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Synthesis and Excited State Dynamics g#-Oxo Group IV Metal Phthalocyanine
Oligomers: Trimers and Tetramers

Introduction

Silicon phthalocyanine is capable of forming stackedxo
oligomeric structures in which the stacking axis, formed by Si
O—Si—0O- bonds, is orthogonal to the phthalocyaniriplanes.
Theseu-oxo oligomers have been considered very useful in
developing molecular electronic devices due to their superior
physical and chemical stability and have shown promising
applicability in fabricating planer photodiodes and senérs.
They have also proved to be useful as nonlinear optical materials
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Two u-oxo silicon phthalocyanines have been synthesized and subjected to photophysical examination. The
results have been compared to the monomeric and dimeric systems published previously. The Q-bands in the
ground state absorption spectra undergo a blue shift with respect to the monomer due to an excitonic interaction
of the transition dipoles of the coplanar silicon phthalocyanine units having central symmetry along the Si
O-Si axis, with no significant molecular orbital overlap. This excitonic interaction generates a new set of
excited states. The Q-band shift (with respect to the monomer) is greater as the number of phthalocyanine
rings is increased consistent with the molecular exciton model of a linear polymer. On suprananosecond time
scales, photoexcitation generated optical absorptions of triplet states that decayed with intrinsic lifetimes in
the tens of microseconds region. These were quenched in the presencwitti @imolecular rate constants

for the trimer and tetramer of near>2 10®* M~* s71, indicating that the Tstates of the trimer and tetramer

lie significantly below the energy of thid\q state of oxygen (22.5 kcal md). Estimates of the energy ofi T
generated values of approximately 17 kcal mdbr both compounds, some 2 kcal mblower than that
calculated for the dimer. Photon absorption results in the formation of the highest lying exciton state, which
deactivates to the lowest exciton state, which subsequently undergoes intersystem crossing to the triplet
manifold. The ultrafast pumpprobe results demonstrated that part of the lowest exciton state population
was complete within the instrument rise time, whereas other populations required several picoseconds to
develop, probably on account of the requirement for torsional/vibrational relaxation of excited state populations
produced from ground state molecules having lower symmetry Ehgan

populate the upper excitonic state, resulting in the spectral blue
shift. The excited upper excitonic state rapidly deactivates to
the lower excitonic state,—[) for which the pure electronic
transition to the ground state is forbiddeMery weak and
highly red shifted fluorescence has been reported fortbgo
dimer? but no fluorescence has been reported for the trimer
and tetramer. Excited state dynamics of thexo dimer has
been extensively studied using nanoseéomdd ultrafast
transient absorption spectroscopy and exciton migration in the

that are excellent candidates for optical switching and optical Polymeric species (phthalocyaninato)polysiloxane using ultrafast

limiting applications®

transient spectroscopy has also been repdrted.

The most observable difference between the monomer and Very recently this laboratory and collaborators have been
the oligomers is in the UVvisible absorption spectra in a investigating the feasibility of using intense photothermal effects
solvent like toluene, where the oligomers spectra show signifi- in cellular milieux as a modality for means of inducing cell

cant blue shift in the long wavelength band, and this shift necrosis; so-called photothermal therapy (PTT). This depends
increases with the number of monomer units. This blue shift critically on photosensitizer compounds being capable of very
arises from the splitting of the normally degenerate orbital of rapid electronic-to-vibrational energy degradation within their
the separated monomer under the influence of the two co-facially excited state manifold. This generates a thermal spike that
stackedr-orbitals? The first excited state is therefore composed dissipates and in so doing causes major damage to the
of a pair of excitonic states that are different in energy by an surrounding biosystents.
amount that depends on the interplanar spacing and number of |t has been demonstrated that aggregated photosensitizers are
monomer units. The upper excitonic stafe;[] is optically more efficient in this than isolated molecules and this leads to
allowed, and optical transitions originating from the ground state the idea of using covalently linked oligomeric/polymeric species
as PTT photosensitizers, rather than relying on adventitious
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T Bowling Green State University. attempt in this arena, here we report the photodynamic properties
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the tetramer. The excited state dynamicsuadxo oligomers
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SiICH,CHy), —3.63 (m, 12H, SiCH). The trimer is a blue solid.

having more than two monomeric units have not been reported|t is soluble in CHCI, and toluene, very slightly soluble in
to date and the present study focuses on these properties of thé@exanes, and insoluble in dimethylformamide.

u-0xo trimer and tetramer species in an effort to understand

the excited state behavior with increasing monomer units.

