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For the test system zinc tetraphenylporphyrin in ethanol, the&sgand S—, absorption and emission spectra

and fluorescence quantum yields have been measured as a function of excitation wavelength within the Soret
and Q-bands under conditions where self-absorption of emission and solute aggregation are either eliminated
or properly compensated. Under these conditions, the smalie§, Stokes shift yet measured, 115 tn

and the largest S-S, absolute fluorescence quantum yield yet measured,x.8@ 3, are obtained. Accurate
measurements of the relative quantum yieldsof$ to S—S emission as a function of excitation wavelength
reveal that a fast radiationless process that bypagse®ferative among states accessed at excitation energies
that span the Soret band. The data can be interpreted using the evidence of Yu, Baskin, and Zewalil that a
second excited state,'Scontributes a small fraction of the Soret band’s integrated molar absorptivity and is
responsible for an increasing fraction of photon absorption on both the red edge of the Soret harxd at

430 nm and the blue dtx < 409 nm. The lifetimes of the,;Sand S states have also been measured under
similar conditions; the values obtained confirm previous measurements.

Introduction we use g to label the new singlet state identified by YBZ,
Porphyrins, metalloporphyrins, and related molecules have and § and $ to label the states populated by absorption in the

assumed extraordinary importance in recent years as theQ and B (Soret) F’a“ds')
opportunities for using these compounds in photodynamic ~ Metalloporphyrins present many challenges to those who
therapy! optoelectronic devicek,sensor$, molecular logic V\{ould measure accurate, artlfacF-free speptra, emission quantum
devices and artificial solar energy harvesting and storage Yi€lds and temporal decay profiles, particularly when probing
schemeshave become apparent. Studies of the spectroscopythe UV-blue region. First, owing to their rigid structure, the
and photophysical dynamics of these compounds and their metalloporphyrins exhibit Stokes _shlfts of at _mostafew hgndred
multichromophoric derivatives have grown exponentially in Wavenumbers between the maxima of their-S, absorption
number in the last 10 years. During this period, increasing @nd emission bands; overlap of the absorption and emission
attention has been paid to the behavior of higher electronic statesSPectra is therefore substantial. Coupled with the huge oscillator
accessed by pumping in the strong Soret absorption band locate@trength of the Soret absorptiogix ~ 5 x 10° M~ cm™), -
in the violet region of the spectrum. Of particular note are recent this overlap results in extensive reabsorption of emission,
studie§ showing that electron transfer can occur on a picosecond Making it difficult to measure undistorted fluorescence spectra
time scale from these upper excited state(s) in zinc tetra- @nd to obtain 5-S fluorescence quantum yields with the usual
phenylporphyrin (ZnTPP) to solvents such as dichloromethane. &ccuracy of a few percent. Reabsorption can also lead to artifacts
Very recently, Yu, Baskin, and Zewai(hereafter referred to in the measurement of temporal emission and transient absorp-
as YBZ) confirmed and elaborated upon this observation and tion spectra and decay constants.
provided the first evidence that heretofore undiscovered elec- In addition, many porphyrins and metalloporphyrins readily
tronic states may be involved in the relaxation of ZnTPP excited aggregate, making it difficult to extract the behavior of
by one-photon absorption in the Soret bands. (For consistency,monomeric species from measurements on solutions containing
mixtures of monomer, dimer, and higher aggregates. The nature
T Faculty of Physics, A. Mickiewicz University. of the aggregate can vary with the nature of the porphyrin solute,
: Center for Ultrafast Laser Spectroscopy, A. Mickiewicz University. - the solvent, the temperature, and the presence of surfactant,
Faculty of Physics and Faculty of Chemistry, A. Mickiewicz University. . " .
Il Faculty of Chemistry, A. Mickiewicz University. electrolyte, or other solution additivés!® Aggregation occurs
U Department of Chemistry, University of Saskatchewan. at micromolar porphyrin concentrations in some systems and
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is therefore impossible to avoid when working at the higher small as 0.1 mm), so that the path length for reabsorption of
solute concentrations needed for most transient absofgfion S,—S; emission was minimized. With this arrangement, measur-
and fluorescence up-conversidf measurements. able reabsorption of emission could be detected only when

