
er, our ca lc~~la t ions  preciict that opel-iil-ig of 
the French door gate lo\vers the barrier from 
26 to 29 lical/mnl. Both French iioi~r and 
sliding d o i ~ r  gating are e~.iciel-it in 9, \vl-iicl-i 
s h o n . ~  the l-iighest energy point in the  ehti- 
mated escape trajectory of ;.tl-iyl acetate. 
Tl-ie portal diameters are 3.5 L4 in 8 al-ici 7.6 
A in 9. Both DhlA a n ~ i  2- lx~tanone are 

kcal~niol  for DMF and 21 9 kcal l n o  for DMA. 
These values are close to the experlnenta values, 
col isderng that (i) s o v a t o ~ i  effects at tile transtion 
states are less than tliose of free guest molec~iles 
and ( i )  the solvent used n the experment (ntro- 
benzene) IS Inore polar than that ~ i s e d  1 7  the cacu-  
a t o n  (cliloroforni). 

16 D. J. Cram. M T. Banda. K Paek, C. B. Knobel. J. 
,4117 Che~ii. Scc. 114, 7765 (1 992). 

17. R S Meissner, J Rebek JI- , J,  de Mendoza, Sci- 

ence 270. 1485 (1 995). 
18 We are yratef~il to D. J. Craw alid his research g~oup  

for he lp f~~ l  and nsp i r~ i y  d~scuss~o~is .  \.Ye tliank tlie 
Natona Center f o ~  Supercolnp~itng Appcatons at 
tile Un~\jersity of l l l~no~s at Urbana-Chanipa~gn and 
tlie UCLA Offce of Academc C o m p ~ i t ~ i g  for c o n -  
p~iter faci tes. Suppoqed by N H  ancl a NSF graclu- 
ate research fello\vsli~p (A.E.K.). 

22 Jan~iary 1996: accepted 23 May 1996 

~nte rme~i l a t e  cases sl-io\ving small efkcts 
fio11-i Frei-icl-i door pating of al-iout 1.5 ai-iii 
2.5 kcal/mol, respecti\.ely. 

Gating is ;I general pl-iel-iomel-ion that 
col-itrih~~te.; ti) the st ,~l~il i t les al-ici rates ot 
ci,mplesation of hemicarceraniis. 111 the al-i- 
rei-ice ofgating, onl\- guests of nearly exactly 
tl-ie si:e of the portal c,ln enter the l-iost 
~ll-iiier l-iornlal ~on~ditio1-i~ and still form sta- 
hle coll-ipleses due to constrictive hiniiing. 
T h e  container molec~~ les  recei-itly reporteii 
by Meissner et 01. (1 7) n n ~ s t  p r t i a l ly  ilis- 
~11-iite the complementary halves either by 
sliding iioor gating or full iiissociatiol-i to 
allon. the pissage of molec~~ les  Into or O L I ~  of 
the cavit\ .  Gating makes it possil-ile for a 
hil-igle h o ~ t  to form stahle complexes \vith 
guests lvith a mi-ige of sizes. This concept 
pro\.iiiej ,I ne\\: dehign criterion for cc~m- 
pleses ai-i~l catalysts. 
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Photoinduced Chemical Dynamics 
of High-Spin Alkali Trimers 

John Higgins, Carlo Callegari, James Reho, Frank Stienkemeier, 
Wolfgang E. Ernst, Kevin K. Lehmann, Maciej Gutowski, 

Giacinto Scoles* 

Nanometer-sized helium droplets, each containing about 1 O4 helium atoms, were used 
as an inert substrate on which to form previously unobserved, spin-3/2 (quartet state) 
alkali trimers. Dispersed fluorescence measurements reveal that, upon electronic exci- 
tation, the quartet trimers undergo intersystem crossing to the doublet manifold, followed 
by dissociation of the doublet trimer into an atom and a covalently bound singlet dimer. 
As shown by this work, aggregates of spin-polarized alkali metals represent ideal species 
for the optical study of fundamental chemical dynamics processes including nonadia- 
batic spin conversion, change of bonding nature, and unimolecular dissociation. 

