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The phxoph~ SICJI bchJwor Jnd some 1~hotoclwm1c.d proccz\cs tor nIchel(l1) por~~hyrmc II I\C brcn c\Jmmxl \\1t11 p,co- 

second tranwn: Jbsorption tcchniqucs DctJdcd results XL rcportcd for Nr-ocrJcIlI\ Ipor1~11~ rm (U101.1~) Jnd UPproropor- 

pli? rm I\ dnnctllylcstcr (N~Pl’Dhlll) in toluenc. pi rldmc Jnd pqlcrldmc l:\cttJtlon ll~slirc at %t\ \\.1~clc11~t11~ bcwccn 355 
and 532 nm hake been employed In tolucnc. rapld (=Z 15 p\) rJdlJuontcsc dccJ> occurs XIJ s~\crJl pJth\\a) x 1‘) rhc_lcr~\- 

lying % ,F cultcd state In the ~JSIC solvents pyrtdtnc Jnd plprrtdtnc c\citcd ct~tcs 1~1111 nlchrl ‘?t,(dzZ) ChrJCtcr IwC 3 

tcndcncy to rctcnsc IIgands bound to the mctJ1 Excited SIJ~LC \\IIII mckcl t IS,, or 31Xte (d-2. d,z_, ?-I clmra~tcr on tlir 

other hand. have an offimty for basic ltgands NIIICII rJptdly bmd to the nIctal‘TIIc cothpctltlon bcwccn r.IdiJuonlcsc dcC~\ 

ltgand bmdmg and 1lgJnd rclcasc dcpcnds on the nxhl porphyrm. solvent Jnd cuIt31mtt \\a~clcttgtlI 1 WI of * rule%” 

hag been dc\clopcd lhat gnes a consiswnt VICU of Jll of our rcsultc and rhosc ot prc\lou\ m\ccttsJIorz 1 hCw result\ m Q 1w 

helpful m undcrstandtng pltotoproccsscs m other trJnstttownC131 porphyrttts mcludtng 11cmc~ \\ltt~h It~\c p.\rttculx lwloy- 
c31 stgmficancc 

1 introduction 

Metalloporphyrtns are ubtquttous 111 nature. Thetr 
roles are cructa! tn a variety of biologtcal transforms- 
ttOnS [ 1 ] Iron pOrpllyrlnS (!leIlleS) fUllC~lOt1 JS t!lC 3C- 

ttve sttes tn bemoglobtn and myog!obtn to rcvcrstbly 
bind oxygen and carbon tnono\tde. They .t!so dct as 
redox catalysts tn peroxtdasc. cat,tly.tsc and cyto- 
cllroms Tbc n~~gnestun~ porpltyrtns, cbloropbyll and 
bactertoch!orop!~y!!, serve as !t&t-!iarvcsttng dnd clcc- 
tron-rrdnsfcr ptgtnents in tlic pbotosyntbcttc proccsscs 

of plank and bnclcrtn Work is currcnlly utiderway to 
asccmtn Row porphyrtns function. on a niolccul~r 
level. m tltesc btologtcdl systems WC dre ptrttculnrly 
tntercstcd tn tltc reldttonsbtp bctwcen tltc clectrontc 
propcrttcs of n~c~alloporpl!yrtns and tllcir ability to 
btnd ltgands dnd p,trttctp,ttc tn electron-trmsl‘cr rc.tc- 
tions In his regard. wc thought fat htticttc dnd spcc- 
troscoptc tnvesttgdttons of ntckc! porpllyrtns nit&t bc 

very hclpfu! m undersrmdtng such bcltdvtor. Ntckcl 
porphyrtns are known to form con~plcxcs wtth basic 
Itgands. suclt as ptpertdtnc. tn the grottttd state 12-61. 
Both tbc nmal and tlte porpltyrin ring cm be oxidized 
171. Furtltermore. more than one type of porphyrin 

c;ltton rddtca! (all, versus .tz,,) cm bc !xodttced dcpcn- 
dtng on tbc e\tcrna! submtucnts [S.S] In order to 

In&e use of tltcsc potentt~lly tntportsit propcrttcs in 

mods1 syststn studtcs. it IS firsr cssenn.tl to ttttdcnr.tnd 
l!lc baste photoph> SIC‘S of tltcac n~~lccul~s X conststcttt 

vtcw uf e\cttcd-skttr rcLt\stton tn ntchcl pot@> rtns 

has 1101 been obtatncd front prC\wus srud~cs [ IO- 12 ] 

Tltcrcfore. we dcctded .t t!torott$. h> stetnnt~c c\.ttnttm 
ltotl of ntchcl porp!tyrtii pItoIo!~!t~stcs .tnd p!toroc!tct~t- 
istry \vJb in or&r In lltts pdpct wi’ tcport on tlic fitst 
of sucli m\csttgdttotiC tiuni our I~boi.~to~~ 

Nick1 porplij’riiis rlrc ii11i1.lIiiiiiiicsL‘ciiI 8ctrllc1 flu- 
orcswncc nor pltospiior~sccnc tionr tlic not tn.t! !wr- 

plyrtn tnwtfold ot‘c\\c~ted ststcs i, obwrwd [ 131. 
!<.tdt.tttottlsss dec.ty occurs t.tpdly to ION -I\ tng cxcitccl 

(dd) Icvcls cr‘ntcrcd on ntchc! [ 1 .S.!O- 121 Thus. tile 

p!io~opltysics of ntchr! porpliyrtns is do:ntnJrr‘d by the 

prcsww of tbcsc tnct.t! st.itr‘s.. \< \\‘I\ S!l.t!! SW. .tt IeM . 
sotnc of tlie p!totoc!ietntstrg of these tttolccu!cs is go\- 
crttsd by the (dd) st.~tcs .ts 1~211 To undcrSt.tnd tltts he- 

ItJvtor fully. wc tiiusI first c\dttittic rhc porphyrin .tnd 
ntchcl clcctrontc con!lgur.ttions .tnd bow they tnt\ to 

form r!lc tlcw ntchc! porp!lgritl ni~tl~fo!d of SLttCs 
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Siotes for Nickel Porphyrins 
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TIP 7 Stales md cnegifs reidIi\c lo ‘A,, for rnchel porph? rms 
from the cdkul.Wons of Ale and Gour&nan ] 191 The energ? 
le\el spxmgs are sho\\n for spccKic \alues of the 3B,,-1A,r 
energy gap (ET&l) (A) Four-coordmare mckel (m-pl&) xxirh 
no e\rernal hgsnds and ETM = 3000 cm-l_ (B) rlve-coordi- 
nare nickel (our-of-plane) wrh one e\rernal basrc hynd and 
ETIl = -500 cm-’ The sample condluons used in the srudles 

reporred here favor slx-coordmate mchel (m-plane) u hen com- 
plexarron occurs, the encrgv level spacings are probably on 
lhc same order as those sho\x n in B (- 1000 cm-l C LTV < 0). 

tlons maiogously to the porphyrrn USC. as discussed 
above, For exan~ple, 

The lowest states that are most Important for our 

discussion are those tn the first row of table 1, they are 
fornwd by conibining the nickel lAlt,, 1 B tb, and 3 Bt.. 
\xith the porphyrin ‘A 1,, ground state. In non-compk~- 

lngsolvcnts. IA,, IS thezground state of the system and 
the molecule IS &arnagnctx. The energes of the other 
states reldtrvc to ‘At, for rhts four-coordinate, square- 
planar nickel in the porphyrin host dre shown in fig. 2A 
1191. This cnlculatlon IS based on a ~Bl,,-1_41,, energy 
gap (ETM) of 3000 cn~--~ 

Z 2 

The state energes are much different \\hen the 
nickel becomes fl\c-coordmare by p~chn~ up one hgand 

such as pyridine (fig_ 2B). As \\e shall drscuss. our ex- 
periments are carrred out under condltlons where the 
contriburlons from five-coordrnate nickel are rninlrnlzed, 
bur rather six-coordrnation predonunares in the basic 
solvents used Howerer, the dtffcrencrs observed be- 
tween figs. 2.4 and 7B Illustrate the effect of coordina- 
flon on the nickel porphyrin states and fig. 2B gves 
relative energies apprownatmg those expected for SII- 

coordination 

In five-coordination the nidel moves out of plane. 
The filled d,? orbital 1s destablhzed bq interaction 
with the nitrogen p orbiral on the base and moves closer 
in energy to the ernptl d-,:! _.l 2 orbital The further 
out of plane the m&et moves. the lower in energy the 
states involving eaclted niche1 coniigurdtlons become. 
as cornpared to t-4,,. Fg.2B illustrates the case where 
nickel has moved fir enough out of plane, and the d-2 
orbital has been destabilized enough. so rhat 3B1_ 6s 
become the ground slate. The molecule 1s paran@nerlc 

X porphyrin-type vmble spectrum is ml1 predicted. 
but It ~111 be red-shifted. 

