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A INTRODUCTION

The degradation of energy and materials in a molecular system is one of
the basic questions in chemistry, To describe these molecular phenomena. it
Is necessary 1o investigate the tme-dependent redistribution ol energy
amongst the various degrees ol freedom within a molecule upon excitation
1o an excited slate, and w study the energy exchange and interacuons of the
excited molecule with its surrounding molecular environment(s). It is the
competition between the various pathwavs of energy degradation (internal
conversion, vibratonal relaxation., intersystem crossing, intermolecular en-
ergy transfer or chemical reaction) and structural change which determines
whether light enussion or non-radiative physical and chemical processes are
predominant.

Until the mid to late 1970s. the photochemist was only able to explore
light-induced chemical reactions using standard spectrofluorimetric tech-
nigues, conventional flash photolyses {microsecond (ps) time resolution,
13 * ) and nanosecond (1 ns = 107% ) laser instrumentation. These tech-
niques. however, arc only capable of determining overall rates. The lack of
direct expenmental probes has hindered access to direct knowledge of the
¢lectronic states involved. the rates of intersvstem crossing, internal conver-
ston. energy transfer and chemical reaction. The advent of picosecond (1
ps=10"" ¢} laser instrumentation and technigues has allowed detailed
experimental studies by means of lransient absorption and transient emis-
sion spectroscopy on a time scale (1077210 ' sy appropriate for the
observation of many fundamental chemical and relaxation processes.

In essence, this article will focus on and illustrate the powerlul funclional-
ity of picosecond emission and transient absorption lechniques using mode-
locked high power lasers and Tast detection methods to untavel the primary
events that occur upon photocxeitation of coordination complexes. A de-
termination of the emission spectrum identifies the cmitting electronic
state(s) and affords an estimate of its lifetime. The combination of time-re-
solved luminescence data and time-resolved absorption spectra of the ground
state (ground state bleaching (GSBYH and spectra of all transient excited
states (cxcited state absorption {ESA)) and species may afford a direct
measurement of the rates of formation und decay.

The technique generally emploved in picosccond transient absorption
spectroscopy is the excite-and-probe method. The sample. generally con-
taincd in a 2 mm ccll of good aptical quality (quariz). 15 excited by the luser
pulsc and the events ure probed by a probe pulse of white light (about
400- 750 nm or 4 pulse of fixed frequency) having the same temporal
characteristics as the excitation pulse. It is also common to excite only a
small segment of the sample (excitation pulse beam diameter, about 1-1.5
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mm} followed by the probe pulse of smaller dimensions (less than 1 1.3
mm). There are several different geometrical arrangements for the picoscee-
ond laser double-beam instrumentation. and a variety of detection methods
{Vidicons. photomultiplicr tubes, silicon photodindesi. The description of
these is beyond the scope of this article; the interested reader may consult
the various references noted herein for a particular arrangement.

B. SFECTROSCOPY OF METAIL CARBONYL COMPOUNDS

The availability of picosecond and subpicosecond techniques has made
possible time-resolved studies of reaction dvnamics on the same time scale
as solvent motion. These studies have shown (hat the role of the solvent
cannot be deseribed completely in terms of bulk properties: rather, the
solvating medium can and must be described on a melecular level.

An interesting candidate for such studies 1s the Cr{CO), complex in-
asmuch as {i) it undergoes photodissociation with i high quanmum yield
(¢ =0.7) [1,2]. (i) the absorption spectral maximum of the primary inter-
mediate, Cr{C0);8. is very sensitive 10 the solvent Ligand 8. (iil) matrix
isolation studies and theorctical calculations reveal thut the phologenerated
Cr(CO)y. fragment retains a C,, seometry [3-6]. and (iv) the T(CO);S
photefragment is stuble on the nanosecond time scale. thereby eliminating
possible interference by thermal reactions.

The primary decay of clectromcally excited Cr{C Q) is the photodissocia-
tion of €O to form the Cr{CO); intermediate (eqn. [ 1)), as determined {rom
matrix [3.4] and solution [7-9] photolyses:

Cr{CO), M-Cr(CO): 1 €O (1)

Transient absorption spectra 25 ps after photolysis of Cr{CO),, in cyclohe-
xane and tetrahvdrofuran {THF) show that both the absorption maxima and
the spectral line shape arc dependent on the solvent medium [10]. In
cyclohexane-THF mixtures, the transient absorpton spectra show super-
position of the 1ransient absorption bands observed in the neat solvents.
Only (THFRCH(CO); is observed immediately following phetelysis  of
Cr(Cy, in THF a1t [THF] = 50 M {10]. These observalions indicate the
formation of a solvent coordinated CriCQ), complex (eqn. (2)) correspond-
ing to the transient absorption spectra ltaken 25 ps after photolvsis:

CriCo), i yCr(CO).S (2)

“evelohenane- THE

(S = cyclohexane. THE)

There is no evidence for uncoordinated Cr{CQ). n the solution phase
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Fig. 1. Trunsient ahsorption spectrum of Ce(CO)a(cvelohexaned (--- -1 and CriC°0  (methanol)
[-—~—Y wken 5 ps aller phowlysis of CfCOY, in eyclohexane and methanol respectively

[Trom ref, 113

photolysis of Cr(CQ),. The non-siatistical partition between ( THRYCr{CO),
and {evelohexane)'r(CO), observed in various cyclohexane-THF solvent
nuxtures arises [10] from dilferences in frequency factors resulting from
dipole interactions created during CO photoclimination. The rate of ex-
change of cyclohexane from (cyclohexane})r{CO}, with THF to form
(THF)YCH{CO), 13 bimolecular and entropically controlled. Temperature-de-
pendence studies of CrfCOj, ina 1.0 M THF cyclohexane mixture vield an
enthalpy and entropy of activation of 1+ 1 keal mol™" and 20! 4 eu.
respectively, The Cr(C0) .8 species 1s formed in less than 50 ps in both THF
and cvelohexane solutions [10].

The reom-temperature 30 ps transient absorption spectrum of Cr(CO), in
methanol and cyclchexane has also been recorded (Fig. 1) [11]. Monitoring
the transient absorpuon maximum (460 nm) of the photolysis of C{CO), in
methanol at mtervals of 2 ps reveals a rapid rise for the Cr(CO).(McOH)
complex, remaining constant for up to 150 ps. Matrix photolysis investiga-
tions of Cr(CO), using polarized light (6] support the proposal of Sinon and
Xie [11] that the photogenerated Cr{CO), fragment undergoes isomerization
{square pyramid — trigonal bipyramid — square pyramid interconversion).
that electronic relaxation occurs prior to solvent coordination, and that the
transient absorption rise in methanol reflects both Cr(CO). 1somerization
and solvent coordination. Such an isomerization mechanism would give rise
to a maximum of 67% production of CrCO)S, This agrees well with the
photosubstitution quantum yield [2]. Tt 1s likely that the dissociation dy-
namics for CrCOY, in cyclohexane are rapid when compared with the time
resolution of the experiment. and thus no risetime is observed [11]. A
comparison of the resulls lor Cr{C(, in methanol and cyclohexane suggests
that the risctime observed in methanol corresponds to the time associated
with local solvent reorganization and coordination to the ground state
(ragment.
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A preliminary study [12] of W(CO), in perfluoromethylevelohexane,
cyclohexane, or in a paraffin o] claims the formation of W(C) .S with a
risctime of about 20 ps (Nd: YAG lascr, 355 nm excitation); however. under
the conditions used (laser pulsc width. ca. 30-40 ps [13-15]) transient
formation (ESA at ca. 470 nm) is pulse limited and no solvent dependence
could therelore be delineated. The nature of the transient must be ascertained
by other techniques and subpicosecond spectroscopy might yet unravel the
formation kinctics of these solvatopentacarbonyl species. Also, beeause a
high-power laser was utilized. multiphotonic events must not be discounted
{see later).

Bernstein et al. [16] have emploved photoacoustic calorimetry to de-
termine the heat of reaction for the photoelimination of CO from Cr{CO),,.
Mo(CO), and W(CO}, in ethanol and cvclohexane, Pulsed laser sources (25
ps pulses, 355 nm excitation) and high speed detection systems have per-
mitted photocalonimetric studies of short-lived transient molecules with
microsccond lifetimes.

Assuming that the initial absorbing state s the parent hexacarbonyl
M{CO},. the terminal sate is a “pentacarbonv]l” species of uncertain
structure, and the quantum yield for transformation between the initial and
terminal states (i.c. the primary photodissociation of M{C0O),) is 1.0, The
photodissociation epergies in both ethanol and covelohexane are as follows:
Cr{CO},. AH=37+5 keal mol™ : MCO),. AH=3445 keal mol™";
W(CO),. AH =38 + 3 keal mol ™! |[11ia}}. The near-identical results in the
two solvents suggest negligible solvent effects. Moreover, these enthalpy
data ure in aecord with bond energy estimaies denived from kingue data on
thermal reactions [17].

C. SPECTROSCOPY OF METAL COMPLEXES WITH MONODENTATE LIGANDS
(i) Chrominm 1)

The photochemical behavior of chromum(Ill) complexes can be under-
stood in terms of excited state properties obtiained by spectroscopic and
photophysical measurements. For the most part, such measurements involve
emission quantum yields and emssion lifetimes quantified by temperature,
wavelength, medium and environmental dependences. as well as by sensi-
tization and quenching experiments. Farly endeavors in the study of chro-
minm(I11} phatochemistry estahlished that either fluorescence or phos-
phorescence or both can occur. Generally, the observed fluorescence is
broad. structureless and sigmificantly Stokes shifted to the red. which is
compatible with the quartet Qf (7,,)%(e,)" excited state configuration.
Phosphoerescence is a relatively long-lived. structured. narrow-band emission
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Fig. 2. Potential energy diagram and kinetic scheme for chromiumd [ complexes.

E]

with a small Stokes shift. compatible with the doublet D" (¢3,)7(e,)° excited
state configuration. The tvpe of enussion 158 closely linked to the
guariet- doublet spacing. which is dependent on overall ligand-field strength,
A potential energy diagram and kinetic scheme for chromiwm(11l) is de-
picted in Fig. 2. While the doublet DY state of several chromium(Ill)
complexes has been extensively characterized. far less is known about the
guartet manifold. Kemp [18] and Kirk {19] have reviewed the photochem-
istry and photophysies of chromiumi(11y coordination complexes. Picosec-
ond time resolution should make it possible (0 determine the role of the
excited quartet state, QY. in the photochemistry of these complexes.
Transient ahsorplion spectra ol agueous C'l'(l\'(.'b'}?.'. trans-Cr(NH ),
(NCSy; and trans-Crien),(NCS)T obtained by picosecond laser excitation
[20.21] are identical 1o those obtained by nanosecond kinetic spectroscopy
[22.23]. The risetimes of the transient absorbance in H,O and D,0 are given
in Table 1: they are independent of the probe wavelength and are longer
than the value of less than 10 ps cited earlier [20]. The transicnt is the lowest
doublet excited statc DY [21] on the hasis of the close similarity in decay
times of exclied state absorption and 1he decay time of phosphorescence
intensity in rrans-Cr{NH,).(NCS); at low temperature [24]. The lifetime
would be expected to be dependent on the energy gap between the minima
of the doublet D" and guartet Q] potential energy surfaces if the ESA rise
reflected intersystem crossing (is¢) from the vibratonally-equibibrated quar-
tet staie to the doublet state. Since the risctimes do not vary appreciably
amongst the complexes. any dependence on 10Dg is ruled out. However,
competition between intersysiem crossing (4 ,.) and vibrational relaxation

(BN



93

TABLL 1

Risetimes lor the transient absorhance of some chromivmi1ID complexes ®

Complex Risetime [px}

11,0 D0
CrNCS),) Tox2 1356
rrans-CriNH 1 :(NCSy, %2 -2
rens-Crients (NCSi: 16+ 3 24+2
©Rel 210 e

could occur, wherein the risetime would reflect a combmation of intersystent
crossing from OV to D" and relaxation within the doublet manifold from
the vibrational level isoencrgetic with a Franck-Condon state @ .- produced
in the excited quartet at the laser pulse energy (330 nm). The observed
lifetime need not be dependent on 1024 if intersystem crossing is compara-
hle with or faster than vibrational relaxation. A somewhat similar interpreta-
tion has heen given by Gutierrez and Adamson [23] Tor rrans-Cr(NH ) -
(NCS), . As such, the lifetime r may very well depend on the energy of the
Franck Condon stale in the expeced quartet manifold, Q.

The data in Table 1 expose a small but real isotope effect for the risctimes
of these transient absorptions. The expected increase in 7 (reduction in the
rate constant} is abserved for trans-Crien),(NCS); in D,O. with the oppo-
site seen for rrans-Ct{NH,),(NCS8); and Cr{NCS); . Pyke and Windsor
[21] suggest that the unexpected results may be due 10 a charge dependence
as put forward for trans-Cr{NH,),(NC8); {22.25]. erans-Cr(en) ,(NCSIF-
[25], Cr{NH,},(NCS} * and Cr(NCS); [22].

Rojas and Mugde [26] have measured the time-resolved emission spectra
of trans-Cr{NH ) {NC5}; and rans-CrNCS)Y  in aqueous solution at
ambient temperatures employing the 314 nm line of an argon ien laser with
150 ps pulses and an instrument response time of 440 ps. The time-resolved
emission spectrum of frans-Cr(NH. ¥, (NCS); exhibits a rise in phosphores-
cence at 730 nm and a weak, broad emission in the region 700 800 nm (<l
Fig. 3). Kinetic measurements vield == 35205 ns. assigned 1o phos-
phorescence from the doublet D", while the lifetime of the short-lived
component Is estimaled at less than 100 ps. The DY lifetime is somewhat
shorter than that reported by Kang et al. [27]. but agrees well with extrapo-
luted values obtained from experiments performced at lower temperature
[23.28]. The time-resolved emission spectrum of aqueous Cr{NCS); shows
a phosphorescence risc at 775 nm and a weak. broad emission at 675 820
nm. The slow cmission risetime is 1.65 = 0.1 ns: the nsetime ol the fast
component is less than 100 ps. On the basis of its kinetic and spectral
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Fig. 3 Time-resolved emission spectra of CriNHL - (NCS),  (from ref. 26).

behavior. the latter arises from prompt fluorescence: the slow component is
due to phosphorescence possibly accompanied by thermally activated de-
layed MNuorescence.