Experimental Procedures

Synthesis.Materials. The reagents and solvents were from
commercial vendors.

HO(SiPcO)H, 1. The route used to prepare HO(SiPgi®)
and the other oligomers is based on previous Wéfk.

A mixture of SiPcC} (1.11 g), SiPc(OH)(1.47 g), quinoline
(dry, 70 mL), and trin-butylamine (6.0 mL) was refluxed under
Ar for 1 h, cooled (ice bath), treated av8 h with HCI
(concentrated, 15 mL), diluted with GBH (50 mL), and
filtered, and the solid was washed (gbH). A cooled (ice bath)
mixture of the washed solid and,HO, (concentrated, 80 mL)
was stirred for 3 h, mixed with an ieeH,O slurry (600 mL),
and filtered. A mixture of the solid thus isolated and an
ammonium hydroxide pyridine solution (1:1 200 mL) was
stirred for 3 h, diluted with KO (100 mL), settled for 2 days,
and filtered. The solid obtained was washed@H acetone,
toluene, hexanes), vacuum-dried (70), and weighed (2.40
9)-

The product is a blue solid. It is insoluble in dimethyl-
formamide, CHCI,, toluene, and hexanes.

(n-CgH13)3SIO(SiPcO)Si(n-GH13)3, 2. A mixture of HO-
(SiPcO)H (2.40 g), trin-hexylchlorosilane (8.0 mL), and a
toluene-pyridine solution (2:1, 150 mL) was refluxed under
Ar for 5 h and filtered. The solid was washed (toluene), and

the washings and filtrate were combined and evaporated to neal
dryness by rotary evaporation. The solid was weighed (1.95

g). The product is an oily blue solid.
(n-C6H13)3SiOSiPcOSi(n-§Hl3)3, 3. (n-CeH13)3SiO(SiPCO.)Si-
(n-CeH13)3 (1.00 g) was chromatographed (5:1 hexattetuene
solution, AbOs I, 50:1 hexanestoluene solution), and the
solid obtained was vacuum-dried (70) and weighed (116 mg).
UV —vis (toluene) Ama/nm (loge): 669 (5.6). NMR (300 MHz,
CeDg): 0 9.74 (m, 8H, 1,4-Pc H), 7.91 (m, 8H 2,3-Pc H), 0.95
(m, 12H, SiGHsCHy), 0.80 (t, 18H, SiGH;0CH3), 0.53 (m, 12H,
SiCsHeCHy), 0.24 (m, 12H, SigH4CH,), —0.96 (m, 12H,
SICH,CHy), —2.09 (m, 12H, SiCH). The monomer is a blue
solid. It is soluble in CHCI, and toluene, slightly soluble in
hexanes and insoluble in dimethylformamide.
(I’l-CﬁHj_s)aSiO(SiPC@Si(n-Qng)3, 4. (n-C5H13)3SiO(SiPCO}
Si(n-CgH13)3 was chromatographed further (10:1 hexanes

toluene solution), and the solid obtained was vacuum-dried (70

°C) and weighed (467 mg). UWis (toluene),Amanm (log

€): 632 (5.5). NMR (300 MHz, €Dg): 6 9.24 (m, 16H, 1,4-
Pc H), 8.06 (m, 16H, 2,3-Pc H), 0.59 (m, 30H, overlapping
SiCsHgCH, and SiGH31CH3), 0.04 (m, 12H, SigHgCHy),
—0.39 (m, 12H, SigH4CHy), —1.92 (m, 12H, SiCHCH,), and
—3.15 (m, 12H, SiCH). The dimer is a blue solid. It is soluble

in CH.Cl, and toluene, slightly soluble in hexanes, and insoluble

in dimethylformamide.