‘B I=. jB1.x and many of he hgher slaws will also 

be low&red ir;energy relative to 1A1, If the porphynn 
pick up tmo hgands This produces-six-coordrnare 
ruckel in an ocrhedwl environment. the nickel aton 

IS in the plane of rhe porphyrin ring Analogous lnor- 

garlic complexes of nickel dre essentially always para- 
magnetic, reflective of a ;B l_r ground state. as the d-2 
orbital is destabilized to a point that the energy for 





Clurvonyi et al. [I21 drew similar conclusions from a 
study of Nt-deutcroporphyrin IX dimethyl ester m 
toluene. A 10 ps step was attributed to decay of ‘T, 
[path (2ri)] _ They investigated the same porphyrm in 
piperidme (n\-coordinate, pammagnetic ground state) 
and reported spectra .it “0” ps and 50 ps after elcita- 
tion at 532 nm. On the basis of the 50 ps spectrum. it 
was concluded that Ihe hgands had fallen off in the e\- 
cited state, and that = 100 ns is required for them to 
come back on The “0” ps spectrum was assigned to 
3T, _ Our results unambiguously demonstrate that 
hgands cm fall off m slmdar porphyrins m both pyri- 
dine dnd plperidme. following excitation at the appro- 
priate wavelengths, but we differ wrth Chrrvonyr et al. 
[ 121 on the assignment of the states involved. Furthcr- 
more. we show that the results of excitation at more 
than one wavelength In complexmg solvents must be 

compared, smce either complexed or uncomplexed 
species present m the ground-state equihbrium mixture 
cm be pumped depending on the excitation wavelength 
The net result of photon absorption can be ligand bind- 
ing, ligand release, or complete relaxatron to the ground 
state In several hundred plcoseconds. In this paper we 
report the results of our studies on the excited-state 
dynarnrcs of several nickel porphyrins_ 

2. Experimental 

The prcosecond apparatus is based on a Quantel 
YG400 laser system that delivers smgle, 33 ps. 1064 
nm, 10 mJ pulses at a 10 Hz repetltlon rate. Radiation 
at 1064 nm 1s spht equally into two parts with a beam 
sphtter to drove the evcrtatron and monltormg (pump 
and probe) legs of the apparatus In the excltatron leg, 
radiation at 1064 nm can be converted to the harmon- 
ics at 532,355. and 266 nrn in KD*P crystals_ For a 

particular configuration of crystals, the unwanted re- 
sidual radtation is removed from the desired harmonic 
with dicbroic and colored glass filters. Any of the bar- 
momcs can be used directly to excite the sample by 
focusing to a I S-2 mm diameter spot in a 2 mm path- 
length sample cuvette, or can be sent first through an 
additlonal wavelength-shifting device. The 5 32 and 
355 nm light can be used to generate pulses at longer 
wavelengths by stimulated Raman scattering in suit- 
able liquids. Pulses at the Stokes-Raman harmonic 
wavelengths of 395 and 445 nm are obtained by focus- 

ing the 355 nni pulses into a 5 cm cell of cyclohcxanc 
SInnlarly, flashes at 354 and 418 nm are produced 
when perdeurerocyclohe~anc IS used as the Raman hq- 
urd. Extreme care was taken to avoid non-hncar effects 
m the sample by keeping the e\citJtion mtcnsities low 
and budding up signals by signal averaging. Tile 532 
nm pulses were reduced to 300 NJ of energy. whale 
those in the violet and blue wcrc less than 100 FJ per 
pulse_ 

The 10M nm radmtlon in the probe leg of the ap- 
pdratus traverses a stepping-motor drlvcn optIc,d delay 
line Delays from minus several hundred ps to == 17 ns 

can be obtained The broad-b,md momtormg pulses 
are generated by focusmg the 1061 nm pulses into :! cell 
containing CCl,/CHCI, = 6/4 We find that this mr\- 
fure gives the most spectrally “flat” conrmuum oxer 
the 500-900 nm region of any hquld \re have tried. 
This is essenttal for 1D detection. The probe pulses Jre 
also of = 30 ps duration and extend from 450 nm 
through the visible and past 106-l nm into the IR The 
1064 nm light is removed wtth a dichroic beam splitter 
The “white” probe hght IS passed through a pair of cy- 
lmdncal lenses and is focused af the sample as a 1 IIII~ 

wide by 2 cm high verricrll shr. The x\hlre l+r rkn 

passes through two pmholcs placed immediately behind 
the sample. (The pump hghr passrs rhrough only one 
of the pinholes. definmg the +_\clt+d region of the SKI- 

pie.) The probe hght subsequently passes rlirou& col- 
ored $ass and neutral densit! filters and is focused on- 
to the entrance sht of a l/4 m Jarrell-Ash monochro- 
m&or containing a 13.2 nni/nini dlsperslon grdtmg A 
PAR 1205B vldicon detector is placed at the output of 
the monocbromdIor and is coupled to the 1205,A oprr- 
cal rnultlchannel analyzer (0X1-4) console. fitted 1~1th 
a 3D option card. The two 500-channel vidicon tracks 
are set so that one IS aligned with the dispersed spec- 
trum of probe lighr passing rhrough the excited sam- 
ple, while the second IS ahgned with the hght frms- 
mitted through the unexcited or reference region of 
the sample. The dignized specrral informarion is rrms- 
ferred from the two OXlA memories to a Cromemco 
Z-SO microcomputer Operation of a 1305 Oh1.4 in the 
2D-mode and mterfacmg procedures are described else- 
where [24.351 Baselme and dark current subtractIon. 
calcuiarion of the dbsorption ChJngCS. S1gn.d Jverqing. 
daplay. and data storage are all hmdled by the corn-- 
puter. which also controls shutters in the pump md 
probe legs and the stepping motor drwng rhe delq lme. 
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Spectra of neutral density filters are routmely check- 
ed on the picosecond system by blocking the pump 
beam and placmg a filter m front of the “exated” re- 
gion of the sample dunng the appropriate data acqulsl- 
tlon cycle. This precautionary procedure is essential to 

ensure that invalid peaks and troughs in the transient 
spectrum are not introduced because of the dynamic 
range of the vrdlcon m spectral regions where very hrgh 
or very low probe hght intensities are transmltted 
through the sample. 

A completely corrected transient absorption spec- 
trum over a 170 nm Interval comprising the average of 
=300 laser excltdtlon pulses takes = 10 mm to acquire, 
plot and store on floppy disk. Standard devlatlons m 
A-4 over the wavelength regions shown in this paper 
dre typically +-0.005. 

All data were taken dt room temperature with an all 
tenon and glass flow system operated at a rate sufficient 
to provide fresh sample m the excited regon for each 
laser puise. However, It was found that little, if any, 
decomposition of the samples occurred after several 
thousand laser shots even if they were not flowed. Low 
excitation Intensities are helpful in this regard. Sample 
concentrations were adjusted to gve a maximum ab- 
sorbance m the Q-band region (500-600 nm) between 
0 3 and 0 5 in a 2 mm pathlength cell. Spectral grade 
solvents were used. Nickel porphyrms were purchased 
from Porphyrin Products (Logan, Utah) and their 
purity checked by TLC and absorption spectroscopy_ 
No em&on was observed from any of the samples_ 

3. Results and discussion 

Typrcal dbsorption spectra and mckel porphyrm 
structures are shown m fig I_ We discuss in detail the 

results for nickel octaethylporphyrin (NIOEP) and 
ruckel protoporphyrin IX dimethylester (NiPPDME). 
Peak wavelengths and relative intensities for the ground- 
state absorption spectra m toluene, pyrldine and 
piperidine are summarized in table 2. In some solvents, 
both four-coodinate and six-coordinate species are 
present in the ground state, and for these cases two 
bands of a particular type can be resolved. The relative 
contribution of four- and six-coordinate species will be 
dlscussed along with the data for each system. 

