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At~stract 

Most  photochemica!  react ions degrade a meta~ eomp]ex, but recent experirnei~ts in 
this l abora to ry  reveal a series of  unusual  photochemica!  reactions that increase the me',aI 
co,~tent o f  the complex.  A 450 nm excitat ion o f  bis{2,2"-bipyridineH2.3-bi~(2-pyridyl)  
pyraz ine ) rud~en ium( i i ) ,  Ru (bpy )zdpp  -'~, complexes  m the presence of  PtCt~,-,  P d C ] }  
and R h C ~ , -  resu|ts  in quant i ta t ive  forma~io~ of  ~he corresponding  bimetall ic 
[Ru(bpyIe(dpp)MCla]  a '  . "l-he excited state energies and thermal  redox potentiais  o f  the 
chlorides and the specificity o f  the react ion suggest that fo rmat ion  of  the bimetall ic is wot the 
consequence  of  energy transfer  or  electron wansfer q~Jench}ng. ~nstead. we propose t~at these 
reactions are the result of  ai* excited state ac id -base  chemistry that manifests itseff as changes 
in coord ina t ion  and nucleophi!icity.  "~":-~ . e  emissive M LCT stale in R u{ bov)Adpo} ~" ÷ is localized 
on dpp, and H * qt~enehing indicates tt-at popula t ion  o f  the emissive M L C T  state increases 
the basicity o f  at least one o f  the peripheral  ni t rogens by at least four  orders o f  mag~i tude 
relative to tha~. in ti~e gro~:nd state, Popuiatio:~ o f  the M L C T  state ( b p v ) 2 R u ( C N ) : ,  on  the 
o ther  hand.  shifts charge density to the bpy ligand *hereby decreasing ~he basieivy e f  the 
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cyanide ligand by ca. four orders of magnitude. The pH dependence of the quantum yield of 
decomposition of t rans-[(bpy) ,Ru(CN)(~t-CN)Rh(NHa),~Br}"  4 suggests that this immense 
change in basieity leads to a dissociative excited state, tn complexes that exhibit excited state 
acid-base properties, the data presented here suggest that quenching is not necessarily limited 
to electron or energy transfer, but also occurs by an excited state acid-base chemistry that 
leads to changes in coordination and/or nucleophilicity. ~D 1998 Elsevier Science S.A. 
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l .  Introduction 

Although the energy crisis of the mid-seventies focused attention on the newly 
discovered excited state redox properties of Ru( i I )  diimines [t], studies of the 
quenching of  the MLCT state of these complexes by organic and inorganic reagents 
have elucidated a variety of bimo!ecular processes [2, 3]. The chemistry arising from 
these processes is similar to that occurring in the ground state, bu~ disti~guished by 
the energy of  the reachve excited state. Unlike a thermal redox reagent, for example. 
'&e difference between the emission energy m~d the energy of  the reversible, one- 
electron oxidation and reduction potentials (vs. NHE)  shows that the luminescent 
MLCT state of Ru(opy)~ , designated *Ru(bpy)g . is energetically capable of" 
acting as either an oxidan! or reductanl: 

*Ru(bpy)~ +--+Ru{bpy)~* +-e- E=0.88 eV (1) 

*Ru(bpy)~ ~ + e - ~ R u ( b p y ) ~  E=0.7!  eV (2) 

The intent is not to impiy that all excit.ed state redox reagents are equally strong 
oxidants and reductants. Excited slate aedox potentials can be systematically varied 
by means of different ]igands and ligand substituents [2,3]. Rather, Ru(bpy~  ~ 
emphasizes the important difference imparted by the energy of the reactive MLCT 
state. A thermal redox reaction yietds thermodynamicat!y stable products, whereas 
an excited state electron tra~sfer yields products that are stable relative to the excited 
state, but unstable rdative to the ground state of the precursor. The result is ~ransient 
products and, unless the experiments are specifically designed to detect the redox 
products, the impression is that no chetnical cha~:e has occurred. To illustrate the 
point, oxidative que,,~chit~g of *Ru(bpy){ + by a quencher Q: 

~e 
Ru{bny)~ +Q-~  Ru(bp ,% + Q -  (3) 

yietds Q-  m?d the powerful oxidant Ru( bpy}~ +. Unless one or more of the dec, ton 
transfer products undergoes a subsequem reaction or change [ 1--3], the comptemen- 
taD; therma! back reaction 

Ru(bpy).~" + Q -  -~ Ru(bpyi~ ÷ + Q  (4) 

occttrs and the redox products are transitory [41. 
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Reversibi]iiy is a challenge with respect to charge separation, but a benefit in 
kinetics. Considered to be outer-sphere electron-transfer reagents, ~he substitution 
inert 2.2'~bipyridine (bpy) and t.10-phenanthroline {phen) complexes of the low- 
spin iron triad have proven to be very useful i~, testing different aspects of 
Marcus-Hush theory. The large oxidation potentials o{" the trivaient metal com- 
plexes, however, favor reaction rates that are often too rapid l\gr conventional 
techniques. The ability to "turn the complex on" and generate non-equiiibrium 
redox products within the time resolution of current pulsed laser tecbmo~ogy allows 
flash photolysis to be used as a relaxation technique to probe thermal redox chemistry 
in previously unaccessibie time domains [5]. 