(n-(?ﬁng)gSiO(SiPC@Si(n-QH13)3, 5. (n-C6H13)3SiO(SiPCO,)-
Si(n-CgH13)3 was chromatographed still further (1:1 hexanes
toluene solution), and the solid was vacuum-dried {€pand
weighed (122 mg). UVvis (toluene),Ama/nm (log €): 620
(5.4). NMR (300 MHz, GDg¢): 6 8.80 (m, 16H, terminal 1,4-
Pc H), 8.73 (m, 8H, middle 1,4-Pc H), 8.20 (m, 8H, middle
2,3-Pc H), 7.83 (m, 16H, terminal 2,3-Pc H), 0.40 (m, 30H,
overlapping SiGHsCH, and SiGH;0CHg), —0.25 (m, 12H,
SiCHeCHy), —0.67 (m, 12H, SigH,CH,), —2.36 (m, 12H,

(n-Ceng)gSiO(SiPCOﬁi(n-QHB)?,, 6. (n-CGH13)3SiO(SiPCO,)-
Si(n-CgH13)3 was chromatographed further yet (toluene), and
the solid obtained was vacuum-dried (@) and weighed (148
mg). UV—vis (toluene) Amanm (loge): 616 (5.3). NMR (300
MHz, CgDg): 6 8.52 (m, 16H, terminal 1,4-Pc H), 8.30 (m,
16H, middle 1,4-Pc H), 8.01 (m, 16H, middle 2,3-Pc H), 7.63
(m, 16H, terminal 2,3-Pc H), 0.40 (m, 30H, overlapping
SiC4HgCH2 and SiQHl()CHg), —-0.25 (m, 12H, Si@‘lsCHz),
—0.69 (m, 12H, SiGH4CHy), —2.36 (M, 12H, SiCHCH,),
—3.66 (m, 12H, SiCH). The tetramer is a blue solid. It is soluble
in CH,Cl, and toluene, and insoluble in dimethylformamide and
hexanes. Structures are shown in Figure 1.

NMR Spectra. The NMR spectra were recorded with a
Varian Gemini 300 spectrometer.

UV —Visible Absorption Spectra. The ground state absorp-
tion spectra were recorded for monomer through tetramer in
solutions of 2-3 uM in toluene using a Varian Cary 50 Bio
spectrophotometer. The extinction coefficients for the monomer
through the tetramer were calculated from data obtained with a
Perkin-Elmer Lambda 25 spectrometer.

Transient Absorption Spectra and Kinetics. Transient
spectra were recorded in deaerated solutions in toluene by
bubbling the sample with argon for several minutes in a cuvette
with a Teflon cap equipped with a hypodermic syringe and a
small hole to allow egress of gas. The excitation beam was
obtained from a Surelite | (Continuum) Q-switched Nd:YAG
laser with ca. 6 ns pulse width at the third harmonic (355 nm).
The incident laser energy was attenuated to a few millijoules

rper pulse. Time profiles over the wavelength range-3800

nm were recorded point by point at 10 nm steps using a PC-
controlled kinetic absorption spectrometer described ed#ier.
Kinetic traces were recorded in the same fashion at a given
wavelength over the relevant time interval.

For determinations of the bimolecular rate constants for
oxygen quenching the solutions were saturated in turn with air,
argon, and oxygen by bubbling the sample with appropriate gas
for several minutes in a cuvette with a Teflon cap equipped
with a hypodermic syringe and a small hole to allow egress of
gas.
Triplet Extinction Coefficients and Quantum Yields. The
relative actinometry method was employed to measure the
producter®t with tetraphenylporphyrin (TPP) as the reference
with triplet state quantum efficiencyd() of 0.822 and an
extinction coefficient {7) at 440 nm of 67 000 M' cm™. The
sample and reference solutions in toluene were prepared with
matched absorptions 0.2 at 355 nm in 10 mm path length
cuvettes. The triplet state decay profiles were recorded in air-
saturated solutions at 440 nm for TPP and 510 nm for the silicon
phthalocyanine compounds. Values &f440 and AAsi1p were
recorded immediate post-pulse (zero time) prior to any decay
occurring. The following was employed to calculateb for
the unknown (X):

A’/'\‘510 REF_REF,
DR (440)
AA440 T

DFex(510)=

The extinction coefficients were determined by the energy
transfer method using TPP as the energy transfer donor. A
deaerated solution of TPP in toluene with absorbanbel at

355 nm bubbled with Ar for several minutes in a cuvette with
a Teflon cap equipped with a hypodermic syringe and a small
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Figure 1. Structures of 1f-CsH13)3SiO(SiPcOanasSi(N-CsH13)s (rings rotate freely in solution).

