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Deactivation of the lowest excited triplet,(r*) state,3(z,r*), of the cationic water-soluble Cu(ll)-5,10,15,-
20-mesetetrakis(4N-methylpyridyl)porphyrin (CuTMpyP4) was studied by femtosecond transient absorption
spectroscopy in three oxygen-containing solvents (Lewis bases) of various polarity, water, methanol, and
dimethyl sulfoxide (DMSO). In all of these solvents, tier,n*) state depopulation follows biexponential
kinetics. A majority of the’(;r,7*) state population{80%) deactivates very quickly with a time constant of
about -2 ps to give rise to formation of an exciplex (CuTMpyP4)*-L between the porphyrin in its excited
(d,d) state and a solvent molecule, L, the latter playing the role of porphyrin axial ligand. The exciplex
lifetime is found to depend on the solvent dielectric constaamd increases from 7 ps in water=< 78.3)

to 27 ps in methanok(= 32.7), through 23 ps in DMSQ (& 46.5). A minor part of the initiab(;r,7*) state
population ¢-20%) deactivates to the ground state, without any detectable intermediate, with time constants
of 25, 8, and 11 ps in water, DMSO, and methanol, respectively. These rather fast pathways (picosecond
time scale) of excitation deactivation to the ground state are interpreted in terms of quenching influence of
some low-lying intramolecular charge-transfer states that belong to four- and five-coordinate CuTMpyP4. A
partitioning mechanism of(z,7z*) state CuTMpyP4 molecules into two populations decaying by different
paths, that is, through exciplex formation and “directly” to the ground state, is proposed.

1. Introduction was also found, resulting in exciplex formation with water
molecule$e®

Despite a large number of publications devoted to the study

Cu(ll) porphyrins (CuPs) in solution by axial ligation of oxygen- ©f €xCiplexes between excited CuP and oxygen-containing
containing solvent molecules was revealed in the middle of the °r9anic molecules (oxygen Lewis bases), many questions
80 and later studied in detadllt has been shovirfor Cu(ll) concerning the eIeptromc structure of the_ exciplex and its
tetraphenylporphyrin (CuTPP) and Cu(ll) octaethylporphyrin dynamics of formation and decay still remain open:

(CUOEP) in such solvents as 1,4-dioxane and tetrahydrofuran (i) Itis not clear why the exciplex formed by the same Cu(ll)
that this quenching goes through the formation of relatively long- POrphyrin but with different axial ligands (or even with the same
lived exciplexes (lifetimes of tens to a few hundreds of axial ligand but in a different envwonmen’F) may vary its lifetime
picoseconds) between the excite@uP and the oxygen- UP tO 1000-fold. For exampl_e, t_he exciplex _formed between
containing solvent molecule, which plays the role of an axial CUTMpyP4 and HO as an axial ligand has a lifetime of about
ligand. Formation of such an exciplex was independently found 510 ps®®¢In contrast, when the porphyrin is bound to short
for the cationic water-soluble Cu(ll)-5,10,15, Besetetrakis-  Oligothymidylates, d(pT)(n = 1—18), or to [poly(dA-dT)]z,
(4-N-methylpyridyl)porphyrin (CuTMpyP4) bound to natural or  the exciplex formed between CuTMpyP4 and thymine

Quenching of the “tripdoublet-tripquartet*T 1(;,7r*) mani-
fold (thereafter “triplet fr,7*) state”, or “S(z,7*) state”)! of

model DNA in the vicinity of thymine or uracil residus9 groups has a lifetime of about 900 Spsand 2-3 ns>*
(see also ref 5h as a review), the=O groups of which play ~ respectively.

the role of an axial ligan&d-¢ For free CuTMpyP4 in water a (i) The question is also open why the Cdgr,7*) state
very fast (picosecond time scale) quenching of¥rer*) state quenching by oxygen-containing Lewis bases is often ac-

companied by an exciplex formation, whereas the quenching
*To whom correspondence should be addressed. E-mail addressesby nitrogen-containing organic Lewis bases does not result in

chirvony@imaph.bas-net.by and turpin@Ipbc.jussieu.fr. the formation of any intermediafe.
T National Academy of Sciences of Belarus. . .
* Ecole Polytechnique. In an attempt to answer these questions, in the present work,
8 UniversitePierre et Marie Curie. we used femtosecond transient absorption spectroscopy to
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investigate the dynamics of excited-state formation and decay 02
of CuTMpyP4 in various oxygen-containing Lewis bases,
namely, water, methanol, and dimethyl sulfoxide (DMSO).