Additional problems (or opportunities) include multiple- ZnTPP concentrations exceedeck2.0-6 M. To ensure that a
photon absorption, a process that is significant even at very low linear relationship was maintained between absorbed intensity
metalloporphyrin concentrations when high peak power pico- and emission intensity, smaller absorption path cells (0.2 or 0.5
second or femtosecond lasers are used as excitation sourcesnm for concentrations-2 x 10°5 M) were used when the
Excitation of somewhat more concentrated solutions with such excitation wavelengths were longer than 415 nm (i.e., when
lasers may also produce excited electronic state densities thaexceeded ca. 1.& 10° M1 cm™1) or when higher concentra-
are large enough to result in significant bimolecular excited- tions of the metalloporphyrin were employed.

state annihilatiod? a source of delayed fluorescence from S The spectral bandwidth of the laser excitation source is narrow
and T, states. (ca. 10 cm!) and transform-limited. This is unlike the situation
Most previous work to characterize the structure and relax- found in conventional fluorometers using polychromatic sources
ation dynamics of the upper excited states of the metallopor- and, for quantum yield measurements, permits the sample
phyrins has relied on standard measurements of fluorescenceabsorbance at the excitation wavelength to be measured ac-
spectra, quantum yields, and lifetimés?In particular, transient  curately using a UV-visible spectrophotometer employing the
absorption and fluorescence upconversion measurements haveame (small) spectral bandwidth. This is particularly important
most often been made at solute concentrations in which in determining quantum yields when exciting on the steep slopes
aggregation was an unavoidable complicafibt:'This paper of the Soret absorption band. The spectral bandwidth employed
seeks to characterize the upper excited state relaxation dynamic$or the emission monochromator was ca. 0.9 nm (or ca. 50.cm
of monomeric ZnTPP, a well-studied metalloporphyrin, by at the maximum of the S S emission spectrum), enabling a
providing reliable, artifact-free fluorescence spectra and fluo- determination of the relatively distortion-free shape of the S
rescence quantum yield and fluorescence lifetime measurementss, emission spectrum even though the main band is very narrow
on highly dilute solutions. To do so, we employ an improved (fwhm ~ 430 cnt?). The overall system permitted emission
time-correlated single-photon counting method to measure measurements to begin at a wavelength only 2 nm to the red of
reproducible fluorescence lifetimes with subpicosecond temporal the excitation wavelength.
resolution. We also describe in detail a procedure to obtain
undistorted &S, emission spectra and accuratdl8orescence
guantum yields following excitation of highly dilute solutions
in the Soret band.

The following detailed procedure was followed to obtain
emission quantum yields and spectra that were undistorted and
changed only in relative intensity with changing solute con-
centration and excitation wavelength within the Soret band. To
obtain a quantitative measure of the relative intensity of the
exciting light, the fluorescence intensity of an approximately

Materials. 5,10,15,20-Tetraphenyl-2{,23H-porphine zinc 105 M solution of rhodamine B in ethylene glycol, used as a
(ZnTPP) of the highest purity (Aldrich, low chlorin) was used duantum counter, is measured for given excitation and emission
as received. Ethanol for Spectroscopy (Merck), hexane for WaVG'engthS. The Sample emission SpeCtrUm is then measured
fluorescence (Merck), and tetrahydrofuran for fluorescence Several times under the same conditions, using the short path
(Merck) were used as received. For comparison we also usedength cell described above, and the average spectrum is
ethanol from a second source (Aldrich, HPLC grade), which obtained by sequentially adding the digital spectra and finally
was additionally purified by fractional distillation and dried. ~ dividing by the total number of spectra used. The sample is

Methods. The picosecond laser excitation and time-correlated réplaced by the rhodamine solution and the relative intensity
single-photon counting detection systems used to measureof the excitation beam is measured again. The emission (and
fluorescence lifetimes with subpicosecond precision have beenRayleigh plus Raman scattering) spectrum of a blank (solvent
described in detail previousl. Briefly, the train of +-2 ps only) is then obtained under conditions identical to those for
pulses from an argon |on_pumped, tunable’ mode-locked Ti: the Sample, and the IntenSI'[y of the excitation I|ght is checked
Sapphire laser was pulse_picked at a frequency ranging from aga|n USIng the quantum counter. The nOise |eVe| |S determ|ned
single shot to 4 MHz. Second and third harmonics of these Py measuring the emission spectrum without the cell present,
pulses were used as the excitation source for the measuremerind the cycle ends with a fourth measurement of the excitation
of upper state fluorescence lifetimes by time-correlated single- intensity with the rhodamine quantum counter. The noise
photon counting. A graded, rotating neutral density filter was SPectrum is then subtracted from the spectra of both the sample
used to control the intensity of the excitation beam and a Fresneland the blank.
double rhomb was employed to rotate the plane of its polariza- The spectrum of the blank, with noise subtracted, was then
tion. Together with a polarizer set to observe emission at the corrected for the reduced incident intensity (due to absorption
magic angle, this arrangement eliminates rotational diffusion by the sample) at the locus of the emission by multiplying it
artifacts. The detector is a Hamamatsu R3809U-05 microchannelby the factorx = (1 — 1074)/2.3A; whereA; is the absorbance
plate photomultiplier. of the sample measured at the excitation wavelength. (In the