Transient absorption spectra of Cr(NCS)}™. trans-CriNH ). (NCS) 7,
and  trans-Crien) ;(NCS)]  have been recorded in dimethylformamide
(DMT). acetone, water, CT1,UN, 1,0 and ethanol. The results have been
analyzed in terms of the rate constants associated with doublet and guartet
cxcited states [29]. The excited state absorplion riscumes for  trans-
CriNH )}, (NCS); and  rrans-Crien),(NCS).  are fastest in hydroxylic
solvents and slowest in non-hydroxylic media; the data are presented in
Tuable 2, The transients are assigned o exciled stale absorplion from the
doublet state D", Hollebone et al. {30] have described a model in which the
photochemistry and iniersysiem crossing compete with vibrational relaxa-
tion and redistribution. The photochemical and photophysical behavior of a
system 1s governed by population and decay on a specific nuclear coordi-
nate. Those solvents capable of hvdrogen bonding to the ligands might
possibly couple to vibrational coordinates which are active in the intersys-
tem crossing process. The solvent dependence shown by rrans-
Cr{en),(NCS)3. trans-Cr{NH.),(NCS), and Cr(NCS}] " is consistent with
the concept that hydrogen bonding is an important influence on the in-
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TABLE 2

Excited state absorption results for chromium{IIT) complexes

E‘.omplcx . Solveni o An::inm]!_'_- Risctime {ps)

jrans-CriiNH ), (NCS); CH.CN s3% 18
DME 531 29
CH,COCH, 530 27
CH,CH . OH 530 %
D.0O S0 B
H.O 510 <6

tram-Crien) . (NCS) 5 CHLON a5k, 456 T
H,0O 530 9

Cr{NCSy, CH.CN 516 5
DMF 520 10
H.O W0 11
63% glveerol-11,0 516 6

® Ref. 29. ® Absorption maxima of (ransienl.

tersysiem crossing rate [29]. However, Turther experimental evidence is
required in order to verify the general applicability of this model to these
systems,

Recently. Rojas et al. [31] employed picosecond laser spectroscopic tech-
nigues 0 examine the ransient spectral features ol rans-Cr{NH ). (NCS) ;.
Cr(NCS)?,_ . Crlacac),, Crien)it, (‘r‘(hp}-‘)':‘ and (_‘r(phen]'l‘ {acac =
acetylacetonate; en = ethylenediamine: bhpy =2 2'-bipyridine: phen = 1,10-
phenanthroline) complexes as a function of cxcitation wavelength (314, 585
and 628 nm}. solvent (H,0, CH,CN, DMF. acetone, methanol and dimethyl
sulphoxide (DMSO), different apparatus and varying procedures. In the
transient spectra {(340-750 nm) of rrans-Cr{NH,).(NCS}), and CrNCSY; .
Instanlaneous (< 1 ps) transient absorption 1s observed from weak photoly-
215 pulses (<1 nlJ} at high repetition rates (82 MHz) 10 moderate energy
pulses {30..200 pJ) a1 moderate repetition rates (10 Hy). Similacly, prompt
absorption occurs in aqueous as in organic media. They found no ¢videnee
of the “slow” risetimes reported earlier. Both complexes in agueous solution
show s prominent induced absorption at 555 nm, weaker signals at 620 nm,
and no measurable transient events at 680 nm. In accordance with previous
reports. the trunsient spectral features after 2-4 py are assigned [31) w
absorption by the lowest doublet state 2", The induced absorption decaying
in 1-3 ps and obscrved only with 628 nm excitation may be associated with
an initially populated guartet cnergy level. not necessarily in a thermally
relaxed state. The absence of light-induced absorption upon 314 nm excita-
tion is taken 10 mean that such excitation intc a higher quartet state {or into
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the lowest quartet manifold with a large excess of vibrational cnergy) gives
rise Lo more cfficient intersystem crossing 1o the doublet state, However, the
obscrved presence of an artifact alfiliated with the solvent blank raises
questions ahout the nature of this induced absorpuion. Further. the strength
of any correlation between this study and prior ones rests with the inability
Lo produce 530 nm excitation us used o previous imvestigations. Several
changes are not expected in excited staie behavior when the excitation
wavelength is changed. at least not for excitation into the same clectronic
state. However, chromium(111) photochenustry muy be an exception [30f.
Rojag et al. [31] suggest another possibility for their results, Transient
absorption from the doublet state P appcars (i) immediately (< | ps) on
excitation dat 314 nm, (i} alter a longer delay (up to 20 px and solvemt
dependent) on 385 nm excitation. and (iii) is accompanied by an additional
short transient due to the guartet state for 628 nm excitation. This hypothe-
sis lends credence to excitation wavelength dependences. However, the
wdentity of the transient absorption for these chromium(lIl} complexes
awaits further clarification.

fii} Rutheniumiil)

Pentaammineruthenium(ll) complexes  with  aromatic  N-heterccyclic
ligands (L), Ru(NH,).L?", (i) allow extensive investigations of inorganic
photochemical reaction mechanisms [32,33]. (ii) serve as building blocks for
binuclcar complexes for which intermolecular electron-transfer kinetics and
mechamisms can be obtained [34.35]. and (1) show sinularnties in their
excited state manilelds o those of polypyridineruthenium{ID) complexes
[36].

The visible absorption spectra of RuiNH ). L** are dominated by intense
meial-to-ligand charge-transfer {MLCT) bands sensitive to the nature of L
and to the solvent [37]. Visible-light cxcitation of Ru(NH;);L** vields
photosubstitution processes characteristic of ligand-lield photochemistry
[32]. Maloul and Ford [33] propose an “excited state tuning” model in which
those complexes with MLCT absorption maxima at 460 nm or below possess
lowest energy exciled stales of ligand-field character, while those complexes
with MLCT absorption maxima above 460 nm have lowest energv excited
states of MLCT character. However, the luck of sufficient spectroscopic and
photephysical data precludes quantitative confirmation of the “excited state
tuning” model.

Winkler et al. 139] have used picosecond transient absorption spec-
troscopy 1o obtain excited state lifetimes and difference spectra, as well as
clectrochemical and spectral data and photoaquation quantum yields under
continucus (CW) and picosecond laser photolysis for [Ru(NH ) L)X, (L=
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TARLE 3

Lifetimes and assignments of transients produced upon picosecond laser excitation

Complex Lifetime {ps) Axsignment
Ru(trpyi™ 250 MLOT
Ru(NH,}:1*"
1. =py = 20" MLCT
4C, Hepy ~ 450 MLCT
80 140
pz 225 MLCT
4.4 -bpy < 36,2307 MLOCT
60" MLCT
44"-bpyH " <3h MICT
peH’ < 30 MLCT
prCH <30 MLCT

* Ref. 39. " Permanent photoproduct also observed. ¢ In CHON solvent.

pyridine {py). pyrazine (pz), 4-phenylpyridine {(4-C,H.py). isonicotinamide
(isn), d-acetvlpyridine (4-acpy), 4.4"-bipyridine {4.4"-bpv): X = PF, ., ClO, ,
CF,S0, ) and Ru{trpy)3' (trpy = 2.2°.2"-terpyridine) in aqueous media. For
each complex, a pulse of about 20 ps at 532 nm (¢xcept for L = py. where
A= 355 nm) results in a trunsient absorption for which lifetimes range
from < 20 to 250 ps; these are listed in Table 3.

The good correlation between the transient spectra of Ru(trpy);' and
Ru(bpy)i* (bpy = 2.2'-bipyridine) suggests an MLCT assignment to the 250
ps transient observed for the trpy complex. MLCT excited states of
Ru(bpy):™ have also been characterized [40] in terms of the ML chromo-
phore with L™ intraligand (IL or LC or LL) transitions providing a distinc-
tive feature. The MLCT state of the RuiNH,),L*' complexes is also
modeled as Ru"™(NH)(L7)?". and the MLCT state should reveal absorp-
tion(s) due to L~. Comparison of ground state absorption spectra ol
protonated L generated by pulse radiclysis with transient difference spectra
of Ru{NH)(L )*" {or Ru{NH;)s(LH)**} lends credence to the assign-
ment of the first transient produced with 532 nm excitation as MLCT states.
Two transients {7 < 36 and 230 ps) are observed [39] for RutNH,), (4,4'-
bpy) "~ (sec Fig. 4). with the process with 7 < 36 ps ascribed ta solvent
relaxation of the Franck-Condon MLCT state, to intersystem crossing
(singlet — triplet), or to a conlormational change in the 4,4’-bpy ligand.
Ligand-field excited states of the Ru(NH,),L"* complexes are not directly
observed, probably hecause they are 100 short lived compared with the
MLCT states. Winkler et al. [39], however, are concerned with the suscepti-
bility of these complexes to multiphoton-induced photochemistry, particu-
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Fig. 4. Comparison of difference spectra of Ru(NH.) (4,4 -bpy)¢" in water after CW

photoexcitation above 5K} nm (top) and alter 532 nm pulsed laser exeitation (bottom) laken

at a delay ime of 11.5 ns (from ref. 39).

Tarly lor those complexes exhibiting wavelength-dependent photolytic behay-
ior.

(iii) RhodiumiIil)

Luminescence lifetimes of the rhodium(11]) ammine complexes RhL(X?"
(I.=NH;. NDy: X=Cl Br} in fluid media at ambient temperature have
been determined by nanosecond pulsed laser technigues [41]. A combination
of these measurements and quantum yield measurements affords calculation
of first-order rate constants for the major deactivation pathways from the
lurminescent bgand-field (LE) excited state triplet, [LF excitation of com-
plexes of the type Rh(NH,}.X** generaliy leads to labilization of coordi-
nated hgands, with quantum vields dependent on the nature of the ligand
labilized. on the reaction medium and on the balance of the [irst coordina-
tion sphere. Wavelength dependence and sensitization  studies on
Rh(NH,}X** show that LF cxcitation is followed by efficient internal
caonversion (&, = 1} or intersystem crossing (.= 1) t0 a common set ol
states responsible for the bulk of the photoreaction [42). These states are
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thought to be the lowest encrgy LE triplet excited states and those states in
thermal equilibrium with the lowest energy excited states [41.43].

The effects arising from shight changes in the coordination sphere of
RI(NH,),Br*' and Rh{NH,),Br; have been probed at ambient lempera-
ture in 107" M HCIO,(4q) using subnanosecond laser spectroscopic meth-
ods (200 ps pulses. 438 nm excitation) [44]. Using egn. (2a)

k] = (I?l//T {za)
and
‘;":_k:/(kNH;_‘_k.‘( +kr+knl') (Zb]

where ¢, is the quantum yicld for an excited state process i, and & Kx-.
and &, arc the cxcited state rate constants for agquation of NH, aquation
of X7, radiative deactivation and non-radiative deactivation respectively,
and 7 is the luminescence lifetime, values of &, . &y, and k&, can be
estimated for Rh(NH,) Br?” and cis- and #rans-Rh(NH,),Br; . Results
show that the introduction of an additional Br~ into the coordination sphere
accelerates Br™ labilization from the excited state regardless ol the stereo-
chemical position relative to the leaving Br~ group. The excited state
substitution reaction is stereomobile, proceeding via a limiting dissociative
mechanism [43]. The rate of NH; photolabilization (&, ) for cofs-
Rh(NH,)Br; is larger than that for Rh(NH,)Br*'; this is attributed to
greater stabilization of the ligand labilization pathway transition state by
Br™ an the coordination sphere, relauve to NHy in the same site [44].
Utilizang the exciled state bond index model ol Vanguickenborne and
Ceulemans [46], which assumes a dissociative mechanism. Ford and co-
workers [44] propose that the lowest LF excited state of Rh(NH,)Br**
should labilize the NH, trans to Br™, that of cis-Rh{(NH,),Bry should
labilize an NH; trans to Br™ or a Br™ about equally, and that of trans-
Rh(NH,},Bry should labilize Br-.

The same nanosecond laser system was employed to determing lumings-
cence lifetimes of several thodium(111) haloammine complexes: the data are
collected in Table 4 [47]. Under the experimental conditions used. two
emission compenents were distinguished. One is the slow emission (1, > 1
ns) which is assigned te LF phosphorescence: the other is a faster decay
centered at shorter wavelengths and shows no detectable temperature depen-
dence. The observation that the fraction of total emission associated with
the fast decay increases at shorter wavelengths, while the fraction of total
emission associated with the slow decay component increases at longer
wavelengths, implies that the fast component arises {rom a lugher energy
state or group of states. Thus the fast emission component is thought to be
fluorescence from imitially populated singlet 1.F excited states [47].
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TABLE 4

Luminescence lifetimes of some rhodinm(TT) compleses in dilute HCUO, {298 K) °
E"-ump].cx . T ps) TR (NS}
Rh(NM,),Br®’ 220 13.0+0.4 -
troes-RUNH 0 Bl o 1.5+ 0.1
cis-Rh(NEL 3, Bry 60 1001
trans-Rh(NH,),Cl Rl LE+0L3
Lis-Rh(NH 3,015 7 13403
Imns—Rh(NH3)4(H30)Br:' 100 1.7 1L
cis-Rh(NH 33 (H OB 30 1606
trans-Rh(NH ), (H,0)C13* 100 22108
cis-RIONH 43 (H 01 60 2406

* Ref. 47,

{iv) Cobalt{1H1)

The complexes Cof{NH,),CI*~, ¢is- and trans-Co(en},Cly . trans-
Co(en),(NO,)5 . and ¢is-Cofen),(NCSYC1* have been examined with 355
nin pulsed-laser excitalion {mode-locked Nd: Y AG) [13), Transient absorp-
tion was only observed for the dinitro and isothiocyanato complexes; in the
latter case, a transient forms and decays in 40 ps or less (pulse limited) in
favor ol a lower energy band at about 6053 nin. For the dinitro complex, the
preliminary transicnt is not well defined but there s again a longer-lived
transient with 7= 150 + 30 ps. The visible transient absorptions were as-
signed {13] 1o a transition from the lowest ligand-field triplet (_"ng in O,
microsymmetry) 1o a ligand-hased acceptor «* orbital.

D. SPECTROSCOPY OF METAL COMPLEXES WITH BIDENTATE LIGANDS
i) Chromium(i !}

In efforts to understand the role of excited states, Linck et al. [48] have
investigated several chromium(IIl) complexes containing ethylenediamine
{en) and 1.3-propanediamine {tn) ligands by picosecond laser speclroscopy
with a mode-locked argon ion laser {150 ps pulses), an excitation wavelength
ol 514.5 nm. an instrument response time of 12.2 ns. and iterative decon-
volutions. The strutegy involved directly measunng excited state lifetimes for
complexes of slightly varying structure in order to test the correlation
between a lifetime-controlling process and the relevant energy barrier to
hack intersystem crossing (see & in Fig. 2). A change in molecular

bise
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TABLE S

Photochemical data Tor chromium{IIl complexes with en and tn ligands

Complex Tins) " Emission 1 'E
A g (I} em~ 'y

A rrans-Crient {NCS); 4400+ 300 T30 19.78
B rrans-Critn) (NCS)S L& =100 725 19.63
C o rrunsCrivana by 1280 - 100 Broad 19.03
D rans-Crien) (NCSF™ 325 + 3 T3 19.44
E  cis-Critn) (NCSHH, 0" 30 0+ 6 69 19.24
© rrans-Criemy {FHLO0 RRIE 770 1898
cis-Crien) ,{NCS)HH 00~ 0 - 4 703 16,40
trams-Crien) (NCSH 00 12 - 4 705 19.30
erans-Critn) , (NCS)H.0) 0 + 2 699 19.15
b eisCritnd (1,017 35= 05 67% 18.80
K rruns-Critnd; (H,0)3 30- 03 672 18.67
L .*.*‘an.t-Cr(T\'H-_.L.[T\JCS](I-IEO}2 ' 25= 05 694 18,98
M es-Crien}(H.0);7 24 04 680 18.96
N Cr(H,007 18+ 03 : 15,53
O eis-Critn) (CI(H, 01"~ 13+ 02 685 18.10
P trans-Criem), (NCS)Br! 19- 0.3 -~ 18.20

4 Ref. 48, P In agueous solution at ambient temperature. © The difference between ground
state angd the caleulated encrgy of the lowest lving gquartet state an ground state internuclear
distances.

structure affords a lifetime change of three orders of magnitude, as indicated
mn Table 5. Also, (1) for the rans-dilsothiocyanato complexes A and B, the tn
complex has a slightly smaller lifetime than the en complex, whereas similar
liferimes are ohserved for the cis- and trans-thiocyanatoaquo complexes F.
G, H and 13 (1) the rrany complexes have shorter lifetimes than comparable
cis complexes; (i) a shorter lifetime 15 ohserved for the monodentate amine
complex [. than for complexes H and 1 containing the bidentate en and tn
lisands. Further, a slight trend of increasing decompaosition rate 15 evident as
the ligands vary from en to tm to NH,. In efforts to discern whether
chemical reaction or back intersystemn crossing dictates the doublet state
lifetime, the authors [48] correlated the caleulated encrgy of the first spin-al-
lowed transition {cl. Table 5. E) with the lifetime data. [n the energy region
(18 8-19.8) x 10% em °, larger values in the cnergy difference lead to smaller
rate constants for doublct excited state rclaxation. It appears that back
intersystem crossing is the predominant decay process for the doublet state
of these complexes. and that this model may account for the wends in
lifetime data as well as for the trends in the lifetime-energy relationship
(48].
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(it} Rhodium(iil)

Studies similar 1o those of RBNH;.Br=* and «is- and  rrans-
Rh{NH ,},Br, [44] have been carried out for Rh{tn), X and Riftn) . (LyX""
(X = (1, Br: L= H,0, OH) in dilute agueous solution at 298 K. Ligand-field
excitation of ¢is- and frens-RO(tn) - XT  in acidic agueous media leads 1o
halide photoaquation with quantum vields of 0.080 1 rans-Rh(tm (11 ),
0.055 (rrans-Rh{in), Br ), 0.56 (eis-Rh(1n) 20130 and 0.64 (cis-Rh{tn). Bry
mol einstein ' [49]. No amine photoaguation occurs for any of the tn
complexes. The phosphorescence liletunes (4358 nm excitation, 200 ps pulses)
are as follows (in 1077 M HCIQ, at 298 K): for trans-Rhjtn) L1014 £01
ns; for efs-Rh(inyCli, 0.9 £ 0.1 ns: for rrans-Rhim),Br; . 0.67 £ 007 ns;
and for ers-Rhitn),Bry . 0.30 £ 0.05 ns. For Rh(N11,3,X; complexes. an
analysis of the luminescence decay profiles of Rh{tn), X, reveals 1wo
emission components: a short-lived component {7 < 100 ps) and a longer-
lived component (nanasecond time scale) [49].