CuTMpyP4 in water A
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2. Experimental Section

CuTMpyP4 (tosylate) was prepared fromTH/PyP4 (tetra-
p-tosylate salt, Aldrich) and purified according to Pasternack
et al® Time-resolved transient absorption measurements were
performed with the pumpprobe laser system previously
described. Photoexcitation in the Q-band of CuUTMPyP4 was
achieved in the 556560 nm wavelength interval with a pulse
width of 40 fs. Transient absorption was probed after adjustable
delay with a wide spectrum pulse from a continuum, the group

velocity dispersion of which was minimized at 425 nm by means 0.04 o g CuTMpyP4inwater B
of prisms. Difference absorption spectrsd, were measured, oo <
whereAA = [transient spectrum}- [equilibrium (i.e., ground ST
state) spectrum]. The same sample quartz cell (1-mm optical 0.00 o
path length) was used to record equilibrium spectra and kinetic Delays;
measurements. Sample absorbance was typically in the 0.5 5§ -0.04 1 A-7.88ps
0.8 OD range at the Soret band maximum for 1 mm path length. B-40.08 ps
A total of 2060 scans were recorded and averaged for each -0.08 -
time delay.
-0.12
3. Results = ' ' ' '
Background. Before analyzing the difference absorption 390 420 450 480 510 540
spectra and kinetics obtained for CuTMpyP4 in three different Wavelength, nm

solvents, let us first consider the features of those excited _. . . ) .
' Figure 1. Transient absorption difference spectra obtained for

electronic states of CuPs that may, in principle, be detected in CUTMpyP4 in water at the pumprobe time delays indicated. The

transient absorption (TA) experiments. It is known that the intensity of the 40.08-ps delayed spectrum is multiplied by 10 in panel
lowest excited singletA,z*) state, 1(,7*)1, of all Cu(ll) B.

porphyrin compounds deactivates to the lowest trigletz*)
state in an ultrashort time (about 30 &) Such a short-lived
Y(r,r*) 1 state has not been observed earlier in TA experiments. guenched to the ground state without formation of any detectable
The time resolution of our experimental setup is also not transient, likely through the same “spectroscopically dark” CT
sufficient to detect reliably thé&,7*) 1 state, especially if one  State as through quenching by N-containing bésinally,
takes into account that absorption spectra of{tier*); and ~ the 3(z,7*) state deactivation of the cationic porphyrin
3(;7,7*) states of CuTMpyP4 are likely very close to each other, CUTMpyP4 in mere water has also been found to proceed
as are the 5— S, (r,7*) and Ty — T,, (7r,7*) absorption spectra  through the formation of an exciplex between excited porphyrin
of all porphyrin compounds over the visible spectral regfon. and water moleculé:®
Therefore, thé(sr,m*) state should be the first (in time) transient CuTMpyP4 in Water. Spectral changes induced by photo-
state observed in our TA experiments on CuTMpyP4. excitation of CuTMpyP4 in water are shown in Figure 1A. Note
In noncoordinating solvents (e.g., benzene and toluene), thethat the difference absorption spectra presented here are not
3(,m*) state of CuPs deactivates to the ground state within 20 corrected from the wavelength dependence of the “zero delay
to ~200 ns!! In coordinating nitrogen-containing Lewis-base time” due to the refractive index dispersion of the setup optical

solvents (e.g., pyridine and piperidine), tfér,7*) state elements. The latter were arranged in such a way that the optical
deactivation occurs much faster, in tens of picoseconds; in sopath of the probe pulse was the shortest at the Soret band
doing, no additional intermediate state was ever deteClén: maximum, 425 nm. At other wavelengths (longer or shorter),

concept prevails that thiz,n*) — S radiationless transition,  the further from 425 nm was the probe beam wavelength, the
stimulated by nitrogen-containing bases, goes through somelonger was the optical path. As a result, in all of the difference
“spectroscopically dark” charge-transfer (CT) state, the energy spectra, the region close to 425 nm corresponds to a maximum
of which is located below that of th&z,z*) state, owing to time delay as compared to other regions. For example, if there
the base nitrogen attachement to CuP as an axial lifaAd. is an ~1-ps delay between probe and pump pulses in the
quenching process of the C8@r,7*) state has also been found  difference spectrum near 425 nm, a “zero delay” is reached right
in oxygen-containing Lewis-base solvents, but in contrast to at 460 nm. This may result in fairly strong distortions of the
nitrogen bases, a population of an intermediate state has beelifference spectra profiles, but only if very fast spectral changes
detected:® On the basis of resonance Raman and absorption are to be observed (time constanl ps and less) or if broad
spectra of the transient state, we interpreted it in terms of an spectral regions are considered or both.