hole to allow egress of gas was employed and the rate constanResults

(kg) for the decay of TPP triplet in the absence of acceptor was . -
determined. A silicon phthalocyanine (energy acceptor) con- Ground State Absorption Spectra. The UV-—visible ab-
centration near 1@M was used. This proved to be insufficient ~SOrption spectra of the-oxo silicon phthalocyanine trimer and

to capture the whole TPP triplet population and corrections for (€tramer were measured in toluene solutions at caM
the unscavenged fractions were necessary. The rate of formatiorfOncentrations. The normalized spectra are displayed in Figure
(kob9 Of the phthalocyanine triplet was observed at 510 nm, 2, along with those of SiPc(O$HCeH13)3)> (monomer) and
which is an isosbestic point in the TPP transient absorption O(SIPCXOSi(-CeHi3)3)2 (dimer) for comparison purposes. The
spectrum. The decay rate of the TPP triplet at 440 nm was trimer and tetramer show significant blue shifts with respect to
recorded, thereby providing the value &A at time zero. The ~ the dimer and to the monomer in both Q-band and B-band
value of AA for phthalocyanine triplet at time zero was obtained €gions. Table 1 summarizes the wavelength maxima for the
from fitting of the time profile at 510 nm. To calculate the triplet four species and the spectral shifts (in wavenumbers) with

extinction coefficient, the relationship respect to the monomer. Itis clear from Figure 2 that the Q-band
peaks of the trimer and tetramer are very narrow in the center
x _ 1P Ky and have significant unresolved wings on both red and blue
€510 6440AA440-k0bs_ Ky sides. _ o
Transient Spectra and Kinetics: Nanosecond and Longer.
was employed? The transient absorption spectra of thexo trimer and tetramer

Ultrafast Pump—Probe MeasurementsThe pump-probe (ca. 2uM) were recorded in degassed solutions (caM in
instrument for the ultrafast transient absorption measurementstoluene. The samples were excited using 6 ns laser pulses at
has been described previousfyThe recent improvements to 355 nm, and spectra were recorded point by point over the
enhance signal-to-noise characteristics have been communicatesvavelength range 366800 nm in 10 nm steps. The time
elsewheré. In the current experiments excitation was at 620 dependent transient absorption data for the tetramer are displayed
nm derived from an optical parametric amplifier (Spectra in Figure 3 along with a representative decay profile (Figure 3,
Physics OPA 800). inset). Both trimer and tetramer showed similar absorption
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Wavelength / nm constant for quenching of the triplet state of the trimer by oxygen at
Figure 2. Normalized ground state absorption spectra of the three 20 °C in toluene solution. The bimolecular rate constant is the slope
u-oxo oligomers and silicon phthalocyanine monomer for compari- ©Of the plot. Inset: the time profile of the trimer triplet in oxygen-
son: brown, monomer; orange, dimer; light green, trimer; dark green, Saturated toluene.

tetramer. TABLE 2
o estomd T/ 107%) 10 %ksd Ex/
Pc M~lcm?! us Mis? st @7 kcal mol™?
.02 1 dimer 216086 116 20 7.8 0.22 19.0
\ trimer 21090 51 216 26.6 0.114 ~17
b tetramer 20 500 37 151 80 0.094 ~17
0.00 % g s == g
~\ = a At 500 nm.
< 0024
absorption decay and bleaching recovery processes. The bleach-
0.04 - i ?;:5 ing recovery and absorption decay rate constants were first order
— 24ps in oxygen concentration (Figure 4). Bimolecular rate constants
e 3B for oxygen quenching of the triplet state of trimer and tetramer
' WPy | were found to be 2.16x 10° and 1.51x 10° M1 s
e respectively (Table 2).
-0.08 T - . : . . .. . .
T PR -0 o o et Extinction Coefficient and Quantum Yields. To obtain a

quantitative picture of the excited state dynamics of the
compounds necessitates measuring the extinction coefficients
of the triplet-triplet absorption spectra and quantum yields of
triplet formation. These experiments were performed by the