Spectroscopic stuiiies of ,~~-iimolec,~lar reac- 
tions pri~\, ide detailed insiyl-it into the 
mecl-ianism of fc)rmation and ciecay of reac- 
tion coml-ileses ( 1 ). For esample, electrc~nic 
excitation of a van der Waalh com~-ilex fol- 
lo\\:eii hy ~ ~ ~ - i i m o l e c ~ ~ l , ~ r  dissoci,~tic~n allo\vs 
the observation of different decay channels. 
These channels yield informatio~-i on 1)otl-i 
the  Lveakly l-io~li-id conlples al-ici the dishocl- 
ation P ~ O C C S S .  This J~ssociation can he par- 
t~cularly interesting ~f it is accolnpanieLd hy 
a chanpe in the  I-ionciii-ig nature c>f the prod- 
~lc ts .  S ~ n a l l  a l k a l ~  clu\ters are gooci candi- 
ciates for this kii-ici of study l-iecaue they can 
exhihit m ~ ~ l t i p l e  hol-iciil-ip conf ig~~rat ions  
t11,lt are ciependel-it on  the  aligl-iment of the 
s1-iil-i~ of tl-ie valence electrons in the mole- 
c ~ ~ l e .  In  the  ahsel-ice of sp11-i L-iolari:cltl~~l-i, the  
unpa~red  valence electron of the group I 4  
,~lkali  atol-ils c,ln participate in tl-ie forma- 
tion of chemical honiis in the dimer, trimer, 
a i d  larger clusters of these atoms. Aggre- 
gates of atoms n.it1-i parallel electroll spil-ih 
exhihit instead oi-ily \-an der LVaalc biincl- 

J. H~ggins. C. Caleyari. J Reho. K K Lehniann G. 
Scoes. Department of Chenistly Prnceton Unversty, 
Princeton NJ 08544. USA 
F. Stenkenieier, Fakuat f ~ i r  Physk, Unverstat Beefecl 
D-33615. B~elefeld Germany. 
\!V. E Ernst. Deuafinient of Plivs~cs. Pennsv\~ana State 

ing, resulting from the  l~alance  bet\i.eel-i tl-ie 
,~ t t r ac t i~ . e  Jispersio1-i (correlatic~n) fbrces 
anci the P a d i  repulsion het~vee1-i the  l-iighly 
iieformahle 1-alence electrol-i ciistrihl~tions. 
W i t h  the esceptiol-i of the nol-ile gas tri- 
mers, s1~i1-i-312 alkali trimers are the simplest 
three-atom van der Waals aggregates. In  
,~cidition to ~l-ieiiiling 1lgl-it on the  cl-iemical 
ilyn,imlcs exl-ierlments reported helo~v,  
these svstems are likely to l)e [lsef~ll for tl-ie 
investigation of three-lxxiy i~-itermc~lecular 
ti~rceh. 

N ~ ~ m e r o ~ ~ s  experimental (2-1C) anid 
computational (1 1-13) studies 11aT.e heen 
cc~l-iii~~cteci o n  the  structure and spectrosco- 
py of the iii~ul)let states of the  N a  trln-ier 
( N a , ) ,  hut the  cluartet electronic states of 
N a ,  l-i,~ve not yet heei-i prol~eci. Using H e  
nanoLiroplets ,IS an inert substrate, n.e pre- 
pawii Na ,  aygregates in their lo\vest quartet 
state anii used the111 to ~nvestip;lte one ot 
the simplest three-hociy nonacli,~batic iiy- 
11a1111c processes ava~lahle  ill nature. W e  
f o ~ ~ n c i  hy iiihperseii fluorescel-ice measL1re- 
mel-its that laser excitation ti, an excited 
uuartet electrol-iic state ot a11 alkali triiner 
may leaii ti) a curve-crosslny into the iiou- 
lilet manifold. This is folloa.ed bv a dishoci- 
ation of the ciouhlet trilller into an  tom 
al-iii <I covalel-itly bolli-id sii-ielet dimer. After 