excited [d¢?), d(x2 — y?)] state of the five-coordinate Cu(ll) Figure 1A shows difference absorption spectra of CuTMpyP4
porphyrin3aPthat is, a so-called “exciplex”. There also are data in water at different delays (0.357.88 ps) between pump and
that demonstrate that the quantum efficiency of exciplex probe pulses (indicated delays correspond to the 425 nm
formation between CuPs (CuOEP and CuTPP) and oxygen-wavelength). Analysis of the TA difference spectra obtained at
containing Lewis bases (tetrahydrofurane and 1,4-dioxane) isvery short time delays<0.5 ps, see spectrum A in Figure 1A
lower than unity; this was interpreted as evidence that some as an example) shows that these spectra are characterized by a
appreciable portion of the Cuf(r,z*) state molecules is bleaching maximum at 424.5 nm and an isosbestic point (i.e.,
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the wavelength at whichA = 0) at 444 nm. Because for Cu(ll) Let us now proceed to the analysis of the kinetit4(t), of
porphyrins the first (in time) excited state, which may be the difference absorption at various selected wavelengths. As
detected after excitation, should be thgr,7*) state (see shown above, the difference spectra change their shape as time
Background), we assume that the above characteristics have telapses. This is due to (i) transitions betwégns*) and (d,d)
belong to the’(w,7*) state. Analysis of spectral data obtained excited states and (ii) decay of both excited states to the ground
for Cu(ll) porphyrins that have a more long-livér,7*) state® state; thus, thé\A(t) kinetics at arbitrary wavelengths may be
confirms this interpretation. rather difficult to interpret. It is more reasonable to analyze
Let us remember that the position of an isosbestic point, along Separately the kinetics of formation and decay of Yes*)
with positions of the positive and negative maxima of difference state (of the four-coordinate CuTMPyP4), on one hand, and of
spectra, is an important and constant characteristic for a giventhe exciplex state (of the excited five-coordinate CuUTMPyP4),
transient spectrum of any excited state at any time after on the other. Fortunately, despite strongly overlapping absorp-
excitation. Because the isosbestic point positions and othertion spectra of thé(x,7*) and exciplex states, one can make
characteristics of the difference spectra of Figure 1A change asuse of the specific properties of the isosbestic points for each
time elapses, this implies that ther,7*) state depopulationis ~ Of these two states. The problem appears only in an accurate
accompanied by the formation of new other transient species: determination of such isosbestic points.
at longer delays (curves-F, Figure 1A), there is a general As mentioned above, the isosbestic point of #agn*) state
intensity decrease of the difference spectra, isosbestic point andies near 444 nm. The determination of the exciplex isosbestic
maximum of bleaching in the Soret region shift to shorter pointis more difficult because, at any time after excitation, the
wavelengths, and the ratiB of the Soret bleaching to the five-coordinate exciplex coexists with the four-coordinate CuP
positive AA maximum near 450 nm decreases. This tendency in the 3(r,7*) state and furthermore the relative concentration
holds until a~3.5-ps delay after excitation (curve E in Figure of 3(z,7*) state molecules even increases after&®-ps delay.
1A); then only the amplitude of the difference spectrum decays The highest relative exciplex concentration is observed in the
without any change in its shape during the next 18 ps (curve 7—20 ps interval; under these conditions, thé& = 0 point
F in Figure 1A): isosbestic point and bleaching maximum stay lies at 438 nm. We estimate that the isosbestic point of the
at 438 and 423 nm, respectively. “pure” exciplex spectrum should be somewhat shifted from this
All of these findings reveal that, after initial population of ~Vvalue to shorter wavelengths, that is, approximately at-435
the3(;r,7*) state, a new transient state is populated, which also 436 nm. Kinetic measurements support this evaluation.
participates in the excitation energy degradation. All experi-  Figure 2A shows the kinetics of OD changes measured at
mental data reported so far in the literature on Cu(ll) porphyrin 444 nm (i.e., at the isosbestic point of th(er,z*) state). The
photophysics in the presence of oxygen-containing Lewis bases®(wr,7*) state is not visible at this wavelength, and therefore,
indicate that this new transient state very likely is an excited this kinetics monitors the formation and decay of the exciplex
(d,d) state of the five-coordinate porphyrin, that is, in our case only. One can see that it is delayed as compared to the very
this is the exciplex formed between CuTMpyP4 in its excited short excitation pulse duration-@0 fs) and can be well-fitted
(d,d) state and a water molecule as an axial ligand. On the otherwith a monoexponential build-up law [ exp(—t/z;)], with a
hand, TA difference spectra E and F (and those observed duringrise-time constant, = 1.0+ 0.2 ps, followed by a decay well-
the following 10-15 ps) do not bear the specific spectral fitted by a monoexponential law with a lifetimg = 7.0+ 0.5
features characteristic for the metalloporphyrin (d,d) states well- ps.
studied for Ni(ll) porphyrins? first, spectra E and F show a The kinetics of¥(r,7*) state formation and decay shown in
marked transient absorption over the whole spectral region Figure 2B is quite different (recorded at 436 nm). PFte,7*)
located between the Soret and Q-bands, whei@eshould have  state population rises without delay from the excitation pulse,
a negligible value in this region in case of a “real” (d,d) stéte, and~85% of the3(r,7*) state molecules deactivate with a time

and second, theR ratio is rather high R ~ 4), that is,  constantrq; = 1.0 + 0.2 ps. For a minor part of excited
intermediate between its typical values for the porphyrin triplet molecules (about 15%), a much slower monoexponential decay
(R~ 7) and for the (d,d) spectr&®(~ 1.0-1.5)1012 is observed with a time constant, = 25 + 3 ps. Besides, a