Wavelength / nm

Figure 3. Transient absorption spectra recorded at different times (as
shown) after irradiation wit a 6 nspulses at 355 nm of a ca.n
solution of the trimer in toluene. The inset shows the decay profile of

the Ar-saturated trimer at 510 nm and the single-exponential fit. energy transfer method using,FPP as the standard, as
described in the Experimental Section. The results obtained are
TABLE 1 collected in the Table 2 along with the relevant data for the
Jmasd Awl o/ dimer (from ref 6).
compound nm cm~t cm™ Transient Spectra and Kinetics: Subnanosecond.To
monomer 6685 14 958 determine the dynamics of the early events, ultrafast pump
dimer 632.0 863 15822 probe absorption experiments were performed. In this experi-
Trimer 620.0 1169 16 129 ment, mode locked, amplified Ti:Sapphire laser pulses of ca.
tetramer 616.0 1273 16 233 100 fs duration at 620 nm were used to excite solutions of trimer

features, viz. negative absorption (bleaching) in the Q and Soretand tetramer in toluene. The transient absorption spectra were
band regions, a broad positive absorption feature centered neamonitored using the pumpgprobe method in which a coherent
500 nm and another positive absorption on the red side of the white light continuum was generated for the probe pulse. The
bleaching band. An isosbestic point was detected between thespectra were recorded using a CCD spectrograph, as described
Q-band bleaching and the positive feature to the red side (nearin the Experimental Section. Transient absorption spectra at a
650 nm). Under the prevailing conditions of argon saturation, series of time delays for the trimer are presented in Figure 5 in
the negative and positive absorption features decayed to thewhich a well-defined isosbestic point at 595 nm connects
prepulse baseline in accord with an exponential rate law. In positive and negative absorptions. Similar data for the tetramer
both compounds the absorption and bleaching kinetics hadare shown in Figure 6. The time profile of the excited state
identical lifetimes and isosbestic points separated the absorptiondeactivation of the trimer at 525 nm is presented in Figure 7.
and bleaching features. The decay was exponential with a small nonzero baseline
The kinetic time profiles changed upon adding oxygen to the providing a lifetime of 37.6t 5 ps. The tetramer showed similar
solutions. In both compounds addition of, @nhanced the  spectra and differed only in lifetime value (12152 ps at 550
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Figure 5. Series of pump-probe transient absorption spectra recorded
at different delay times (as shown) after excitation of the trimer solution
in toluene with 100 fs pulses at 620 nm. The inset shows the same
data with the positive regions enhanced.
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Figure 6. Same experiment as in Figure 5 with the tetramer in place
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Figure 7. Time profile of the absorption at 525 nm under the same
conditions as in Figure 5. The solid curve indicates the monoexponential
fit with nonzero baseline.
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SCHEME 1: Synthesis of Oligomers
CoH7N 1) HpS04

SIPcCl, + SiPc(OH),
(n—C4H9)3N 2) NH4OH, C5H5N

(n-CgHs)3SiCl

HO(SlI;’cO)nH N

(n-CeHs)sSIO(SIPcO),Si(n-CoHs)s
2

Al,O3

223 o (n-CgHs)3SiO(SIPCO); 1o 4Si(n-CoHs)s
chrom
3-6
Discussion

Preparative Work. The route used to prepare the oligomers,
Scheme 1, utilizes well-established silicon phthalocyanine
chemistry?10 Although higher oligomers are undoubtedly
produced by this route, they are produced in low yields and
evidence for only the pentamer was obtained.

Ground State Spectra.The absorption spectra of thxeoxo
trimer and tetramer (Figure 1) are in good agreement with
previously reported dat&.1t is generally agreed that the blue
shift of the Q-bands with respect to the monomer is due to an
excitonic interaction of the transition dipoles of the coplanar
silicon phthalocyanine units having central symmetry along the
Si—O—Si axis, with no significant molecular orbital overl&p.
This excitonic interaction generates a new set of excited states
in the dimer, labeled herg;+Oand |—0 In the dimer the
transition from ground state {Bto the upper exciton state-[]
is allowed and that to the lower exciton stdtelJis largely
forbidden#16.17

As Figure 2 shows, the Q-band shift (with respect to the
monomer) is greater as the number of phthalocyanine rings is
increased. This blue shift is consistent with the molecular exciton
model for a linear polyme¥ This model ignores end effects
of monomer units and any interaction between nonneighbor
monomer units. It is applicable for dimers and long chain
polymers and yields approximations for oligomers—({®
monomer units}?

The other notable characteristics about the oligomer spectra
are the blue and red wings at either side of the main Q-band.
Such effects have been known for-%)—Si dimers for a
number of year$1% and have been attributed to different
torsional conformational forms of the dimers. NMR spectra have
indicated that theDs, symmetry species is only one of the
possible torsional conformations and that, in fact, the macro-
cycles can rotate freely about the-%)-M axis2° Calculations
by Hush and Woolséy lend support to the concept that the
dimers can exist in a variety of conformations about theaxs.