Unversty, unvkrsty Park. PA i 6802, USA: the  il-iters\stem crohsiny into the i i o ~ ~ b l e t  
M Gutowsk~. E~ivronlnelital Molecular Scences Labora- 
tory Paclflc Noqll,,!est Natlollal Rlchland ~ n ~ ~ n i f o l ~ i ,  tlw m o l e c ~ ~ l e  \vill he in a n  excited 
\bJA99352. USA, and Depaliment of Chemstry Univer- state that is expected to iiissociate (3 ) .  
sty  of Gdansk, 80-952 Gdansk. Poland. h lieam of large H e  nano~iroplets,  each 
To whon  correspondence sl io~i ld be addressed iiroplet col-itaininy - lo t  H e  atoms, rvas 
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l ~ r o ( I ~ ~ e e i l  in free jet espan\ion ( ~ f  H e  gas a t  
a staenatio1-i tTreqsLIre of 5.4 hlPa anti ,I 

g ro~~nd-s t a t e  N,i atoms. Hence, the hinilil-ig 
el-iergy is siglliticantly less tllan that of the  
diiuhlet state [SZCJ c m P 1  (9) j .  By atiding 
the  trimer hil-iiling energy to the accommo- 
dation of the impact energy of three ,items, 

the form~ition (if the  quartet state of N a j  
\vould came -6013 H e  atom> ti) evaporate 
froill the H e  Llroplet; 2213C H e  atoms \$ ,o~~l i i  
el,ap(irate if a douhlet trimer \yere fcirmeci 
(1 9 ) .  Tl-ierefore, H e  iirol-ilets doped nlt l i  
uuartet trllllers are exuecteLi to outlnlmher 

H e  clusters, the ilLlartet <pectnlm m,~.;ks the 
nrcsence of the doulilet tra1-isitioi-i. T h e  cor- 

nozzle temperature of 17.5 K. W e  produceii 
alltali trinlers ( N a ,  ;~n t i  K,)  hy the l - i ick~~p 
idoping t e c l ~ n i ~ l ~ l e  (14)  1iy passilly the he,lm 
of H e  iiropleti t l~rough a slnall chxml-icr 
into \vlllch a vapor (-1JP'  Pa) of the alkali 
of interest llaJ heen iiitroduceci. Lyle tllell 
rrobed the  ,~lk,lli i l iolec~~les hv 1,lser-ill- 

responding escitation syectnlm o t  K, is 
sl-io\vn ill Fie. 1R. 

Disi7erseti fluorescence spectra (Fig. 2 ,  A 
anLi B) re\.e;ll three channels of fluores- 
c e ~ ~ e e ,  t\vo ( ~ f  \vllicll are , ~ t  a higher enerpy 
than the excitation kllli~tons. T h e  fluores- 
cence channel near point 1 of Fig. 2 is tile 

i i~~ce i i  fluorescence (LIF), u\illg a con tin^^- 
ous 1vaI.e iive laser. If a H e  drolllet l7ecomes 

ilirect cieescit,ition to the lo\i.est iluartet 
state of the trimers. ,IS revealeii hv n corn- 

ciopeii \vith three separate ,ilkali atoms tll,rt 
ha\-e p,irallel electron spin>, ,I quartet alkali 
trimer \\.ill ftirm. All  alkali mtilecules resiiie 
o n  the c l ~ ~ s t e r  surt,~ce ( 15 hecause of the 

those carrying cl-iemically hci~lnii ~iix~hlet.; 
in the he,im emerging from the pickup cell. 

T h e  LIF escitatioll spectrum (Fig. l A ) ,  
\~hicl-i  h,~Li esca~3eii assitlllmellt in ciur earlier 

p.iriscill of the meas~lreii vihrclnic structure 
xvith tl-ieorctlcal c, l lc~~lations (21 ) .  T h e  
ch,illllel at  poil-it 2 i- ,itomic n'1'312,1.'r + 
n'S,.: fh~orescel-ice, ,inJ that a t  point 3 is 
the ( B ) l l n , ,  + (X) 1 ' 5 ;  fluorescence of 
the sinelet '~lkali Liimers. Llirect ciecsclt,~- 