We assume that this apparent contradiction may be (at leastweak additional component is observed, which corresponds to
partially) alleviated if we assume that the actual exciplex a relatively slow increase of the triplet state population (rise
formation between CuTMpyP4 and water that occurs during time 7,1 = 7 £ 3 ps). We suggest that this rise component is
the first few picoseconds is not accompanied by a complete due to a partial back dissociation of the exciplex toward the
vanishing of the’(w,7*) state population, that is, some part of initial 3(,7*) state of four-coordinate CuP (see Discussion).

the porphyrin molecules at all times remain in #e,7*) state The kinetics measured at 424 nm, that is, close to the Soret
of the four-coordinate species. band maximum (Figure 2C), is more complex and includes a
Consideration of later spectral changes, in the- 20 ps time rise time constant of about 0.5 ps and a biexponential decay

interval after excitation, gives additional support to this as- with time constants of about 5 pAy(= 0.80) and 25 psA; =
sumption. At a 40 ps delay (i.e., when, from the Soret bleaching 0.20). Because the decay time of a majority86%) of the
decay,~95% of excited molecules are back to the ground state), 3(z,7*) state population is equal to the time constant of exciplex
it turns out from Figure 1B, curve B that the TA difference formation, thus the major part of thi¢r,7*) state population
spectrum again more resembles the typiéat,n*) state decays (with a time constant of about 1.0 ps) at the benefit of
spectrum than that observed during theld ps delay interval: the exciplex, that is, five-coordinate CuP in its excited (d,d)
the isosbestic point shifts back to longer wavelengths and state with water, the latter then decaying with-anps lifetime.
reaches 441 nm, transient absorption between Soret and Q-band$he lack of a long-lived decay componentd5 ps) in the

is considerably increased, and RRealue increases and becomes exciplex decay proves that this observed long-lived kinetics
close to 5. It implies that during the 2®0 ps time interval actually belongs to the part of tiiér,n*) state population that
after excitation, the relative contribution of tkér,7*) state is not a precursor of the exciplex. This minor part of them*)
absorption to the total spectrum increases. state population decays to the ground state without formation
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Figure 2. Time evolution of the absorption difference of CuTMpyP4
in water at wavelengths of (A) 444 nm (the triplet-state isosbestic point),
(B) 436 nm (the exciplex-state isosbestic point), and (C) 424 nm (Soret
band maximum).
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Figure 3. Transient absorption difference spectra obtained for
CuTMpyP4 in methanol at the pumprobe time delays indicated. The
intensity of the 70-ps spectrum is multiplied by 15 in the inset.

of any detectable transient species. (This 25 ps lifetime,

J. Phys. Chem. A, Vol. 106, No. 24, 2002763

CuTMpyP4 in methanol A
0.05 A 441 nm
Q
150
B
CuTMpyP4 in methanol
-0.05 - 434 nm
3 14,=1.3 ps (0.80)
t,=11 ps (0.20)
-0.10 -
-0.15
0 20 40 60
Time, ps

Figure 4. Time evolution of the absorption difference of CuTMpyP4
in methanol at wavelengths of (A) 441 nm (the triplet-state isosbestic
point) and (B) 434 nm (the exciplex-state isosbestic point).

spectrum are located at 440.5 and 424 nm, respectively. Then,
for the first few picoseconds after excitation, a considerable shift
of the isosbestic point to shorter wavelengths occursRihalue
decreases, and the spectrum acquires a more symmetrical
derivative-like profile. We assume that, by analogy with water
solution, this is because the relative contribution of the exciplex
to the measured difference spectrum increases. This tendency
keeps going (but more slowly) for70 ps after excitation. Then

the difference profile stabilizes within the accuracy of our
measurements and does not show any shift back to longer
wavelengths as it does in water solution.

Figure 4A shows the exciplex formation and decay kinetics
measured at th&(z,7*) state isosbestic point near 441 nm. It
shows a monoexponential increase of exciplex populatipn (
= 1.7 + 0.3 ps) followed by a monoexponential decay. The
3(;r,m*) state decay measured at 434 nm (Figure 4B) is well fit
by a biexponential curve withy; = 1.5 + 0.3 ps (80%) and
T2 = 11 + 2 ps (20%) time constants. The first component
corresponds well to the rise time of the exciplex. This implies
that, during the first 1.5 ps after excitation;80% of CuP
molecules in3(z,7*) state deactivate with a formation of
exciplex. The second decay component ofy{er*) state, that
is, 72 = 11+ 2 ps, has no counterpart in the exciplex kinetics.
This may only imply that-20% of the CuP molecules #rz,7*)
state deactivate to the ground state without exciplex formation
with methanol molecules. It is worth noting that the shorter

nevertheless, is about 3 orders of magnitude shorter than thatifetime of the part of the3(w,n*) state population that

of CuP in a noncoordinating environmeé#y.

