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Excitons and a Charge-Separated Pair in Thin Crystals of Oxotitanium(lV) Phthalocyanine
As Revealed by Femtosecond Time-Resolved Absorption and Time-Correlated Single
Photon Counting
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A photochemical study was performed by means of femtosecond time-resolved absorption spectroscopy on
novel polymorphs of thin crystalline oxotitanium(IV) phthalocyanine (OTjRc)= 2—4), 5-OTiPc-L (phase

) ando-OTiPc-S (phase II), where the letters “L” and “S” mean “lying” molecular orientation and “standing”
molecular orientation, respectively. A rapid change of the well time-resolved absorption spectrum in a range
of 420-620 nm revealed that a part of the intrinsic excitonfe®TiPc-L with the absorption maximum
around 550 nm was in a lifetime of 0.5 ps converted to a charge-separated pair on the excitation of the 400
and 800 nm laser. The absorption bands at 430, 510,~88D nm were left for a lifetime of 3 ps. The
formation of the cationicz-radical inferred to b&(OTiPc),-1" is responsible for the absorption bands at 510

nm and that of the anionic species @OTi"Pc) is responsible for the band at 430 nm instead of the
characteristic bands of the anionicradical of metallophthlocyanine around 600 nm. While the charge-
separated pair disappeared in 10 ps, another transient absorption at 490 nm was survived on the excitation of
the 400 nm laser, which is assigned to the triplet exciton formed via intersystem crossing from higher state(s)
of the singlet exciton. The time-correlated single photon counting technique revealed that a novel fluorescence
of o-OTiPc-S with a peak at 10 420 cthdecaying biexponentially with a short (484 ps) lifetime and a

long (101-416 ps) lifetime is assigned to the trapped excitons. A 10-fold increase in the initial intensity of
the fluorescence at 77 K compared with at 298 K indicates that the yield of long-lived and fluorescent exciton
is smaller than 0.1 on the excitation @fOTiPc-S at 298 K.

1. Introduction ground-state charge-transfer complexes have been extensively

Thin crystal of oxotitanium(IV) phthalocyanine (OTiPc) is studied in dilute solutioh® and neat solid. The ultrafast
one of the most efficient photoconductive materfaGrystalline processes of charge separation and charge recombination in a
forms of OTiPc are chemically stable and display a strong and Solid film of z-conjugated organic compound;sexithienyl,
wide absorption band in a visible region. The primary process have been rarely investigated by means of time-resolved
of photoinduced current generation has been rarely studied@bsorption spectroscogy.
because the excited state involved in the charge separation could Meanwhile, a study of femtosecond time-resolved absorption
be so short-lived on account of the extremely high efficiency spectroscopy on the Y-form of OTiPc revealed that excitons
of photon-to-current conversignMore recently, the biexpo-  on the higher energy laser excitation of the OTiPc (Y-form)
nential decay of a fluorescence in 300 ps for the Y-form of disappeared via annihilation within a couple of picoseconds to
crystalline OTiPc was examined under the electric fiefiThe reduce the photoelectric respofigekind of nonrelaxed exciton
field dependence of the initial amplitude and lifetime of the jith a lifetime of 1 ps was considered as a possible precursor
fast decay component suggested that intrinsic excitons with aof charge-separated species. Such a nonrelaxed exciton was

charge-transfer character undergoing the carrier generation arg)pserved for OVPc by means of femtosecond time-resolved
converted to another mobile exciton with a short life (35 ps) of ahsorption spectroscopy, t8d1L

the fluorescencé.The long-lived €200 ps) component of
fluorescence was ascribed to a long-lived and trapped exciton,
which originated from the mobile intrinsic exciton. A similar

effect of the electric field on the short-lived fluorescence was . .
observed for the Y-form of OTiPc most recen®§while no displays an absorption peak at the lowest energy due to the

effect on the initial amplitude of short-lived fluorescence was €Xtent of molecular interaction among the polymorphs including
observed for a less active crystalline form of OTiPc (phase ). the.Y-form, e?<h|b|ts a noyel fluorescence with a lifetime of 50
The electric field effect on the intrinsic exciton is fitted with ~PS in @ near infrared regldﬁ..The temperature-dependence of
the assignments of excited states as either the neutral or chargethe fluorescence quantum yield was investigated to find a short-
transfer state based on the Stark spectrosé@giyarge separa-  lived precursor of charge-separated species by using the time-

tion and charge recombination on the photoexcitation of the correlated single photon counting technique. Femtosecond time-
resolved absorption spectroscopy was applied to @i iPc-S

