlie licigllt (9.2 to 1 
e\:) i ~ f  the barrier. Note that T lnay ilecredse 
sull,tantiall~- I3ecailse of ther~llal  effect>. that 
is, 1.y occul'ati<)n of tliel~mally erciteil ~ . ibra-  
t i i~nal  le~rel, of the di,lnion. 

T h e  stability ot the isolated dianions 
L , IX, '  anil h l X , '  to I-ertical and iiiliahatic 
electron loab (Fig. 4) 11as also I-een e;t,ih- , L 

lihlied wit11 correlated  level^ of tlieory. Tlie 
laroely i o n ~ c  cl1,Iracter of the l~oniiin. leads 
tu 'their large st,it~ility tonard autk,ietach- 
merit of a n  extra electron. T h e  large b~n i l -  
i11g energy for the extra electrons 1s primar- 
ily ,~rtributed to the strong electrostatic at- 
traction of tllese electrons 1 7 ~  tllc ccntr,il 
positively c l ~ a r ~ c i l  met,il ,itom of tllc \111,1ll 
ionic ilianions. A n  ionic ci>ntrillution to 
the  l ~ o n i i i ~ ~ ~  11,~s gener,~l impact o n  the  sta- 
bility of small molecular iii;inions (16).  Tlle 
most \.il-iil illust~ation of tllib effect ib toun~l  
in the e l ec t ro~ l~c  stabilit\- of the  ionic car- 
bon clusters [ C ( C I ) ; 1 2  and [ (C,)C(C-) l2-  
~vi t l i  reswct to their a1mo.t purely co- , , 

valently IvndeL1 linear Isomers. 
hSoti\-ateil 1.1- the higlily ionic cliaracter 

o t  the h 1 X ; '  illanions, Scheller and Ceci- 
erhaum (16)  have ~ n t r o d u c e ~ i  a concep t~~a l -  
11- simvle electrostatic ~lloiiel i tlie io l i~c  
moilel) that can r e l ~ a ~ l y  preil~ct pri)pertles 
o t  largel!- ~ o n i c  multiply charqed negatil-e 
11-iolecular ii>ns n.1th little comput,ltional 
effort. T111,\ n~oilel 1x)rro\v~ froill concepts of 
ionic sol~cis anL{ asslunes unit cllaroes s~teci 
at tl-ie atomic locatiol-is of the mi>lecules, 
that is, tl-ie llijl-icis are treated as completel\- 
i o n ~ c .  Tl-ie ~ o n i c  mc~~ie l  l-ias lieen useel for 
geometry ~>pt~mi:a t~i in ,  f re i l~~ency analysis, 
trallsLtii)ll->tiite searclles, c a l c ~ ~ l a t ~ i > n  i ~ f  the 
hi l ld~ne energj- of the extra electron.;, and 
searching fix larger highl\- ~ o n ~ c  molecular 
d ~ a ~ l ~ i l ~ l \  and even m ~ i l t ~ p l y  cl-iarqeil nega- 
ti\-e systems. Tlle ion~c-model data general- 
ly +ree Yes)- \yell with available a13 ~ n i t i o  

recults ( \ v i t l l ~ ~ l  a tllre~lliilcl of a l~ou t  3')n for 
tlle h 1 F , '  5)-stems). This close agreeme~lt 
amply clem~nstr~ates that tlie taliility of 
liighly ionic i~olateii  molecular d ian~ons  
\vitli rezpect to Iioth fragmentation and xu- 
toiletacllllle~it of an  extra electron can be 
esplalneci in tennb of bimple cl;iss~cal elec- 
trobtatic conblcieration~. 

Highly Multiply Charged 
Molecular Anions 

Highly mult1p11- cllargeii anion, of I-ery large 
miileculej buch ah proteins, oligonncleotides, 
and peptides are comm~)nly obsc.r\-cil in ap- 
pliecl X?S \\-ltli electrospray , ~ n d  ion-spray 
tecll~~ic~ues. Fcnn and colleagues (53) iievcl- 
opeii tlle electrosl,ra\- io~ll:at~on metllod nl 
~ v h ~ c l l  11c~u1iis ,ire ejected ~ n t o  a clrylng gas 
that pa~je~t througl i  x caplllarv. Chargln? o t  
the Ions 111 the electrosl~ray occurs in a re- 
g i i~n  l ~ e t n c e n  tlle callillary and ,I bkimmer 
llrlcl ,it a lligll potential difference. T h e  po- 
tential of liquiil ioni:atlon teclini~lue\ such 
ah electrosl.ra\- aliii ion spra\- or the ion 
1-apori:,itii~n teclinique is illuhtrated in a re- 
cent study 1iy Co\-ey zr ~ 1 1 .  (54). 'rvllo ,s110\v 
the removal of uk? to 11 proto~ls tl.oiil a 
svntl~etic DN.4 mi)leculc (~ilass = 1761 Jal- 
tons) correspi~nding to 11 exces  electro~ls 
on the resultini! anii)n. C o m ~ v o n  136) 11as , , 