CuTMpyP4 in Methanol. Difference absorption spectra and
kinetics of CuTMpyP4 in methanol (Figure 3) qualitatively

deactivates directly to the ground statg & 11 ps) as compared
to the exciplex lifetime €4 = 27 ps) well explains why, in
contrast to what happens in water, the relative contribution of

resemble those measured in water. The 1-ps delay spectrum aftethe 3(;,.r*) state population does not increase with time at long

excitation (curve A in Figure 3) corresponds (mostly) to initially
populated excited(r,7*) state. The isosbestic point and Soret
band bleaching maximum of thé(z,7*) state difference

delays.
CuTMpyP4 in DMSO. Although difference absorption
spectra of CuTMpyP4 in DMSO (Figure 5) qualitatively
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Figure 5. Transient absorption difference spectra obtained for
CuTMpyP4 in DMSO at the pumpprobe time delays indicated. The

intensity of the 40-ps spectrum is multiplied by 11 in the inset.

resemble those measured in water and methanol solutions, they
possess some peculiarities. The most important is that the shifts

of the isosbestic point to shorter wavelengths (from 444 to 435
nm) and of the Soret band bleaching maximum (from 428 to

426 nm) are accompanied by some change of the spectral shape
in the Soret band region: a new bleaching shoulder component

appears nearby 416 nm, that is, on the blue limb of the “normal”
bleaching maximum at 426 nm (see also inset of Figure 5). As

a result, the bleaching decay kinetics measured in the Soret band

region at 416 and 426 nm are somewhat different from each
other. This may result from exciplex formation by DMSO axial
ligation not only through oxygen but also through the sulfur
atom. Indeed, DMSO complexes are reported in the literature
in which sulfur behaves as a donor até.

The exciplex formation and decay kinetics measured at 444
nm (Figure 6A) are well-fit by monoexponential risey(= 1.4
+ 0.4 ps) and decay laws{= 23 + 2 ps). The’(w,7*) state
decay measured at 435 nm (Figure 6B) is well-fit by a
biexponential curve withryg; = 1.0 & 0.3 ps (80%) andq, =
8 £ 1 ps (20%) time constants. The first component corresponds
well to the rise time of exciplex. This implies that, during the
first picosecond after excitation, about 80% of the CuP
molecules in thé(,7*) state deactivate with a formation of
exciplex between CuP (in the (d,d) excited state) and DMSO.
The second decay component, thatrig,= 8 + 1 ps, has no
counterpart in the exciplex decay kinetics. This may only imply
that about 20% of the CuP molecules in ther,n*) state
deactivate to the ground state without exciplex formation with
DMSO.

4, Discussion

Experimental data show that in all three solvemwts different
typesof CuTMpyP4 molecules in the excité@z,7*) state are
observed, which decay by different ways and kinetics: (i) about
80% of the four-coordinate CuTMpyP4 molecules in their
3(or,*) state are quenched (with a time constant of cal®b
ps) by solvent; this quenching gives rise to the formation of an
exciplex in which a solvent molecule acts as an axial ligand of
excited CuTMpyP4, and (ii) about 20% of the CuP molecules
in 3(z,7*) state are quenched to the ground state without
exciplex formation. How may this occur in a homogeneous
medium? Indeed, deactivation aily one kindof excited
molecules by two different but simultaneous ways, with rate
constantk; andky, induces a total rate constant of deactivation
(k1 + ko). This results in a monoexponential excited-state decay

Chirvony et al.
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Figure 6. Time evolution of the absorption difference of CuTMpyP4
in DMSO at wavelengths of (A) 444 nm (the triplet-state isosbestic
point) and (B) 435 nm (the exciplex-state isosbestic point).
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Figure 7. Schematic energy-level diagram showing proposed pathways
of the excitation energy degradation (mechanism 1).

kinetics with a unique lifetime of 1k{ + k). In contrast,
observation of two different decay kinetics requires that all of
the CuTMpyP4 molecules in the excitér,7*) state are
divided into two different populations, independent from each
other at least during the excitéir,7*) state lifetime. It is
difficult to find a sound reason for such CuTMpyP4 partitioning
in the ground state. For the excited triplat£*) state, several
possible mechanisms may be suggested.