We have observed a variety of photophysical and 
photochemical behavior for the nickel porphyrins in 

Table 2 

Ground-state obsorptton spectra of mchel porphyrms a) 

Compound Solvent B(O.0) Q(l.0) Q(O.0) 

NIOEP toluene 393 (10 8) 516 (0 35) 552 (1.0) 

pyridine 393 (9 74) 516 (0.30) 5.52 (1.0) 

piperidme 419 (9.39) 557 (1.7) 

393 (4 1.3) 542 (1 83) 574 (1 0) 

NIPPDMII toluene 403 (4.89) 525 (2.89) 562 (1.0) 

pyridine 403 (11.0) 525 (0 3) b) 
433 (27 5) b) 585 (1 0) 

ptpertdme 403 (3.68) 
431 (23.9) 552 (1.57) 585 (1 0) 

N~Xleso toluenc 393 (5 87) 516 (0 31) 551(1.0) 
pvrldme 393 (6 02) 516 (0 34) 552 (10) 

420 (1.86) 

ptpcridtnc 420 (6 50) 552 (1 25) 

393 (46.9) 542 (1 75) 574 (1.0) 

a) PC& wavelength m nm; numbers tn parentheses are peak 
heights relative to Q(O.0). Note that in certain sohents there 
are two peaks of each type. due to the presence of both 
four- and sL\-coordmatc spcc~cs See figs. 3C and 4C. 

b, A peak at 555 nm (relattre heght of 2 25) IS resohable, but 
represents a mlxturc of the uncompleted Q(O.0) band at 
562 nm (see toluene data) and the complevd Q(1.0) b.md 
at 552 nm (see plperidine data) 

the three solvents employed_ There appear to be several 
general “rules” that, to a large extent, govern tbls be- 
havior _ 

(I) Intersystem crossmg m the upper mamfold IS 
rapid. Relaxation to the lowest “excited” state 
IS fast (generally =G 15 ps), no matter what its 
multlphclty or that of the ground state. 

(2) The mckel lAlg state wrth two (extra) hgands 
attached is unfivorable. In a basic solvent, if a 
decay route proceeds through a state containtng 

substantial nickel IAle character, such as 

‘A@)2 or ‘Q(L)._ 7, fhe ligands will probably 
fall off. 

(3) The nickel lB,, and 3B,, states have an affinity 
for basic ligands. In a basic solvent, if a decay 
route proceeds through either of these levels, 
then generally two ligands will be picked up to 
gtve ‘B,,(L)2 or 3Blg(L)2_ A similar fate exists 
for states containing an admixture of either the 
nickel lB1, or 3B,, configurations. 

Rules (2) and (3) follow From the effect of baste 
hgands on the nickel d,2_Y2 versus dZ2 energy gap, as 



discussed in section 1. The rules are consistent with the 

espcrlmental data of other workers 

Although we have presented the data for the two 

porphynns m the three solvents as indwdual subsec- 

tlons. it is essential to compare the results under the 

various condltlons to fully understand the behawor in 

any one of them 

3. I MOEP arzd NiPPDME it1 toluem 

Both porphyrins exhibit essentially identical photo- 

physical behavior, independent of the excltatlon wave- 

length employed (355,384,395,418,445, and 532 

nm). The transient spectra. examples shown in figs 3A. 
?A and 5. exhibit bleaching m the Q-bands appeanng 
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1‘1: 4. Specrrd tar SIOCI’. Dlffcrencc spr-crra m rolucne and 
plpcridinc (,I) Jnd in p! rldmr (B) follo\\mj cxclrsrion JI 445 

nm Ground-saw Q-bdnds (CL 

with the pulse-hmmd rtwme (figs. 5A. and triangles 
ln figs 6A and 6B). Two new strong absorptton peaks 
with m,~ma red-shifted from the ground-stare bands 

by 13 nm NiOEP and by 70 mu m WPPDXlE dre well 
resolved This trmslent absorption spectrum appears 
to lag developntent of rhe ground-srare bleachmg b> 

IO- 13 ps (compxe circles dnd tridn$es in figs. 6A and 
6B). Close ex,miinJtion of fig. 5A shows thdt pdrt of 
tltis lag IS due to rhe evolution of a shoulder on the red 
side of his band Analysts of this kmehr behavmr in- 

dlcates titar the short-lived feature decays \\ith d time 

constant of 10 - 15 ps Tile shoulder and the lag are 
seen for both NlOEP and NiPPDME in toluene. The 
decdy of the strong transient absorprlons and recov- 

ery of tlte ground-state bledchings give smglr expo- 

nent& with an average time constant of 280 i 20 ps 
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NiOEP I” Toluant 532 nm Pump 

-600 PS 

(ligs. SH and G). Thcsc spcctr.d and kmmc data agree. 
wllcrc cornparisoas crm be nml~, witlr tbc observr- 
tions of Kobayasbi ct al \ IO] and Cbirvonyi et al. [I I]. 
However. there nrc dlffcrcnm III tllc mtcrprctatlon 

of tlw data 
Tbc trausicnt belravior just dcswbed appctirs to be 

q~resentatwc of tlw plwlopliys~cs of mchcl porpliyrms 

in t~o~~.co~nplcxit~g solvcrrts. Tire nickel is four-coordi- 
natc and tbc ground-state for both porphyrins IS IAl, 
The Iowcst excited state IS 3B,,. produced by conl- 
bmtng ll~e porpliyrm lA Ip ground dnrl llic nichcl u\cit- 

cd 3Bl,. 3(d,z d,z_>,t). collf-lyLlrrrlloll5. I-Ill5 5lll1ulloI1 

I II: 6. Kinetics in ~ulusnc ul tl~c blct~cl~~r~p in tlw Q(O,O) b,md 
( ) lur NiOlYrr~ 553 IIIII (A) .lnd NIIWh~I’ II 559 IIIII (IS). 
.rnd lllc \Ironp long-wuvclcngrll mnslcnl ub+orplion brand (0) 

Iur NiQI‘P *II 567 nni (A) and NIIW~MI. III 578 n111 (1)) P.IIW~ 

(A) lur N10l.l’ wit11 532 mn l111~l1cs is lur IIIC du~u 01 Ii& 5 

‘I Ilc upper Iwo Imccs of puncl (C) \liow lllc wiIc dnl~i plulrcd 
on ,I lug scnlc. ‘IIc luwcr IWO rrucc\ of(C) lrrc lur NIOIJ wirl~ 
tlic wnic Iwo monitoring wuvclcngllir. In11 wltli 355 nm 1111+I1ct. 
I’uncl (1%) 4rows datu for NiI’I~l~hlI: pruduccd by c\ci\n~rorr LO 
532 nm. 1 Ilc rctnlrs of 81 lcisl lllrcc tcls of mciisurcmcnis for 
c:iCli porpliyrm glvcc u lime constnnr of 280 t 2Opb Ab\orp 
lion clnmgcs in (A) nnd (C) arc nornrdli7cd lo rl~c I~III\~I~UII~ 

vnluc for rllc blcucllinp in order 10 murc clcdrly ~IOW rlic Iup 
m lllc formdllon of lllc transicnl ub\urpliun bund (SW Ial) 



NIOEP 8, NIPPDME In Toluene 
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is prcscntcd dragrainmciilly in fig 7 oluny wnlt the x- 
Ination pnthways inosl sonsistclrt wtth all llrc obscrvn- 
IlOllS 

Excl1ullotl Into 1lrc cxclrcd \llrglct-SLIIC lnml,bld IS 

followed by tapId u\IcrsysIcIn ciossinp md reluution 
to 3Tt , Sonic rclnxatioir in 111~ Iipprr siirylcr iiwr~told 

to IQ of IT; (whichcvci is lower) idbo OCCIIIS. klux- 

Bllolls 3Tf, + 31)1, ml ‘Q (or “I’;)- ‘131, tekc G IO 
ps. In spcclr,l t,rhcn ,lt short d&ys t~ollow~ng c\cit.I- 

IIOH (fig SA). tlt~ Q(O.0) ht~l Al’ 1 L)I, .\ppci\rs JS ;I 

sliouldcr on tltc red side of the strong IiansIcnt ;Ibmp- 

tIon bond. wlucb we ,rss~Sn AS ~bc Q(O.0) I~.IIISI~IOII of 

3B Ig, lntcrsystcnl crossing 11~1, + 3B,, rcqulrcs IO- 
I5 ps, Thus, tllc IO- IS ps lug obscrvcd for tltc long 
w,lvclcnSth bmd to rc,~cb 11s I~~IYIIIIIIIII IS due to nil 

tlrcsc rclautmn proccsscs Decay of the lawcst c~tcd 

stutc. 3Bl, + ‘AIs. is tlicn respoiwblc for tlic 280 

+ 20 ps step (ligs. SB md 6) Thus. I ulc ( I) rlrm111~1cs 

the bchav1or. 