Energy transfer quenching of the MLCT states of Ru(H) diimi!xes has also been 
demonstrated. With Cr(IIl} quenchers, in particular, where emission from the 2E 
state is observed, intra- and intermolecular energy transfer has beet~, established [6]. 
In covalently linked systems, energy transfer efficiency is a function of the s,rength 
of the electronic coupling between the centers, the }inking mo!ecutes~ and the distance 
between the donor and the acceptor portions of the complexes [71. in the absence 
of a subsequent emission from the quencher, distinctions bdween energy ~ransfer 
and etectron transfer are often based on energy arguments. However. energy argm- 
ments and/or correlations between the b/molecular quenchi~.-~g rate constan~ and 
accep,or energy ]evel, or redox potential, are often ambiguous, in the quenci~ing of 
the MLCT states of Ru~, II ) and Os(H ! diimines by molecular oxygen, for example. 
singtet oxygen formation is a~tributed to energy transfer, but an electron ~ransfer 
process cannot be ruled out [6]. 

A third type of quenching mechanism, aithough far less common than energy- 
and electron-transfer processes, has been sho,,~n ~.o occur in Ru1111 diimine corrb 
plexes that possess acid-base sites on one or more of the tigands [8-I6}. In these 
cases, optica~ excitation redistributes electron density in the complex, and the redis- 
tributed charge produces immense changes in acid-base properties. As a resuh, 
emission lifetime and imensity are pH dependeht. {n the comp]exes f bpy}aRuBL z " 
• where BL denotes the bridging ligands 2,3-bisI 2-pyridyi }pyrazme {dpp} or [4.7]phe- 
naathrolino[5,6]pyrazine (ppz~. ~:or example optical excitavion leads ~.o a~- MLCT 
state localized on the BL ligand [4, t 7 I. The normal modes resonant with '&e MLCT 
absorption showing the largest reso~m,:tce e~ha~cement indicate that the ma3ori~y of 
the charge transfi'.~rred in the ibrmafion of ~he iuminescent ML.CT state exists near 
the peripheral nitrogens. However, it is no~ clear wb.e~l~er the charge is symmetricalb 
distributed between bovh rfitroger~s, or iocalized on a specific aizrogen. Nevertheless. 
optical excitation increases ~.he eiectro~-~ density at {hese nitrogen, s. and this increase 
in electron density increases !heir basicKy, h~. the tin;e required £.~r i~{ersysiem.~ 
crossing to fl~e luminescent state localized on the BL liga~ad, .~{ I00 ps, the basiciiy 
of a peripherai nitrogen in (bpy}aRudpp e- increases by greater ghan four orders of 
magni~,ude, whiIe the increase il~ (bpy)zRuppz e-~ is grea~er thaws five order':~ of 
magnitude [16!. Similar increases in basicib,' have been reported for ozher diimine 
complexes [8,9, !2-16]. in each case. exeila~,.}o~ i~,~creases ~he charge density m the 
!igand and ~b_e increased charge density increases basicity of a peripbera! acid-.-ba3e 
tSnctionah~y by orders of magm~:ude. 
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The converse is also true, i.e. optical excitation produces decreases in basicity of 
similar magnitude. Popuiation of the MLCT state o f (  bpy),Ru(CN )2, for example, 
shifts charge density to the bpy ligand [8]. The optically induced polarization creates 
a more positive metal center lhat° in turn, inductively reduces the electron density 
on the cyano ligand thereby reducing its basicity {8]. In this case. the molecule is a 
stronger base in the ground state than it is in the excited state by approximately 
five orders of magnitude [8]. There is no thermal analogue to the changes in basicity 
induced optically, but it is clear that much smat~er changes i~,~ acid-base properties 
can produce significant changes in thermal reactivity, tf the changes in acid-base 
properties are immense, why is there no chemical manifestation of these changes'? 
We believe the answer lies in the energy of the excited state, i.e. analogous to a 
photoredox process, the chemically induced changes are transier~t and have yet to 
be identified. 

Here, we describe a series of experimet~ts that indicate that there is indeed an 
excited state acid-base chemistry and this chemistry is *•he basis of another type of 
quenching mechanism, in those complexes where opticat excitation changes the 
acid-base properties of the complex, bimolecular quenching results h l an excited 
state acid-base chemistry that is e×pressed chemically as changes in coordination 
and nucle~,philicity. Optical excitatio,~ of t  bpy leRudpp z ", for example, increases the 
basicity of the peripheral nitrogens [16]. Evidence presented here indicates that the 
excited complex acts as a iigand and coordination to a second metal center leads to 
emission quenching. The result is an "associative" excited state coordination chemis- 
try where, in contrast to the more common photoinduced degradation of a complex, 
the photochemical reaction increases the metal content of the complex. With 
(bpy)2Ru(CN)> optical excitation decreases ~t~e basicity of the cyano group [8]. 
and resutts obtained with ~ b p y ' h R u ( C N ) ( g - C N } R h ( N H O 4 B r  2+ indicate that the 
excited state is indeed diss¢.ciative, in this case, the ground state is a stronger base 
that, ~he excited state. Conseque~ztly, analogous to the complementary thermal 
reaction that regenerates the original reactants in a phmoredox process, i.e, reaction 
{2~, provided the dissociated (bpy}zRu(CN)~_ and Rh( NH0.aBr e ~ fragments do not 
diffuse out of the solvent cage. dissociation in the excited state is followed by 
re-association m the ground state to refo~,T.q d~e thermodynamically stable, ground 
sta?~e bimeta!iic, Hence, the changes in coordit~ation that occur in the excited state 
are transient, and in ~he absence of an appropriate secondary chemistry are r, ot 
appare~t. Nucieophilicity parallels b~tsicity, and quenching experiments with reagents 
known to react with nucleophiles also exhibit a pattern of beiaavior consb~te~.t with 
an e:~cited state nucleophilicity. 