The same excitation system, which is based on a modified latter measurements the spectral bandwidth of the absorption
Edinburgh Instruments FL 9000 spectrofluorometer, was also spectrophotometer was setal nm to avoid artifacts due to
used to excite samples in measurements of theirSs spectral distortion found at larger slit widths.) This corrected
fluorescence spectra and fluorescence quantum yields. In thesepectrum of the noise-subtracted blank is then subtracted from
experiments, the excitation beam was directed into a thin cell the averaged emission spectrum of the sample. Finally, the
with a 0.5-1.0 mm excitation path length, and was focused solvent-and-noise-subtracted emission spectrum is further cor-
mildly with a quartz lens to a point close to the front wall of rected for the sensitivity of the detection system, using the
the cell, from which emission was observed. The beam diameteremission correction files supplied by the spectrometer manu-
at the beam focus was no more than 0.5 mm (and could be asfacturer. These spectra are then normalized to account for

Experimental Section
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different relative intensities of the exciting light at the various 3500 e

excitation wavelengthdp(lex), as measured by the rhodamine ZoTPP in BOH
quantum counter. They are further normalized to account for 3000 coss oM | ]
differences in the intensity of the incident light absorbed by 1 A [nml:

the sample at the different excitation wavelengthfley), as 2500 31 .
determined from a quantitative measurement qf iA the _ —a— 415
absorption spectrum. The resulting-S, emission spectra were = 2000+ —— 409 .
identical in shape for several excitation wavelengths and differed . ; —o—400

only in relative integrated intensity, by a factor directly Z 1500+ — =i

proportional to the relative emission quantum yielgde, at each

excitation wavelength. Absolute emission quantum yields were 1000+

then obtained conventionally by using a quinine sulfate in 0.05

M aqueous HSOy (¢r = 0.52) as a reference standrdnd 500+

applying the same procedure to it and the sample. 1
The above procedure was all that was necessary to obtain 04’00 o ‘ LA

undistorted, artifact-free SSy emission spectra at the lowest )

metalloporphyrin concentrations<@ x 106 M in ethanol), Wavelength [nin]

where the dimer contributed negligibly to the absorption Figure 1. S$—S emission spectra of ZnTPR ¢ 5.8 x 107° M) in

spectrum i te fegion of the Sore band, and reabsorpion o 10 % o0, eTerale 2 & e of eclotor vl

emission by the monomer was less than _2% owing o the useintensirzy of excitation at the several excitation wavelengths and for

of thin samples and very small reabsorption path lengths. At reapsorption.

higher porphyrin concentrations, significant reabsorption was

unavoidable, and a further correction of the emission spectrum Of the sum of the rate constants for nonradiative decay of the

was employed to account for this systematic error. This Sz State2ka, using the expressiark, = (1 — ¢)/z; will contain

correction involved calculation of the constant effective re- little error due to large errors in measuripgbecause < 1

absorption path lengthem needed to make the shape of the but will be inaccurate ifr; is in error. The importance of

corrected emission spectrum independent of the concentrationf€absorption in quantitative measurements pt& emission

of the porphyrin and identical to those from samples of low intensities and spectral parameters has been identified and

concentration containing negligible dimer. The uncertainty in accounted for by YBZ;nevertheless, we obtain a significantly

lem Was estimated to bec0.05 mm, so that reabsorption will ~ Smaller Stokes shift than they report (115¢nas 300 cm* in

introduce a systematic error in the absolute emission quantumbenzene).