TINS intcrprctJtlon ot tllc ~csults IS .I ~m~lm.~tIon 
of routes (2) md (3) ~ISLUSSC~ ~ii section I_ Route (2) 
IS tlle rclh,ition pdtliw~y prcfcrrsd by Climonyl ct 31 
[ 1 I .I ‘11 Route (1) is tlic one 1‘.1\01ed by K;ob~y.AIl Cl 

Jl. [ 101 III wlllcl~ ‘B,, is rcspoIlsIblc for tllc 1150-300 
ps step Route (3) IS &cnxd unlAcly “L both of tlww 

grouix TIE rcla\ation routes mvolv~ng -‘Blc (fig 7) 

SIve the most re~soiublc c~pl~ii~tioii of all hi oiii rc- 
suits for the nlcl\cl porphyrkns 111 the t\llCC S0lvtlltS 

stIIdIcd. and IS JkO corlslbtcllt WIIII d.ItJ 10) othc~ ~I.III- 

sition-inctdl porphyrin md InorgmIc coniplc\c~ 

Scrponc ct 4 1261 argue frown thclr observ.ltwns on 

osnauni porpliyrlns that lowest trqht stJtt’h dlc\ fwu- 

cd HI II@ y~ld. no netter whcthcr the? arc (TX’) (31 

(dd) m clmactcr. following C\CI~.IIKW mto tlw uppx 

sq,lct rn,mifold hpid inters> stcni crossm~ r~lI~l tlw 

triplet mmifold lids been siiggcstcd for ii011 pm p1i\ rins 

ds well 1271 It IS gcncrally found for IiiorgdIiIL tI.msl- 

lion-IiictJ complc\cs IliJt rel3\,ttioll to tllc IowcG c‘\- 
cltcd st,nc must bc rdpld (< I5 ps). mcc rlloat ot th 

observed cmiss~on aId pl:oto~l~~~~~~c.~l .~cti\it> .Ippc.IIs 

to occur Iron1 thcrc IX] The? dote JIG ~‘WISISICII~ 

Wltll tllC Collt’ZlltlOl~ l,lJt the ldJ’.Jtlrlll ,“OC”dS lIl.lltI- 

ly tllrougll 3 I?,, in nlrLci pot phyiiils iii nun-~oiIlplc\- 
Irig solvci~ls WC sliould cumiiic .iII 01’ Ilie .ir~IiilIcnls 
IIbcd prcvlously lo bupprt c~thcr zUlc 0r IU,, 111 11l~rie 

&IJil Jhlll$ with flIIt~Ic\I dl~‘!U~~l~~l~ Cl!‘ t,lc\ d&:1? I~IlItc\~ 

Ill !lg 7. 



a number of reasons. (I) the transitions Just connder- 
cd arc between SI~W.S wit!1 slgnificanr (dd) character, 

(2) there IS substantral ml\mg between the porphyrm 
and nichcl configuraGons (smglet and trrplet) as drs- 
cussed above (table I). and. (3) there are d number of 
additIona st~tcs rcsuhmg from thus mixmg that provrde 
an mcrcascd density of states that would fdcihtate m- 
tersystem crossing and raprd rcldxatron m the upper 
mmfold. On the basm of points (1) and (2) and the 

previous discussion. we suggest that a time constdnt of 
several hundred plcoseconds IS not unreasonable for 
the Lonvcrsron 3Ble + *A,.. On the basis of points (2) 
.uid (3). WC su~cst-thdt in&rsystcm crossing to and 
fast rcldxdtlon in the upper triplet mamfold should be 
rapid (< 10 ps) 

ChuvonyI et al. [ 111 preferred 3Bt, [route (?)I on 
rhc bJsls of the red-shifted transient s$zctrum, which 
is sinular to the normdl porphyrin ground-state spec- 
Irum. The observation IS clearly seen by comparing the 
tr.mslcnt absorption peaks 60 ps after ckcltatlon in 
tolucne (figs 3A dnd 4A) with the ground-state spectra 
in prperldine (figs. 3C and 4C). However. a close exam- 
mdtion of table 1. fig ?A, dnd the calculations of Ake 
dnd Gouterman [ 191 tndicates that 1 B,, should have a 
spectrum similar to that of 3Bt, The electronic transi- 

tlon that gives rise to the transi&;lt absorption in the 
visible region for bofh tBll! and 3Ble derives most of 
its oscillator strength fronithe normal porphyrin Q- 
band transition, * I$~ + IQ = 2-*/3(t~t - tJlz). bur 
with the upper sia~cs containing an admixture of the 
porphyrin 1 &!I~ and 1 O2 with either the nickel ‘Bt, or 
3B tg, respectlvcly (table 1). Therefore, the transient 
spectra observed by Chlrvonyi et al [ 11,12] or by our- 
selves (figs. 3A, 4A, and 5) 40 ps and longer after exci- 
tatlon for the nickel porphyrms in toluene cannot be 
assigned to 3Bte over tB,, sunply on the basis of a red 
shifted. doubleBanded v&ble spectrum_ 

Chrrvonyl er al. [ 121 also observed a spectrum “0” 
ps after excitation for deuteroporphyrin IX dmiethyl- 
ester in toluene and attnbuted it to T-T absorption_ 
A more reasonable view is the spectrum is comprised 
of contributions from 3Tt, tBt,, and 3Bt9, with the 
ST, and tBlg components disappearing with a tune 
constant of lo-15 ps. The conversion ‘Big -+ 3Blg 

should be faster than the time of 280 ps that we and 
Chlrvonyi et al. [ 11 ,121 attrtbute to the 3 Bt, -) lA,, 
step. The former involves a spin flip of one electron m 
the (dz2 d,2_,2) configuration, while the latter re- 

quues a spm fhp as well as a change from (d,z d,z __,,2) 
IO (d,z)? Whether or not the tB tg - 3B,e time con- 

stant is as fast as 10 ps IS drfficult to state; priori. but 
seems reasonable. We have stated that one expects 
t Bt, to absorb in the same regons of the spectrum as 
3B Ig_ On this bzls the most reasonable explanation 

for the rapidly decaying (= IO-15 ps kinetics) shoulder 
on the red side of the strong band at 572 nm for 
NlOEP in toluene (fig. SA) IS due to *B,,_ The “0” ps 
spectrum of Chironyi et al. [ 121 does indeed have an 
absorption tad extending = 10 nm to the red of the 
long-wavelength band observed in their 50 ps spectrum 
This IS cons’stent with our spectra for both NlOEP 
and NrPPDME in toluene and for NiOEP m pyrrdine 
discussed below. 

The spectra of fig SA for NIOEP and those for 
NlPPDME (not shown) mdicate that there IS also some 
prompt absorption at the same wavelength as the ab- 
sorption maximum assigned to 3B1, This observation 
mdlcates that 3B ts IS also populatea partially from 
3Tt. In addition, the finding by Kobayashr et al. [IO] 
of a large 12 ps component to the transient absorption 
at 480nm for NiOEP in benzene is suggestive of a 3Tt 
or ‘Q contrlbutlon to spectra taken very early after 
the flash On the basis of all these data, the most likely 
explanation is that ‘B,, absorbs 5- 10 nm to the red 
of 3Blg and gwes rise t’o most, if not all, of the shoulder 
on the Q(O.0) band of the 3B,g transient (fig_5A).The 
Q(1 ,O) band of lBt, IS obscured by bleaching m the 
ground-state Q(O,Opband near 550 nm. The decay lBle 
+3B tg gives rise to part of a lo- 15 ps lag observed in- 
the formation of 3Bt, (fig. 6) 3T, (and ‘Q) have httle 
absorption in the 570-600 nrn region and, therefore, 
give rise to the remainder of the lag Thus, it appears 
that 3B,, is fed by both 3Tt [route (2)] and lB,, 
[route (3)] as shown in fig. 7. 