2. ExI~e.rimenta! 

2. i, Macerk,d.s 

[(bpy}2Rudpp](PF¢,) was prepared b3' a previously described procedure and 
purified by coiumn chromatography [4. I7], (bpF),Ru(CN}:, and trans- 
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[( bpy)2Ru(CN )(H-CN )Rh{ NHOagr] (  PF+}, were prepared and purified by li~era~,'ure 
methods  [7+i8]. K:PtC1,,o KePdCI~, and KaRhCI~_~ (S{rem Chemical} were used as 
received since the e!ectronic spectra of  the complexes agreed with literature d ~ a  
[19]+ Cl-l~I (Aldrich} was dis~illed prior to use k~ remove trace an~oun*~; of  copper  
added as a stabilizer. 

2+2. l~/'~o+++che,++Pi+c+.+d pr,,~ced+er<,, 

Aqueous  solutions comain ing  {bpy)?Rudpp:+ and the metal chlorides were 
adjusted to an ionic strength of  3.0 M with NaCi a~d irradia'ced in previousiy 
described ! cm ceils with aS8 nm light f rom a~ Ar " la~.cr. The beam u, as expanded 
with a le~s to a diameter  sufficient to irradiate the entire solution ~o!u~ne. and 1he 
intensity within the cell was measured by f~rrioxolate actinometr>. [I+radiations were 
generally carried out in air satnra~.ed solutions qnce.  consisten~ with fi~e short 
emission tifetime of  { b p y ~ R u d p p  z'+ !35 ± t4 n s [i6~+ results obIumed m air aatu- 
rated solutions did not differ beyond experimental  erro+' f rom *hose ob~.ained ui!t~ 
',,;oIu!ions degassed by freeze p u m p  tb.aw cycIef< UV ,,isib!e spectra we:*e recorded 
periodicalIy during the photochemical  reactio~, ar,~d the ra~e of  appearance  of  the 
bimetallic was determined f rom the appearav~ce of  *he i©v, er ene:,-g> M LCT transit, on 
characteristic of  bimetallic c o m p l e x  

2+3. P]H'siceei ~t,,.t.vureme~:gs 

Efectronic spectra were recorded a Perk in-Eimer  Model  8452 diode ar+,:G spec- 
t rometer ,  or an Aviv Model  I4 spectrometer .  Emission sped.ra arid e~. quench+ 
ing were measured on a Spexs Model  i68t e.missio+a spectrometer  cqu'@ped with a 
H.arnamatsu R928 red-sensitive photomult ipher .  Emiss+on ill}times were de.~ermined 
by moni tor ing  the emission decay #ollowing 535 ~:,n~ exci~.ation iY<~rn a N d : Y A G  iaser 
[17 i. Emission decass  were recorded m e t  a time r~mge correspo:~.dmg to ~bree ~ 
five Iifefimes, and first order  plo~.,, o~" the e,mission ime~si~y~ both in 1he pre~ence 
and abse,~ce of  the hexachlorides,  gave no mdicatioi~ o f  ~;onqmc~rJ+.ie,.. i+:<.iic+~iive uf  
a faster or slower deca U compo~+ent. 

3, Results and d{.~cu+:~hm 

R.u{bpy)e{dpp} e~ and RuCbpy)~BL~ ~= {BL der;ote,~ ~ diin'Jne bridgi~g !i; a.~d} 
complexes in generat have beet: w~dely used to a~semble po~ymetaiiic com~.!exe,a 
[4. t7.20 22}+ Refluxing the compiex m the presence of  a var iew of  ~ral:si~io~ mezal 
sal~.s ; '~d compiexe~ resutts in coordina~.ion a~ the periphera~ +~itrc, ge;a~. ;a'+d, depend- 
mg on d~e number  of  dpp  ~igands aEached to Ru( f[ ~. {b:,matio!~ of poiymeia!tic 
complexes.  Refluxing Ru(bpy}zidpp)  a ~ a~d P lC i~  {r~ e,iaa nok for example+ changes 
the soiution color f rom reddish-orange ~,o purple+ a~_d d~romatographi , :  separa',h)~ 
of  the reaction mixture cow, firms [Ru(bpy)ztdpp}P~Cia] e- fbrrna{ion. The color 
cha~ge is due to coordinat ion  of  Pt ( !V } at +.he dpp peripheral nitrogens which :~hif~s 
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]RuI!} :vl,&l';~)I:';{'.~ '~ Fhc ~hil'( ~(} hrmPwr wavuh_on~fl; has ' ' ~eclt obscrvc{] m all 