Transient Spectra and Kinetics: NanosecondFigure 3
shows the transient spectrum changes over the microsecond time
scale for the tetramer after excitation with 6 ns pulses at 355
nm. Both trimer and tetramer showed similar spectral features,
i.e., negative absorption in the Q and Soret-band regions, a broad
positive absorption maximum near 500 nm, and positive
absorption on the red side of the ground state bleaching band
near 680 nm. The trimer and tetramer transient absorption
spectra are comparable with the dimer transient spectra already
publishect The decay kinetics of the positive bands near 500
and 680 nm were identical for both the trimer< 51 + 5.5

us) and tetramerr(= 37 £ 4 us), indicating that the two bands
nm). Figure 5 (inset) shows the existence of twin peaks at the belong to the same transient species. Further, these two bands
earlier delay times in the 456600 nm region. Also clearly  are separated from the ground state bleaching band with well-
shown are spectral changes as the delay time increased. Thelefined isosbestic points, and the bleaching recovery kinetics
560 nm peak decayed biexponentially to a nonzero baseline withare identical to the absorption decay Kkinetics, indicating
lifetimes of 5.7+ 1 and 28.7+ 3 ps. concomitant behavior, i.e., as the positive absorbing transient
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decays, the ground state is repopulated. It is very likely that the trimer and tetramer have triplet energies near to 6008,cm
the transient observable on the nanosecond and longer time scalendicating that the charge resonance interactions, like exciton
has a broad continuous absorption between ca. 400 and ca. 70®ehavior, is enhanced by the longer chains.
nm, superimposed upon which is an intense ground state yjtrafast Measurements.Figure 5 shows a series of spectra
bleaching signal. o _ obtained after 620 nm excitation of a solution of the trimetQ
ASdeSCI'Ibed .|n Pe”|CC|OI| et éland I’efere.nces lhel’em, the ﬂM) in ’[oluene in ’[he pum.pprobe Spectrometer. F|gure 6 ShOWS
positive absorption near 500 nm can be assigned to the triplet the result of an identical experiment for a similar solution of
triplet (T, — Tn) absorption. The appearance of the isosbestic the tetramer. The two compounds show similar behavior and
point between positive absorption and ground state bleachingine data for the trimer will be discussed in detail, keeping in
indicated that the species near 500 and 680 nm are responsiblgning that the tetramer follows similar patterns, except where
for.t'he ground state repopulation without any '|ntermed|ate indicated. In Figure 5, at 2 ps postexcitation a broad positive
entities. Therefor_e we can cor_1c|ude that the p05|t|ye peaks nearabsorption is seen to extend throughout the visible spectral
500 and 680 nm in both the trimer and tetramer arise from a T ogion. This is interrupted with a negative absorption (bleaching)
to T, transition. The values of the extinction coefficient and signal having an extremum at 620 nm, the peak wavelength of
_tr|plet state quantum yle_lds for th_e Fhree oligomers are collected o ground state absorption band (Figure 2). This bleaching is
in Table 2. The extinction coefficients for all three are very jyenified as being the result of depopulation of the ground state
close, but the triplet §tat¢ Ilfetlm_e ano! the triplet quantum yield by the excitation pulse. Moreover, as the time delay between
seem to decrease with increasing oligomer length. pump and probe pulses increased beyond 2 ps, isosbestic points

Oxygen Quenching of the Triplet State.In the presence of  \are ghserved at 590 and 660 nm, between the positive and
oxygen, the triplet states of the trimer and tetramer decayedthe negative absorption regions. This behavior indicates that

expongntially to a zero baseline. The rate constant of the deCaythe entity responsible for the positive absorption bands is
\I:/)\{as (ljlrecltly pr(t)pomon?I t? ;he @oncentratlon,hyvhence Itjheb converting into the ground state as it decays. Close inspection

Imojecuar rate constant for oxygen guenching cou € of Figure 5 (inset) reveals that the absorption on the blue side
extracted (Figure 4 and Table 2). It has been demonstrated INof the 590 nm isosbestic point is composed of a pair of weakly

let Sale3 1o ry3en o6 Wit ats conatants that are closelSS01ved peaks at 520 and 560 nm, respecively. As the delay
P ) 7)]{9 . time increases, it can be seen that the 560 nm feature decays
to 2 x 10° M~1 s7%. Rate constant values lower than this are

found when the transfer is endoergonic. The values of 216 more rapidly than the 520 nm feature. The absorption band
P - B d 520 nm decays exponentially to a nonzero baseline with
10° M~1 s71 for trimer and 1.51x 10° M~1 s71 for tetramer aroun