\veal< alkali-He ~ n t e r , ~ c t i o n  energy ( I  6) .  In 
the ,ibsence of electronic excitation, no 

nnrk  (2C), can now l7e ,~sslgnecl for the 
follo\v~~-ie reasons. h l~~l t i reference  collfigu- 

r n e c l ~ ~ ~ n ~ r m  is available for il-iduciny elec- 
tron spill trCillcitions o n  the  ~ ~ l r f a c c  of the 

ration interactloll ca l c~~ la t ions  on  the  ilu'lr- 
tet .tares of N,I, preciict an  electroi-ilc tr,l~-i- 
sition from the lo\vest l4,4; quartet >rate to 
an  excited Z4E' state \ v ~ h  a vertic,ll exci- 
tation energy of 15,500 + LC1313 c m l  ;11-iii 

t ion to tllc lo~vest quartet state of N;r, or K; 
com~7ete.: \vith the ~lona~ilal-iatic intersvs- 

droplets hec ,~ l~se  tl-iere are n o  time-iiepen- 
iiel-it lnagnetic interactions. Therefore, the 
high-spill states of the  alkali trimers cannot 
rel ,~x to the cic~ublet gro~u-id state anid so 
relllain relativelv u11~7erturhed. 

t e n  crossing , ~ n d  proiiuces t h r  flucirescel-ice 
to the reii of l i , 8 C C  clli-' for NClj mLi to 
the red of 12,71313 c l l l l  for K;. 

an  oscillator stre11gtl-i of 0.5,  in ,Igreement 
~vit1-i the ol-i<er\-eii trcinsitiol-i. Tile aasio1-i- 

T h e  t l~~orescencc channels n e x  points 2 
,111ii 3 are at a higher energy than the esclt- , L 

A fractio1-i of the h~l-i~iing energy o t  ~ n y  
mt i l ec~~ le  formed on  the H e  droulet is dis- 

merit to a socli~lm trllller is f~l r ther  s~~l-iptirteii 
the ohserved cublc denendence of the  

lng transition. Hence, either ;I mr~ltlphoton 
pnicess is iiccurrillg cir the ~ n i i l e c ~ ~ l e  ii tin- 

qipateii into it, causillg evaporation of H e  
atonls to reeil~lili17rate the internal c l ~ ~ s t e r  
telnperature at  C.37 i J . C j  K (17) .  T h e  
iii,-sipatlon of this I7iilLiing energy may cause 
sufflc~ellt e\.aporatlon to iiestroy a small H e  
droplet or may cause direct ile\orption of 
the alkall m o l e c ~ ~ l e .  W e  have calcul,~teii the  

LIF signal as a f~ll lction o t  alk,lli \:,~por 
preqsure In the pick~lll cell. T h e  2+E' + 

14A: t r a i l s ~ t l i ) ~ ~  lies in the s~ ime  rcyloll (if 

the sl7ectr~1m as the BLz4: + X'B, ti-allsitic>n 

\:ertil-ig potentla1 energy into electronic en- 
erg\ upon escit ,~tion. 4 the LIF intensity 
gri,\vs linearly a.it11 laser l-iotver, ~n~~lti l- i l loton 
allsorllt~on c,ii-i he nlleii out. T h e  presence of 

o f N c i j  (1L7). Ho\ve\-er, heca~1.s~ of the selec- 
tive l lroii~~ctioll  of tllc quartet N:r, i11-i tllc 

16,400 2 4 ~  Na3 excited quartet state 

liilliiing el-iergy of the ilLlartet state of N a ,  at  
the coupleii cluzter le\-el of theory \\it11 
biqgle, iiii~~l-ile, m d  11oniteratil:e triple esci- 
t,itlons [CCSD(T) ]  a d  fi~~li-iii that  it 1s 
-3513 cm-I (18)  re1,ltive to three free 