and in lho<: ca>w>; whc]e the charp.c ir,.m:dcr ~'~ uhimahL'!y Io lhc b;qdgin~ lig;.md~ i! 
i':¢ ch;~racteri~t!c {)!' lhc [~.)rma~2i(,i~ ol ;_~ po!ymelall ic complex The ~herma] reacoo~ 
leading ~o ~.hc fL, rm.'.~tiol~ ~A"[Ru{ bpy}~Idpp)l:hCL~] ~ ~' was .mem;ured sp.~cIrophotomet- 
~ica]iy m aqueoLm soW*ion a~. an ionic >;trength of  1.0 M { NaC]). AI 30 C. the ra{c 
iaw t~r-fl~.e {hermM reaclim~ is R = / c , h [ R u {  bpy}z(dpp)" ~ ] ° :  ° °2[PtCi~, ] 'L'~ "~ "':', where 
/ q ~ , = i . 8 ± 0 . 4 × 1 0 - ' : M - ~ s - : . ~ n t h e 3 0 * o 5 0  (7 range,  ihe t emperature  d e p e n d e n c e  
ol {l~e rate yields, ;m ac~iva~,.i,.~n cnergy,  k~. of 15 :!: 2 kcal/mol. 

Specm~ recorded periodically dm-ing a 457 nm phmolysis of an aqucol> sohHi(m 
iO J'bl m Ru{bpy'L,{dpp) 2~ and l0 2M in Pt.CI~'~ (~:ig. ]} show ;~ declit~e in 
~bs¢:~rbance at 470 ]t!n and a corre.,,pondin~ increase ¢:t~ 525 rim. The spcctral  challges. 
which oc'cuc hx 8 ~nalle.'.' oF mira,to>;, are Mm~Aicai 1(, th{}.~;e recorded during the 
{hern~ai reaction, and t.,]n my~.:, chr,.,ma!%,rapi~y el" ~!~{:' pho~olyte aud isokUion oF 
~hc photoproduct  conl:i]m IP, u{ bpy}eidppjPiCl,d e'  for,,nafion, lsosbestic poin',s a~ 
~.,98 and 483 nFn (|"ig. l} indic~.tc a qu;mtimlive co~versiot~ through > 6 0 - 7 0 %  
reacthm. Similar spcct:'a] clqa]xc:es imiicath'~: of dimcr t\ormation occtn' with 
}?,h('l~ ~, aPd PdCi~- .  Wilh ho~h {omp,e×es, the spectroscopic da |a  reveal quanti la-  
ihc  c~mv,-::-sion> t-~ ~hc bimct'~H,..c, ahhough with PdC'1~ " ~he ¢:'.tent o f  the spcctro- 
sc(}pica*b meast~rabte <i.u:~P..liL~tive c{mversk;P ts Im]ited to 20% by the hydrolysis o f  
the hexachloridc. 

At !ow i~.mic slr 'eng& or ve;-y high concentrat ions of  the hexahaiide, quenching 
exta:rm~'ent>: { }:ig. 2) cleverly >h{;w ihaI !he quenching process "rod {he subsequent 
chemistry are de~,ninated by iw>pair forcqaii~n. -[his discussion focuses on the data 
()btMt~ed ;.x~ imeh hnfic sm2nL?!h y := 3.0 M (NaCt) ,  where lhc agreernenl between the 
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Pl('l~ ,H=3.0MINaCI). 

intensi~y, 403:~: 35 M -L and liiblhne, 397±:43 M ~ ,  qtlenchinl~ establishes a di~k> 
sion controI]ed process (]Fig. 2 ), At :~ = 3.0 h~l (NaCI)~ the Stern,-Volmer constants 
from iiitensi[y and life~ime quet'mhinl:, or the 675 tim emissiort of Ru(bpy)2(dpp) 2 ~ 
by I t ( l ;  are also in excellent agreernei~.t wifll the Stern°--Volmer constant, 
4135z62 M '~, obtained {'ram ~he ratio of  the slope to intercept oi" plots of the 
reciprocal of the qua~laum eilicie~cy of  [l:~.t.a( bpy}a(dpp)PtC[~] ~' [brn-'mlion, 'r/}t,i., VS. 
the ~'eciprocal of" the coi~centra~ion of  PtCl i", " { Fi~2:. 3 ). The eq~:iwH0m;e of tl}c values 
obtained f~'om the di,q>renl leclmiqucs establishes lhai, al high iol-fic si~'c~gtb, tbrma~ 
tion of  [Ru(bpy)..,(dpp)PtCL~] 2~ occm-s via a diffusional encounter between tlm 
excited Ru(bpy)e(dpp) a* and PtCl,~-. The intercept in Fig. 3 yields a limiting value 
of  q~bi oF 0.18±0.02~ and taking t352F 14 rls as the lifetime of  ~he MLCT slate of  
R.u(bpy)a(dpp) 2 " [16], the relation IQ~ ='./el: yieMs 2.84 ± 0.56 x I 0"-' M -~ s i for the 
bimotecukir rate constam.. Bimelallic formation occults with lligb.~:r cfIiciency at low 
i~mic strength, bt:i as previously rioied, the reac{km acorns via optical excitation of  
[Ruibpy).,(dpp) 2'' , PiCl~ °] iol-~ pairs. 