yields of no more than 5% at the highest porphyrin concentra- ~ With the ability to record artifact-free;S S, emission spectra

tions employed in the present study. and quantum yields in ha_nd, it is then possi_ble to dete_rm?ne
Quantum yields of relatively intense;-SS, fluorescence, ~ the quantitative photophysical effects of changing the excitation

excited in either the 5-So or Si—So absorption systems, were Wavelengthﬂex,_ within 'Fhe Soret band system. Such measure-

determined routinely using a modified MPF-3 spectrofluorom- Ments are particularly important because many previous inves-

eter (Perkin-Hitachi) as previously descridédrhe values of tigators have c_hosen to excite at wavelengths well to the blue

these quantum yields agreed well with those obtained nonrou-Of #max 10 avoid scattering whee, is close toiem Many

tinely using the laser excitation source, thin cell, and correction INvestigators have assumed that the photophysics of this

process described above for obtaining—Sy fluorescence metalloporphyrin is essentially independentigf within th(_e
quantum yields. spectrally narrow Soret band system, but the recent experiments

of YBZ cast serious doubt on that assumption.

First, the corrected, normalized emission spectrum is com-
pletely independent of excitation wavelength within the range
Figure 1 shows the;S S absorption and corrected emission 370 nm< Aex < 421 nm, as illustrated in Figure 2. YBZ have

spectra of ZnTPP in ethanol obtained as described above. Notesuggested that another statey, 9s present and absorbs
that the $—Sp absorption and corrected emission spectra are significantly in the same region. These results suggest that S
nearly perfect mirror images, and that the Stokes shift is very if present, has almost the same emission spectrum asdor
small, 115+ 15 cnt?, as expected of a rigid metalloporphyrin  exhibits a substantially lower fluorescence yield thanThe
embedded in a solvent in which reorganization on excitation results of our measurements of the relative quantum yields of
has only a minor effect. This value of the-S5, Stokes shift is both S—S and S—S, fluorescence as a function #§y in the

the smallest ever reported for ZnTPP in any solvent at room Soret system at several low ZnTPP concentrations are shown
temperature. Note, in contrast, the differences between similarin Table 1. The effects of increasing the concentration of ZnTPP
absorption and emission spectra reported by Mataga et al., inon these 5 and S—S fluorescence quantum yields at
which the precautions for obtaining artifact-free spectra noted constantlex = 409 nm are shown in Table 2.

above were not takeff.We expect that the wide range of values The numbers in Tables 1 and 2 agrel = ¢1(AexC)/

of the Stokes shift and quantum yield of-S5, emission for d1(Aex=Arer,C=Crer) @and are obtained from the integrated intensi-
the same metalloporphyrin in the same or similar solvents ties of the corrected emission spectra, as described above. We
reported to date is due primarily to the failure to satisfactorily estimate that the error in these valuespg is about 5%. The
account for emission reabsorption in these measurements, andeference solutions contain ZnTPP at concentrations where dimer
secondarily to the effects of dimerization and scattering. Such formation is negligible, so any variations e are due to real
errors in the measurement of quantum yields are propagated inphotophysical effects involving the monomer or, at higher solute
calculations of glifetimes usingr; = ¢i/k;, where the radiative  concentrations, to the formation of aggregates.

rate constank;, can be estimated accurately from the integrated  The absolute quantum yield 0§-SS, fluorescence for ZnTPP
molar absorptivity of the Soret absorption band. Calculations in ethanol (concentrations< 5.8 x 1076 M) excited atl;es =

T T T g
440 450 460 470

Results and Discussion
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10—

T sufficiently to the blue oflen, to enable most of the emission

spectrum to be recorded without interference from scattered

ZnTPP in FIOH ] excitation light. Several measurementsfgf; were also made

c=358*10'M ] at still longer excitation wavelengths, taking extreme care to

absorption - ensure that Rayleigh and Raman scattering did not adversely

affect the corrected emission spectra. No significant difference

was found in the intensity and shape of the correctedp

A emission spectra for excitation in the range 415 fimiex <

] 421 nm, and for several different concentrations in the range

< 5.8 x 106 M. We therefore conclude that = 1.84 x 1073

for the radiative $—S decay of the monomer in ethanol, when

. excited at or neakmax = 422 nm in the Soret band, and we use

this value to obtain absolute values of the rate constants for the

ARSI . radiative and nonradiative rate constants pfCareful examina-

L S LA tion of the primary Ilterature_ revgals that this value of the-S
S fluorescence quantum yield is larger than any reported to

date for ZnTPP in ethanol or other similar solvents. In particular,

Figure 2. S,—S; absorption and normalized corrected emission spectra the oft-quoted value of(S;—S) = 1.8 x 1073 given by

of ZnTPP in ethanol at room temperature. The emission spectrum wasTsvirko et al?° is based on a measurement of the relative

obtained at an excitation wavelength of 415 nm. intensities of $—Sy:S1—S fluorescence and an early measure-