1 ~ 3 I 
0 ,,,a ,(,,,,,,,, !!,I 'i\ii, '11 1' --...--- 

I --, ,--- - - - - - - - - 

12 500 13.000 14,000 15,000 16 000 

Wave number (cm-') 
Fig. 3. Schelnatc of the energy levels involved in 
the electronic excitation of the p4E' <- 1'A: tran- 
s~tion of Na-. The Na, IS formed In the 1 " ~ :  state 
011 the sul-face of the He ~ianodroplet. The vibronc 
levels of the 2"' can be probed n the L F  excita- 
t on  spectru~n If the strong band at 15,827 c ~ n - '  
is excited. emsson from ths  level ter~nl~iates in 
the lowest 1 "A: state f electron spin flip does ~ i o t  
occur, If ntersystem crossng occurs dissoca- 
tion of tile doublet trmer prodc~ces a Na atom 
and a che~nca l y  bound dimer. Electronc exci- 
tation can be ocateci on e~ther prodclct (denoted 
by an aster~sk), and e~n~ss ion produces the 
atom~c soduln D n e s  and tlie Na,(B)l In,, - 
(X)1 '1, flc~oresce~ice. 

Fig. 2. E~niss~on spectra obtalned by d~spersng 
the fluorescence resc~ltilig from the cluartet transi- 
tions displayed In Fig. I. The poslton of the excita- 
tion laser 1s marked by EX. The featclre at point 1 s 
the d~rect fluorescence to tlie v~brational levels of 
the lowest qc~artet state. The flc~orescence at points 
2 alid 3 resc~lt fl.o~n the products of the dssociation 
of the doc~biet tr~nier, (A) Emlssion spectruln ob- 
taned by excit~ng the trans~tion of Na, at 15.827 
cln- ' .  (B) Emsson spectrum of K, with exc~tat~on 
at 12,702 cm-' .  In the reglons around 20,000 
c ~ n - '  in (A) and 12 500 an-' n (5) they scale has 
been expanded by a factor of 10. 

12.700 12,800 12,900 13,000 

Wave number (cm") 

Fig. 1. (A) Excitaton spectrum of the 2'E' + l'A; 
transton of Na- obtaned by colectng total fluo- 
rescence. (B) Exc~tat~on spectrum of a qc~ariet 
transton of K,. Both spectra were obtaned whle 
the alkali moecc~le was on the sul-face of a He 
nanodropet. 
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the si~lglet dinler among the products of the 
excitation shows that the quartet Na, is 
unclergoing a nonadiabatic spin flip process 
to cross into the do~lhlet manifold of Na,,  
followed hy dissociation. Dissociation leads 
to atonlic and singlet dinler fragments, where 
electronic excitation can he localized on ei- 
ther procluct (Fig. 3 ) .  

O n e  can assign the flilorescence resulting 
from the  ( R ) l l n , !  + (X) 1'2; transition by 
calculating the enlission spectnlm (22) ,  L I ~ -  

ing the Rdherg-Klei11-Rees potential c i~ r \~es  
of these tivo states (23) .  T h e  spectrilln is 
collsistellt wit11 an excited state pop~~la t ion  
in the \,ihrational levels v '  = 0 to 4. Initial- 
ly$ LIP to 20,988 cm-' of energy is present in 
the excited quartet state of Na, (24) .  Spin 
flit7 is iniluced bv a crilartet state-doublet , ' 

state interaction. Dissi~ciation of the exciteil 
clonhlet state with this energy will lxoduce 

L ,  

vihrationally excited singlet Na  climers up to 
v '  = 5 in the ( R ) l 1 n Z l  state in agreenlent 
wit11 the ohserved populations (25) .  Tlle 
appearance of flilorescellce from v'  = C to 4 
in the enlission snectrum can he attribi~ted 
to either vibrational cooling of the singlet 
dilller dissociation nroduct illto the He  clils- 
ter or to distribi~tion of energy into rotation- 
al and translational decrees of freedom. 

Tlle fl~lorescence resulting iron1 the atcIm- 
ic Na and singlet dimer dissociation products 
re\,eals that the enlission is occurring in the 
gas phase after desorption from the He  chster. 
Vile Ilave ohser\~eil the e~nission spectrum that 
results fro111 the 3'P3:2,1i2 + 3'S1:? transition 
of Ka  on He clusters ancl found a broad flu[.- 
rescence estendillg fro111 16,96C to 13,CCO 
cm-' for the orbital orientations that nroduce 
an  excited state that remains hoillld to the He 
cluster 126). This red tluorescence is not ~, 