The exci~e(I slate energies ~lnd itie redox poi.ential,<; of  the dii~t~re~t complexes 
indicate tb.a~_ formation of  the bimelal!ic doe> ~ot ir~v,,flve eilher photoinduced 
electron ,m e~,ergy transfer. The emission fron-~. Rt~(bpy)e(dpp) z ~ places the M L C T  
~tate, which is localized on dpp, 1.48 eV above the grottnd state, white the absorption 
spec~straq of  PtCl~, indicates thai the ~"F~ Stale lies 3.5 eV above the g~omw.t stat¢ 
II 91~ Lower energy, weaker absorptions of  IPtCI~ place the spil'~ ib~'biddm~ a'17"2 sta.tc 
at 2.8 eV [i9]. Art ~.~bsorpt.im~ cor~+espondiug to the tra~sition lo t~e :>l'~ stale is not 
evide~t in tI~e spect~'um o{" ,PICi~ . Taking 2.8 eV as ihe enel'gy of  llm :~']'~,, howevet°, 
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the :'::n:.:bc .5,.:g:':::~ alL,gram., h,Mic::~e,: that >T: state Iie.'+ 2 eV -~bove tile grotnld 
srne. (']cnrb'. uncer:::unies exist m Q:e hm.en yet neHher slate is expected to be 
:":. 1 48 eV rn;+:k£ng energy Crans!cr endergonic. Nor is tim reaction due to a !rivial 
pb:yt;,l.y:qs ,ff the hcxachh>~:idcs followed by coordination to R u ( b p y ) j d p p )  z~. 
?qQao.n.:h '~, . . . . . .  . t  ~-~ ;~f!:ciency of  '+"12 dec,>mp~sition with 4g, g m~ excila~tion 
b, 0. Q !: {}:.)2_ under the c~,ndithms {ff :he ;.d~,ove experiments where 2¢:00% of the 
excita~io?, b, abso~b¢c ~ by Ru{bpy}e(dpp) e ' .  direct pho~c.,Iysb; of P~('li', at be~t 
account~ ior+-<: 20% of the {Ru! bpyhfdpp)PtC'l,+}" + formed. [Dctinitive it~tbrmatlon 
• '>n abe ram:re of :hc PtCi~ primary phnoaproduct a~d it:+: lifbtM:e in aqueous 
>.~hHi~.m i., +i~+{ cmrcnli} a'. aJhffqe. Ncverthc~ess, an calculating the fracd~m of reactio~~ 
th::~ cuuk.i occur via ~iu+cc+ photoJysis of P+£'1;:~ we as:+ume that direci T~hoto!ysis 
iea¢i +, t:; +~ <:,,~o:-+.il ni:~t{ v ely tm.s:~.ttiI'a tc~¢.i prmtary pbotvff>rt~dt.tct, and that d~{s ~.pcciea 
.'.:. sui~icien*h hm.L,- iived to. reac~ wffb. R.u{bpy):{dpp} 2 with unitary e!t~ci~ ncy.] 
Ncveitl~c!e-,so the t~tgh quart ttm: yield of Pt(,'~, decomposition makcs trivial c ffe.cts 
bc:lhc.rt~ome and additional competitive quenching expe:iments were carded out ~~> 
est;>,blish that +.he !'eaction ,"~ccurs vi~ exci|.a{ion o'(Ru(bpyt2{dpp) :e ' .  C'umpetiHve 
qucnclu+qg by Fete, H).. which re.duct:, bimetallic lonm+ti<~n to qh,~ +:. !0 ~', fur:her 
eqtab[iqb¢.,, d~;.++: iv>.,:n:tti(,n of the bimc~all{c oc':'urs ~k, exci{ation of  

un'.<,.:tur~dcd mtc!'+~cdiate which d~ert reacts with ~(u,-;bpy}Jdpp) 2 ", 
Ph:}toir:duced clcckror: ta'ansh'r is also energe.tica.Ily uMike[y. The en:issk):: maxi- 

mum o{ :tuCbpy}.(dpp} :~, 675 m~?, a~M the reversible oxidation polcntial of the 
g:atmd ,,tare. ].54 eV i,:,;+ N] :}: }+ yield 0/!9 cV as; ihe MI.,CT >;tnie oaidatkm p<,qcn.- 
d:d. +~ite ~me.,.,!cc{r<}n reduction p,~cnh:d nf Pt('li: is um g~vaihble, bu[ ue-+:.:umi~*.g 
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that enlropy f.icWrs a~c rleg.tigible, the All( of  Pt('two sm~gest~ thai oxidative 
q uenchir~ g: 

* Ru (bpy}a(dpp) ~ ~ + PtC1 ~ ~ Ru ( bpy)a(dppy ~ ~ + Pt ( III ) (5)  

is endergonic by ,is mucb as 4 eV [23]. Reductive quenching see.ins equally unlikely 
since it would yield lhe unlikely oxidation state Pt "~+. Similar estimates of the 
red~Jction potentials of  P, hCI~, '- arid PdCI~- sugt, est ~hal one-electron reductions 
are also endergonic [231. 