TABLE 1: Relative Quantum Yields of S,—S and S—S ment?! of the absolute value afi(S,—So) = 0.03 for ZnTPP in
Fluorescence of Monomeric ZnTPP in Ethanol as a Function  €thanol, which is too large by abolfs. Later measurements

09+

0.8 4

0.7 - = = = - fluorescence

0.6

0.5

Intensity [a.u.]

04
03
024

0.1
1

0.0

Wavelength [nm]

of Jex in the Soret Band at Room Temperature by the same authoi% give ¢(S1—S) = 2.2 x 1072 and
—_ — 3: i
Jex (NM) Drrel(S— o) Drrel(Si— ) o(S—S) = 1.1 x 1073 the former_ value agrees W|t_h our
present measurement, but the latter is 40% too small, likely due
370 0.60 0.76 . . . .
400 0.77 0.83 to reabsorption that may be clearly seen in their published
409 0.88 0.89 emission spectrum. Some tabulated valueg:($,—Sp) in the
419 1.00 1.00 reference literatuf are systematically too small, by as much

a Average of measurements @at= 1.8 x 10 M andc = 5.8 x as a factor of 5 or 6.

10°¢ M. P Excitation wavelength used for normalization. The data in Table 1 show that there is a significant decrease
. ) ) in ¢¢ for both S—S and S—S, radiative decay asey is moved
TABLE 2: Relative Quantum Yields of S,~ and S-S to the blue within the Soret system, for ZnTPP concentrations

Fluorescence of ZnTPP in Ethanol as a Function of ZnTPP

Concentration for Ae, = 409 nm at which only monomer is expected to be present in significant

amounts. The effect is more pronounced for-Sy emission

¢ (uM) Pire(SS) Prre(S1—S0) than it is for S—S, i.€., ¢t rel(So—So) is systematically smaller
0.44 1.02 than ¢rrel(S1—So) for a given concentration and excitation
é-g‘ 11-%% %)-%% wavelength, and this difference increases as the excitation energy
31 0.78 ' increases folex < Amax = 422 nm. Within experimental error,
140 0.5b these relative quantum yields are independent of ZnTPP

concentration in the range< 5.8 x 107 M. We ascribe these
observations to (i) an increase in the radiationless decay rates
of electronically excited ZnTPP molecules with increasing
excitation energy in the Soret region, and (ii) a concomitant

number may be used to obtain good estimates of the absolut increasg in th? frgction of excited molecules that decay by
S, fluorescence quantum yields from the data in Table 1, but ypassing §(vide infra).
these absolute quantum yields will be subject to greater error Although it was impossible to measure accurate-$
than ¢ rel. fluorescence quantum yields &t > 421 nm, it was possible
The data in Table 2 (for whiclees = 1.8 x 106 M and to measureprrel for $,—S, fluorescence atex up to 435 nm,
small reabsorption effects have been compensated) indicate that/Sing the intensities of,S-S, fluorescence obtained for direct
there is no significant change in the-S% fluorescence quantum  €Xcitation to $ at wavelengths in the Q absorption bands (
yield at concentrations below 5:810°6 M and at mosta 10% = 555 nm) as a reference. These excitation energies lie well to
change in the 5 S fluorescence quantum yield over the same the red oflmax = 422 nm within the Soret band. Table 3 presents
range_ The Significantly |0wer ﬂuorescence quantum y|e|ds the reSuItS. Note the dl’ama’[iC decrease in the quantum y|e|d Of
obtained at still higher concentrations ¢ 5.8 x 1076 M, S1—S fluorescence when the system is excited at wavelengths
corrected for reabsorption) are, however, significant. We ascribeOn the red edge of the Soret band, compared with direct
this observation to the fact that, at these higher concentrations,eXcitation into the Q-bands. This result provides the first direct,
a significant fraction of the absorption at 409 nm is due to Unequivocal evidence of the existence of a significant electronic
ZnTPP aggregates that exhibit much lower emission quantum relaxation channel in the upper singlet manifold of ZnTPP that
yields than the monomer. Note that such higher concentrationsbypasses theState.
(c~ 1074 M) are often used for fluorescence upconversion or  The results of measuring the lifetimes of thed®d S states
transient absorption experimenits.2.16 in dilute solution, using the fast time-correlated single-photon
The choice of reference excitation wavelength, 415 nm, was counting method previously described, are shown in Table 4.
dictated by the wish to excite at a wavelength that was close to Here 415 nm< Aex < 420 nm, 450 nm< Aem < 460 nm for
the peak of the Soret band at 422 nm, but neverthelessthe S state lem = 650 nm for the $state, andt = 4 x 1076