To summanze the data for NIOEP and NiPPDME in 
toluene, the relaxation pathways proceedmg through 
3B tg, appear to dominant the radrafionless deac- 
tivation [rule (l)]. This lowest excited state is reached 
by two pathways, internal conversion from 3Tt and in- 
tersystem crossing from IBt,. The two routes gve nse 
to a lo-15 ps lag in the formation of 3B,,_ The 280 
ps decay is assigned to 3B,, + lAtg. As discussed in 

detail above- this interpretation is consistent with (1) 
all of the picosecond spectral and kinetic data in 
toluene, particularly when consideration is made of 
the types of transitions mvolved, (2) the availability of 



7 15 nm. tlx longest w.nclcngth momtorcd 

efficient routes for intersystem crossing, especially in 
the upper marnfold, (3) the photophyswal and photo- 
chenucal behavior observed for other transition Ineta 
porphyrins and Inany inorganic transition metal conl- 
plexes, and (4) the data for NIOEP and NlPPDhlE in 
pyrldme and piperidme to be dlscussed below 

The equllibrnun constant for the formation of asi\- 
coordinate conlp1e.y between NtOEP and pyridlne in 
the ground state is extremely low. The ground state rc- 
nldlns IA,,. The absorption spectrunl is essentially lden- 
tlcal wth that in toluene (table > and fig. 3C). The 
trdnslent spectruln to delays of several hundred ps (figs. 
3B and 8A) 1s also identical to thar found in toluene 
(figs. 3A and 5A). On the basis of this comparison dnd 
the prewous dlscusslon. we assign this spectruni to 
IBt,. We attrlbute the initidl shoulder on its long-wdve- 
leng?h absorption band to tB,, This fast trdnslenf and 
the probable lack of absorbanLe due to ST, in this re- 
glen give rise to the clear lag of lo-20 ps in the app2dr- 
ante of the long-wavelength band as coInpared fo the 
ground-state bleaching (fogs 8A and 9A). The decdy of 

450 F 35 ps (figs. SB and 9A). which is thus dsslgned to 

315 

jB,“. 1s slower rhw in toluenc Wc return to this poinr 
bel&. 

The 150 ps decay appexs to occur b> 11x0 paths. JS 

dlusrr.ncd in fig 10. hirers> stem zrossq to lAlg gives 

ZI partial recovery of the ground-state bhching (figs. 
3B and SB) The orher pJthwaj IS a marnf2sration of 
rule (3). and 3B1,, picks up fwo p> ridni2s to produc2 
the cornpIe.\ 3 Bl,(pyr)l_ Tlus wsults in the fornxxtion 
of a rect-shlftsd transxnt &ff.zrcnce sp+crrurn. sho\~ 11 
clexly in fig.SB at 3-l ns after 53Zn1n excndtion. The 
absorptton peaks of 1111s transwnt arc at near11 rho 
satne wavslengrhs as rhose found for rhe conlplexed. 
‘B,,(plp)2 ground SIJW of XlOEP in plp2ridlne Tills 
is e\Tldenc2d by th2 blexhing in rhe trdnsienr spectra 
ni plperiduw of fig. 3X Jnd the ground-state dbsorption 
spectruni in fig. 3C. (B+lo~ we discuss the ‘B,,(pip)-, 
csround state In plperldlne ) This new slate de&s \\lrh 3 
d time co1lst~11~ of lo--Z0 11s (fig. !?A). requiring con- 
verston of 5 B,,, IO tAlz as \\ell as loss of two h+ds 
(fig. 10). The {recess 1s 2xp2ct2d to b2 temperature 
dependent. 

That the long-hbrd state for NlOEP in pyridine IS 
jB,,,(pyr)l provides further support to the assignnlent 
of tile 350~s sfdtc In pyridlne as well ds rhe 2SO ps 
state m roluene. havn~g the same absorption spectra. 



NtOEP tn Pyradtne 

- 
5T;tL)2 

fig 10. State dtagram summarrzing the photophystcal and pho- 
tochemical behavior for NIOEP m pyrrdme The molecule IS 
uncompIcwd m the *Alg ground ctJte but picks up two 
pyrldines In 3 B ,9-The decay of 3B,g by the two pathways 

shown is 450 ps kleasc of the lgands by the t\\ o 3Bt,(py r)z 
tahes lo-30ns The energy of the latter state above th; ‘Atg 
IS probably 1000 cm-* or mom. 

o*,e, T*an0 In*, 

I rp 9 Kmetrcs in pyrtdme produced by 532 nm flashes of the 
bleachmg (A) for NIOLP at 553 nm (A) and NrPPDhlC at 553 

nm (9 and C) and of the strong long-wavclcngth transrent ab- 
sorptron band (0) for NlOCP at 567 nm (A) and for NtPPDhlC 
at 572 nm (9 and C) The plot for NrOCP IS for the same data 
of tip 8, sftowinp the long-lned component with a ltfetrme of 
IO-10 ns The mural component for NrOCP and the complete 
dxay for NIPPDUC III p) rrdine hnxe a frme consrant of 450 

= 35 ps Three sets of men~urcment~ on ench compound x\ere 
rarrlcd out 

to 3Bt,. This analysis is also conststent with the as- 
sign ment of the rapidly decaymg shoulder on the long- 
wiiVe]cngth 3Btg band to tBle The latter is probably 
the only state above 3Bt, that has absorbance in the 
regron. Most of the tBt, state mtersystem crosses to 
3B tg with a < IO-15 ps time constant_ It is also pos- 

sable that some tBt, p ick up two hgands [rule (3)] to 

gtve tBt,(pyr),, followed by rapld (< 10 ps) mtersys- 
tern crossing to 3Btg(pyr)z_ However, we have no firm 
evrdence that the latter process occurs (fig. IO)_ 

The longer decay time assigned to 3Bt, of 450 ps 

in pyridme versus 280 ps in toluene suggests that inter- 
system crossing 3Bt, + tAt, IS slower in pyridme than 
in toluene The decay IS also 450 ps for NiPPDME in 
pyridine and for both NtOEP and NrPPDME m pipen- 
dme. Thus, pyndine and prperrdine exert a solvent ef- 
fect that slows intersystem crossmg 3B,, + IA,,. Ex- 
amination of table 1 indicates that this process requires 
a spin flip and conversion of (dz2 d,z _,,2) to ($2)? 
on mckel. One mtght expect that any effect that 
would change the energy gap between d,:! and d,z _, 2 

could change the rate of the iniersystem crossmg The 
3T, + 3Bt, step also requires this conversion. Compar- 
ison of figs. SA and 8A mdrcates that the absorbance 
lag may be 5-10 ps longer in pyridine than toluene. 
These differences in rates await further explanation. 

To summarize, there are two very important points 
to be made from the data for NiOEP in pyridme. Fur- 
ther support has been provided for the 3B,, deactrva- 

tron route and, thus, for rule (I) Second, there IS 
strong evtdence that hgands have been picked up in the 
excited state irule (3)] _ 



NlPPDhlE behaves differently 111 pyridine than does 
NiOEP in both tltc ground and excited states. The 
nickel in NiPPDhlE is more acldlc than In NlOEP due 
to the presence of the vinyl and ester groups (fig 1 in- 
sert) and, therefore, NiPPDME forms a ground-state 
complex wtth two pyridmes The B(O,O) band IS shift- 
ed from 403 nm in toluene to 433 nm m pyrtdme (fig 
1). Residual absorbance at 403 nm indicates that un- 
completed molecules are also present. This IS also LIP- 
parent from absorption m the Q-band region. As shown 
in fig 4C. the band at 555 nm 1s a nurture of the 
Q(O.0) transttton of the uncomplexed species and the 
Q( 1.0) band of the complexed molecules. The peak 
wavelengths are gathered m table 1. (An interesting ob- 
servation IS that m toluene the Q(O,O) band 1s stronger 
than the Q( 1 ,O), wlule in pyrtdme and prperidme the 
reverse is true This follows from the discussion in sec- 

tion 1: the Q( 1,O) band rn the latter two solvents 
gains intensity through vibrontc coupling with the 
Soret band which IS at lower energy than m toluene.) 