Jk~ furlher tes! file possibility of  bimelallic Jimnation via an eleclron m-' energy 
tra~l.~;J)f fl~ech:misrtL a n im ibe r  of  experhrtet~ts were carried ottt ill alqtteOtlS SO]UiiOIl, 
t~ ..... 1.0 M ( Na( ' l  L usmg the chlorides salts of  Fe "~ ~ Co -~ ~ and Cf ~+ as quenchers.  
|::'e ) ' was chosen because it is a known electron mmsfer  quertcher. O×ktalive quench- 
mg of  *Ru(bpy)a(dppF'  " Io form Fe 2 '  is exergonic by 1.0 eV, and bolh I% :~' and 
Fe a ~ form stable complexes with diimme ligands, The reduction potelllial o f  (X -~ ~, 
Co -~ " + e  --~Co ~ ' ,  !.84 V (3 N ! IN( I s ) [24]  suggesls ihal qu,,mchirig mighl occur by 
energy iransi)r.  Cr s ~- is klmwn to qtmt~ch by a~ energy tn:msl)r process, and like 
Co -~* is thermally :mbstitution mort. Consequelltly, if energy Iransfer were to occur  
and li',rm a coordinatively n; salt;rated species with both Co ~ + arid Cr  ~ ' ,  coordi~m,. 
t ies  to the peripheral nitr% m~s of  dpp is expected to produce a thermally stable 
product.  Nevertheless, bimetallic l%rmation does not occur, rbui,~ J0--~, with each 
of  these transition metal ions. 

Mechanislic distil~ctions based o~l energies and caletfialcd ef2iciencies arm fraught 
with ancertaimies, and by themselves do noI conclusively preclude energy or etectron 
transfiar processes. Central to file eleclron and energy ~ranstkr processes, however, 
is the fi~rmation o f  a more labile intermediate. In aqueous solution, formation o f  a 
labile o, xid.ation state, or a coordinat ively unsaturated intermediate, would resifit in 
water coordim~tiom ligand scrambling am.1 a <aismbmion of  Froducts contai~fing 
difli.~rmg amoun ts  o f c o o r d m a t e d  water, W i t h  I i t  l ;  and R l iC t i  ~, , l iOwevel ,  i ' o r l i " l i l  ~ 

tio~.l tit" the bimeaatl ic i.<; qu; l l l t i ta t iv t : ,  as e,,idenc<::] by ll~c iTlaintc~laliCe o f  lwo  
isosbestic points through as till.IOn k!S 705'~ corlversiolt to the bimetallic, at which 
point plaotolysis of  the bime!a!!ic occurs. The energetics of  [lie processes, along with 
the specificity of  the fBrmation of  the birne~allic, supports  the interpretat ion of  an 
excited state coordinaticm chemistry. 

The emissive MIX~T state in Rtt(bpy),:(dpp) ;~ ' is localized on dpp, ami the hicrcasc 
in dec l ron  density in the re* orbiiat mcrease;~ the basicity o f  the peripheral nili'ogell.~i 
of  dpp by #~ 103 relative to 4~c ground state [i6}. We propose that this immense 
mcrea:ie in basicity, rather thai~ energy or electron iranst~r, leads to c,mrdint~liol~ 
o f  the second metal imt. Since the increase in hask:ity exists ( e l y  m the excited state, 
coordmat ion  to the second metal is viewed as exiplex formation,  where the increased 
electron density at the peripheral nitrogens enha~ccs a coordinate  covalent in~er- 
action between ore: peripheral mtt'oge~l and the platirtum ion. Formation of  the 
thermodynamical ly  stable bimetallic is at tr ibuted to the chelate eilkct, i.e. the secomJ 
peripheral mtrogen on dpp bia~ds competitively witt~ relaxation of  the bimetallic 
e×ipk:x ~+o fk3~i3~ the therinodynamically stable birnetalbc in which the dpp bridgfi;g 
ligand i:i; bklentate with both metal centers, 



]~ I];e ab©ve ca~c, which wc prese~ ~Y-, a~ example of' ar~ "'assocJadve '~ exciktd 
:;taie eoordmatk~,'~ chemistry, the complex ac~ as a ~igand, m~.d optical excilafion 
increases i~s basicity leadiil S to coordination to a secoud, m,ctal cmuer. As i~oted in 
the [m£oduc'don, optical excimtim~ of (bpy)eRu(CN k~ reduces the basicity o£ the 
cyanide Rm by ca. live orders of  magnitude [8], and we have begun to explore the 
possibility of  the converse to an associative coordination chemistry~ i.e. optical 
e×citation decreases d~e basicity of  @.e coordina0~g iiga~ld resuttiag in a dissociative 
e×cm:d staw. h~ @c bimei, a]lic complex trmls--[(bpy):~P,u(CN HI.>CNIRh 
(N! [{hBr]" ' ,  {bpyhRu{CN )e can be viewed as a {igand coordim}Jed to Rh{i i I )  vm 
cyaifide~ The visible spccm.ma of {bpyI2Ru(CN }2 consists of a~~ absorp~io.,~ with a 
maxm'e..~m a.~. 465 ~-m~ ar'~d a shoulder at shorter wavele~gth which i-~ absigned h:~ 
an MLCT {ra_qsi~ion tcrminathlg in tl3e bipyridme iigand. 7%a~s-[{bpy) z 
Ru{C'N)(#-CN)Rh(NH.O4Br:! z~ exhibH a visible spectrum very similar to thai of 
{bpyhRu{CN ~z except that the bared maximum shifts to 4.2(t nm. The shift to shorter 
wavele,agfl~ mdk:ates that, ai@ough a posi{ive metai ceuler is attached to the CN~ 
the opUcal tram.,,i~ion cominues m be a MLCT {rmlsition terminating in the bipyridine 
!igal~d as opposed to wrmmaUr~g in |he cyani4e !igand. As pointed o~.~t by Denms 
a_.qd coworker, population of tt~e M LCT :~tate of (bpy h Ru(CN )z reduces the basicity 
of the cyamde group by ca, ~ve-orders of magnitude [8]. Since the electronic 
,;pectrum of  {rar. ,_s-[(bpy},R~!{CN){t . ' , -CN)Rh{NHjagr!  "-~ is dominated by the 
M{,( '7 ham~ition of  (bpy)zRu(CN }2, puptdation o f  an MLCT state localized on 
{he (bpyjzR u {CN }z moiety wouk! be expected 1o decrease the basicity of  the bridging 
c,_,mide. }~en,ce, opticai exci(adon of  ~rans-[{bpy}zR~.~lCN )(p(.TN }Rh(NH.0aBrl a~ 
m@~l he expecled {<~ Ycs!.Pd m ~ diss~c~athe exci~ed sta~e, i e. 