Ligand-field excitation of cix- and rrans-Rhien), X! (X =C1 Bn in
acidic solution at 295 K leads to halide photoaquation  yielding
Rhien).{H 01X " ‘. Phosphorescence lifetimes in 10~ ' M HCIO,(aq) at 298
K arc as follows: for rrans-Rhien),Cl3, 2.2 + 0.4 ns: for cis-Rh{en) (15,
2.5+ 04 ns: for rans-Rien),Bra 0 2.2+ 0.2 as: and for ¢is-Rhten),Bry .
2.5 £ 0.2 ns. The emission decay curves are described by a single-exponen-
tial function convoluted with the excitation (unction. By analogy with
Rh{NH,),X; and Rhitn), X! complexes, the emission is assigned to phos-
phorescence fron the lowest energy LF excited state triplet [50).

{iii} Nickel(il)

Preliminary studies [S1] show that the planar dibromo-1.2-{diphenylphos-
phinoethane)nickel(1I) complex, Ni(dpe}Br., in CHCN 15 slightly dissoci-
ated (egn. (3)):

Ni(dpe)Br, = Ni{dpe)Br(8)  + Br(S)” (3)

where K < 10 ® mol dm *? and (§) denotes solvation by CH,CN. An ionic
transient species 15 observed within the 30 ns risetime ol the laser pulse
during flash photolysis. The transient decays with a time constant of 12- 35
ps and varics with the Ni(dpe)Br, concentration. The same species (s formed
[52} in both CH ,CN and CIL,Cl, upon 530 am excitation with 10 ps pulses
from an Nd: glass mode-locked laser (Fig. 3). This species is likely to be a
tetrahedrally distorted excited state of Niidpe)Br,. masmuch as the dif-
ference spectra lie in the region characteristic of tetrahedral complexes.
Moveover, previous analyses of mickeliIl) complexes using angular overlap
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spectrum in CH Cl, with a 30 ns laser pulse (from ref. 52).

models [53] and spectroscopic studies [54] support a tetrahedral structure
and a triplet spin state for the transient.

In CH,Cl,. (ransicut absorption appears promptly and decays with
T=25 ns at 294 K. This trunsient probably decays via triplet » singlet
intersystem crossing with £ =4 x 107 s7'. In CH,CN. the transient absorp-
tion decays with r=09 ns into a longer-lived specics. which decays in
microsecond time and confirms the observations of Campbell [S51]. The
lifetime of (.9 ns reflects the formation of the ionic species Ni{dpe)Br{S)”
{see eqn. {3)} via nucleophilic solvent attack on the triplet excited state,
formed upon picosecond excitation (egns. (4) and (5)):

Ni{dpe}Br, - ;Ni{dpe)Br {4)
Ni{dpe)Br¥ + S — Ni{dpe)(Br}(S) " + Br($) (5)
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Picosccond examination of Ni{mnt]ﬁ and Pimnty:  complexes in
CHLCN, where mnt is maleonitriledithiolate {$,CL{CN)3 7. with delay times
between 20 ps and 10 ns, shows that the mitially populated state rapidly
partitions between a low lving singlet and triplet state [15]. The singlet decay
time for the platinum species is 5 ns compared with about 50 ps lor the
nickel analog. Added water quenches the tniplet state from 7= 10 ns to

=3 ns.

{ivy Polypyridine complexes

Polypyridine complexes of chromium, jron, ruthenium. osmivim. rhodium
and indwm have been the subjects of extensive photochemical investiga-
tions. Those of chromium(1Il} and rutheniumill} have been utilized for
studies in photochemical encrgy storage as their lowest energy excited states
are relatively Jong hved and thus capable of exploring a variety of electron
transfer reactions.

{aj Vanadium(ll}

Shah and Maverick [53] have examined vanadium(l1) pelypyridine com-
plexes in an effort 1o combine the lunctions of sensitizer and multielectron
redox agent in a single molecule. thus eliminating the necessity of additional
homogeneous or heterogeneous catalyvsts 1o achieve significant quantum
victds for energy storage (see for exampie ref. 56} In particular. Vibpy)3i’
and V(phen):' were investigated by picosecond fash photolysis methods
(35 ps pulses at 355 and/or 5332 nm), as well as by microsecond and
nanosecond technigues. No signals attribuiable 10 vanadiun(ID) species are
seen in nanosecond time. Picosecond transient difference spectra of Vibpy)s
and V(phen);™ in ethanol (332 nm excitation) show GSB from 550 to 690
nm and a broad BESA bund above 700 nm {Fig. 6). Additionally. transient
absorption is observed at 490-550 nm for Viphen)i™ upon 355 nm excita-
tion. Excited state lifetimes (or V(phen);* and V(bpyii' are 18+0.1 ns
and 0.5 1 0.1 ns respectively.

Assuming octahedral mucrosymmetry for both complexes, Kong and
Herzog [57] have assigned the lowest energy spin-allowed o-¢ transition to
the ‘4. —*7, transition at about 650 nm: a strong contribution from
MLCT transitions s acknowledged owing 1w the high intensity of these
bands. The lowest energy clectronic absorption bands in V[bpy)i*’ and
Viphen)i™ occur at 660 nm and 640 nm respectively [55]. Both d-4 and
MLCT transitions are thought o contribute 10 these absorplions, und the
resulting excited states do not mix extensively. Thus the lowest energy
excited states are thought to be either an “£/°T doublet or an MLCT
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quartet stute. The exeited state lifetime s smaller for the bpy complex than
for the phen complex, analogous to findings 1w chromium{ILl) species [58].

(b)) Chrontiuny 1)

A perpetual controversy in the photochemistry and photophysics of
chromiom{I{I} compiexes encompasses the specific role(s) plaved by the
excited quartet and excited doublet slates 1 defining the photochemical
behavior. The case of chromium{}I} polypyridyl complexes provides an
excellent case study whereby mechanistic details of energy redistribution,
dissipation and rclaxation evolve as more and more duta become available
from various techniques to unravel the role(s) of excited states in the
photochemical and photophysical behavior of these complexes. That the
behavier can be complicated is seen on considering the variety and multi-
tude of states involved in these chromium{I11} complexes (cf. Fig. 7).

4

AT {excitation. 1)
T (non-radiative decay, *k )
- E {intersystem crossing. *&,, }
an HO . S .
Tn-— sphotoaguation (reactive decay, ’!‘Im)
T SCE AL i {emission decay. 2k, )
TN SCE v, { non-radiative decay. 4., )
, R UL G R s
ety (ground state quenching, &, )
rr BIQ 1L
A TE S quenching (qumdm}g modss. A*)
1 L, ALY . s : . N
A= Cr(NN YL (H L0 (reactive decay. "k, )
(_‘F(NNjg(l{E(}}E ’ —[_}:Tsifi {decay of infermediate)
('.‘r(NN}-;{Hl{)};* -—}:i#C'r(NN)j(HQO)i "L NNHT {lahilization of intermediale)
CHNNYL(H,0Y ' = CHNNR{OH) " +H* {teprotonation of intermediate)
e f ) . . + . L. . .
CriNN),{OH) -—M-{—>C1'{I‘~~[N)2((JH,';i + NN (tabilizalion of deprotonated

intermediate}

Scheme 1

For Cr(bpy)i~. a photochemical model has evolved [59.60] to account for
the experimental results obtained; this model is depicted in Scheme 1. The
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vibrationally relaxed lowest doublet excited states (*7T./*E) are populated
by nearly quantitative intersystem crossing from the short-lived '7, state
with buck intersystem crossing not being an important decay mode for the
le/’ *E stales [61]. The photoaquation of Cr{bpy):~ in alkaline aqucous
media has been attributed to direct reaction trom the "7, /"E states, and
constitutes the quenchable part of the photoreaction. The ungnenchable
component of the photoreaction is believed to originate from the *7, quartet
state. Normalized data for (i) the quantum yield of reaction for the *T% state.
(i) the quantum yield of rcaction for the °7,/°F state. and (iii) the
phosphorescence vield for Cribpy)3® reveal identical hehavior as a function
of wavelength of excitation [62]. Assuming Scheme 1 to be operative, the
phosphorescence quantum vield and the reaction quantum vield of the
quenchable component {i.e. from the doublet excited state) 15 expected o
decrease at some appropriate wavelength corresponding 1o the potential
surface of the quartet manifold crossing the potential surface of the T,/ E
( D"y states (cf. Fig. 2). Further. no wavelength dependence for a slight
mmerease with increasing wavelength) is cxpected for the reaction quantum
vield of the unquenchable component originating from the *T, (0)) statc.
Serpone [62] has proposed that the wavelength dependence observed lor the
unquenchable compenent can be rationalized in terms of the unquenchable
photoreaction originating from an unrclaxed level of the *7% manifold.
Femperature dependence studics of the reaction quantum yield of the
unguenchable component yields *AH, =~ 10 keal mol 7 and *AS_ =13 cu.
[61]. Direct probing of the *7, state of chromium{ill) polvpyridyls was
clearly imperative.

Population and Raman scattering of the “E and T, excited states of
Cr(hpy)3' have been probed by Koningstein and coworkers [63}: an aque-
ous solution of the complex wus exposed to radiation at 457.9 nm from a
tunible pulsed (3.2 ns pulses) nitrogen laser and a4 CW fixed-wavelength
laser. ‘I'he lifetime of (*7)Cribpy)}” was said 1o be about 10 ps from
considerations of saturation effects, presumably observed for the *E state
(CW laser) and for the *7; state (pulsed laser). [t should be pointed out that
under pulsed flash phatolysis excitation a sccondary transient forms in
aqueous media with a lifetime of several milliseconds, in addition to the *E
state [64]. The formation of this secondary transient appears to have been
overlooked. or its significance neglected [63]). The facile formation and
relatively slow decay ol the secondary transient preclude the possibility of
saturating the “E state under steady state conditions by CW illumination. A
re-examination of the time-resolved resonance Raman spectra of excited
Cr(bpy);' at pH 0 by Woodruff et al. [65]. under conditions where forma-
tion of the secondary transient is neglipible. shows that no illumination
conditions can be achicved that might result in appreciable *7, population
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Fig. & Time evolutien of the emission grow-in originating from 0, states of Cr(4,7-
Me.pheny; ™ in CHLONZHCliagy (3% vov) (lrom rel. 663,

with nancsecond excitation (7 ns pulse; Nd: YAG third harmonic irradia-
tion, 354.7 nm). The pulsed excited spectra show saturation of the °£ state.
In the saturation abserption measurements carried out by Koningstein and
coworkers |63], which purport to demonstrate CW saturation of the 2E siate.,
the observed positive transmission change {1.e. negative absorbance chunge)
more probably arises from secondary transient formation; this may be the
major steady state species produced under the conditions emploved [65]. The
earlier “4T2" time-resolved resonance Raman result [63] is more apt to be
that for the (*F)Cr{bpy)}~ excited state species [65).

Luminescence spectroscopy (Nd : YAG laser: 355 nm excitation; about 30
ps full width at half-maximum (FWHM) excitation pulses) of Cribpy)i*
and Cri4.7-Me, phen):™ (4.7-Me, phen = 4.7-dsmethyvl-1.10-phenanthroline)
in 1 M HCl{ay) reveals a slow grow-in of the luminescence from the °7, /°E
state (7, = 10-20 ns) (Fig. 8) [66]. Transient absorption spectroscopy also
showed a rapid increase in absorption in the 40116000 nm region within the
integrated laser pulse { = 30 psh. followed hy 4 slower absorption risc to 12
ns [66]. The fast rise was attributed to the formation of the lowest quartet
state. *7.. and the slower rise to formation of “# after populating the upper
high energy states. The observations led 1o &, =1 x 10* 57" (see Scheme 1
and Fig, 2) and a lifetime of 10+4 ny lor the Jowest *7. manifold ol
('1'(4.?-3\1¢1phen_);§' using the Castelli and Forster model [67).

Kirk et al. [68] bave questioned the results of Serpone ct al. [66] with
regard to the lack of cbservable fluorescence from the *T. state, the possible
presence of artifacts {c.g. filter emission. Raman effects), and the emission
“concaves upward”. Emploving the same laser system. Kirk et al. [68] also
examined the transient absorptions of Cribpy)1* in 0.05 M HCIO, and of
Criphem);™ in 0.003 M HCL. For both complexes. the transient absorbance
rises with the integrated laser pulse. implying a risetme of 30 ps or less.
ATter this rise, the absorbance remained constant out to 400 ps (bpy) and to
100 ps {phen). No reasons were given for not probing at longer delay times
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[68]. They concluded thai the exciied state absorption rise of 3 ps or less
results from formaton of the {:E)Cr{,\'N');’ species (NN = polypyridine).
Nevertheless. 1t appears that the slow rise s not due to artifacts [69].
Subsequently. Serpone and Hoffman [09] put forward a maodel to account
Tor the slow emisston rise in Cr(4.7-Me.phen)i’ [66] inasmuch as the
Castelli-Forster model was inappropriate since the (7 staie in Fig. 2 is not
populated. In the model. the mnital population of an vpper excited siate
within the excited quarict manifolds was thought to relax down the vibra-
tional ladder in a few hundred picoseconds w attain an intermediate
geometry. The relaxation process might be relatively slow becuuse of dis-
placement of solvent meolecules and anions within the second coordination
sphere as the complex proceeds along the distoruon coordnate {cf. Fig. 2.
However. this moedel was later revised (sec below) as more data became
avalable.