On the basis of these ground-state spectra, we estr- 
mate that 7%80% of the molecules are complexed. 
Thus means that most of the molecules have the para- 
magnetic, 3Ble(pyr)-, ground state This is unlike 
NtOEP rn pyri&ne, where essentially all the molecules 
have the dtamagnetic, lA,, ground state. The ratio of 
completed to uncomplexed species excited at any 

pump wavelength can be judged from the wavelength 
of maxrmum bleachmg between 550 and 560 nnl in 
the transient spectra at short delay times. On the dis- 
cussion just presented. an absorption decrease at 550 
nm results from bleachmg the Q( 1 ,O) band of com- 

plexed species (fig 4B), whde an absorption decrease 

near 560nm is due to bleaching the Q(O,O) band of 
the uncomplexed molecules (fig. 11 A). Bleaching at in- 
termediate wavelengths 1s mdrcattve of pumpmg a nux- 
ture of ‘At, and 3Bt,(pyr)z ground states (figs. 11B 
and l1C). - - 

The excited-state behavror 1s extremely dependent 
on excrtatton wavelength Pumping at 395 nm IS expect- 
ed to excite essentially only uncomplexed NrPPDME 
in pyridine The subsequent behavtor 1s similar to that 
just discussed for NrOEP in pyridine, which has an un- 
complexed ground state. The transient spectrum taken 
40 ps after excitation at 395 nm (fig 11.4) shows 
bleaclungs at 525 and 560 nm and absorption peaks at 

nearly the same wavelengths 3s those found in toluene 
(see fig 4A) Thus, we ascrrbe the 40 ps spectrum m 
pyridtne to jB,,_ This transient absorptron gnes way 
with 450 i 50 ps kmettcs to d red-shafted long-lned 
state (> 20 ns lifetime) ha\lng tr,ursrent absorprron 
peaks (fig. 11A) at the same wa~rlengths as the ground- 
state Q-bands m prpertdme (fig.IC). Based on the par- 
tial ground-state recovery. the quantum yield of this 
state 1s probably 40-50% As for NiOEP m pyrrdine. 
this suggests that jBic dec+s by deactivation to tAlg 
and by picking up two py ridutes to gave 3B1E(pyr)Z 
These pathways are showy 111 fig. 12A. 

The situation IS different with -145 nm +\cttdrton 
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A. 6. 
I tg 11 Sun1tn.q of the photoph~ s1c.11 .md p1lotochen~tc.d 

proccssa tar NIPPI)MI m p) ridmr and tor NIF’I’DMC end 
h’lOE1’ m lxpcrldmc The ordcrmg of the states should be the 

s~nx for all three casts but the ener_e> gap bst\\ccn ‘Alp znd 

3B,g(L)2 sliouid be the nrost ncgpdtrre for Nd’PD\lL in firprri- 
dlnc and the 1uJst negstn’c for NiOtP In plpcndrne Based on 
the amount of compleutron III the ground st.tte Judged from 

the .tbsorptlon spectra. this energ> gap IS probably m the 

r.mge -200 to -800 cm-l_ As shown. both hgand blndin$ and 
releare 1% observed m rhc evzlred-srate m.kfold The 3L3,8 

lifcrmc IS =45Ops, uhde comcrslon of ‘Xlg to 3B,g(L), 
takes > 20 ns I-or claret) , not all of the states are labeled here, 

but arc shown m fig Z 

flashes. wh~h pump essenr~ally only complexed mole- 
cutes wrth a 3Ble(pyr)2 ground state (fig. l2B). The 
spectrum 40 ps cftter excltatron (fig 48) shows bleach- 
ing at 550 and 590 nm, and absorption peaks at the 
wavelengths asstgned to 3B,, (see totuene spectrum in 
fig.4A). This gives way with a time constant of 300- 
500 ps to a long-hved state, but m this case it is shifted 
to shorter wavelengths rather than to longer ones. This 
transient has a hfetime of > 30 ns. There IS significant 
ground-state recovery during its formation (iig4B). 
The difference spectrum of the tong-hved state, shown 
3 ns after excitation in fig_4B, 1s very similar to the 
spectrum of the uncomplexed, ‘Als ground state In 

toluenc; compare It with tbc ground-state bleaching of 
the transient Spectrum in tolucne 40 ps after excitation 
(fig 4A) and the ground-state spectrum m totuene (fig 
4C). This observatron strongly suggests that two pyn- 
dmes have been eJected during the excited-state relau- 
atron of NlPPDME m this solvent (As shown m fig. 12 
and drscussed in detad below. there are several routes 
to ‘At: following excnation of complexed molecules. 
The data Just presented supports the paths through 
3B,, ) The 40 ps spectrum of fig 48 has some absorb- 
ance at the wavelength of the absorption rna~unum m 
the 3 ns spectrum Thus observatron IS evidence for the 
route lA1,(pyr)l + ‘A,, shown m fig 12. whuzh by- 

3 B- passes ,&I This pathway for rela\atlon of completed 
molecules is expected to take less than 15 ps 

Further support for the decay pathways illustrated 
in fig. 12 comes from measurements with excitation 
wavelengths where both complexed and uncomplexed 
molecules absorb The trdnslent behavior following e\- 
crtatron at 418 nm (fig. 1 1B) 1s simdar to that observed 
with 445 nm flashes (fig.4B) The spectrum 40 ps after 
excitation IS assigned to 3B,,. This state IS produced by 
radiationless decay following excitatron of uncomplex- 
cd molecules (fig. 12A) as occurs m totuene. and by 
ligand ejection and deactivation followmg excitation of 
complexed molecules (fig 12B). As discussed prevrous- 
ly, 3Bt, disappears in 450 ps by decay to 1A1, and to 
3Blg(Pyr)2 by binding two hgands. IAlp can also be 

produced by other ligand ejection pathways (fig. 12). 
The net effect is the formation of a tong-lived lAl, 
transient absorption, shown 3 ns after the flash in-f& 

11B. Re-establishment of the lA1, * 3B1,@yr)l 
ground-state equihbrlum takes > 20 ns to complete 

Excitation of NlPPDME m pyrtdme with the 
stronger 532 nm flashes pumps a more equal mixture 
of complexed [3Bl,(pyr)2] and uncomplexed (*A,,) 
ground-state molecules_ As shown m fig. 1 tC, the 
transient 60 ps after excitation is the same as that ob- 
served at 40-60 ps delays m pyrrdme (figs. 11 A, 1 lB, 
and 4B) and m toluene (fig. 4A) It IS assigned to 3Ble 
However, in this case both the transient absorbance - 
and ground-state bleaching con&?te& recover (fig 1lC) 
with a 450 i 35 ps time constant (figs. 9B and 9C) No 
long-lived component IS observed_ This suggests that 
the net result of excitation at 532 nm is the return of 
molecules to both uncomplexed and complexed ground 
states in a ratio sinular to that orrginalty pumped 

Thus, we note a stnking effect of excitation wave- 



lengths on the translent spectra for NlPPDME 111 pyri- 
dine (figs 4B and 1 1). A sinular spectrum IS observed 
at early delays dfter excitation. The major features are 
attributable to 3Bt,, In some cases weak absorption m 
the IA ,,, region IS cbserved. This transient absorption 

then g&s way wltli a 400-500 ps time constant to 
either a red-shlfted spectrum representative of net 
hgand bmdmg (fig 1 IA), a blue-shifted spectrum due 
lo net llgand release (fig 4B and 11 B), or no long-lived 
component at all (fig 1 IC). 

A more detailed analysis of tllese observai-ons and 
mterpretatlons IS in order. The result of pumping un- 
comp!e\ed species IS the dIsruptIon of the orlgna! 
ground-state equdlbrium by the )zct conversion of some 
molecules from ‘A tr to 3Bt,(pyr)z. Different behavior 
occurs with e\cltati& flash& absorbed by the com- 
plexed species. As shown in fig 12B, molecules with 

3BtE(pyr)2 ground-states are pumped mto the upper 
manifold of complexed triplet states Exanunation of 
table 2, fig. 2. and the work of Ake and Gouterman 
[ 12]_ indicates that flashes m the blue connect ground- 
state 3Btg(pyr)2 with the 3B’(pyr)z _ and 3T; (pyr)? 
levels, with the former carrying = 100 times the oscrl- 
later strength of the latter_ Flashes in the green pump 

3Btc(pyr)z to the 3T,(Pyr)z, 3T&vr)a and 
3Q’(pyr)l manifold. The extmctlon coefficient of 
jQ’(pyr), should be 100 times stronger tllan the otller 
t\\ o The-subsequent fate of each mitlally populated 

level (figs. ZB and 12B) is determined by rhe relative 
rates with wh~cli each relaxes to a lower state [rule (l)], 
ejects ligands [rule (I?)]. or retains them [rule (s)] _ As 

discussed previously. states with nickel lAlu character 
should have a tendency to elect hgands These include 
a!! the states of table 1 m tile column lleaded IA,,. 
Tlley are, from !ng!ier to lower energy. tB(L)?. 1 Q(L)? 