T Kawamura Institute of Chemical Research, 631 Sakado, Sakura, Chiba(phase 1)) an(ﬁ—form OTiPc-L (phase 1) in order to look at the
285-0078, Japan. . .
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u.ac.jp. the ground-state population.
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The present authdsucceeded in the preparation of several
polymorphs of OTiPc by vacuum sublimation to a thin metal-
on-glass. One of the polymorphe;form (phase II), which
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2. Experimental Section Wavelength Inm
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Preparation of Thin Crystals of OTiPc. OTiPc was
synthesized according to a method developed by one of present
authors and then purified by repeated vacuum sublimation under
an argon flowt213Semitransparent metal-on-glass were obtained
by evaporating Au on 1 mm thick Corning 7059 glass plates
(20 x 20 mn?) at 0.2 mm/s under k 103-10° Pa and by
sputtering Pt onto the glass plate at 0.1 nm/s. The thickness of
metal was 20 nm. Polymorphs of OTiPc crystal were prepared
on various metals by means of sublimation under®1Pa at
various temperatures with a depositing rate of 0.05 nm/s. The
o-form crystal of 156-200 nm thickness in which OTiPc
molecules are aligned with the molecular plane “standing” with
respect to the substrate surface@TiPc-S), was prepared on
Pt at 150°C under 10° ~ 4 x 107 Pa. Thea-form of 400
nm thickness in which OTiPc molecules are aligned with the
molecular plane “lying” with respect to the substrate surface o ) ,30
(0-OTiPc-L), were formed on Pt metal at 185G under 2.7x 25 20 15 10
1075 Pa. The3-form of 100 nm thickness with lying orientation Wavenumber [10°cm’
of the molecular plane with respect to the substrate surface ( Figure 1. Absorption and fluorescence spectra at ambient tempera-
OTiPc-L) was formed on Au at 15TC. Theo-form andp-form ture: (a) o-OTiPc-S (solid line) andx-OTiPc-L (dashed line); (b)
of the thin crystal are referred to the X-ray diffraction pattern A-OTiPc-; () the CHCI; solution.
of phase | and phase I, respectivéfy:.1> TABLE 1: Energies of Optical Transitions and Yield and

Spectra and Yield of Emission.The absorption spectra of  Lifetime of Fluorescence for the Crystalline Samples and the
the crystal samples were recorded by using JASCO V-570 CH:Cl; Solution at 296 K
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spectrophotometer. The emission spectra were measured by samples a-OTiPc-S a-OTiPc-L B-OTiPc-L CHCl,
using a grating monochromator (JASCO CT250) with a silicon 1o ect apsorption peak /crh 11 630 11100 13160 14510
diode array (Hamamatsu S396312Q). The sensitivity of the  emission peak fcrt 10 420@ 10750 10400 14230
emission spectrometer was corrected by using a bromine lamp, o 11900

Ushio JPD100V500WCS. The 514.5 nm line and 351 nm line Yie'd of emission o s 00042 0.20
of an Ar laser (Coherent Innova 306) were used for the |ietime of emission /ps 53100° . 21e58 4000
excitation of the crystalline and the solution samples, respec- 532416

tively. For the measurement of fluorescence quantum yijd ( aThe short-lived component at 77 KThe long-lived component

of a-OTiPc-S, Ru(bpy* in acetonitrile was used for a 4t 77 K.cThe short-lived component at 298 KThe long-lived
reference ¢ = 0.062). A sample solution of OTiPc was component at 298 K& Fluorescence at 10 600 cfn  Fluorescence at
prepared by dissolving a piece of the crystal in £H and 11700 cm™.

then deaerated by bubbling Ar. _ ) o _

Decay of EmissionA time-correlated single-photon counting  Was used to attain a linear polarization of the probe light and
system with a cavity-dumped 3i:Sapphire laser (100 fs, 20 O rotate the polarization to 54’.'(magw angle) relative to that
ndipulse, and 380 kHY) was used for the measurement of of the pump_bgam._Before_passmg through a sample, the probe
fluorescence decay. The fundamental pulse of the laser{760 Peam was divided into a signal and reference begra 8 mm
840 nm) was used for generating a starting pulse from a PIN Péam splitter inserted at 45The typical energy of the pump
photodetector with 40 ps time constant (Hamamatsu C4258) pulse_was 2 J/pulse with the diameter of 1 mm at the sample.
and for the excitation of sample crystals. Quanta of the emission The signal beam through a sample and the reference beam were
were detected by using a interference-filt&r= 50% max at detected by a couple of image sensors (Hamamatsu S4805-512)
855, 905, or 940 nm and fwhail0 nm) with a microchannel- attached to pollychromator.s (Chromex 250IS). The fgll width
plate photomultiplier (Hamamatsu R3809U-51X) that is cooled. at the half-maximum of the instrumental response function (IRF)
The instrumental response function (IRF) of the detection systemWas 300 fs. The arrival time of a white light continuum at the
was determined by monitoring scattered quanta of the excitation S&mple is dependent of the wavelength due to the group velocity
laser from the sample. The full width at the half-maximum of dispersion. qu this correction, the rise curve of the excited-
IRF is typically 40 ps. The decays of emission were convoluted State absorption of Ru(bpg) in CH:CN was measured at
by using the IRF. Sample films on metal-on-glass were retained Various wavelengthes, of which the build-up time is within 100
in a cryostat (Oxford Optistat DN1740) controlled by an Oxford fs.