- - lifetime of 37.6 ps. This is identified as the rate of intersystem
found here thus indicate that the energy transfer /&) is . - . ) ;

- . . - . crossing from the lowest exciton state into the triplet manifold.
significantly uph|I! - Moreover, stewat|ons aimed at mei‘f’ UMY The 563 nm feature decays biexponentially to a nc?nzero baseline
the 1.2.69 hm luminescence arising frgm the'ag) to 0% ) and has lifetimes of 5.8 and 28.7 ps. It is very likely that the
transition were unsuccessful, indicating that no singlet oxygen

was produced during the quenching event. These observation 37.6 ps lifetime at 520 nm and the 28.7 ps component at 560
P g q g event. - . $im represent the decay lifetime of the same species within the
lead to the conclusion that the quenching of the triplet in the

presence of @is due to a bimolecular interaction as a result of uncertainty of the measurements. In the case of the,

A . dimer, Pelliccioli et af reported spectral features in the 500
which the reactants reach the ground state surface directly. 600 nm region similar to those seen here (Figure 5). In that

K work these features developed fully over several tens of
3pc + 02(23_)—>Pc+ 02(23_) picoseconds, whereas here they were developed during the

instrument rise time (ca 300 fs). Pelliccioli et al. attributed this

This continues the trend reported for the dimer where the singlet spectrum to the lower exciton state of the dimer, which
oxygen quantum yield was as low as 0.022, only 10% of the transformed via an intersystem crossing process into the triplet

triplet state quantum yieltlKnowing that the energy gap for ~ manifold with a lifetime of 128 ps. By analogy, it is concluded

the O(Ay) — 02(23_) transition is 22.5 kcal mot and that a similar situation exists in the trimer (and tetramer) entity,

measuring the equi”brium constant for the reversible energy with the difference that here at least some of the processes (Vide

transfer reaction enabled Pelliccioli effab estimate the triplet  infra) leading to the development of the lowest exciton state
energy for the dimer at 19.0 kcal m@! In the case of the trimer ~ are completed within the instrument rise time and the intersystem
and tetramer, no singlet oxygen formation could be observed, crossing process is significantly more rapid for the trimer. These
but assuming that the reverse reaction was the same for the'ate enhancements from dimer to trimer are not unexpected
dimer and the higher oligomers, and estimating an upper boundgiven that the lowest band of exciton states in the trimer will
for the singlet oxygen formation process allows an approximate be lower in energy than the lower one of the two-dimer state;
value of 17 kcal mol® to be computed for the triplet energy of ~ thus the energy gap to the triplet is presumably less. Also, the
the trimer and just slightly lower for that of the tetrandér. fact that there are more states in the trimer exciton band means
The increasing blue shifts with oligomer length in the ground that the state to state gaps will be smaller and the relaxation
state absorption spectra are consistent with exciton interactionsfrom the state populated by photon absorption will become more
in the cofacial geometry. For triplet states exciton interactions facile. However (Table 2), it is seen that these enhanced decay
are negligible because transition dipole moments are exceedinglyconstants are paralleled by decreases in the yield of tis¢ate
small? However, charge resonance interactions are possible inas the oligomer length increases. This, together with the small
which the excitation may be regarded as being delocalized overyield values, implies that nonradiative and non-ISC processes
the monomer units in the oligom&Pelliccioli et al® concluded are also becoming of increasing importance to the deactivation
that such interactions lead to significant energy lowering in the events as the oligo length increases. Figure 8 shows the early
triplet manifold of the PcSitO—SiPc dimeric entity, causing  time profiles of the absorption signals at three wavelengths, two
the energy of the state to be some 2500 Eower than that to the blue side and one to the red side of the ground state
of singlet oxygen (7870 cm). The present work indicates that  bleach. The superimposition of these (with normalization) clearly
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Figure 8. First few picoseconds of the time profiles recorded at the
indicated wavelengths under the conditions of Figure 5 (see text).

Gunaratne et al.

The only major difference shown by the tetrameric species
was that the process assigned to intersystem crossing occurred
with a lifetime of 12.5 ps.
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