2 Concentration used for normalizatiohCorrection very large and
value more uncertain.

415 nm is determined by us to kg = 1.84 x 1073 This
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TABLE 3: Relative Quantum Yields of S;—S, Fluorescence
and of Nonradiative Decay for Monomeric ZnTPP in
Ethanol at Room Temperature as a Function ofi., on the

Karolczak et al.

state molecules or acquired by them in photon absorption. (Note,
however, that the vibrational energy will be distributed among
a larger number of modes due to fs intramolecular vibrational

Red Side of the Soret Band

redistribution, IVR, among states of approximately equal

rex (M) Prrel(S1—S0)* Zgn(Sorety energy). These data therefore suggest that either (i) the rate of
415 1.00+0.00 0.00 an additional (as yet unspecified) radiationless decay process
igg 8';6; 8'8% 8'421; increases with increasing Sibrational energy and increasingly
435 0.49+ 0.02 051 bypasses §or (i) another state, which exhibits a smaller
555 1.00 guantum yield of fluorescence in the blue thgnaBd decays

@ rre(Si—S) = G1(Si—Sosted/r(Si—Sorle=555 nm).> Sgn(Soret) by bypassing § is absorbing an increasing fraction of the light
=1 — ¢ie(Si—S) is the sum of the relative quantum yields of al dex < Amax.
nonradiative decay processes when ZnTPP monomer is excited in the Second, the data in Table 4 show that excitation on the red
Soret region. edge of the Soret band accesses a radiationless decay path that
bypasses Sto a still greater extent. If only one electronic
transition contributes to the Soret band in the 4240 nm
region, excitation at wavelengths lying progressively further to

TABLE 4: Lifetimes of S,—S, and S—S, Fluorescence and
Excited State Decay Constants of Monomeric ZnTPP in
Ethanol at Room Temperature; Aex = 415 nm for $; and 555

nm for Sy the red of the absorption maximum will select subsets of the
(S22 k(S—S0)° ZklS2)  T(S1)? k(Si—S0)°  Zkn(S1)° ensemble that contain increasing fractions of vibrationally
sovent  (ps) ) ) () ) Y excited ground-state molecules. Photon absorption therefore

EtOH 14403 131x10° 7.1x 10" 1.88 1.42x 107 5.14x 10°

produces 1 molecules that are either vibrationally cold or

(1.03) (1.00) Hrati tad i i
THE 13203 7 7% 101 174 vibrationally excited in th_ose_ low _frequency mode_s that experi

(0.88) (1.00) ence a large decrease in vibrational frequency in the excited
Hexane 1.96 state. A change in the vibrational characteristics of the excited

oo 10t 1T state ensemble is therefore anticipated as the excitation wave-
length moves to the red edge of the Soret band, provided that
only one electronic transition is involved. However, radiationless
transition theory suggests it is unlikely that an increasing
population of either vibrationally cold excited molecules or
molecules possessing a nonstatistical distribution of vibrational
M, so we expect that these results characterize the relaxationenergies in low-frequency modes could promote a faster rate
of the excited monomer of ZnTPP in ethanol. The redyged  of radiationless decay via some channel that bypasses S
values (Table 4) are obtained from the best fit of a single-  On the other hand, the data in both Tables 1 and 4 can readily
exponential decay function to the data, using the iterative pe interpreted using the evidence presented by YBZ that a
reconvolution method described previously. These results maysecond excited state;'Sis present, contributes a small fraction
be compared with the results of YBZyho obtainedr(S;) = of the Soret band's integrated molar absorptivity and is