Mechanism 1.In the scheme proposed in Figure 7, the idea
is that there may be two different low-lyintz,7*) states the
energies of which are located below that of #we7*) 1 (or Q)
state. Indeed, there are numerous quantum-chemical calculations,
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both semiempiricaf and ab initiol® that predict, for both free ~ TABLE 1: Kinetic Parameters of the CuTMpyP4
base and metal porphyrins, the presence of two low-lying TSane}\-lStat_e QU_en'g_h'ng b7y Water, Methanol, and DMSO
3(,7%) states, that is¥(z,7*) , and®(z,7*) o, below thel(m,z%),  (oc€ Notations in Figure 7)

state. In the framework of a simplified “four orbital” model, solvent € 7TE, PS 716, PS Texo PS
these two triplet f,7*) states are characterized by “pure” water 783 1.0 0.2 254 3 741
electronic configuration¥1a, 4ey) and3(lax4ey), while in more DMSO 46.5 1.2+ 0.4 8+ 1 2342
complex approaches, there exists a considerable predominance methanol 327 1503 11+2 27+2

of one of the above configurations. Only recently, the presence apijelectric constant at 25C.

of the second low-lying triplets,7*) state, that is3(s,7*)5,

has been shown experimentalfyTwo evident bands were likely close to that of the¥(s,n*). state of four-coordinate

found in 3(,7*) — S luminescence excitation spectra of Pd CuTMpyP4. This is supported by (i) theoretical calculatiés,

porphyrins under excitation in low-intensityo S~ 3(rr,7*) which predict an energy of the [, d(x* — y?)] state of the

transitionst® The 3(rr,7*) » state was found to lie 1870 and 630 five-coordinate CuP close to that of tRgr,7*) state, and by

cm1 above the¥(,7*); state in case of PAOEP and PdTPP, (i) the observation of the;; = 7 ps rise component in the

respectively. 3(w,r*) state kinetics in water (see Figure 2B). This rise
In Figure 7, the®(w,7*), state of the four-coordinate CuP component likely corresponds to a (minor) back dissociation

(left part of the scheme) lies between #te,7*) , and(7r,7%) 1 of the exciplex (the lifetime of which is 7 ps) to initial four-

states, as found experimentally for Pd porphy#fss discussed ~ coordinate CuP in it§(z,7*) , state (time constantr in Figure
above, the binding state of five-coordinate CuPs is most likely 7). Obviously, this process could not take place if the electronic

the (d,d) excited state (level (ded) in the right part of the energy of the exciplex were considerably lower than that of the

. 3
scheme). Numerous calculations sRe# that the energy of 07" State.

this state strongly depends on the distance between the Cu(ll) Tlh‘,arefé)[)e’ ultrafast d?flctivation of lt)he (d.d) ztactjte C%nmt b%
ion and the ligand heteroatom. For four-coordinate species, thateXPlained by a very small energy gap between (d,d) and groun
is, in the absence of any ligand molecule in the nearest electronic states. Most likely, the exciplex (d,d) state deactivates

surrounding, the (d,d) state lies sufficiently high, that is, between via some intermediate located be'OW the (d,o_l) state in energy.
Yoz,7%)1 (or Q) and*(w,7*)» (or B) states; it is not shown in An intramolecular CT state of the five-coordinate CuP (level

the left part of the scheme (Figure 7). When a ligand heteroatom (CT)excin Figure 7) may play such a role of a low-lying state.
approaches the Cu(ll) ion, the energy of the (d.d) state All calculations available so far predict such a low energy of

: - this state for five-coordinate CuP complex&s>1”
considerably drops so it may fall nearby that of ie,z*), . -
and 3(r,m*)» states. In the proposed Figure 7 scheme, it is Therejore, qugnchlng of the excnéd;,ﬂ) state of CuT-
assumed that the energy of the stable exciplex ({gkvel in MPyP4 in three different oxygen-containing I__eW|s-base solvents
the right part of Figure 7) is comparable with that of the higher (water, methanol_ anq DMSO) may be des_,crlbt_ad by the common
triplet, that is,3(7r,77*) o, whereas thé(z,7*)1 state lies below. scheme shown in Figure 7 (corresponding time constants are

As a result, only thé(z,7*)> — (d,d)x transition turns out to summarized in Table 1). The main peculiarity of this scheme

be energetically favorable in the presence of liganding solvent IS that there are twé(z,7) states, and only th§(z,7*) state

molecules. We correlate this transition to the ultrafast exciplex 'i able tolform the bexmplg()gsﬁ/s e>;perrl|m?(’ental*data sh0\c/:v, IT all
formation kinetics (time constantg in Figure 7). three solvents, about o of the %z7*) state Cu

. . molecules deactivate via the exciplex formation with charac-
In contrast, theé¥(z,7*), state population cannot contribute P