Rojas and Magde [70] and coworkers [31] also questioned the results and
wnierpretations proposed by Scrponc et al. [66] for chromium(IT1) polypyri-
dvl complexes. They did agree, however, that the transieat absorption seen
by Serpone et al. [66] may well be that of the doublet swte. and that the
excited quartet LF state could have a transient absorpuon sumlars to that of
the doublet such that one state might evolve into the other with little
observable change. Employing low-power time-correlated photon-counting
methods (340 nm exaitatson. 5-19 ps pulses). these authors [70] produced
the complete phosphorescence rise and decay of Cribpyv)™ and Criphen)y”
in agueous media (pH 4 and 1 M HCI. For both complexes. full emission
infensily is achicved within << 1 ns, Deconvolution of the data indicated
that phosphorescence from Cri{NN11~ appears in ks than 100 ps. No
many-nanosecond phosphorescence rischime was observed. 1 was acknowl-
edged that perhaps transient absorption methods are not capable of dis-
tinguishing the doublet state from precursor states, and that the doublet and
its phosphorescence “grow in” over teas of picoseconds. There were fow
differences in cxperimental conditions beiween the work of Rojas and
Magde [70] and Serpone et al. [66]. except perhaps the extreme difference in
peak laser excitation power, which could account for the discrepant results
between the two groups. Serpone et al. [66] emploved 10'7 photons incident
on samples having 2 X 10" absorbers: Rojas and Magde [70] used pulses
with less than 10" photons. Thus the potential for multiphotonic events
cxisted In the former work., but was not expected [66] without sirmilar
experiments with “softer” lasers,

A complete fransient cmission survey of several chromium(IH) polypyii-
dyl complexes by Serpone and Hoffman [71] followed. it revealed that 355
nm excitation {(about 30 ps FWHM pulses) resuits in a fast emussion
component below 650 am, winch decays wn about 50 p» (Figs. 9 and 10).
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This is observed [71] for Cr(NN)}' where NN = hpy. 4.4 -dimethyl-2.2"-bi-
pyridine {4.4°-Me.hpy), 4.4 -diphenyl-2.2"-bipyridine (4.4"-Ph.bpy). phen.
S-chloro-1,10-phenanthroline  (5-Clphen), 3-bromo-1.10-phenanthroline {5-
Brphen), 3-methyl-1.10-phenanthroline (5-Mephen). 4.7-Me.phen, 5.6-di-
methyl-1,10-phenanthroline (5.6-Mc,phen), 4.7-diphenvl-1,1{-phenanthro-
line (4.7-Ph.phen) and 3.4.7 8-tetramethvl-110-phenanthroline (3.4.7 8-
Me,phen). For all complexes, except where NN = 5-Phphen. 4.47-Ph.bpy
and Critrpy);*, a slow emission rise is observed at 665 nm and above.
Under similar experimental conditions. several luminescent systems exhihited
neither slow “grow-in™ of luminescence nor u fast emission component:
these systems  include  Ru(bpy);™-H.O. trans-CiiNH ),(NCS); -H.0.
trans-Cr(en) {NCS); -H, 0, Crien) . FT-H,0. Cien)}"-H.O, cosineY
H,O. biacetvl-methanol and biacetyl-heptane. The Feibpyi; ' —-H.O system
shows a biphasic emission decay, with a fast component {7=02 ns) and a
weak slower component (T = 5 ns). Furthermore, for the Cr(5.6-Me,phen) {*
system in the presence of sufficient lodide 1on, [T to quench about 9% of
the *T, /= F emission. the slow rise in luminescence is completely quenched
while the Tast emission component is slightly guenched. Also, 332 nm
excitation of Cr{5.6-Me,phen)?’ (1 x 10 ¢ M) affords neither fast emission
nor slow emission grow-in [71].

With the tvpe of laser system utilized, and considering the constraints
placed by weakly luminescent (¢, < 107} complexes and absorbance
change values {3 A4) of 0.10-0.20 for excited stite absorption. Serpone and
Hoffman [71] have acknowledged the presence of multiphotonic effects in
their carlier work [66]. Nonetheless, they did observe [71] the photophysics
of chromium{I1T) complexes other than CrtNN}, ' not different from those
of Rojas et al. [26,31.70]. Thus. for 353 nm laser excitation of Cr(NN);*,
instrumental artilacts were clearly not responsible for the excited state
behavior observed.

The luminescence features observed for Cr{4.7-Me,phen)}’ [66] and
those of other chromium(I1l} polvpyridyls, particularly of Cr{5.6-
Me,phen)i” [71] (Figs. 8 10}, arc better deseribed by a model thal involves
two intermediates A and B that are precursors to the formation of =7, /°F
stales {intermediate C). Indeed, the slow emission grow-in observed for
many of the Cr{NN)3* species examined could be fitted to the model for
two consecutive first-order reactions [72] (eqns. {6} and (7)):

AfLB AL (6)

P LA R e £) o

where &, and &, are the lirst-order rate constants, v =[C]/[A ] # =&,
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Jdelay times [rom 355 nm laser excination of Cr(S.ﬁ-Me:phen}'_f " (from ref, 71

k' =ky/k,, and a=e¢ ¥ - [A]/]A,]. In plots of ¥ vs. (I — a) {from eqn. (6}
for Cr(5.6-Me,phen)i™, a best fit is obtained for &' = 0.05 with &, = 2 x 10°
s 'and k,=1x10% s . Intermediate A in egn. (6) is identified with a
transicnt whose 7= 0.5 ns, and intermediate B with a transient whose 7 =10
ns: B is the other precursor to the *T, /£ state (intermediate C in eqn. (6)).
The intermediate species A and B have been identified 171] with the '1.C and
*LC coordinated ligand intraligand states respectively, A transient D with a
decay time of about 3) ps is correlated with the lowest energy unrelaxed
metal-centered *7, state. Thus in the last model proposed. it appeats that
the events occurring in Cr{NN)3* complexes under the specificd experimen-
tal conditions are caused by sequential, two monophotonic processes,
whereby a discrete ground state species absorbs a photon, relaxes 1o a state
with a lifetime of the same magnitude as the Jaser pulse duration. and
subsequently absorbs an additional photon. A parutioning of energy from
the "CTTS manifold(s) occurs between the upper quartet metal-centered
(MC) states and the uppermost LC singlet states. The MC states cascade to
the *T, manifold while the LC states relax to the Jowest 'LC and *LC states.
Transient absorption spectra (Fig. 11) and the refated kinetics (Fig. 12)
support the conclusions from transient emission. The *7, and *£ doublet
siates are thought to be populated primarily from the ligand-centered states
(see Fig. 13) owing to the congruence of r values of transient luminescence
at 460 nm with those obtained from the fit to the slow “grow-in” of the
T, /*E luminescence; intersystemn crossing occurs from *LC 1o *MC. Popu-
lution of the 7T]/?E manifold via the *T, state does not appear significant,
though undoubtedly 1t occurs, relative to other pathways. Evidently the
importance of low lying LC states in these complexes cannot be ignored [71].
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Also, the results reported by Serpone and Hoffman {71] and Rojas and
Magde [70] are not inconsistent with each other. though thev differ.

ACTTS

"_—é——i _—;— gt 4

tha Mo

:.-:msj"'
Fig. 13. Encrgy leve! diagram showing the relaxation pathways for the photophysical events
arising from multiphoton excitation of CrNN)3*® complexcs. The lifetimes shown are for
Cr(5.6-Me,phen)’ ~. From refl. 71,

{c) Fronf 1), ruthenium(II}, osmium(Il}

Sutin and coworkers [73] have carried out an extensive study of the
photophysics of iron(II}, ruthenium(Il) and osmium(ll) polypyridine com-
plexes, M(NN);* or M(trpy);'. using a mode-locked Nd:glass laser.
Quenching of the excited states of Ru{NN);* and Os(NN)3" species by
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Fig. 14. Ground siate hleaching of Fetphen)i® at five differem delay times after exciation
with 527 am light (from rel. 73y,

ground state M(NN}3*. and quenching of Feibpy);™ and Fe{trpy)i™ by
Fe**{uq) ions have also been examined. Excitation of aqueous Fe(NNji-
and Fe{trpy)3* at ambient temperature with about 6 ps pulses of 527 nm
light, results in bleaching of ground state absorption. [ollowed by an
exponential restoration of the ground state absorption (Fig. 14). Os(N_\J);’*
complexes in aqueous media al 298 K were examined with a frequency-
doubled Nd: YAG laser with 5 or § ns pulscs of 530 nm light. The spectral
properties and lifetimes for M(NN):* and M(urpy):~ complexes are sum-
marized in Table 6. In contrast with the 70 ps state found for Fe(phen);* by
Street et al. [74]. Sutin proposcs that the nanosecond state s formed
guantitatively in < 10 ps for all Fe(NN)3' and Fe(trpy}?' complexes. The
lifetime data in Table 6 show that the iron(11) complexes do not parallel the
trends observed lor the ruthenium(11y and osmium{il) complexes. This is
consistent with a charge transfer (CT) excited state assignment for the
osmium(11} and ruthenium(11) species, and an LF state (°T, or °Ty) for the
iron(I1) complexes. The relatively short ligand-insensitive lifetimes of the
iron(I1} complexes suggest perhaps that the radiationless decay of these
complexes is different from that in osmium(Il} and ruthenium(1]) species,
and that this difference may originate in substuntially distorted excited stale
geametry for the iron{11y complexes. This tovestigation [74] and that of Kirk
ct al. [20] are in disagreement with that of Phillips et al. {76] who deduced a
33 ns lifetime for excited state Fe(bpy);* by measuring photocurrents at an
Sn0O, clectrode with 459-5314 nm excitanon for the photooxidation of
Fe(bpy):' by Fe'' (aq). While the cxcilation wavelength ranges (459514
nm for the electrochemical work vs. 530 nm for the laser) do not overlap, it
is expected that the excited state obtained with 439-514 nm excitation
would rapidiv convert to the state achieved upon 530 nm excitation. One
suspects that the observed photocurrents [76] are probably due to species
adsorbed onto SnQ, or due to some interfacial artifact.



TABLE 6

Spectral properties and lifetimes of M{NN)}* and M(trpv)3* (M = Fe. Ru, (s} complexes
at 298 K °

Ligand Fe Ru Os
T {ns) Emission  + (ns) Emission 7 {ns) Emussion
m H,0 max. in H,0  max. in H,O max,
{nm) (nm} (mm})
irpy 2544013 - <5 628 - 750
- _ =120 - - -
bpy 0814007 - 600 613, 1941 715
627
083+007° - - 19+2" -
4.4’-Me,bpy 0T76+004 - 330 g 735
4.4"-Ph hpy - - : 52+43¢ -
phen QB +007 - 924 - B4 TH)
0.71+005 - - - -
5,6-Me, phen : - 1810 - 63 OS5
5-Mephen - - 1330 - 69 00
5-Clphen - : 940 605, 78 700
625
4,7-Th ,phen - - - - 00120° -
47-(8Q,Ph,phen)? 0434003 - 3860 - - -

* Ref. 73, unless otherwise noted. ¥ From R.C. Young, LK. Nagle. T.J. Meyer and D.G.
Whitten, J. Am. Chem. Soc., 100 {1978) 4773, © Ref. 20. * From C.-T. Lin and N. Sutin, J.
Phys. Chem.. 80 {1976) 97. ¢ In ethanoi at 298 K. ' Ref. 75.

The excited state spectrum of Fe(hpy]_ﬂ;_+ {agqueous solution al ambient
temperature) is featureless above ca. 300 nm; no absorption maxima are
observed in the 270 510 nm region. though intense absorption is observed
below 300 nm [73]. This contrasts with (he excited state spectra of Ru(bpy);”
and Os(bpy)3 " . for which maxima arc observed at ca. 360 nm and 430 nm
for the ruthenium(Il) complex and ca. 360 nm and 460 nm for the asmium{1
complex [73,77). The spectral features of *Ru(bpy);' and *Os(bpy)3’
correlate with the LC transitions of a (7,7 %) MLCT excited state,
Further, these spectra are similar and reminiscent ol that of the 2.2%bipyri-
dvl radical anion [78]. The features of the exciled state spectrum of Fe(bpy);'
suggest that * Fe(bpy); ™ does not possess the bipyridyl anion chromophore,
and thus the excited state observed is not MLCT in nature. The nanosccond
excited state attained upon 530 nm excitation [73] is an LF state. either °T,
(15 (e)") or °T. {{£3,)* e,)?). with an energy of about 0.9 eV above the
ground state. An excited state reduction potential of *£7, = +0.1 V for the
Fe(bpy)}' /*Fe(bpy)i* couple follows from using an excitation energy of
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0.9 eV or more and an Fetbpy)}’ /Fetbpy);’ reduction potential of 1.05 V.

Evidence for the photoinduced oxidation of Fe{bpy):® in a non-agueous
alummun chloride-ethylpyndinium hromide melt has been cited by Chum
et al. [75). Upon irradiation with Tow Intensity visible light (A = 400 nm),
most of the iron{ IIy-diinune complexes investigated are converted to iron{ 1D
species. The ethylpyndinium cation. Etpy . is thought to be the electron
accepting  species. The similarities observed  between  this system and
Ru(bpy):”~ and the obscrvation [79] that *Ru(bpy}i® is quenched by
parg-substiuted  altkylpyndinium ions suggest that Fipy™ quenches the
MLCT excited state in Fe(bpy}: .

The quenching mechanism of *Feibpy):™ is not well undersiood. 1t is
likely that the excited state *Fe(bpy)i' undergoes photooxidation very
slowly 1n water at 298 K [73], and that in the presence of large concentra-
fions of highly reaciive electron acceptor species (e.g. 3.2 M ethyilpyridinium
bromide) [75], pholoinduced oxidation may oceur more readily. A compari-
son of the iron(ID), ruthenium(II) and osmium(Il} polypvridine complexes
shows that the excited states of Fe{NN}3* arc much less reactive than those
of the Ru{NN)3' and Os(NN)3~ complexes because of their lower excita-
tion energy and their electron configuration which afford a higher kinetic
harrier to electron transfer.

Two distinet relaxation rates are observed upon 527 nm excitation (6 ps
FWIIM pulses) of Fe(phen)2t in an ethanol-methanol (4: 1 v/v) mixture
at low temperatures (14 and 81 K) [80]. At higher temperatures (140, 200
and 295 K), single-cxponential decays are secn; the data are collected in
Table 7. The former observation would seemingly imply the presence of two
{or more) kinetically important excited states. The longer-lived excited states
are likely to possess hgand-field character (“1.F. *LF) since the initially
populated excited state is a '"MLCT state while the excited state present

TABLE 7

Excited state decay rates for Fe:{ph&n)%+ in ethanal methanol (4:1 v /v) mixlures 4t vanous
temperatures *

T(K) AN s Y 7, (ps) AL(0% 7Y ™, {ns)
14° 1743 5804200 1.7204 60513
B1P 3043 340 + 130 27-04 3705

140 ¢ 2.7-04 37+05

200 ¢ 34403 29102

295 © 74x07 1402

* Ref. 80. " Decays fil to a double exponential: AA{r) = A (1 - Bl M+ Be )
 Diecays Bt to a single cxponential: AA() = 4, ™
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13 ps after excitation has a molar absorptivity < 900 M~ 'cm ! at 456 am.
Fe(phen); © is expected to show strong absorption in the visible region
inasmuch as the MLCT excited states of Ru(bpy)3® and Ostbpy}l® do
show stromg visible absorption [73]. Further, at room temperature the
exciied state *Fe{bpy)l® decays with a lifetime of less than [ ns (Table 6), a
complex for which an LF excited state assighment was made.