1.7 ns and a more precise valuer(®,) = 1.45 ps for excitation  responsible for an increasing fraction of photon absorption on
of dilute solutions of ZnTPP in benzene at 397 nm. These resultspgth the red edge of the Soret band.at> 430 nm and to the

should also be compared with the valuer(®,) = 2.35 pd216 blue atde, < 409 nm.

obtained at much higher ZnTPP concentrations in ethanol (ca. Th . . . . .
4 - ) . e strongest evidence supporting this suggestion is provided
1.5-2.0 x 10~* M), where extensive dimer formation occurs. L :
The measured values ofS,) = 1.4 ps ands(S—So) = 1.84 byYBZ, _th made th_e following |mport{_ant observations for
’ ) ZnTPP in dilute solutions of an unreactive solvent, benzene.

x 1073 then allow us to calculate reliable experimental values N The ri £ S fluor n xcited at 397 nm is m rabl

of the radiative and nonradiative rate constants for the relaxationg) ¢ € dseq tuo esce Ci efcl iS a th ths deasu af é

of the ensemble of ZnTPP molecules excited in ethanol near 2>€" (dominant component o " ps). an the decay,of
fluorescence (1.45 ps), an observation attributed to a contribution

the maximum of the Soret band. The results dga&—S) = -
131 x 10° st andSku(S) = 7.1 x 101 sL. A value ofk to the population of Sby a somewhat faster decay of the co-

may also be calculated from the oscillator strength of the Soret €xCited ' state. (ii) Two-photon excitation at 550 nm and
bands using the StrickleBerg formalism? The result for ~ SuPSequent relaxation o produces a much higher ratio of

ZnTPP in ethanol i& = 1.15x 10° sL, in reasonable (but not $"S, populq_ations than is _prod_uced by one-photon excitation
perfect) agreement with the measurement, giving increased@t 397 nm, in the B(0,1) vibrational feature of the Soret band
confidence that the measured values of ba®) and ¢(S,— system. YBZ considered the possibility that their observations
S) are correct. might be the result of a significant fraction of thg-$excited-

The data in Tables 1 and 4 provide the first quantitative State populations bypassing By radiationless relaxation but
evidence of a significant radiationless relaxation process in states'tled this out on the basis of previous wétkhat appears to
Si=2 that bypasses;SNote that (i) this nonradiative relaxation ~show that internal conversion ta 8ccurs with 100% efficiency.
process increases in relative importance as the excitation energgWe note, however, that this conclusion may be based on
increases within the Soret band, and (ii) as this nonradiative inaccurate data derived from experiments in which the effects
process increases in rate (relative to an assumed constant ratef aggregation, reabsorption, and scattering have not been
of radiative decay), the fraction of nonradiative decay events adequately accounted for, because the quantum yield-68§S
populating $ also decreases. Because electronic relaxation fluorescence reported in the same paper is a factor of 5 too
occurs on a time scale that is at least an order of magnitudesmall.) Moreover, the presence of an additional pathway that
faster than that of intermolecular vibrational cooling in this bypasses Smay remove all or part of a discrepancy, noted by
system, the $1 excited state ensemble will retain a large YBZ, between the intensities 0iSS, fluorescence excited by
fraction of any initial vibrational energy possessed by ground one photon at 397 nm vs two photons at 550 nm, attributed by

Benzené 1.454+0.10

aNumbers in parentheses are values of redyéddr the fit of the
data to a single-exponential decay curv&sing ¢«(S;—So) = 1.84 x
1073 ¢ Using ¢1(S1—So) = 2.67 x 1072 9Results of YBZ for one-
photon excitation at 397 nm.
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YBZ to significant two-photon absorption even when exciting The values obtained confirm previous measurements and permit

with low laser power at 397 nm. accurate evaluations of the rate constants for radiative and
We offer an alternate interpretation of the data of YBZ that nonradiative decay of the excited &d S states.

incorporates the results of the quantum yield measurements
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S’ —Sp. At Amax in this region, the contribution temax of the

former transition must outweigh that of the latter by at least Note Added after ASAP Posting.This article was posted

20:1, but on the red edge of the spectrum this ratio decreasesASAP on 4/29/2004. The captions for Figures 1 and 2 have

by about a factor of 10, suggesting that the energy of the S been interchanged. The correct version was posted on 5/7/2004.

state may be slightly lower than that of, &t least in ethanol.
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