[~ bpyhRu {('N }! p (  N )Rh( N~ I~ )~Br]: ' 

....... [~'( bpyle.Ru{('N ):.. Rh( Ni{~)41:k:" ' ! (0) 

>h:'~"c F~'{ bpy}:j{u{CN )> Rh( N~{ .:.L~gr 2" ] dem.,le:~ the: excihxl ftdhe~dum complex 
mm ~b. db~s~,wmlcd ~h~di~.m~, !ra~m~<,.;t wi~b,h, the s{,q~en, caged. "ihe caged pair 
YOke<<>; by mm.,radia~.ivc decay [o the p 'c,  md <};tw molecuic:,:: 

U( bpy}~R;i (CN }:. P,.h{ N}i;~hBr z " j 

- '[{bpy)aRu{CN h- RE(NH:j4Br a- l + heat { 7 } 

with a correspondiug ca. fi,,,~: order of  magmu,de increase in ~he ba:sci~y of the 
cyamde of (bF%.'}:,Rt~(CN)> Provided ol~e o{" R~c rc[ax,.xt pair does no~ diffuse from 
the s~.flvcm cage, tl~e comp}exe:~ bind ba<k zc~e~l~er due h? the ta>.~: h~crea!,e in 
b,~sR'~ty of the {bpy),~Ru.{('N )2: 

[{bpy)2Ru(C'N }> Rh(NH3)4Br 'e " ] 

oqi bl'Y}~R u{CN }{m("N )R i~{ N i i &Jk i : '  ' (~, 

As wi{h a photomv]uced redo:;< p~ot.:css, the chemical chm~ge is i,'a~sicw, and not 
~c;~di!y appa.rertt A s~.:avenger, su<h a,, }{'., ho~vever, couk] i;]tercept ~he dicyarto 



<" lhe/,.~ et ¢d. ( )a)rdmutl..m Chemi.~/r)' Rcrhqtw 17/ ( t90,~¢~ 71 $4 gl 

prior lo rc'.cC, ul~iing: 

[( bpy),Ru (CN }2, Rh ( N H O~Br-' ' j + i--! + 

~-~( bpy):R u{CN )(CNH ) " + Rh ( NI-[3 )4Br( l--l:!O }2 ,- ( 9 ) 

while the coordmat ivdy m~sattm.Hed P,h(Nt-la}.d}r::' would be expecled to form 
Rh(Nll.0..~Br(i[:,.O) "~- in aqueous soltti,m'L As a rcsuii~ l.he q~ma~m'n yieM of 
[(bpy)zRt~(CN }fl,_-CN)Rh(NHd,.~P;(] ~' ~ decomposi!ion w,.mid he expected io 
increase with decrea>~ing ptl  and yield after ~eulrv.lization, (i)py)aRu(CN)a and 
RhINIt0,~Br( }I:,OY ~ ". Although the mm~ber of points is small, the quantum etti- 
cie~cy of  decomposition clearly increase.; with decreasing pl-l {Fig. 4 ). Spectroscopic 
analysis after neutralization m~d separation of lhe photoproduets by cation exchaugv 
chromatography confirms the presence of (bpy)eRulCN)e and a R h ( l [ l )  amine: 
product. Concurrertt cxpt:rhllctl~.s show [[l~li | l ' tcf; ' ila|l decompo.~-;iliot/ ck!llttot accolm! 
l;.~r ~he observed pI.l depende~ce. Tim lhermai rate of  decomposition of  
[( bpy),Rvll( 'N )(I.PCN }Rh( NI lai,~Br] e ~ iu aqueous sokdio~ is 1.9 x i 0  ~': moI/l s, 
while ,'.ha* in 0.5 M HeS© 4 is 6.3 x t0 ~2 mol/t s l:rurther experiments are needed to 
estabIish {}',' nature of the rhodium complex Nevertheless, *i~e results gathered 
to date are consistent with the expected excited .~,¢a*e ac~d~--base b,?.havior o f  
(bpy),.Ru{CN):~ and are pre~;ented as a,~ example of .a dissociative excited state 
coordinafio~ chemist ry  

Nucleophilicity parallels basicily, a,~d we have begun a series of  experiments to 
explore ~he possibility of  exci{cd stale ~ltmleopl~i~ie~ly. Oar results are limited to 
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. < <~.  ~ . .  t < , . . .  li Itt~. [ 1 r,. ItO. m , , , ~  r'.'~(cl~.Oli~ ~<Av.t <rod i)<,If<~.~ .,~,mD~)D. ii'cf:~<t!c, l i l tcn~i l )  ~Ild hlotl l l lC tt;ll;i lll12!h~,! 
l~,;i i i l~. " ~ }. ~ilc!!~! !~c]:dc I =~. !. ( -!~ d ~ it,eilc' 11 .  ): It!d(t!)c!ttc!ln t i .  t. 