3Tt (I-)?, 3T#-)2. and ‘A4,U-)2 (Here L = pyr ) 
States with nickel ‘B,, or B,, character w1!1 have a 
tendency lo pick up hgands. or retain them in this case. 
These are hsted m the last two columns of table 1 and 
are denoted with primes or double primes, respectively. 

Internal conversion wlthm the highly dense upper 
triplet mamfold IS expected to be fast (fig. 12B) This 
fact along with conversion to two low-lying quintets 
should protlde an effective pathway for rddlationless 
decay to the ground state (table 1 and fig 12) None 
of these states, except sTz(pyr)z and 3T, (pyr)? 
should release their llgands. We estimate that at least 
25% of the complexed molecules that dre pumped re- 

turn to the 3Bl,(pyrJl ground state m < 15 ps. This IS 
bdsed on rhc observauon of wedher translcnt absorp- 
tlon spectra for NIPPDMC m pyndmc and pipcndinc 
.md for NIOEP m plpcridrne thdn m the other systems. 
The effect cannot be e\pldmcd on the bdsls of weaker 

ground-state dbwrption Inters) stem crossq to the 
upper sin@3 manifold of coniplc~d sIaIcs (fig 12) 
sl~ould be favorable also due to I!IC IIUUI~~ between 
nickel and porpllyrm states discussed ahwe. Some of 
tlie molecules tlldt llavc ~ntt~s~stcm crossed IO 

‘Ti(pyr)z or _ 1 T; (pm-), prob&ly r&x rapidly back 
to 3B,,(pyr)2 _ Part of &IS decdy mdy proceed 
througil t B,._(pyr), _ 

Our obsekdirions mdiwtc lhdt rclcdse of hgands by 
comp!e\ed c\cltcd states e\entua!!y leads to tlw forms- 
tlon of 1_41, Tllere appcdr to be st\er.d routes to this 
state. (Ob\?ously_ dny uncomplc\ed n~olccuIes which 
are elclted along wull the comple\cd OII~S u 111 deac- 
twdte throug!l 3Bl,. to both lA,, and ‘B,..(p> r)? ) 

One route inro ills uncomplc~d mdm&d IS due to 
lqnd eJection m .m ewned state m 111~’ comp!e\ed 
mamfold that is &II E 3 B ,= m energ _ On our prei~ous 
discussion and rule (2). the- mos1 like!> candiddres 

(figs 2 and 12B) drc ‘Q(pyr)-,. jT1(pyr),.and 
jT,(pyr)z Dlssowtlon of lugids from tkesc states 
would gwe the analogous stares m the uncomp!e\ed 
mdnIfo!d. followed b> rJpId (< ! 0 ps) rddlarlonless dc- 
cay to 3 B,,. _ Tins grves way to l-II1 and througll llgsnd 
bindmg ‘04Blg(Pyr)l m 450 ps The obser\atlnn of 
rhe same rdte for NlPPDXlE m p> ndme and for NIOEP 

111 pyridinr gixes furrher support to tills i~yporl~es~s 

The results also mdlcare thdr there is at leasr one orher 

route to lAIC rhar does not go rhrouoJ1 jBlr Those 
’ Q(pyr)2 t!i>t do not qrcr lignds (fig 12B) will deJc- 
wate to ‘.A,_(PJ r)? v.1~1~11 hems lower in encrg rhan 
3B lC_ ~11 reie-ase t\\ o p) ridmes IO o~\e tAl, dire+. 
The dedctnarion ‘X,,(pyr)-, -+ 3B,C(pyr)2‘;n~~ occur 
to some extent .dso_ but should be ;lowcr than hgaxld 
release It should be nored Wt tius route throu& 
’ Q(pyr), IS nor dccessible u Irh e.\sirarlori flashes rhar 
w!! not pump mo!ecu!es h&i enoug!I into t!le upper mdm- 
fold of complexed triplets (figs ?B and 1 ZB) Tins ef- 
fect n1.q at least parwll) be responsible for the ohser- 
vation of no long-hved componenr following e\citarion 

of NlPPDXlE m pyrldme with 532 nm flaslles. The ac- 
cesslbl!Ity of the various routes of deactI\dtlon of ex- 
cited complexed molecules WI!! be discussed further 
along with the results in plperidme 



Let us bnefly summdrtzc this dtscusston of the dr- 
vcrsrty of results for NGPDME in pyrtdmc. Excttation 
of uncomplexed molecules 1s followed by deactivation 
to XB,,. Subsequently, molecules m tlus state either 
dCdCtiWC back to the tA tr ground state or bmd two 
pyrrdincs to gtvc 3B,,(pyrjz The absorptron spectrum 
dt long times is red-slitfted from the one at short de- 
I.rys Thus behavror 1s srnular to that found for NiOEP 

m pyndmc. Excitation of complexed species, or a mix- 
ture of the two that is weighted toward complexed 
n~olcculcs. leads to a net conversron of 3B,,(pyr)z to 
‘Ata ground states, although both llgdnd binding and 
hg.&l release 111 the excltcd-state manifold occur. The 
dbsorptton spectra taken at long tnnes are blue-shafted 
from those dt short delays The two effects balance edch 
other followmg excrtntron 111 the Q-band region wtth 
532 nm flashes which pump a more equal nurture of 
the two ground states The spectrum at an early delay. 
having the same features as those obtained at the other 
pump wavelengths. decays completely in 450 ps. Them 
IS no long-hved state with the > 20 ns tmle constant 
token m the other cases as requisite for re-estabhshment 
of the ground-state equthbrrum by either bmding or 
release of pyrrdmes 

3 3 MOCP artd IVPPDJIE itt ptpct-idittc 

Ptperidinc is more nucleopluhc than pyridine. Both 
NIOEP and NtPPDME form compleaes with two prpen- 
dmes to give a 3B1,,(pip)2 ground state We estimate 
the resrdual amount of uncomplexed molecules m thr 

‘A ty- ground-state to be %25’S or S-IO% for NiOEP 
or I&PPDME, respecttvely The ordering of the states 
shown in fig. 12B should be the same for both por- 
phyrins. 1B,g(pip)2 and 3B,g(p1p)~ should be lower 
and ‘AIg(prp)~ higher in energy for NlPPDME than for 
NtOEP, since & former has a greater affinity for basic 
hgands than the latter That NiPPDhlE has a higher 
equilibrium constant for complex formatton in the 
ground state is consrstent wtth previous work [2,3] 
and is borne out by the prcosecond data. These dtffer- 
ences do not appear to affect the general conclusions 
drawn from our observattons m piperidme, for both 
porphyrms the behavior is dominated by ligand release 
in the excited state. At all wavelengths of excitation 
employed, a long-lived state is observed that has a hfe- 
time of > 20 ns. As shown 3 ns after excitation in figs. 
3A and 4A, the absorption Peaks of this metastable 

state are at the same wavelengths as the IAt, ground 

state of the uncomplexed molecules. Thts fact is ap- 
parent upon comparrson wrth the bleachmgs in the dtf- 
ference spectra in toluene (figs. 3A and 4A) and the 
ground-state absorptton spectra m toluene (figs 3C and 
4C) This result IS smlilar to that for NtPPDME m pyrt- 
dine followmg excitatron at wavelengths where conl- 

plexed molecules absorb (figs 4B and I IB). It IS also 
in agreement with the findings of Chirvonyi et al. [12] 
for Nt-deuteroporphyrin 1X dtmethylester m ptpmdlne 

For NiOEP or NiPPDhlE m ptperidine tro~rc of the 
excttatton wavelengths gave a long-lived state mdtcatmg 
trer &and bmding in the exctted state This is due mam- 

Iy to the strong affinity of these ntckel porphyrms for 
basic ligands in the ground state. In addrtron, none of 
the pump flashes employed in the vrolet-blue regton of 
the spectrum (355.384.395.418 and 445 nm) is at a 
wavelength where absorption from the complexed 
B(O,O) or B(l ,O) In ptperldme does not donunate (For 
NIPPDME m pyrrdine, 395 nm excitation flashes led to 
the observation of the net bmdmg of ligands III the ex- 
c:ted state because unconipleked species are selecttvely 
pumped at this wavelength.) 