hrietly re\-ienecl this sullject. 
Henion and cil-workers (55) llal-e de- 

tccteil tile dianion of li!?-estradiole disul- 
fate u s i q  the ion-jyray techniclue. This 
e s ~ e r i m e n t a l  metlloil is no\v also routinelv 
~1scc1 to iletect the  illegal use of an,ibolic 
stcroiiis in sporting events. O t l ~ e r  sulhnates 
have 'een iletecteii by Lai anii Evans (56)  
u,in: tlie electroll\-ilroiiylialllic or ion ev~iyor- 
ix t ion tecli~lii~ue. Xlultipl\; cli,iyed aliiiill 
115 is also playi~lg :I role in tlle effort to 
seouence tlie l iu~nan clenome. 

T h e  encourag~nii tl~eoretical c\.iilence 
fi)r the existence of isolateil highly ionic 
~ l i ~ l e c u l a r  ilianlonb. lio\\;el-er. roints to the , L 

lieeLl to lilentlfy s~liall and 111eil~run-;i:ei1 
triply and lilyher charged nrgat11-e s\-stems 
that fit into the category of lligll ~onlci t \ -  of 
tile l~onciing. Some q ~ l a l ~ t a t ~ \ - e  argumentb 
on tlie stahil~ty of multiply charged nega- 
tive llletal iluoriLles ha\-e heen gi\-en earlier 
(57). Ho\ve\~er,  a f ~ r s t  promisi~ig attempt in 
this area l~a.e,i on the ionic moilel has I ~ e e n  
reporteJ. A constructi~>n principle, n-hicl-i 
starts from a sultahle structural hase ~ u n ~ t  
hush as the d lan~on ic  h'lX;'- ~ > r  l lX4'-  
llalicies, enables the systematic des~gn  of 
stahle l-i~ohlv multiply chargeil negative mo- 
lecular ions in tlle gas pl-iare (53) .  T h e  
atomic confiouratian of the vart~cular base 
unit must I7e mai~-ita~necl because for small 
multiply charged molec~~la r  a~-iions, tlle oc- 
currence of s t a l i~ l~ ty  to iiissoc~atlon or to 
electron autocletachment or Iwth \tronylv 
ciepends o n  l-io\v the composing atoms or 

groups of ;itoms ,Ire arrangeil. 
Thi,  ci\nstralnt effectlvelv transfers the 

stabilizi~lg effect5 funclamental to  a particu- 
lar ;itomic configurat~k)n (sucll ah a iiianion) 
to its multiply cliargeci negative buccessors. 
In  particular, proceeding from the bouncl 
dianionlc alkali lialldes h . IX, '  as the struc- 
tural 'ase unit, the ,mallest Liseuclo-l~~~e;ir 
a lka l~  llaliiles tliat may support tllree, four, 
or more extra electrons In a lonrr-li\red nep- 
ative 1011 state ha\re been investigated (52,  
58).  Det:i~led theoret~cal btuiiies at the ab 
~ n i t i o  level of theorv show that the 111ehlv 

L 7  , 

ionic meml3ers fro111 the berles of bmallest 
tria~iions tliat emerge from the construction 
pr~nciyle,  ;\/I1X5jp, are stahle wit11 rebpect 
to ti.,igrnentarion ( C I I L I ~ O I T ~ ~  harrizr lleight 
and ~v id th  of -0.1 eV anil 2 to 5 A. resoec- 
t~vely)  anil loss of an  extra e lect ro~l  (58) 
(Fig. 5 ) .  T h e  X?,Xi2- ( - [XLl / l -X-h) lX] )  
ion5 111 their grounld state e x h ~ h i t  tliree 
spatially seyarateil halogen "layers." Each o t  
these lavers c;in accomoilxte one o t  the 
extra electrons, effecti~.ely recli~cilig tlieir 
mutu,il reyulsion. T h e  occurrence of long- 
li\.ecl ,rates for tlic trianions L , l , X j 3  1s 
primiir~ly iittrihuted to this spatial ilistril~u- 
tion of the extra cliarees anci to a\-ail:il?le 
Coulomb attmction. 

It is preiiicteil (58) that for tlie higher 
neg,itivc charged succebsors of X? lXj3  de- 
signeel accc~riiing to this conbtruction prin- 
ciple, tlie sequence of ~iletal  anil halogen 
lavers as well as tlle highly ionic bonili~ig 
c11;iractcr is preserveci (Fig. SL4).  T h e  termi- 
11ation of tlie ~beudolinear molecular c l l a ~ n  
,trongly influences the stal~ility of the mul- 
tlply cllargecl negative alkali llalides to hotli 
fi.;igmentatlon and electron autk)detach- 
ment.  I11 particular, symmetrically KF-ter- 
minateil potassium t~uoricles may support up 
to sel.en extr,i electrons (58) (Fig. 5R) .  T h e  
smallest hepta-anion predicted to he stable 
with respect to fragmentation anil e lect ro~i  
autoiletachment, KIIF,,'-, incluiles 13 
lialogen layers. Howe\,er, in the se~jrielice of 
.;mallest un~ymmetrically or KF,-term~nat- 
eil chainb, the structurally stahle penta- 
anions reprebent the borderline wit11 respect 
to ~nbtabllity toward electro~l loss (Fig. 5) .  
Reyo~iJ  pseeudoli~lear r n ~ ~ l r i l ~ l y  charged neg- 
ative alkali lialiiieb, the conbtr~~ct ion prin- 
ciple (52)  1s predicted to allo~v the  .les~gn of 
small, stable, truly tno-  anL1 three-;iimen- 
sional highly charged negative structul.es. 