ITC601 controller in the temperature range—208 K.

Femtosecond Time-Resolved Absorption Spectroscopy.
Laser pulses with a repetition rate of 200 Hz were generated 3.1. Absorption and Fluorescence SpectraA sharp and
by a Te*:sapphire based oscillator and a regenerative amplifier strong absorption band of OTiPc at 14 510¢rim the CHCl,
(Tsunami and Spitfire, Spectra Physics, Inc.). The width of the solution is considerably broadened and shifted to lower energy
amplified laser was 200 fs with a wavelength centered at 800 in the crystalline OTiPox-OTiPc-S (11 630 cmt), a-OTiPc-L
nm and energy of 0.4 mJ. The fundamental pulse was frequency(11 100 cnt?), andS-OTiPc-L (13 160 cm?), as Figure 1 and
doubled by usig a 1 mm BBOcrystal to give a 400 nm pulse, Table 1 show. Thex-form of the OTIPC crystal emits a
which was used to excite the sample. The remainder of the fluorescence at 10 420 crhfor o-OTiPdJ and 10 750 cm!
fundamental pulse was focusedarat 8 mmflow cell containing for a-OTiPc-L, which are lower in energy by more than 3500
water, thereby generating a white light continuum. A polarizer cm™! than in a solution. A width of the fluorescence band (700

3. Results
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Figure 2. Temperature-dependent fluorescenceae®TiPc-S in a Energy Density | mJ cm
range of 77300 K. Figure 4. Relation between the difference absorptionfe®TiPc-L
' ' . . . and the laser intensity for the excitation: (a) production of difference
02l ' ' ' " &l absorption at 750 nm immediately after the laser excitation; (b)
®© difference absorption at 570 nm left at 3 ps after the laser excitation.
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Figure 3. Time-resolved difference absorption spectrgfe®TiPc-L Time | ps

on the 400 nm laser excitation (a) and on the 800 nm laser excitation Figure 5. Time profiles of the difference absorption #fOTiPc-L at

(b). The delay times are shown after the laser excitaiton. 510, 605, and 755 nm at 296 KO observed; (solid lines) fitting
function of difference absorptiodA(t) = Y AA exp(—kit).

cm1) of the a-form larger than 400 cmi in the solution

suggests the presence of various dipa@ole interactions due The peak of the difference absorption band was shifted from

to the imperfect structure of the crystalThe spectra are almost 550 to 510 nm and new peaks at 730 and 850 nm emerged for

independent of temperature, as is shown in Figure 2. The 2 ps. During this spectral shift, both the bleached absorption at

fluorescence of ther-form is different from those reported of 755 nm on the 400 nm excitation and at 746 nm on the 800 nm

the Y-form; the peak energies (10 420 chfior a-OTiPc-S and excitation were reduced to 31% of the initial one. The difference

10 750 cn1! for a-OTiPc-L) are much lower than 11 760 cfn spectrum at 250 ps exhibits a broad band with peaks at 420

of the Y-form1° The crystal of3-OTiPc-L emits a higher energy ~ and 510 nm, and a zigzag band in a wavelength region longer

fluorescence with a maximum at 11 900 chin addition to than 600 nm with positive peaks at 730 and 850 nm and with

that at 10 420 cmt, as Figure 1b shows. negative peaks at 620 and 780 nm.