The spectrum measured 40 ps after excttatton at 
445 nm of NtPPDhlE m prperidine has already develop- 
ed strong characteristics of ‘A,, (fig 4A). This obser- 
vatron IS markedly drfferent fr;m that in pyrrdme fol- 
lowing excitation at the same wavelength. where the 
initial spectrum was found to be due mainly to 3Blr! 
(fig. 4B). Assuming that mamly complexed molecules 
are excited at tlus wavelength m either solvent. and 
that the 445 nm flashes are energetic enough to pro- 
duce a state that can intersystem cross to state ‘Q(L)?. 
then the difference m the inittal spectra with basic sol- 
vent can be explamed by change m the branching ratio 
of the routes for disappearance of this state (fig. 12) 
The stronger basic lrgand prperrdme IS more trghtly 
bound than pyridme so most of the lQ(p~p)~ state 
radrationless decays to lAlg(pip)z rather than ejectmg 
hgands The step 1Ala(p~p)2 + ‘Ala, being much faster 
[rule (2)] than mtersystem crossing to 3Blg(pip)Z, 1s 
the major pathway into the uncomplexed manifold in 
this case This route bypasses 3B1, Thus, the mttral 
spectrum following excitation of Eomplexed NlPPDME 
in piperidine is due mainly to IAlp (fig 4A). The same 
observation is made for NiOEP following excitation at 
418 nm (fig. 3A). On the other hand, release of the less 
baste ligands by 1 Q(pyr), m pyrrdine competes favor- 
ably (fig. 12) with radiationless decay to lA,,(pyr)z. 
As discussed previously, this path into the uncomplex- 
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I-l_e 13 L\oluuon of the trsnslent absorption spectra as A func- 
uon of tune for NIOEP m plperldme followmg excIt&Ion at 
531 mn The decal of the transrent absorpnon .H 565 nm snd 

the groa th of that at 553 nm is clearly seen. The ttmc constant 

for both processes IS 350 2 50 ps The mqnmrde of the long- 
u a\elcngth transient absorptron peah at short d&l s is strong- 
11 dependent on excitation wavelength for both NrOCP and 
Ntl’PDUC Tar example, compare the spectra tn prperrdme for 
NtOLP in this tigurc \\nh those of fig 3A 

ed manifold leads to rapid formation of 3B10, the spec- 

trum of which is shown 40 ps after exatatioi in fig 4B 
With the exception of the results shown in fig. 12. 

the only mdlcatlon of a state other than ‘A,, in the 
spectra at early delay ttmes tn ptpertdtne 1s the shoulder 
on the long-wavelength sides of the visible transient ab- 
sorption bands (fig. 3A and 4A). On the basis of all 
prevtous discusstons we attrtbute this spectral feature 

to-IB lp The three lthely routes by whtch this small 

amount of 3BIE IS generated are: (1) some release of 

ptperidme from lQ(ptp)~, (2) pumping some rcsrdual 

uncomplexed molecules and (3) loss of hgands from 

etther 3Tl(ptp7) or 3Tz(ptp2). The fact that more of 

the 3Ble state is seen tn the spectra at early delJys fol- 

lowing &citation wtth the stronger 52 nm flashes Is 

probably due to the excitatton of some uncompleted 
molecules. These data are not presented for NiPPDXlE 
but 1s clearly seen for NtOEP in the spectra of fig. 13. 

The mtttal spectrum, whxh has absorptton peaks at 

the wavelengths attnbuted to 3B,,, m toluene (fig 3X). 
gves way to the longer-lived lAIS>bsorptlon at shorter 

wavelengths wtth a time constant of 450 + 50 ps. The 

findmg of ,I slmrlar trmc const,mt m plpcrldme and for 

tltosc dtscttssed Jbovc for both porphyrins in pyridmc. 

suggests that the S~IC st.m!_ n~mcly 3B,s. IS largely 

rcsponsiblc for the deuy m Jll thcsc cases. As slio\\n 
III fig 13_ conversion of the jB,., Q(O.0) bJnd to thJt 

of IA,,, gtkes rtsc to d11 trosbestiS potnt at 555 11111. i11- 

d1cat1is that no other nletastable state IS lnvol\Cd 111 

the trmsformdtion Any prtor formJtton III < 15 ps of 

s0111c 1.4 l,, by release of pt!~rtdtncs from tA,,(ptpIz 

should n;t affect this obscrvJtion 

Let us summJri7c the results for NiOEP end 

NrPPDhlE m ptpertdme (fig. 12). They arc domtn3ted 

by rclcdsc of ligands in the uctted state Excitation of 
the sm111 nunlber of urlt_omple\ed molecules with ‘A,_ 
ground states gives behJvior stmtlar to thJt for NtOEP- 

111 pyrtdtne rJptd tntcrsystem crossmp 3nd deJctnJttol1 

to ;B,,. [ rule (I)] whtch decays by both recovery to 

‘A,,. a;d the bmdmg of ltgands [rule (;)I to gtvc 
3B,t(ptp)? _ E\cttation of the larger number of ntole- 

culei wttlt completed. 3B,,(ptp)~_~round stJtes !eJds 
man@ to lAle throug!i ltgktd ejection [rule (2)] \tJ 

the step lAl,(pip)l - 1X,‘,. Tl1e St Jte ‘-Air(plp)? IS 

formed by dktctivatton ~<*Q(ptp)~ or i&n lo\~cl sm- 
glets reached by pumptng lov.er in 111~ trtplet mJnt- 

fold. SOIIX 1 Q(ptp), mJy also qr’ct hgands The o\crJll 
result is 3n txchangc oi tnolecules between the ‘_-II2 

3nd ~B,,(pt& c orotmd st3tes. t\ tth 3 net tttLteJsr’ on 

the s1dt of ‘+ The Deb+ of rh~s state 2nd re-estab- 

hshment of tit< ground SIJW eqtttltbrittm must prucecd 
over Jn acttvation bxrter and takes > 20 IIS IO conl- 

plere. As in the case of hlPPD>lE 111 pyrhns. = 305 
of the mtt1ally excited compkxed molecules sppex to 
decay rdpidl) (G 15 ps) bJck to the _cround stdtr’ beiorc 
an! of these other processes ~zm occur. 1ntern.d ion- 

version in the triplet manifold JppeJrs to or’ r3pid for 

311 of the nickel porpltyrms investt~sted. 

4. Conclusions 

We have reported J varier> of pltn~ophysrc~l 3nd 

photochem1c.d behavior for rhe ntcl.e! porphyrms. 

TU o porphyrins. three solvents and e~~ttxton flasl1es 
31 six dtfferent u avelengths bet\\een 355 and 532 nm 

\\ere employed Comp3rtson of the results under tl1e 

v3rtous condittons hss been helpful for atrempttng to 

understand the observations on any one of them. We 

have developed J set of ‘-rules” thJt gives J COIWSI~I~I 

view of our results 011 nickel porphyrms. as \kell Js 



322 D Km CI al fAkhet porpt~_sm pl~otopl~vsics and pl~otoclrcmistr~ 

those of previous investigators. These concepts 
may be applicable also to other transItIon-metal 
porphyrms exhibiting low-lying states contaming a 
strong metal contribution They mdy bc particularly 
rclcvant to photodissociation and recor,:bination of 
CO and 02 with heme proteins 

The general conclusions are- (I) lntersysrcm cross- 
ing and rapid relalatron to the lowest “metal” state is 
rdpld. These processes xe fxhtated by mi\ing of 

porphyrm and rnc~l configurdtlons (2) Ligdnds are 
rclcascd by exited staks wih mckel tAte(dzz) char- 

acter. This IS usually observed from the 1 h(L)? and 
‘At,,(L)? excited states. (3) Basic hgands are bound 

by kIted states with 1 Bt, or 3B,,. (dzz, d,z _, 2) 

character Ligands arc p&cd up n;inly from the low- 
lymg 3Bt,state The relative rates dnd yields of each 
process is determined by the particular conlbinatlon 

of porphyrm, solvent. and excitation wavelength. 

We hope our results will prompt further tinie-resolv- 

cd investigdtions on rransitlon-metal porph] rins and 
that the results wll be helpful III understandmg, on a 

molecular level. how nictalloporpliyrins function in a 

number of irnportanr biologIca systems Additional 

studies based on this goal are currently undenvay in 
our laboratory 
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