10 stabl iDlex f tion i d theref teristic time constantsre of ca. 1-1.5 ps. The remaining excited
tgess? e*t)excgf)a(ta; rr?;m%rlﬁn d%rair:i?/gg It?t?\?esopci’xr?g staferevc\)/ree’CUP molecules, being in the lower-lyifgr,7*), state, cannot

)1 y only S the g ’ form a stable exciplex and decay to the ground state with the
correlate thig(s,7*) ; state deactivation (time constant) to

. ; time constantrc. They are likely quenched by polar solvent
the e>.<per.|menltally obsqrveq component of triptetrf) state molecules that influence the energy of an intramolecular CT
deactivation (lifetimery, in Figures 2, 4, 6).

state: in polar solvents, the energy of the four-coordinate CuP
We assume that this type of quenching is analogous to thatCT state lies below that of th¥x,7*); state and quenches it.
found earlier for the CuP(z,7*); state quenching in the As seen in Table 1, the exciplex lifetimay. explicitly
presence of nitrogen-containing basé#le speculate that this  jncreases when the solvent dielectric constadecreases. A
type of quenching may not be accompanied by the formation parallel tendency was earlier obtained for the CuTMPyP4
of any real five-coordinate excited CuP and I|ke|y results from excip|ex formed in the presence of short O||gothym|dy|ates of
the electric field influence of pOlaI’ solvent molecules on the various |engths in agueous solutions: the porphyrin excip|ex
electronic energy of an intramolecular CT state of four- |ifetime increased from 30 ps for CUTMPyP4 complexed with
coordinate CuP. Solvents with high polarity can stabilize the d(pT) to 160 ps for CUTMPyP4 complexed with d(pFy It
CT state energy enough to drop it below the,7*)1 state  was assumed in ref 5g that this effect is governed by the
energy and thus can quench the latter. This second type ofeffective polarity of the porphyrin microenvironment, which
quenching, which may be called “contact quenching”, is likely (polarity) decreases as the screening effect of thymine residues
active for both3(z,7*); and3(z,7*), states all the time after  increases as their number in the vicinity of the porphyrin
excitation, but for the(z,7*). state, during the very first  increases. In a framework of the scheme (Figure 7), this solvent
picoseconds after excitation, it cannot compete with the much polarity dependence of exciplex lifetime may be formally
faster quenching through exciplex formation. accounted for in terms of increase of some energy barrier (not
The ultrashort exciplex lifetimegey (7—27 ps, depending  shown) between (d,d). and CTex States as solvent polarity
on the solvent), requires a special consideration. Such a shortdecreases.
lifetime might result from a very low energy of the (d,d) state It is worth noting that the time constam{g of “contact”
of five-coordinate CuTMpyP4, that is, from a small energy gap quenching of thé¥(z,7*) state likely has an opposite depen-
between ground and excited (d,d) states. We believe, however,dence on solvent polarity (see Table 1): it decreases, in general,
that this is not the case and the energy of this (d,d) state iswith a decrease of solvent polarity, from 25 ps in water to 8 ps
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in DMSO and 11 ps in methanol. This is connected with the form an exciplex with water. Only “vibrationally hot” (in terms
fact that the triplet quenching is by nature a bimolecular process of out-of plane vibrations§(zz,7*) state molecules can likely
and depends to a larger extent on peculiarities of the quencherdo it. A major part of théé(;,7*) state molecules can cross this
structure and diffusion in solution than on microenvironment barrier (i.e., to form the exciplex) in 1.0 ps because (i) a large
polarity. In contrast, exciplex deactivation (and subsequent excess of vibrational energy they have obtained, a part of it
dissociation) is a monomolecular process, which is more being likely localized in nonplanar vibrational modes of the
adequately described in terms of influence of surrounding macrocycle, which facilitate the exciplex formation, and (ii) fast
medium macroscopic parameters such as the dielectric constantrotational diffusion of small-size solvent molecules providing
Mechanism 2.A picosecond dynamics study of photoexcited convenient orientation of oxygen atom to bind the Cu(ll). At
Cu(INTMPyP4 in water has recently been reported in ref 6c. least in water, solvent rotational diffusion is a rate-limiting factor
The time dependence of TA spectra shown by the authors in the exciplex formation kinetics; indeed, the time constant of
corresponds well to what we obtained in the present work. They exciplex formation (1.0 ps) is very close to that of rotational
found that the initially populate®(r,7*) state (which is &T; reorientation of water (0.7 p$).
tripdoublet in their interpretation) is quenched with a 1.2-pstime ~ Mechanism 4.1t has been recently found that Cu(ll)-5,10,
constant and results in (i) formation of an exciplex with water 15,20mesetetrakis(aryl)porphyrins exist in solutions at 77 K
as an axial ligand and (ii) population of the tripquafEt state as a mixture of two spectral forms, | and Il, that yield different
(see their Figure %). Exciplex and“T; tripquartet state luminescence spectra and lifetimes and different luminescence