3.2. Time-Resolved Absorption Spectra and Its Time Decays of the difference absorptions&0OTiPc-L at 510,
Profile of B-OTiPc-L. Time-resolved absorption spectra of 605, and 755 nm were multiexponential on the 400 nm
p-OTiPc-L at various delay times from the excitation of the excitation, as are shown in Figure 5. The fast component of
400 or 800 nm laser exhibited the bleaching of the ground- decay and the slow one of the absorption band at 510 and 605
state absorption (negative absorbance) in a wide range ef 600 nm were 17x 101 and 2.0x 10 s7%, respectively. The first
890 nm and the formation of an absorption (positive absorbance)and the second recoveries of the ground-state-absorption at 755
in the range 426620 nm, as are shown in Figure 3. The nm occurred with a rate constant of 2310 and 3.8x 10
difference absorption spectra contain scattered intensities arounds™, while the third recovery was much slower (0.4110'
the excitation wavelengths, 400 and 800 nm. The amount of s1). A total of 68% of the bleached ground-state absorption
the bleached absorption at 755 nm immediately after the laserwas recovered within 10 ps and the rest (32%) was recovered
excitation is linear to the laser intensity, as is shown in Figure then. The difference absorption in a range of 46Q@0 nm
4. decayed more slowly than the major recovery of the bleached
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Figure 6. Time-resolved difference absorption spectraxe®TiPc-S
(a) at 296 K and (b) at 77 K. The delay times are shown after the laser
excitation.

absorbance. The absorption left at 3 ps after the laser excitation
(AAs70) was linear to the laser intensity.

3.3. Time-Resolved Absorption Spectra and Its Time
Profile of a-OTiPc-S. Time-resolved difference spectra of
a-OTiPc-S immediately after the laser excitation consist of
broad bands with two peaks at 430 and 540 nm and bleached
bands at 630, 750, and 860 nm, as is shown in Figure 6. The
difference absorption spectrum after 2 ps became more similar
to that of 3-OTiPc-L with an exception of the bleached band at
860 nm. A peak of the bleached band at 860 nm was shifted to
840 nm in 2 ps, followed by a return to 860 nm in a time course
of 10—50 ps. The difference absorption spectrum at 250 ps delay
consists of small negative and positive peaks in a red region.

Decays of the difference absorption bandsxe®TiPc-S at
various wavelengths were not single exponential, as are shown
in Figure 7. The recovery of the bleached ground-state absorp-
tion at 755 nm occurred in three steps; the first one with a rate
constant of 35< 10 s71, the second one with a rate constant
of 5.4 x 10! s71 and the third one with a rate-constant of
0.41 x 10" s at 296 K. Lowering the temperature increased
the rate of the second process. The first decay component of
the difference absorption at 510 nm was small, while the second
and the last components of decay occurred with rate constant
similar to those of the recovery process monitored at 751 nm.
The intensity of the excitation laser had a weak influence on
the fast recovery of ground-state absorption, as Figure 8 shows
A total of 76% of the bleached one was recovered within 5 ps
and 24% was recovered within 100 ps at 296 K.

3.4. Yields and Decays of Long-Lived Fluorescenc@he
decay of the fluorescence intensity shown in Figure 9 is written
by using two exponential terms,

I(t) = Igexp(t/tg) + I exp(-t/z)) Q)
wherels andl, are the initial intensity of the short-lived decay
component and the long-lived decay component, respectively,
andrs andr, are the lifetime of the short-lived component and
the long-lived component, respectivety.is 35-70 ps irrespec-
tive of temperature, while_ increases from 100 ps at 296 K to

S
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Figure 7. Time profiles of the difference absorption @fOTiPc-S at

510, 605, and 755 nm at 296 K:OJ observed; (solid line) fitting
function of difference absorption BA(t) = 5 AA exp(—kit).
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Figure 8. Dependence of the recoveries observed and calculated of
the ground-state absorption at 751 nm on the intensity of laser for the
excitation of a-OTiPc-S. O), (a), and @) represent the recovery
observed on the laser excitation of the 1.1, 1.5, and 3.1 mJ/pulse,
respectively. The solid lines are calculated by using the fitting rate
constants ofAA(t) = SAA exp(—kit), (28, 9.2, and 0.53x 10" s

on the 1.1 mJ laser ecitation, (37, 9.4, and 0.60)0' s~*on the 1.5

mJ laser excitation and (33, 11, and 0.58)10'* s™* on the 3.1 mJ
laser excitation, respectively.

416 ps at 77 K with a decrease in the temperature, as is shown
In Figure 10.

The yields of fluorescence at 296 K were as low as 0.0036
and 0.0042 foro-OTiPc-S andB-OTiPc-L, respectively. The
fluorescence yield ofi-OTiPc-S was dependent on temperature.
The fluorescence yield of the-form (a-OTiPc-S) increased
from 0.0025 at 260 K to 0.023 at 77 K, which is still smaller
than that (0.2) of OTiPc dissolved in GEI, at 296 K. The
initial intensity of the short-lived component increases with a
decrease in temperature from 0.4510° at 260 K to 4.42x
10 at 77 K, while that of the long-lived component remains
nearly constant throughout the temperature range, as is shown
in Table 4 and Figure 11.