Because of the different nature of the excied states, ESA and crcular
dichrotsm {CDy} spectra of (A)-Fe(bpy):' wmay differ from those of (A)-
Ruibpy); . which exhibits a small CD [&1] in the bpy 7= * transition at 370
min, consistent with 4 single-ligand localized model for the transferred
electron in rhe excited state. A large CD is observed in the 77 ransitions
of the excited (A)-Fe(bpy):® species in waler. Additionally, ESA assigned
to ligand 77 * is observed 1 the 280-305 nm region. The excited state €D
spectrumn is red shifted and somewhat diminished in intensity rclative to the
ground state CD spectrum. A comparison of ground and excited state
spectra reveals a red shift and diminished intensity of the 77 * ransitions
for the excited staie species 1 both absorption and CT) specira. A red shift
in the w7 * absorption is cnvisioned since there ure no observable visible CT
states (o mnteract with the 77 staies, thereby affording a higher energy
shift. Both the 7, and *7, states may play a vital role in the excited state
kinetics and spectroscopy. A strong CD in the red-shifted oo™ transitions is
nol unexpected i that the hgand-ficld nature of the metastable excited
state(s) should not suppress exciton coupling among the three @7 * transi-
tions mn the bpy ligands. The exciied state absorption and CD spectra of
Fe(bpy):™ in water are compatiblc with 2 ¢d—d excited state portrait.

A mcthod has been developed [82] to determine the guantum vields of
non-lumingscent excited states and photoproducis with subnanosecond life-
times utilizing picosecond absorption spectroscopy (6 ps FWHM pulses, 527
nm excitation). Since optically thick samples ( 4 > 0.05) are used to obtain
significant change-in-absorbance { AA4) values, the intensity of the photocxei-
tation pulse will vary as it propagates through the sample. as will the
absorbance of the sample. Thus it becomes neccessary io calculale the
percentage excitation of a given sample as a {uaciion of the incident
excitation flux.

The quanium vield {9) of the lowest energy LF cxciled state ol Fe{phen); ™
has been determined to ascertain whether the higher-cnergy states ('"MLCT
and "T,) populate the 5Tz state with unil efficicncy or whether they decay to
ihe ground state. The technique affords ¢ — 1.00 = 0.05. a value compatible
with that reported for Fe{bpv):' (¢ =163 0.3) uvsing nanosecond laser
spectroscopy [713]

Figure 15 depicts a kinetic model for Fe(NN)3" as it has evolved. To
summarize, the strang visible ahsorption hands represent MLCT transitions.
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Fig. 13, Kinetic scheme for MLCT stute population of lower energy LY states in ironfII)
polypyridine complexes: the *LF is the *7- state and the "LF siate is °T}. From ref. §2,

The MLCT states are rather short lived (1 <10 ps). and thus only the
subsequently populated LF states (1), *1,) are observed. It is assumed that
the imtially formed MLCT states exclusively populate the *7, state. though
one cannot exclude the possibility that the MLCT states directly populate
the °T, state. However, the "*ML.CT and T, states do not directly populate
the 'A, ground state [R2].

Picosecond Ramun spectroscopy (30, 80 and 150 ps pulses) studies of
Ru(bpy);™ in water and in glycerol at 295 K have becn carricd out to
ascerlain whether, upon photoinduced metal-to-ligand charge transfer, the
clectron is initially localized on a single bpy ligand or delocalized over the
three-bpy ligand svstem [83]. Whereas mn room temperature media it 1s
suggested |84-87] that localization is complete in a nanosccond or picosce-
ond umeframe, e¢vidence [rom solid stale and low teinperature glass investi-
gations suggests an initially delocalized electron evolving toward a localized
configuration [R8-9(01),

The picosecond Raman spectrum of Ru(bpy}3™ in warter at 295 K {Fig,
16) corresponds to that of the excited state wherein the electron 1s localized
on a single bpy ligand with charge localization complete in less than 30 ps.
In glycerol al 295 K, however, the intensily of the Raman bands associated
with localized MLCT siates is diminished relative to that in water for a 150
ps excitation pulse. The band intensities [urther decrease i ghyeerol for a 30
ps pulse. implying some dynamic dependence of the excited state bands in
glycerol, as this effect is not observed in water. Chang €1 al. [83] atiribute
these observations o an itially detocalized electron. Electron trapping
follows as solvation transpires, giving rise Lo a localized electron configura-
naon.
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Fig. 16. Picosecond resonance Raman spectrum of Rulbpy)3™ in water: the letters [, G and
S denote the Raman bands for the excited state of Ruthpy)i®, the gsround state of
Ru(b];)_\,')fq;+ . and the solvent respectively (from rel, 83).

{d) Fron(Iil), ospivm(Til}

The ligand-to-metal charge transfor (LMCT) excited states of iron{11h
and esmium({ITT} polypyridine complexes arc expected to be very short lived
since detectable luminescence is not ohserved at ambient temperatures. it is
plausible that low energy LF states may be responsible for the short
Lifetimes of the iron(I11) complexes; however, the LE states in the osmium(IIT)
complexes would appear too high in cnergy to be populated in the LMCT
transition. Picosccond absorption spectroscopy (6 ps pulscs, 527 nm excita-
tion) has been emploved to determune the LMCT excited state lifetimes of
Fephen);®. Fe(bpy)3™. Oxs(phen)3* and Ostbpy)i™ as a function of iso-
topic composition as well as temperature [91].

The increases in A4 in the 420 460 nm region of Fe(phen)}* and
Os(phen);™ following 327 nm excitation are consistent with an LMCT
cxcited state assignment. The lifetimes are colleeted in Table § along with
pertinent data for the corresponding iron{11) and osmium(Il) complexes. It
should be noled that for Fefphen);™ and Os{phen);* (+=2-9 ps) at 295 K.
the temporally symmetric A4 signals observed indicate that the lifetimes of
the initially populated LMCT states are shorter than the photolysis pulse of
6 ps (scc Fig. 17). Thus the lifetime of 2. 9 ps representls excited states
observable during but not subscquent to excitation, and they are not
unobservable excited states (7 < 2 ps) [91]-

There is no evidence for long-lived LF states in I'e(phen}3* . as found |80)
for Fe(phen)3 . This is attributed [91] to the relative encrgies of LF and CT
states in the iron([I} and iron(11T} complexes, The rapid deactivation of the
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TABLE 8§

Charge-transfer excited state lifetimes of won{[11} and osmium(IT1) pelypyridine complexes *

Complex Lifetime (ps) Temperature {K)
Fe{phen)3~ 2-gh 295
14+3°% %0
12+3°F 10
Fetphen)s ' <10°¢ 295
<10 14
Os(phen)}” 2—9hb 295
20530 20
19427 10
Os(bpydy” 6244 3
6449 5
Os(bpy-d,)3* 120+10°¢ 10
Os(phen)3" 122 ps’ 4
Os(hpy)2* 1054004 ps © 10
108 us'! 432
Ostbpy-iy);* 25402 ps® 10

" Ref. 91. " 1o ¢ M H,80,-H,0. ° Ref. 80. % [n $ M D.SO, -H,O. * Tn ¢ M D,50, -D,0.
" From 3. Lacky, B.). Pankuch and G. A, Crosby, J. Phvs, Chem., 84 {1980)) 2068.
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Fig. 17. Change in absorbance vs. probe pulse arrival tme relative w the excitation pulse
monitored at 460 nin [F-'c(phen)'_i‘ ) and at 470 nm {Os{phen)’ ' ). The FWHM is 11 ps. From
ref, 91,
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initially populated MLCT (Fe(phen)l’ and LMCT (TFe(phen);’ excited
states 1s provided by low lying LF cxcited states. The absence of anv low
lying excited states in Qs(NN):™ is compatible with the relatively long
hifetimes of these excited state complexes. The dominant reason for the short
lifetimes of (LMCTIOs(NN)3 ™ is reported [91] 1o he the smaller energy gaps
presenl in these complexes compared with those in the corresponding
osmium{ I} complex. 1t appears that the observed nmud-frequency (1300 1600
em ') skeletal stretching vibrations (C-C. C=Nj of the polypyridine ligands
are wvery important in the active moedes of non-radiative decay of
(CTOs(NN); ™+ complexes [91].

(e} Rhodiwm(IT1)

The risetimes of the luminescence (350-630 ng) from c/s-[RhX.(bpv), X
(X = C, Br) have been measured in solution at room temperature and 77 K.
Fmission decay times in solution at room temperature (and 77 K) are 11.6
ps (452 ps) for [RhCl(bpy),|C1T and 24 us (26,5 and 3.6 ps) for
[RhBr.(bpy},}Br. 1t was later realized that the risctimes were actually the
time constuntys of the detection system used. and not the intrinsic risetimes
[92]. Timeg-resolved (10 ns pulses, 306 nm excitation) lransient absorption
spectra of cis-[RhCl,(bpy}.]Cl and «is-[RhBr,{bpy),]Br (Fig. 18) in air-
equilibrated ethanol-methanol (4:1 v,v) solution at room temperature
reveal transients with lifetimes of 84 ns and 54 ns respectively: in de-
oxyvgenated solutions, the lifetimes are significantly longer. The transient
spectra are assigned (93] to T, — 7, transitions (sce Fig. 19). ESA spectra
obtained via cxcitation of [RhX,ibpy),]X with a 306 nm subpicosecond

93¢

CRUARTE

FRtE

Shi

Wk JTHGETE et

Iig. 1%, Picasecond time-resolved absorption spectra of {RhBry(hpy);1Be after 1 ps (solid
curve) and 17 ps (broken curve) on excitation with subpicosecond pulses at 306 nm (from ref.
93y,
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Fig. 19. Energy level diagram for [RhX .{bpy),]X (lrom ref. 93).

pulse carrespond to the T, — T, absorpiion spectra abserved by nanosecond
spectroscopy. The risetime for the transient absorbance change is equal to
about 2.4 ps for X = CI and about 1.3 ps for X = Br.

For [RhX,;(bpy),]X complexes, excitauon in the 306-347.2 nm region is
to an LC '(#7*) configuration, while the phosphorescent state (the lowest
triplet state) is of localized *(dd) configurationn. Hence, the relaxation
processes from the initially populated '(##*} state and emission involve
changes in orbital parentage (internal conversion (ic)) and spin multiplicity
(is¢). The *cffective” relaxation rate to the phosphorescent '(dd) state is
estimated at about 4 X 10" s77 for X =Cl and about 8 x 10*" 57! for
X = Br. Relaxation probably occurs from ‘{oo*) w0 '(dd) via internal
conversion and intcrsystem crossing 1o *{dd). Thus the “effective” relaxa-
tion rates correspond to the rates of Ndd) — '(dd) intersystem vrossing.

(1 Iridium(i1)

Picosecond time-resolved absorption specira (0.5 ps pulses, 306 nm exci-
tation) of eis-|IrCl.{phen),|* in ethanol-methanol (4:1 v/v) at 2, 7. 12, 54
and 75 ps after the excitation pulse {Fig. 20) have been used to dctermine
the formation time of the lowest triplet excited state. T2 7 =26 + 10 ps in
good agreement with the decay time of the species “P” (see below), The
speetrum obtained by nanosccond spectroscopy arises {93] from T} » T,
absorption inasmuch as the 7, iifetime of this complex is 60 ns at 292 K in
degassed solution, and equal to the phosphorescence lifetime. The corre-
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Tig. 20 Picosecond  time-resolved  absarption spectry of - eis-ErCLa(plieny;  in an
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curve 2, at 7 ops; curve 30 al 54 ps:ocurve 40wl 75 ps (from rell 93),

spondence between the decay time of specics P and the risetime of T,
implies that “P™ is a precursor of T,

Ohashi and Kobayashi have determined the 7, » 7, absorption spectra
[94] and time constants Tor the formation of the lowest triplet state. 7, [95]
for ¢is-(IrCla{pheni, JCl in DMF.-H.0 (95% v /v and 45% v/v) mixtures
and 1n pure H,O asing a nitrogen laser and & mode-locked ruby laser (20 ps
pulses. 347.2 nm excitation), The thne constanl [or inlersyslem crossing
S = T, (8 is the lowest excited singlet state) ix 37 ps in DMF-H,O (45%
v/v)and 26 ps in DMF-H,0 (95% v/v), and 1s interpreted in terms of a
change in the character of the T, state along with a change in solvent
polarity. Hence. in an ethanol-methanol (411 v/v) medium, a time constant
of 26 ps for 7, formation is i accord with this notion. and is attributed to
intersystem crossing from 8 to 77 with the species P assigned to 5, [93].
The lowest excited singlet state S, corresponds (0 a % * state, and Lhe
lowest (dw*) and (@ *) states lie Just below 8, in water. as determined
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Fig. 21, knergy level diagram for IeClL(pheny] (from ref. 93).

from ground statc absorption spectroscopy. Thus the 5 — T, process in-
volves either Yda*y =" (da*) or "(do*) =~ {me*) In DMF H.O (95%
v/v) Ty s a T(dw*) state: but with an increase in solvent polarity, the
"tdw*) state shifts to higher energy and mixes with *(#7 *). In this solvent
system, the S| slate is situated hetween (do =) and *(#7*) and shifts 1o a
higher encrgy with increasing selvent polanty (Fig. 21).

fe) Copper(i}

Copperi 1y polypyridine complexes possess low lying MLCT excited states
|96.97]. Phatoinduced electron transfer occurs from Cu(2,9-Me,phen); (2.9-
Me.phen = 2,9-dimethyl-1. 10-phenanthroline) to vanous cobalt(Il) com-
plexes in solurion [98), Furthermore, Cu(2.9-Mc.phem) is lumincscent
{1~ %4 nsin CH,CL. at ambient temperature) in weak donor solvents [99],
though a prior study (1004 reporis the complex to be non-emssive in
methanol. The complex docs luminesce in the solid state [101]. though
apparently not in acetone, CH.ON or H.O i which the luminescence
efficieney 13 estimated [99] to be very small,

Emission guenching of copper(l) species in the presence of Lewis bases
fe.g. CHLON, McOH) is thought [102] te occur via exaiplex formation (i.c.
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Fig. 22, Time-resolved absorbance difference spectra of Cu{2,9-Me;phen)l n CH.CN at
20°C. From top o bottom. the delay times are 47 ps, 347 ps. 1.01 ns, 1.68 ns and 8.35 ns
following the excitation pulse. From ref. 105

excited state complex formation). Moreover. related copper(1l) complexes
are pentacocordmate [L03,104]. consistent with an asscaative guenching
process in which the coordination number of the copper center increases
from four to five since the mctal center is formally divalent in the CT
excited state (square planar).

Picosecond excited state absorption und temperature dependence studies
have heen carried out [105] for Cu(2.9-Me,phen); and Cu(2.9-Me,-4,7-
Ph.phen)s (2,9-Me,-4,7-Ph, phen = 2 9-dimethyvi-4.7-diphenyl-1.10-phenan-
throline) in various Lewis bases (CH ,CN, acetone, p-dioxane) to elucidate
[urther the cxcited stale behavior of ts ype of complex. ESA spectra (3
ps pulses, 355 nm excitation} of *Cu(2.9-Me.phen)s and *Cu(2.9-Me.-4.7-
Ph.phen); in CIL.Cl, reveal maxima at 570 nm and 610 nm respectively.
The time-resolved absorbance ditference spectruim exhubits GSB at < 320
nm for the 2 9-Me,-4.7-Ph; phen complex. For the analogous 2.9-Me. phen
complex the spectrum is similar in both C11,C1. and CHCN. though in
CH N the absorbance difference spectrum (Fig. 22) decays with a time
comstant of 2.0+ 0.3 ns; its emission lifetime is 35 ns in CH.Cl,. The
spectra are characteristic of their respective ligand radical anions, and thus a
CT excited state assignment 1s plausible for Cu(2.9-Me,phen). in CH,CN
(=202 0.3 ny at 293 K) [105].