deactivations to the ground state were found to occur widh excitation spectra as welt.Spectral form | has a luminescence
and~25 ps time constants, respectively, without suggestions lifetime of about 500us and is ascribed to a planar CuP
about participation of any additional intermediate state. conformer, whereas spectral form Il shows a luminescence
It is worth noting that the lifetime of the “long-lived” fraction  lifetime of 0.5-0.7 us and is tentatively identified with a
of 3(r,7*) state population determined here (25 ps) is exactly nonplanar CuP conformer. One may suggest that the two
the same as that found in ref 6¢, while their exciplex lifetime is deactivation pathways found in this work for CuTMpyP4
estimated as slightly shorter: this may result from some short- *(,7*) state may be just related to the existence of two
lived 3(z,7*) state contribution because their exciplex deactiva- CuTMpyP4 conformers that are quenched by different mech-
tion kinetics was measured at an arbitrary wavelength, that is, anisms. It is difficult, however, to check this hypothesis directly
not at the3(sr,7*) state isosbestic point. Indeed, similagi— in the manner performed in ref 21 because polar cationic
5-ps components were found in our experiments when TA porphyrins are dissolved only in polar O- and N-containing
kinetics were similarly measured not at tRgr,n*) state solvents, which quench CuTMpyP4 luminescence.
isosbestic point but at arbitrary wavelength (see Figure 2C as At present, we consider mechanisms 1 and 4 as the more
an example). plausible ones, although the other two mechanisms cannot be
In our opinion, the deactivation scheme presented in ref 6¢c completely ruled out.
is sufficiently plausible although there are questions that require
additional explanations: (i) why only tripdoubl€f; state but 5. Conclusion
not tripquartet'T; state decays through the exciplex formation
with water, (ii) why 4T, state population occurs in 1.2 ps The results obtained here enable the questions of the
although equilibration time betwe@f; and*T, states is known  Introduction to be answered in the following way:
to be~450 pst®and (iii) why both*T; and exciplex states could (i) The lifetime of the exciplex formed between excited
deactivate so quickly to the ground state (in picoseconds) CuTMpyP4 and an oxygen-containing solvent molecule indeed
without participation of any additional low-lying quenching increases when the solvent dielectric constant decreases. This
state. may be accounted for in two ways. First, this may result from
Mechanism 3. This mechanism, which considers only one an increase of some energy barrier between thes{glaad CTexc
3(z,r*) state, consists of different ligation ability of vibrationally ~ states as the solvent polarity decreases. Second, this may be a
“hot” and “cool” excited CuP molecules. Indeed, because of consequence of the plausible fact that the exciplex not only is
the extremely fast(,7*)1 — 3(r,*) radiationless transition,  a “pure” (d,d) excited state of the five-coordinate CuP but also
the3(sr,r*) state population occurs in a few tens of femtoseconds possesses some properties of a CT state, of which the contribu-
with a release of a large (at least3000 cnr!) excess of tion increases as the solvent polarity increases, this in turn
vibrational energy. This vibrational energy excess, which may enhancing the radiationless deactivation of the “mixed” exciplex
remain unequilibrated in electronically excited porphyrins during state. A similar conclusion about a complex character of the
about 10 ps after electronic excitatibhjs suggested to be  exciplex state (mainly (d,d) with a contribution of CT) was made
responsible for different deactivation pathways of “vibrationally in ref 17a on the basis of calculations.
hot” CuP 3(r,7*) molecules, which decay through (very fast) (i) CuP triplet state quenching directly to the ground state is
axial ligation of Cu(ll) atom by water, as compared to not characteristic for nitrogen-containing solvents only, but also
“vibrationally cool” CuP3(rr,*) molecules, which (much more  in some extent for oxygen-containing solvents in which it
slowly) decay to the ground state. This suggestion is based oncompetes with quenching through exciplex formation. It is not
an idea that low-frequency out-of-plane porphyrin vibrations clear, however, what mechanism is responsible for partitioning
may be important for the reaction of axial coordination of water petween these two types of quenching. One may suggest two
to the Cu(ll) ion. types of relaxation schemes based on (i) the presence of two
Therefore, fast depletion of hot vibronic levels of &te,z*) low-lying triplet states (or two conformers) of different abilities
state by axial ligand association may play the role of a “switch” to bind an axial ligand and (ii) different abilities to bind an
that redirects thé(sr,7*) state deactivation from one channel axial ligand by “vibrationally hot” and “vibrationally cool”
(through the exciplex formation) to the other (directly to the CuTMpyP4 molecules. Experiments are now in progress in our
ground state). Thus, in this framework, only thééen*) state groups that will enable us to find out what mechanism is more
molecules that are able to overcome some energy barrier cansuitable to explain the data obtained in this work.
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