Conclusions 

The  field of multiply chargeel negative ions 
has hlossameci. T11e existence of stahle ai-icl 
mctastal7le cloubl~ charged negative clusters or 
small molecules, or l-i~gl-ilv multiply chargeel 
negative DNA molecules or metal-halogen 
cluiterc, 1s firmly estal~l~shed. T11e modem 
exL~er1mental and theoret~cal tecl-iniclues 
available, along \vlth tl-ie discover\- of new 



lllolecular systems, lllakes doubly and llighly 
multiply charged alllolls a pramlslng area of 
research. The conllection of gas-phase multi- 
ply clx~rgeci anLon> to those known to exist in 
the colidellsed state like\vise offers an excitil-ig 
challelige for future research. 

Ne\y developments In high-resol~~tion la- 
ser photodetach~ne~lt  spectroscop\- sho~~lci  al- 
low accurate measurement of atomic and 
molecular EAs. Like\use, the esplosi.\-e tecll- 
n ~ c a l  progess as well as the price reciuctian 
in the field of s ~ ~ p e r c o m p ~ ~ t i n g  l-iarilnare de- 
vices now routinely ~ l ~ a k e s  amenal~le accu- 
rate large-scale comp~~tat ions  of the EA for 
rather large molecular smtems 1.1- elaborate 
tlleoretical techniques. I11 many critical cas- 
es, the recent progress alreaciy has allowed 
experinlent anti theor\- to converge to com- 
monly accepted (final) results. 
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Reconstitution of I,,,,. An 
Inward Rectifier Subunit Plus 

the Sulfonylurea Receptor 
Nobuya Inagaki,* Tohru Gonoi,* John P. Clement IV, 
Noriyuki Namba, Johji Inazawa, Gabriela Gonzalez, 
Lydia Aguilar-Bryan, Susumu Seine,-t Joseph Bryan 

A member of the inwardly rectifying potassium channel family was cloned here. The 
channel, called BIR (Kir6.2), was expressed in large amounts in rat pancreatic islets and 
glucose-responsive insulin-secreting cell lines. Coexpression with the sulfonylurea re- 
ceptor SUR reconstituted an inwardly rectifying potassium conductance of 76 picosie- 
mens that was sensitive to adenosine triphosphate (ATP) (I,,,,) and was inhibited by 
sulfonylureas and activated by diazoxide. The data indicate that these pancreatic P cell 
potassium channels are a complex composed of at least two subunits-BIR, a member 
of the inward rectifier potassium channel family, and SUR, a member of the ATP-binding 
cassette superfamily. Gene mapping data show that these two potassium channel subunit 
genes are clustered on human chromosome 11 at position 11 p1 5.1. 

ATP-sensitive potassium currents, Iti-i-rl,, 
\yere dlscovereil 111 carLliac muscle ( 1  ) anLl 
later founLl in pancreat~c p cells, pltultar\- 
tlssue, skeletal muscle, \>rain, and vaacular 
and nonvascular slnootll muscle (2) .  lKi-rl, 
f i~nc t~o l l s  in secretion anLl muscle conmac- 
tion by coupling ~ l l e t abo l~c  act iv~ty to mem- 
brane potential. In pancreatic p cells, ATP-  
sensit~ve po tass i~~m channels ( K  ,,,, chan- 
nels) are crucial for the repulatlon of ~ I L I -  
cose-~nduced 1ns~111l-i secretion ( 2 ,  3) anci 
are the target for the s~~lfonylureas,  oral 
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llypoglycemic agents wiiiely used 111 the 
treatment of n o n ~ n . ; ~ ~ l i n - i i e ~ ~ e l ~ c i e ~ ~ t  diabe- 
te, m e l l ~ t ~ ~ s  (NIDDM) (4), anil for dlazox- 
iiie, a potassi~un cl-iannel opener. T h e  sul- 
f;)nylurea receptor (SUR) is a melnlier of 
the ATP-b~l-iciing cassette superhmily (5) 
\\.it11 multiple transmeml-rane-s~lallliillg d ~ -  
inains and two potential nucleotide-bind~l~g 
folcis. Truncations of SUR that remore the 
secol-iLi nucleotilie-hindi11g fold cause farn~l- 
la1 persistent hyper insul~nem~c l~ypoglyce- 
lnia of lnfancv (PHHI) ,  a rare d~sorder of 