A kinctic study (luminescence lifetime methody of the quenching of
*Cu(2,9-Me,phen); in C1T,CN, acctone and p-dioxane in CH,C1, solution
shows that guenching implies the formation of an exciplex. *Cu--- Q.
followed by deactivation (egns. (8)—(10}):

*Cu(CT) - Culky = 1/7,) (8)

*CLI+Q;*(‘l1"'Q (9)
A

il

*Cu - QALCu+Q (10)
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Hoewever, no accumulation of the exciplex *Cu - - - Q iy ubserved experimen-
tally probably owing 1o extremely last radintionless decay processes involv-
ing the exciplex. Temperature dependence studies give AN 7 = —12 k)
mel™ AS = =150 ) mol™! K7 jacetoner und AH = =2 k) mol T,
ASY = 110 J mol™ ' K™' (CHCN). The very negative AS ™ values
explain the observed decrease in &, values with increasing temperature. The
exciplex *Cu - - is thought to be a species in which the guencher Q
(Lewis base) acts ax a fifth donor for the copper conter (egn. (11)) [105],
Taking this view, there should be no barrier to exciplex formation: however.
an activation requirement can develop from some other process such as
desolvation and suructural reorganization.

E. SPECTROSCOPY OF BINUCLEAR METAL COMPLEXES

An interesting chapter in the study of binuclear complexes concerns the
pairing of two &% transition metal jons in molecules having metal -metal
bonds in their ground states. Specifically. it is of interest to ascertain and
identify the excited state(s) reached upon picosecond laser excitation, the
geomelry. and the lifetime of (his {these) excited state(s).

Molecular orbital (MO} theory predicts that. for a d*-d*M. X" complex
of Dy, symmetry. eight o clectrons rom the two metal 1ons M four
metal metal bonding orbitals yiclding 2 ¢°='8- ground state configuration
and a guadruple bond. The theory correctly predicts a diamagnetic ground
state and an eclipsed (2,,) ligand conformation. Addituonally. MO theory
predicts a dipole- and spin-allowed 67 —'{§8) excitation present in ab-
sorpuion spectra. Several groups 1106 113] have abserved visible ahsorption
bands (300--700 nm) assigned 10 the 'A,, — "4, wransition. The bands are
polurized parallel 1o the M M bond. while at low temperatures they resolve
into vibrational progressions in the M- M siretching mode. Such progres-
sions suggest an increase i the M-M distance as a consequence of there
being no 8 bond in the '(88%) excited state. A staggered conformation for
the "(85* ) excited state is thought [112.114] to be more stablc as a result of
the M M separation with ne accompanying steric hindrances. Hay [114] has
done ab inilio calculations (valence bond (VB) theoryv) of the eleetronic
structure of Re,C137 . In the VB theory. the 'd,, ground slate has one
clectron in cach o . orbutal. At a slightly higher energy. the 4, excited
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state has one electron in cach o , orbital. but now triplet paired and
corresponding to the 88*) excited state predicied by MO theory. Two
jonic singlet excited states arise from antisymmetric ('4.,) and svmmetric
('4,,) combinations with both & , electrons on one metal center. A large
4., =4 s, BLETEY Bup Is predicted [113] by VB theory. and calculated [114]
for Re,Cl;™. The only spin- and dipole-allowed transition here is the
1z113—-"43". corresponding to a metal-to-metal charge-transfer (MMCT)
transition that correlates with the 87 —1(88*) trunsition from MO theory,

The lowest energy absorption band in the clectronic spectra of M, X~
complexes has been assigned to the ]-"I-_é._ 21 A, (MMCOT) transition, though
Mathisen ct al. [116] and Stromberg [117] have guestioned this assignment.
However, there is indecision as to the assignment of the luminescence band
maximizing just to the red of the '4,, "4, absorption band. For Mo,Cl{
Re,Cly  and Re,Cli™ . mirror-image absorption and emission spectra do not
prevail [112.118]. and their apparent band origins do not overlap [108]. In
contrast. mirror-image absorption and emission spectra have been obtained
for Mo, X, (PR}, complexes (X = Cl. Br. I; R = alkvly [112.119.120].

In an elfort 1o delineate the lack of mirror-image absorption and emission
spectra in M, X7 -type complexes, Winkler et al. [121] have investigated the
transient absorption spectra of Mo-Cl37. Re,Cl; ", MoCl (CH,CN), and
Mo,Cl1,(PBu,),. Fraser and Peacock [118] suggest thal the luminescence
from K [Mo,Cl,] in u pressed KO dise at about 10 K involves states with
substantial Mo—Cl bonding or antibonding character. i.e. the 'E, or 'A,,
stale. The picosecond transient absorption kinetic study [121] of Mo.CI3™.
Re, (137, MoCl(CIHL,CN), and Mo-Cl,{PBu;}, reveals the following.
Re,C1Z  in CH,CN features an absorption maximum at 682 am (8 >
1{886*y and a broad emission centered around 780 nm [112]. The observed
transient absorption maximum (390 nm decays with the same lifetime us
the luminescence (140 ns) [122]. Thus the luminescence arises [rom the
"(8&*) excited state in which (he complex has a staggered [, geometry,
and the transient absorpdon at 390 am s an LMCT transition. Picosecond
laser excitation al 650 nm shows a long-lived cxcited state formed in less
than 20 ps. Assuming that previous assignments are correct, this transient
arises from the '(88*) excited statc. and rotation about the Re—Re axis that
affords this state occurs within 20 ps.

Mo.Cl{  in CHLCN features a broad absorption maximum around 515
nm, and an emission maximum bluc-shilied beyond observation [122]
However, upon picosecond luser excitation an excited state forms within 20
ps with a lifetime of 205 ps [121]. 1f indeed these '[85 excited states prefer
a staggered scomelry. then the eclipsed-to-staggered conformational change
is accomplished within 20 ps of cxcitation.

in Mo,C1,(CH;CN),, the absorption maximum s observed at 600 nm in

2u
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CH,CN. One (§8*) MMCT excited state is formed in less than 20 ps. as
observed by transient absorption spectroscopy (Fig. 23). This supgests that
Re,Clg . Mo,Cli™ and Mo,Cl(CH,CN),; ail demonstrate only staggered,
and not eclipsed, 188*%) excited states. A Kinetic investigasion of the
transient difference spectra of Mo,Cl,(CH,CN}, recorded 50 ps and 5 ns
aler excitation shows two transient species with lifetimes of 440 ps and 46
ps. The first transient exhibits a strong abxorption at A < 370 nm. with
€ > 7000 M7 em ™!, and probably arises from LMCT transitions of the
(88"} excited state. The long-lived (46 ps) transient species is thought [122]
to be a structurally distorted derivative of MoyCl (CH.CNY, on the basis of
structural and spectral consistencies.

The Mo.Ci,(PBu;), complex has been investigated in CH,Cl; and
CHLCN [12i}. In CH.Cl,. the luminescence decay time is 30 0.4 ns.
Transient difference spectra, however, reveal two transient decay times, 9 ns
and Y0 ns (Fig 24). The 9 ns transient corresponds 1o the eclipsed '(88%)
excited state in so far as the luminescence specirum of the complex is the
mirror image of the 8° —'(88*) absorption profile. and the luminescence
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Flg 24, Ground and excited slate specira of Mo, C1iPBu. 3, in CH.CL. (tep) and CHLON
(botiomi éfrom ref. 121

hfetime 15 9 ns. A reliable assignment of the exciled state corresponding o
the long-lived (90 ns) transicnt species 15 clusive at present. though the
Y8+ state. the *(78*) excited state and a distorted chemical inlermediate
must all be considered. Transient difference spectra of Mo,C1,(PBu,}, in
CH,Cl, have been recorded at 230 ps and 115 ns after 532 am laser
excitation. The 230 ps spectrum, associated with the '(88%) siute. shows an
absorption maximum at 440 nm as well s absorption in the near-UV region
¢ A < 400 nm). The near-L'V ahsorption probably ariscs from €T transitions;
the absorption at 440 nm is ascribed to CT transitions involving phosphine
ligands or a metal-localized excitation. '4,,(88%) » 'E (d7*). In the 11.5
ns spectrum, where the '(88%) excited state is now 70% relaned, there
appears absorption at ca. 390 nm. This absoirption. anot observed in the
(88 *) spectrum. suggests the presence of a different transient species whose
identity could not be established in CH (1, owing w overlupping absorp-
tions. In CH,CN, Mo,Cl(PBu,}, cxhibits a lumincscence decay time of
4.4 + 0.3 as: three relaxation processes (7 = 1, 4 and 115 ns) are obtained by
transieni absorption kinetics at 580 nm [121]. Transient difference spectra
for the complex o CH.ON (Fig. 253 suggest thiat the 1 ns decay of the first
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transient to the second (ransient correlutes with '(86*) nuclear relaxation
while spectra, ab iitio calculations and steric requirements argue for a
distorted intermediate species to be associated with the long-lived (115 ns)
transient. A conclusive assignment of the latier trunsient musl await further
study. What is interesting, though, is that this transicnt does not luminesee
upon 532 nm laser excitation, in contrast with the long-lived transient
species produced in CHLC1, [121].

Investigations of the ¢*—4" binuclear complexes, analogous to those of
the d*-d* complexes. in terms of MO and VB theories have shown that the
lowest energy singlet and triplet excited stules of the o" " complexes
possess a {(do*po) clectronie configuration [123-127]. This conliguration
evolves to 4 5, excited states i tetragonal (local Ly, symimetry) complexes
such as Rh.(TMBY;* (TMB = 2.5-dimethyl-2,5-diisocyanohexane) and to
B, cxcited states in “A-frame™-1ype complexes (local €, symmetry) such
as [U{p-pzXCOD)], (pz = pyrazolyl, COD = 1.5-cyclooctadiene), Com-
plexes such as these ure attractive to study as they are known to lumincsce,
1o underge photochemical electron ransfer. and 1o serve as powerful one-
electron reduciants.
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Transient difference spectra sad kinetic experiments have been performed
on Rh,(TMB}3* in CH,CN and on [Ir{ p-pz)iCOB)Y|, in cyclohexane and
1.2-dichloroethane (DCE) utilizing picosecond transient absorption spoc-
troscopy in order to clucidate the role(s) of the 4., and '“B, excited states
respectivelv [128]. Studies on Rh,(TMB); ' [129] show a lifetime of 30 ns
for the °4,, excited state and a fluorescence quantum yield of 4.6 x 10 -~
Difference spectra obtained upon picosecond luser excilation yield v =820
+ 20 ps for the '4., exciled state [128]. Thus the ', state relaxes to the
34,, state. The assignment of a do*po electronic configuration to the 'A-,
and “4,, excited states is validated by the dramatically variant difference
spectra of the '4,, and ‘4., states. and by the absence of an intense
triplet—triplet absorption band in the 446 nm region. As such. the 440 nm
hand of the 'A,, state is assigned t0 a do* — po transition [128].

In CHONL [Ir{ ji-pzCOM)], has an emission quantum yield of 8 X 107 *
and a *B, excited state lifetime of 250 ns, while the ', cxcited state has an
emission quantum yicld of 1 107¢ and s shorter lived [126]. A 20 25 ps
laser response time appears to be too long to measure the ‘B, —'B,
relaxation process. and no change in transient absorption difference spectra
(360-500 nm region) is observed for [Ir{ u-pz)(COD)], in cyclohexane from
0 ps 1o 11.5 ns after photaexcitation. A lifetime of 2 ps for the 'B, excited
state is expected if similar radiative rates for the 4, statc of Ru(TMB);*
and the 'B, state are assumed [126].

With regard to quenching mechanisms for the '8, and *B, excited states
of [1r u-pz) COD)].. it is known [130] that the complex undergoes a photo-
induced two-electron reduction in DCE (egn. {12)):

[Ir{ -p2)(COD)] 520 [1r{C1){ p-pz}(COD)] ; + €, H, (12)
The *B, luminescence is 40% quenched, and that of the 'B. state is 30%
quenched relative to their luminescence vields in cyclohexane. Absorption
difference spectra of [Ir(g-p2}CODY], in DCE at =0 ps und =115 ns
afrer 532 nm ps excitation reveal insignificant differences between the two
spectra, with no 'B; state photochemical reaction products observed during
the first 11 ns [128]. Further. relative viclds of the *B. excited state of this
complex (532 nm excitation) were identical, within experimental error, for
both the reactive solvent {DCE) and the non-reactive solvent {cyclohexane).
I'rom this, one concludes that (i) there is no significant oxidative addition
photochemistry emerging from the 'B, state. (i) the quantum yield of the
B, state is near unity, and (iii) the reduced fluorescence yield in DCE is
likely to he due to a slightly more tapid inlersystem crossing {'B, — 'B,) in
DCE than in cyclohexane. Winkler et al. [128] suggest that this result may
arise from a weak Lewis acid—base pairing of the iridium complex and DCE.
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TABLE 9

Quantum yields and lifetimes of the eacited states of [IH w-pr. WCORPPhLiO(CH Y, RY]; in
CH,CN "

R " " s T
- NIC.H. ), 0.0015 0.034 90 1.25

H 0.0023 0.025 1o 1.1
—py Zax1pTF <107 " L5t .
-4-Ph-py 107" <10 F 10" -

* Ref. 131" A, = 436 nm, referenced 10 &, = 0.06 for * Ru(bpy)i ™. ¥ Estimated from ‘¢,

Transient absorpuion and lununescence decay methods have yielded ex-
cited state lifetimes of [[r{p-p2" WCOHPPh-(OICH,).RY], (p7’ = 3.5-
dimethylpyrazolyl; R is *N(C,H.y.. H, py, 4-Ph-py) species. When sub-
stituent R is a poor electron acceptor (such as H or "N{C,H.},. the
iridium{[) complex luminesces from both the singlet ('B) and triplet (*8)
da*pe excited states. The emission quantumn vyields and lifetimes are given
in Table 9 |131]. The transient difference spectra {Fig. 26) of the singlet and
triplet excited states are very similar. with a strong ESA maximurm at 390
nm and GSB maximizing at 460 nm. Additonal inlormation was obtained
by comparing the dilference spectra of the complexes where R = py and
R = 4-Ph—py with the spectra of the electrochemically generated species
([ p-pz )} COXPPh,); and of the N-alkyl-d-Ph-py’ radical. The authors
[131] suggest that electron transfer in the complex with R = 4-Ph—py occurs
on a time scale comparable with or shorter than the duration of the laser
pulsc { < 30 ps). The complex transient species with R — py is thought to be
a charge-separated specics: lhe meusured rale constanls (7.7 x 10° and
1.9 x 10" & !y correspond to the electron—hole recombination rates in the
complexes with R =py and R = 4-Ph -py respectively. The therma! back
electron transfer reactions are abhout two orders of magnitude slower than
the photo-induced electron transfers. The relative rates of the charge-sep-
aration and recombination processes in these reactions reflect the interplay
among driving force, reorganization energy and donor-acceptor separation
[131].

Intramolecular electron transfer in some binuclear complexes has been
investigated in complexes of the type [(NC). Fe'-CN-Co'(chel)], where
chel = N-benzylethyvlenediamimetniacetulo (NBETA) and  N-hydroxvethyl-
ethylenediaminetriacetato (HEDTA)Y. by Rentzepis and coworkers §132§
using picosecond absorption spectroscopy. The reduction of Fe{CN); by
Co(EDTA)? proceeds [133,134] via the mechanism outlined in Scheme 2.
The Fe"{CN1Y} complex also reacts with Col'{HHEDTA) and ColYNBETA)
at pH 6 to give [(NC),Fe'"-CN Co'"(HEDTA)] and [(NC).Fe''-CN-
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Co"(NBETA)] respectively [135]. Previous attempts [136} to measure the
inner-sphere  rate of electron transfer, k,. of [(NC)Fe"-CN-Co'"l
{chelate)j-type complexes were incffectual using conventional stopped-flow
and temperature-jump techniques.