~:mi~,:~,m ciuc~cim~g, but a:.; i?lustra~.cd in l:"ig. 5, q!.~enching of  * R u ( b p y ) 4 d p p )  a~ by 
~t,O'I;~.e :-rod mei.hyi iodide i:, consistc'm with Ibm occ|.|rrertce of  excited sta~.e nuclcc>- 
f;hiticity, tligI~ c~mcc.nirati~ms of ~o:;yla~le and mc:thyl iodide are needed 1.o 5me 
quc~chi~!..,., hu~< lhe rcstllt..; ~_~rc n(~t sm.~pty dote i o a  s.oivcnt effect. [nci 'eashlg the 
~Ui i~. i~c ctm'~l)c~iie~Yt t i t  ~be :~o~,cn!  g c l ~ c r a l l y  incrc'~i~4c'~ t h e  ¢131i);.';iOll iiilt.~ll:-;it, y a i l d  

l t l ) ( i m c  e l  ! t t t f  li. ) dltmiv~c?~;. L ' o l i ~ :~ . l t . l cn l ] } ,  cl s o i v c l i t  t : t t )c l ,  i'; qxpccD_' t t  t ~  p r o d t t c ' c  a 

uc{~<!~ive ,Sg{crr: \ / e l m e r  ~cot l , i t t tnt  Becac,~sc oJ' t!'~c c n d c r ! . , . c m l c i l y  as.~t~c' iatcd w i t h  I h e  

lu.~,, o1 tt,~: rCStiI i ; . I l tCC stc.,biiiz~Itiom i o d o b c ! ~ i l c l l c  a r i d  i o d o t t t h i ( , n e  d o  n o l  t l t l d e r g o  

l'w.c!c:opl?ilk: ;:!t~ck. ,it:d comc~.;Icn! witi~ !he e x p e c t e d  'aol~'cnl +.'Jl)cl yield negative 
;';t .'! I~. *}'¢)}1!?~,:'! i.M)Ii';t~lJ~{'~ l'}!c' ql.l~2~chit}~1 p:t l IC! l !<~ al-O sri l ; . l i f ,  i ) t i !  ll)~" CltlC~l-iCltil]g. i ~ :~ t l e l ' l  

I~, ~tm,-.,~:.,Ic~ '~a.~!h ~i~, oxci!cd ~.;l;!tm nuclcoptt i t ic i ty.  

.4. Co,'.-~ci~.%io~) 

7'he "~.~.c~ctic~ o[" ,,I!.~encim~g of R.u!bpy)~Idp!.~l ~' b), i~--':.'i~ Rh,WI,~ :and 
Pd(J~, " ~L~~d ~~: ~pceifk:iO, of l'orm~ti~m of ti~c corr0,@~;ndh~g biine~.allics suggesL 
{i~;_li t . . . . .  L ~'1~ "l~,it ~, (~,1C:4 l~-ol Ot..'C{ll t)Vo c~ICCI.I~,~II e l '  e_ltt, lc.~' "~'~/ lra[151"~yf, I').... ~1. r a l h e r  b y  l r ! e ; l l l s  

oi< ~_t,~ ~.'x,. ,-c (~ '~i~iit* c o o r d l i l ; t t i t ~ l l  cIwmiSt ly  " " '  ' : < ,  • , , , ls~i i~.  { ' ror i ]  t! lc' i t 'nlT)elS,O hlcrease it~ 
bzi,;qcity th;.ll occur.<; <m popul~l~ion of  the Ru(bpy)~(dpp) ~' M LCT s t . a l e l  { l l  C O l t t r ~ { s {  

t~.~ ~.l~Is chemi,,l.r>, where optical excitaiion increzlses baslcity of the periphes~.;t nitrogen 
o f  ~tpp kri~ding to a~ a>,,~ocialivc coordm:_.ilion r cac l i o~  popt l la{ io l l  o f  ltit: Nt.t.,CT 
.sK~lc ~i" (h{~y):!Rt~(CN)?. ~ttxi'c~se.~ l:)mcichy, tim] t-At dqletldt~llCi2 <ii' lt le ~fl.l;tiiltllll 
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yield of decomposition of[( bpy)~l,tu(('N ){~>('N )lth( Nlt:d~Br! ?' + ,auggests Ihat opli- 
cat excitation leads to a dissociative excited ,~;fate t;oordi!rialiOl~ ch?mistry, Obviously 
addilionM work needs to be dorle, bt!l data gaUlered tiere sugg.e:Jl that. in addition 
to electron and energy transfer, the immense changes m acidity and basicity that 
occur on excitation o f  certain lCta(ll) diimine complexes results in an excited state 
acid-base  chemistry, where quenching occt.lt-S by changes in coordination and tmcteo- 
philicity, Under certai~l circumstances the changes are transient, but as with cxciled 
,,;late etectrcm transfer chemistry, the lrartsienl m~ttlre of  the clmmisiry c, tlbrs the 
potcntia! of using pulsed lasers as a rclaxatioi~ ,echlmlUC ~o C>:l)lorc ligand ,~ubstil, U,> 
\ ion chemis l ry  in pi'eViOLIs]y tmaccc,~,sible t ime d~mmin~< 
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