present in the elniss~on spectrum of the atom- 
ic Ka  nroduced in the dissociation of the 
do~lblet Ka,.  The  structure seen in the tra11- 
sltlo~ls are 11a\,e ohserveel for slllglet Ka ,  on 
the surface of He nanodroplets (20) is also not 
present in the singlet illlner product. Tlus 
implies that desorption occurs on a time scale 
shorter than -7 ns, the approximate lifetime 
of hound escitecl states of the alkali cli~sters 
(27). 
A striki~lg feature of the elnission spectra is 

the complete lack of Na, or K, (A)llZ,: + 
(X) 1 'Zf  fluorescence. Tlie failure to ohserve 
this fea'tilre silggests that this channel may 
close for a s y m m e t r ~  reason. If we assume 
that the  dissociating do~lhlet state is anti- 
symmetric x i t h  respect to the  plane (s, :) 
formed by the three atoms, tlieti by symme- 
try r h ~ s  state can dlssoclate to botli 
N a 2 ( l 1 n , , _ )  f Na(3'S) and Na,(l1X:) t 

Na(3'P), ~vh lch  are s\~mtnctr\~-alloagcd, 
~vhereas d~ssoclatlon to hot11 Nal(llZ,:) t 

Na(3'S) and N a 2 ( l 1 C )  + Na(3'S) arc 
forhidden. Ah Inltlo calculattons (as well as 
statlciard t l lolec~~lar orhital diaqrams) pre- 

dict that the excited quartet state contaills 
one electrc~n in a molecular orbital formed 
from in-plane 3p atomic orbitals. Atomic 
spin-orbit c o ~ ~ p l i ~ l g  would c o ~ ~ ~ l e  this state 
only to states with one electron in the 
out-of-plane p, orbital, leading to a state of 
exactly the symmetry that explains the se- 
lectivity o1,served in the  emission spectnlm. 

T h e  intersystem crossing from the iluar- 
tet to the doilhlet surface is fa\~ored h~ the  
presence of spin-orhit coupling and soft vi- 
hrational m i ~ t i i ~ n  as given h~ the  Landau- - 
Zener treatlnent (28) .  Because the trilner is 
expected to ilndergo many v ih ra t~ i~na l  perl- 
ods in tlie excitecl state hefore fluorescence 
decay, the overall probability for intersys- 
tem crossing can liecome large as the  cross- 
ing region is traversed many times t h r o ~ ~ g h  
the ~nlclear motion. T h e  effect of spin-orhit 
coupling o n  the prohabil~ty of intersystem 
crossing can he demonstrated by co~nparing 
the  dynamics of Na; and K,. Tlle rate of 
intersystem crossing will be proportional to 
the scluare of the nlatrix elelnent 

where H, ,, is the spn-orbit  operator and 
TLl c,L, and L,L,;,,,e, are, respectively, the  
wave f~lnctions of the excited douhlet ancl 
quartet electronic states. T h e  larger spin- 
orhit coupling in the  quartet state of Ki (as 
compared nit11 Na,)  leads to an elnission 
spectnlm s ~ l c h  that the direct fl~lorescence 
to the  lowest quartet state decreases and 
1110st f l~~orescence 1s observed in the plloto- 
Jlssociatlon cllannels. LVliereas 2L7.2% of 
the  excited Na ;  trinlers fl~loresce to the 
lowest quartet state, only 7.9% of K3  mol- 
ecules remain unreacted (Fig. 2 ) .  Because 
the  fl~lorescellce lifetinle of the exc~ ted  
quartet state is not expected to change sig- 
~lificantly, the larger lnatrix e l e ~ n e ~ l t  of 
H, (, coupling the  two excited states In K, 
will more strongly allow the cluartet states 
to undergo the  spin-flip process than 1s the  
case for Na3.  

T h e  s~lrfaces of H e  nanodroplets appear 
to he ideal silhstrates on wllich to  form 
these trimer species. T h e  spectral perturba- 
tions are limited, and the  efficiency of for- 
mation of the  iveakly hound species is lligh. 
Further s t ~ ~ d y  shoulil provide deeper inslght 
into the  llolladditivity of illtermoleci~lar 
forces and the  dynamics of Pond for~natioll 
in this simple triatomic system. 
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