) It B}
Fe®ion:l v coBlEDTAI? =1~ (nepFeT-coN-Co igzTA)
Lo Ky louter  sphered L {inner sprecet
I
FeTiinig + Co™ ‘rpTal iNCI, Fe™ CN- Ca™ LEDTAY®T

Scheme 2

Picosecond laser (6 ps pulses) photoexcitation with 530 nm light excites
the lTls *—'Alg (1‘28)5{63]1 — [!‘28)6) transition in [Co(chel)]” or
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(NC)sFe ON Co'Michel)])*: relaxation back to the ground state occurs
in less than é ps. lo contrast. reversible transient bleaching is evident for
[(NC) Fe"-CN-Co'(chel)]* ™ and persists for more than 300 ps. The
bleaching recovery process is accompanied by a fast ( < 10 ps) rise in the 420
nm transicnt absorption; this absorption decayvs exponentially with a hali-life
of ca. 150 ps. The kinetic results obtained n this study are identical, within
experimental error. for chel = HEDTA and NBETA. Transient absorption
difference spectra (A, — 532 om: 25 ps FWHM pulses) of
(NC)Fe . ON- Co"(HEDTA)] in the 400. 470 nm wavelength window are
identical at 23 and 125 ps subsequent to excitation. An alteration in
absorption maxima malerializes at 420 nm, with a profile similar o that of
the Fe'{CN);  spectrum: bleaching accurs at Jonger wavelengths, resulting
in an isosbestic point at 448 nm. Scheme 3 [egns. (13) (17)) has been
proposcd [132] to accommodate these experimental results.

Fe'ON_CoM M Rl ON_Callt* (excitation) (13a)
or

FellLON_Co™ 22, pel ' ON_Coll * * (excitalion) {13b)
Fe'sCN-Co'""* » FeM-CN-Co"** { < 10 ps) (14)
Fe"_CN_Col'** - Fe"_CN_Co! (~75 ps) {15)
FeM_ON_CoP = Fe'_CN_Co'!” { ~ 95 ps) {10)
Fe'_CN Co™ = Fel'_CN CoM (=500 ps) a7

Scheme 3

In this Scheme. two options present themselves Tor the initial excitation
process. First, excitation of '4,, —'T,, for Co'"" 1o produce *Co'" having
an unfilled low lying I arbital (i {ng)s[c’!_]') {cyn. {132} would increase
the Co™ electron affinity. thereby causing electron transfer to occur (eqn.
(14)). However, direct excitation of Fe"'-CN=Cao"' 10 the CT bhand at 530
nm would result in the direct formation of Fe''"-CN - Co"** (eqn. (13b) to
give the Fe"' ubsorption and Co" in the °E ([rlg)h{eg)l) stule. Such a
pathway is plausible if one assumes the presence of a CT band in the
500-600 nm region, as has been assigned [137] in an Ru-Ru binuclear
complex. Lquation {15) shows the cobalt doublet-to-guartet spin flip which
would accompany a 1,, — e, transition to the high spin Co'' *T,, (14,1 (e,)")
state; a spin-allowed clectron-transfer back reaction (eqn. (16)) occurs in
about 95 ps. Thus, the Co"'' is in an excited *T, or 7% {(ng)j{ eg)]] state and
can slowly decay to the ground singlet state (eqn. (17)). Intersystem crossing
cannot be observed directly owing to the low extinction coeflicients of Co'™,
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In the [(NC).Fe"-CN-Co''!(chel)] system and in other bimetallic
ruthenium complexes, electron transfer s thought 1o proceed via resonance
transfer between mertal centers with some influence from the bridging
ligunds [138.139]. This type of mechanism is ruled out for the Fe''-CN-Co'!!
system because the MLCT {Fe!' — CN) transition occurs in the near-UV
region [132].

F. SPECTROSCOPY OF METALIOPORPHYRIN COMPLEXES

Understanding the photochemical and phowophysical characteristics of
metalloporphyrins is important for several reasons. First. such complexcs
may be considered as models of hemoproteins that activate molecular
oxvgen [140.141]. These complexcs can serve as mediators in biochemical
redox reactions [142-144), and may act as precursors in the preparalion of
one-dimensional electrical conductors [145]. Additionallv. 1t 15 suggested
[146-150] that metallopotphyvring could serve as photosensitizers in light-
harvesting systems Tor solar energy conversion and storage, since they
absorb light strongly in the visible, and often in the near-IR spectral regions,
Also. investigations have shown [151.152] that cofacially juined metallo-
porphyrins and [ree-base porphyring can act as functioning models of the
primary electron-transfer couple of Photosystern 11 of green plants,

Generally speaking, those porphyrins not possessing a metal and those
complexed with closed-shell diamagnetic metal ions, eg. magnesiumiI1),
zinc(11), exhibit strong fluorescence with decay times slower than those of
other metalloporphyrins. Metalloporphyrins incorporating open-shell dia-
magnetic metal ions, e.g. palladium({II). platinum{Il). tend to fluoresce
slightly. though they usually phosphoresce sirongly. [n contrast, metallo-
porphyrins formed with paramagnetic metals, c.g. ivon(11). copper(ID). show
no fluorescence and only shight phosphorescence.

(i) Molybdenum{ 1’}

The chemistry of early transition metals in high oxidation states, c.g.
molvbdenum(V). is dommnated by the presence of very strong M=0 bonding.
Serpone et al. [153] have examined the electronic relaxation processes in
{5.10.15.20-tctraphenylporphyrinatojoxomethoxomolybdenum( V). OMo-
iTPPYOCIH .. a molybdenum{ V) d' porphyrin complex by pisosecond tran-
sient absorption spectroscopy.

Ground state OMo(TPPYOCH , is monomeric in CH,CL, [145.154] and
contains molvbdenum(V) as determined from magnetic susceptibility [155]
and ESR [134- 156] measurements. Ground state absorpiion bands in




u
7
&
)
1
£
7
u
Pl
s
LG .
= e 0 i
[ N -
"1.—,| —————

rank £
vﬂ \{\J
4 k)

| % ?Oi’::-h

| ——==zns |
(Rl - — — nrs

I\ Inrrcrl » B3
] )'\[
R SEEA T

WA Al
WA LFMATA Tnms
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at the indicated delay times after 332 nm laser excitation (6 ps pulses) (from ref. 153).

CH.CI, (and THF) occur at 538 (536). 580 (579), 621 (618), and 675 (643)
nm, in good agreement with literature values [145,157). Thus in THF the
OMo(TPPYOCH , complex is thought to be monomeric. The ground state is
a doublet, “Sy; the unpaired d, eleciron interacts with the lowest energy
{@7 ™) excited states to create several new states: ES|{7r'rr*). 2T1(177T') and
Tmm*) [146,158].

Picosecond absorption spectra (527 nm, 6 ps FWHM pulscs) of
OMo{TPPyOCH , in THF (Fig. 27} show ESA bands with maxima at ~ 605,
-~ 650 and -~ 700 nm., and GSB bands with maxima at ~ 590 and ~ 630
nm. A kinetic analysis of AA vs. time plots at 650 am yields an apparent
decay time of 125 4 ps and a second decay ume of 4 11 ns. The 12 ps
lifetime 15 indistinguishable from the instrument response limited decay ume
(94 3 ps)i thus a 2.9 ps lifetime was assigned [153] to this excited siate
species. Furthermore, this excited state relaxes with high yield (> 30%) to
the longer-lived (4 £ 1 ns) exciled state or pholoproduct. as indicated by the
substantinl decay of the first ESA within 100 ps of excitation at about 600
nm and at above 640 nm with very litle decay in the ground state bleaching
regions of the spectrum.
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COn the hasis of the above observations and assignments ¢sec, for example,
ref. 146). Serpone et al. [153] have proposed the decay scheme summarized
n egns. {18)-(20):

s, 'JWGS,[?-"#*) =T {(m7* )7 < 2 ps: not ohserved) (1R}
Trr*) = ((T{me*) = 1T (mr*))(r = 2-9 ps) (19}
(Ty(ma*) = T (75%)) = 2S,(r = 4 ny) (20)

Its credence, however. awinits precise methods of caleulating CT siate
cnergies. Very likely, the 2 9 ps lifetime corresponds to the equilibration of
the “Ti(mw™*) and *T(ww*) states (eqn. (19)): the longer-lived (4 ns)
transient reflects the decay of the *7, = "7, equilibrivm distribution {(eqn.
(20N). The imitially populated 35‘1{1-?,7*} staie 15 known lo be emissionless in
molybdenum(¥) porphyrin complexes [146]. and wax not observed in this
investigation {egn. (18)) [153].

fif) Qsmiuni i)

Interest in studying osmium porphyrin complexes arises from the follow-
ing: (i) thur close relatonship to the biologically important iron{1)
porphyrins found in hemoglobin, cytochrome P450 and other redox cata-
Lvsts: ti1) the observation that these complexes are kinctically inert relative to
hemochrome complexes, and thus are useful model compounds for the
iron(11) porphyrins; {iii}) the lact that these complexces possess unique
electrochemical properties rendering them useful for photochemcal electron
transfer studies.

The metal ions iron{ID), ruthenivm(I) and osmium(II} all have an ad*®
electron configuration. A knowledge of the bhonding and o-backbonding
relationships 1in ron1l) and osmuum(ll) porpbyrin complexes should prove
helpful in mechanistic studies. The shortcomings with 1ron{ll) porphyrins
center on the ligand-field splitting not being large enough to shift the
ligand-field (dd} states above the {##*) states of the porphyrin ring. thus
complicating somewhat the low energy states in the ron(Il) complexes. The
osmiumilly porphyrins are better models of iron(1l) porphyrins than are the
ruthenium(1I} porphyrins inasmuch as the energics of the 4, .. d,. and d .
orbitals are nearly the same for the osmium{l{) and iron{II} species [139]
The 4 orbitals of osmium{Ily extend lurther into space than those of
iron(11}, and thus the #-backbonding effects will be more pronounced for
ostnium than for iron porphyrins.

The absorption and emission spectra of a [ree-base porphyrin are best
understood in terms of their highest occupied orbitals, a. (7)) and a,,(7).
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Fig. 28. Schemaue illustration of imporiant orbitals for speaira of 4% six-coordinate
porphyrias (from ref. 139}

and of their lowest unoccupted orbitals. ¢ (%) Hence, when an nd® meta
complexes with a porphyrin, the interaction between the free-base porphyrin
orhitals and the metal o orbitals becomes wmportani. The important orbiials
for an nd® six-coordinate metalloporphyrin are ilusirated in Fig. 28. The
nature of the axial ligands (2long the = axis of the metalloporphyrin) leads
either lo an enhancement oOF 10 a decrease in metal- porphyrin interactions,
For strong o-donor ligands in these positions {e.g. PMe,. Nie,) the filled ¢
obitals of osmium(ily (d, .. &, d..) lie above the g, (7} and o ,tw)
porphyrin orbitals {139] giving rise to & hackbonding hetween the osmium(I!)
dn orbitals and the porphyrin empty e, (% ¥ ) urbitals. which would raise the
energy of the Iaiter orbitafs refutive to their energy in a free-base porphyrin,
Also, forbidden CT transitions, ¢ (d7} = e (7% ) will lie lower in energy
than the aliowed {77 *) states. For w-acceptor ligands., e.g. py. €Q. WO ",
the backbonding of the dw electrons will shift from cquatorial wo axial {159],
and both the fiiled ¢ and ihe empty eg(w*) orbiials shift to fower energy,
Consequently, the (=% * } absorption is ¢xpected to be red shilted: the lowest
cnergy excited state is expected 1o change from (dws* ) {dr=d . d )10
(=7 * ) and the first oxidation potential to be more positive.

Several osmium(if) porphyrin complexes bave been examined by Serpone,
Neizel and their coworkers [160.161), Picosecond laser flash photolysis (527
nm, 6 ps FWHM pulses) was used 10 examine Os(OLEP)LLL", where OEP =
octacthylporphyrin. 1. und L' = py {pyiidiney. NO, P(OMe); or L1 = CO.
py or NO. OMe. The objectives of the study were (1) to detect the relaxation
of the singlet excited states and ascertamn how this was affecied by the
sature of the fowest envrgy excited states. and (i) to determine whether the
spectra of the ¢xcited siaies were dependent on their identity, eg (dr.w™)
or {ma*) A general decay scheme for the fow lving excued states of
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Fig, 29, Decay scheme for low lying excited states of osmivm 1) porphyrins ifrom ref. 160).
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osmium(l1f) porphyrins is given in Fig. 29. The OstOEPILL complexcs do
not flugresce. so that &; iy insignificant and the decay of 8, is therefore set
by 7(S))=(k, + &;)" ", The low values ohserved for the phosphorescence
quantum vield ¢, of Os{OFPYNONOMe) and Os{OEPYD, [159) and the
assumption that the triplet vield. ¢{7,) = k. /(k; + k,)}. should be greater
than ¢, in complexes contlaining the heavy osmivm atom. imply that
ko< ky Further, k_, 1s likely to be negligible since the energy gap
E(S))— E(T} is considerably greater than 4,7, the Boltzmann energy
[159]. Two transient decays are expected; ong corresponding 10 5| decaying
to S, and 7, with 7{S,)=(k, + k,) "', and the other corresponding to T,
rewurning to the S, ground state with 7(7) = A7’

The esmochromes having (dw.o* ) lowest encrgy excited siates included
QOs{OEP)P(OMe),],, Os{OEP)CO(py) and Os(OEPYpv),, while those hav-
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Fig. 3. Change-in-ahsorbance spectra for osmium(lly octacthylporphyrins possessing low
lying m@* states, on excitation with the second harmonic of an Nd: glass laser {6 ps pulses}
{from refs 160 and 161)
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TABLE 1}
Kinetic observations in the photophysics of osmiumt [y porphyrins OsOEPILL

(Atedz.m* ) shates

OMOEP)py) - OMOEPPOMe) ] - OsOEPICO(py)
@) 5 =T+ S (%% S, =T~ S, (~20%1 5 T, t Sid?%)
{59 { =9 psi { ~ 30 psi
thy -0 5, T -85, =5
[~ 1 ns { — 6 ns) i~ 16 nay
(By(ww ™y states - .
Ol OEPA S CHCIN ) (R OEPSO - Oz QGEPO.
(0 Yemmty e an T -
[ ~15pst
(b ey = iwst )+ 5, Naw=1— {as*)+ 8, (mr*y Mot 5, 10%)
t~ 45 1~ 50%)
{ ~ 3bps) { — 9 s t = 13ps
(cy Mtaw*i— S, e *) = 8, am* )= 5,
{ = 53n) = 9 nx t ~ i ns)

“Refs 160 and 161,

g (=7 %) lowest excited states are Os{(OEP)NO)OMe). Os(OEPYO, uand
Os(OEPYNO),. Results [rom analyses of the trunsient absorption specira
and difference spectra (Figs. 30 and 31) obtained upon ircadiation of
Os{OEPILL" with 527 nm fight from a 6 ps pulsed Nd : glass laser are shown
in Table 10 [164.161]. Similar transient absorption spectra were obtained for
the complexes containing LL = {py}., [B{OMe},]. and (CO)pv). The bands
ohserved in the 700-750 nm region are duc to excited state absorption of the
7, state of (d=.=*) character. and the spectra support the prediction of the
backbonding model that the (dw.@™®) states lie lower in energy than the
(e * ) stutes. The decidedly different profile of the S, and f| excited states
of complexes with LL = {NQ}OMc), O, and (NO;). support the assign-
ment of the ) state of these complexes to (o ™).

fiiip Palladivin(11}

Picosecond laser excitation (530 nm. 6 ps pulses) of palladiumi[) proto-
porphyrin IX dimethyl ester in benzene results in the formauon of an
intermediate which absorbs at 430 nm [162]. The decay of this species is
biphasic: =19 = 3 ps for the short-lived component and 7> 1 ns for the
second transient. Similar behavior was observed for absorbance changes at
560 nm: however, the principal change here arises from GSB. Ground state
recovery also follows biphasic kinctics: 7= 18 £ 3 ps for the short-lived
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component and > 1 ns for the long-lived component. The results are
consistent [162] with the existence of two transients. one with a lifetime of
19 4 3 ps and the other with a lifetime greater than 1 ns. On the basis of the
weak fluorescence (g =1- 3 x 107 for pilladium(ITy porphyrins [163]),
strong phosphorescence, the presence of a heavy atom and the above dita
for palladium( 11} prmmaporphyrin. the short-lived transient is likely to be the
lowest singlet excited state of the porphyrin.

Proliminary studies of PA(OEP) in methylmethaerylate using o mode-
locked Nd - glass laser (330 nnu ca. 5 ps pulses) show that the T transient
absorbs more light than the . transient, and that the entire spectrum is
shightly blue shifted relative 10 that of Sn{fOEPYCY, [158).

firy Plaiinumiif)

For the platinum(Ily protoporphyrin IX dimethyl ester in bhenzene. a
transicnt absorption at 480 nm and bleaching at 550 nm were cbserved
under similar conditions. The lifetime of the absorption at 480 nm and the
recovery lifetime at 550 nm are similar. The species responsible for the
trunsicnl absorption is the lowest exciled triplet state 7, populated via ramd
imersystem crossing from the lowest excited singlet state &, [162]. The
farlure to observe two transient species 15 due to a very short-lived excited
singlet state §,. Inasmuch as the absorbance difference between S, and T 15
less than 0.02 in the platinum porphvrin (compared with €07 in the
palladium porphynn), and assuming similur differences in absorption cross-
section between §) and T, for the platinum and palladium complexes, a
lifetime of 1.7 ps has becn estimated, much shorter than the excitation pulse
width [162].

Transient absorption spectroscopy of PWOEPy in THF (Fig. 32) reveals
wo transients: o transient with a hfetime of < 15 ps assigned to S {77 *).
and a second less strongly absorbing transient with a hfetime greater than 50
ns, assigned to Ty{ =) are observed in the short-wavelength region (550 -670
nm). In the longer-wavelength region { A = 720 nm). the 7, truusient appears
to absorb more strongly [161]. This wavelength relationship has been ob-
served Tor the 8(7r¥) and Liar*) excited states of free-base octaethyl-
porpbyrin (H,OEP) [164]. The Iifetime of the 7, transient species of PHOEP)
{7 = 50 ns) agrees in principle with the room lemperature lifetime of 63 us
lfor the 7° state of platinum ctioporphyrin 1 [163] Insofar as the [uorescence
yuantum yield of platinum porphyrin is less than 2 X 107 7. and since the
radiative lifetime ol its 5, state is ca. 60 70 ns. its lifetime should be less
than 1.5 ps. A lower limit of 0.7 ps for the S, lifetime of platinum porphynin
has heen inferred from quasi-lhine spectra of the QUL0) band in a-octanc at
77 K [163]. Thus, an 8, lifetime of 1 ps lor PUOEP) is consistent with that
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Fig. 32. Change-in-absorbance vs. wavelength for PtOEP in THF at the indicated delay times
after phioexcitation with the second harmonic of an Nd:glass laser (6 ps pulses) (from ref.
1610

for other platinum porphyrin complexes, and 1s also consistent with the
observation of (77 *) states in 34 metalloporphyrins, as has been observed
for some Os(OEPY [ complexes, and is not unigue to the latter complexes.
Further, the differences between osmium porphyrins with T\(77 ™) excited
states und platinum porphyrins are probably due to axial ligand influences.

{v) Zinc({l)

Zing({I1} protoporphyrin [X dimecthyl cster in benzene exhibits strong
excifed state absorption at 480 nm and ground state bleaching at 560 nm
upon picosecond laser excitation (6 ps pulsesy at 330 nom. Both processes
have the same time constant (2.6 + 0.5 ns) which agrees well with the
lifetime of the excited singlet state for Zn{TPP) [163]. Zn(o-methylTPP)
[163] and Znietioporphyrin) [165]. as estimated from natural lifctimes and
quantum yiclds. Also, the time constant of 2.6 ns is similar 1o the value for
the observed fluorescence lifetimes of Zn{mcsoporphyrin) [166} and Zn{TPP)
[166].

foi) Nickelili)

Upon picosecond laser excitation {6 ps pulsey at 530 nm, nickel(ID)
protoporphyrin IX dimethyl ester in benzene gives rise to a transient
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Lig. 33 Schematic energy level diagram for nicke! protoporphyrin IX dimethyl ester. (from
ref, 1627

absorption at 480 nm. displaving biphasic kinetic behavior. The decay time
assoctated with the short-lived component is 10 =~ 2 ps. while that of the
longer-lived component is 250 £ 60 ps [162]. In contrast with the
palladium(11) protoporphyrin IX dimethyl ester complex. the decay kinetics
are monophasic for the bleaching ohserved a1 560 nim with a recovery time
of 270 + 20 ps which correlates well with the transicnt decay time of 480 nm,

Theoretical caleulations by Muaki [167] and Ake and Gouterman [168]
have led 1o the suggestion of o lower lying triplet level, :B]g. for coordination
compounds of nickel. Funther, its existence is corroborated by quenching
studies [169.170]. According to Adamczvk and Wilkinson [16%] the "‘B-,g
tripler state is thought 1o lie fower than 8000 cm ™' above the ground state,
while calculations by Ake and Gouterman [168] and estimates from the
nickel(1h protoporphyrin [X dimethyl ester absorption spectrum would put
the lB]E state approximately 9000 ¢m © above the ground state. If these
calculations are exact. the 'B;, level should Tie much lower than the lowest
(war®) cxcited singlet state 4 {Fig. 33). Kobayashi ct al. [162] have sub-
mitled three tentative assignments for the two components observed 1 the
transient absorption specirum of nickel(1T) protoporphyrin IX dimethyl
ester: (i} the short-lived component corresponds io the §, {*A4) state, and the
long-lived component corresponds to the S, ('B,,) state: (i) the short-lived
component correlales with the Sy ('R,,) state. while the long-lived compo-
nent correlates with the 7T, (‘“‘B]g} state: (i) the short-lived componcent is
Wentilied with the 7, (=7« *) state. while the long-lived component is
identified with the 7y (*B,,) state. Assighments (i) and (iii) were discounted
on the hasis of Franck: Condon faciors for the 7, S, and S, S, energy
gaps. However, energy gap considerations (S, -5,y do favor assignment (1),
inasmuch as a ume constam of 10 ps for § — 5, internal conversion
appears reasonable. The absence of Juminescence from nickel porphyrins
can also be rationalized in terms of assigniment (i), since the very rapid
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$§, » S, internal conversion quenches the fluotescence. The internal conver-
sion process diminishes 7, phosphorescence, Fluorescence from the S state
is expected. but iy likely to be located in the IR region and Jor its quantum
yield is small. thus rendering its detection difficult.

Several photochemicul studies have heen carried out hy Tavirko et al
[170] on nickel octamethylporphvrin, nicke!l etioporphyrin and Ni(TPPY in
an effort to determine whether the T, state is indeed populated. The
observation of the quenching of palladium etopoerphyvrin phosphorescence
with increasing nickel porphyrin concentration, and the absence of nickel
porphyrin  phosphorescence upon excitation of palladium etioporphyrin
favors the hvpothesis in which the 1 state of the nickel(II' porphyrin is
populated but its lifetime is very short. Such results cannot. however. be
taken to mean that cxcitation into a singlet state of the nickel porphyrin
leads 1o reluxation to a triplet state. The experimental resulls on nickel
protoporphyrin IX dimethyl ester would scem to suggest that the T, state is
not appreciably populated on excitation to §,: the S state affords the major
relaxation pathway.

In comparing the nickel, palludium und platinum porphyrins, it 18 note-
worthy that palladium perphyring are weakly fluorescent. while nickel and
platinum arc non-fluorescent. The dilferences between the palladivm and
platinum porphyrin observations can be understoad in terms of the strong
effect of the heavier Pt atom. However, this rationale does not hold for
nickel. the lightest metal of the triad. The behavior of nickel protoporphyrin
IX dimethyl ester suggests that rapid internal conversion occurs from S, to
the intermediate 5, state (see Fig. 33). and that the § (JBL#} state s
soverned by nickel o clectrons [1621

In palladium, platinum and zinc porphyrin systems. it has been estab-
lished that the §, — S, internal conversion process 15 negligible, so that
{k,.) ! for § = T, corresponds to the obscrved S, lifetime. For the nickel,
palladium and platinum protoporphyrin 1X dimethyl ester systems. & ! for
S, = 1 follows the order of atomic number Z: 7> 10 ps {uuckel), 194+ 3 ps
{paltadium). <= & ps (platinumy}.

(vii) Copper({l), silver(I]}

In general, paramagnelc metalloporphyrin complexes such as copper.
silver and gold either exhibit no emission. or as with copper, reveal a
short-lived phosphorescence. The central metal atom performs an impartant
role in the clectronic energy rclaxation rate of porphyrin complexes, which
decay via radiative and non-radiative decay processes. Figure 34 presents a
schematic energy level diagram ol copper(ll) and silver({l) porphyrin cotn-
plexes. It has been estahlished [171] that the singlet states in these complexes
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Fig. 34. Schematic cnergy level diagram for copper and silver porphyrins (from ref. 172).

couple with doublet levels 1o form *singdoublets™ (°8,). and triplets couple
with doublets to form “tripdoublets” (*T,) and “tripquartet” {*7,) states.
The existence of such states has been supported by phosphorescence lifetume
meuasurements Lo give a charactensie lifelime from the equilibrium state of
“tripdoublet™ and “iripquartet™.

Picosecond laser (6 ps pulses) excitation of copper{ll) protoporphyrin IX
dimethyl ester in benzene gives rise to a transient absorption at 430 nm,
which decays in a biphasic manncr {172]. The short-lived component has a
time constant of 430 + 50 ps; the longer-lived component has a lifetime > 1
ns. Decay of the 480 nm transient is concomitant with decay ot ground state
bleaching; the decay time constants arc 460 = 30 ps and > 1 ns. Similar
results were obtained [or copper(ll) protoporphyrin 1X dimethvl ester in
ethy! iodide, indicating that there is no heavy atom effect in thts system.

To account for the observed behavior, Kobayashi et al. [172] have
suggesied that upon excitation of this copper porphyrin, a state 1 is formed
from the Franck—Condon state of the excited copper complex. The state 1
relaxes with a time constant of =1 ns. The authors propose that state |
corresponds Lo T, and the other state (IT) corresponds to *Ty states {Fig,
34y ky=16x10%s71 &, =056 10" s "and k,, > 1.6x 10" s~1

Results of picosecond laser excitation (530 nm} of silver(Il} proto-
porphyrin IX dimethyl ester in benzene are very similar to those of the
copper(1l) analog [172]. The decay of the transient absorption at 480 nm is
probably biphasic as is decay of GSB at 570 nm: however. the A4 values
were too small at longer times Lo ascertain the decay of the longer-lived
component. Plots of absorbance changes vs. time give decay tites of 12 + 2
ps for the short-lived component of the 480 nm transient absorption, and
11 £ 2 py for the bleaching decay at 570 nm [172]. Computation yields
k= (6-8)x 10" 57! and k,=(2-2.7) x 10" s~ using arguments similar
10 those for the copper(ll} system. It is noteworthy that the time constants
of the short-lived {absorption and bleaching) components of the silver
complex are a factor of 40 longer than those of the analogous copper(I!)
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complex. and the &, and A, values are about 40 times larger in the sitver(TD
system than in the copperill) system. This suggests the possibility of the
metal Z number operating in the relaxation process.

Both nickel{IT) protoporphyrin [X dimethyl ester and ity silver(1l) analog
are non-fluorescent and non-phosphorescent. These properties of the
nickel(11) svstem can be rationalized in terms of a high §, — T. intersvstem
crassing rate and the high rate of T, — T, internal conversion (see Fig. 33).
Applying this to the silver(1l) porphyrin. interaction between the low lving
d d (niplet state and the ground state generates the low lving tripdoublet
("7} and tripguartet (*7,) states. Reluxation occurs from “7, to *7T, and
from *7, to “T,. with rapid internal conversion from °S, o ~7,. Alierna-
tively, the -7, and °7, states are equilibrated and subsequently relax
non-radiatively to a “(d#*) CT doublet state. Antipas et al. [173] have
emploved metal redox potential techniques. near-1R absorption spectra and
iterative extended Hickel calculations to show that there 1s a charge-transfer
doublet state ~(dw*) lower in energy than the “(#x*)="T, slalc in
silver(il) porphyrins. For the silver(ID) protoporphyrin [X dimethvl ester
system, then, the time constant = 1 ns could correlate with the JT] — Hdr)
process, or the 12 ps process corresponds to the =7, -» *{dw *) process and
the > ! ns time constant to the “(dw *) — S, process.

In summary, excitation of copper{l]l} protoporphyrin [X dimethyl cster
results in the population of the S, Franck Condon state, which decays to
T, within & ps. The =7; state relaxes 0 a T, and *7, equilibrium state with
a time constant of 450-460 ps. Phosphorescence occurs from this equi-
librium state. From sikver{1l) protoporphyvrin 1X dimethyl ester. excitation
leads to 'S, Franck Condon population. followed by relaxation to ~T,
within § ps. The "7 and *7, states are equilibruted with a time constant of
11-12 ps and subsequently relax non-radiatively to 7 and *77, or to the
“(dw*) state [172].

Picosecond excitation (5303 nm: ¢ca. 5 ps pulses) of CutOEP) and Cu(TPP)
in benzene al room temperature results in strong and broad absorption in
the blue region extending to 530 nm with a maximum at 430 nra [158].
Howcever, for both complexes. only one transient absorption is seen. imply-
ing that chunges corresponding o *7, = 7T, {see Fig. 34) ure not observed.
It was suggested that perhaps the spectra of =7, and *7, are very similar
inasmuch as they differ only in the couphing of the excited = svstem of the
unpaired  electron,

G, CONCILUDING REMARKS

The examples that have been briefly examined here attest to the powerful
utility of picosceond transient emission and transient absorption techniques
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using  high power or low power made-locked lasers and fast detection
methods to unravel the primary events in many chemical proecesses occurning
in transition metal photochemistry, The technologicul advances made in
picosecond spectroscopy have made 11 possible for the photochemist to
elucidate and understand 10 o greater degree than belore wransient chemical
intermediates and kinetics of primary events in photochemical reactions, as

semiconductors, The more recent advent of subpicosecond instrumentation
and spectroscopic technigues promises lurther interesting probes of the
events occurring immediately [ollowing the interaction between photons and
light absorbers (molecules).

Inevitably, as in any voung and complex area as that discussed in this
article, which secks to understand the early events in a photochemical
reaction, controversies will arise. We view this as a healthy sign of the
interest and progress we mike in our collective understanding ol chemical
processes.
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