4. Discussion

4.1. Reactions of Intrinsic Exciton and Charge-Separated
Pair in #-OTiPc L. The formation of photoproduct with a short
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TABLE 2: Rate Constants (K, kz, and ks) and Amplitudes

10000 |-
L (AA;, AA,, and AA;) of the Difference Absorption Observed
at Various Wavelengths after the Excitation of f-OTiPc-L at
@ 1000 296 K&
§ ) wavelength/nm AA; kJ/10%st AA; kJ/10%st AA; kg/l0'ls?
8 100l 510 0.032 17 0.124 2.0 0.032
I 605 0.084 29 0.054 32 -0.024
755 —-0.17 23 —-0.009 38 -—0085 041
ok 850 —0.072 15 —-0.066 2.0 —0.070 0.25
I aThe fitting function of difference absorptionA(t) = Y AA exp(—
1 kit).
TABLE 3: Rate Constants (ky, kz, and k3 ) and Amplitudes
(AA1, AA;, and AA3) of the Difference Absorption Observed
(x10% T T T at Various Wavelengths after the Excitation ofa-OTiPc-S at
6F - 296 Ka
s b ] wavelength/nm AA; ki/101st AA, ki/10ls1 AA; ky/l0is?
510 0.027 31 0.018 4.5 0.008 0.38
4 . 605 0.031 53 0.009 59 -0.013 0.20
| 755 —0.037 35 —-0.014 54 -0.014 041
-~ 3 | 850 —0.077 23 —0.084 55 —0.035 0.04
F aThe fitting function of difference absorption#&A(t) = Y AA exp(—
2 . kit).
1 TABLE 4: Lifetimes (sr), Quantum Yields (¢s,¢)), and
Lo\ X0 Relative Formation Yields (16(1%/ apg), 10%(1%/1a69)
o 300 200 600 of the Exciton-lland Exciton-s for o-OTiPc-S in the
Time Ips 77—298 K Region
Figure 9. Time profile of fluorescence ai-OTiPc-S at 77 Kandthe 1K 7/ps w/ps  ¢s il 10%(17Mab9  1OF(1j/1abg
instrument response function: (a) observed decay (open circles) and 298 50 370 0.0034 0.00017 0.692 0.0047
simulated line (solid line) convoluted by using the IRF (dotted line); 260 56 101  0.0025 0.00020 0.450 0.0200
(b) decay of short-lived component (solid line) and decay of long- 220 64 124 0.0051 0.00087 0.802 0.0070
lived component (dashed lined). 180 48 178 0.0078 0.00029 1.64 0.0166
160 51 163 0.0090 0.00060 1.76 0.0373
500 ———1 T T T 140 49 222 0.010 0.0014 2.13 0.0622
3 120 52 287 0.014 0.00081 2.68 0.0282
400 - 4 100 51 358 0.018 0.0015 3.52 0.0407
3 | a 77 53 416 0.023 0.0028 6.86 0.0442
b
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1000KIT exciton of crystalline OVPt and CuPd? Therefore, the

Figure 10. Temperature dependence of lifetimes (top) and quantum photoproduct may be a kind of singlet exciton.

yields (bottom) of the short-lived componen®)(and long-lived The laser intensity was not large enough to pump all the

component 4) of fluorescence. ground-state molecules. The absorbance of the low-energy
absorption band at 770 nm was reduced to 48% of the original

life of 0.3—0.5 ps was observed as a time-resolved difference one, while that of the high-energy absorption band at 650 nm

absorption spectrum immediately after the laser excitation. The was reduced to 74%. It is suggested that the singlet exciton

difference absorption spectrum of the major photoproduct with exhibits an absorption band in the 60020 nm region with a

the peak at 560 nm is similar to that of the singlet excited state half-intensity of the ground-state absorption on the assumption

of metallophthalocyanine in solutiéhand of the short-lived that the exciton does no absorption at 770 nm. The formation
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. . . . Figure 13. Time-resolved difference absorption spectra of OTiPc in
Figure 12. Transient difference absorption spectra on the laser o1y o containing 1 M 1,2,4-trimethoxybenzene on the 355 nm laser
excitation of 4uM magnesium phthalocyanine (MgPc) in dimethyl- excitation: (solid line) 2’0 ’ps (dotted line) 500 ps, and (cracibi—
formamide containing of 808M Co(bpy)®*. The solid line spectrum dash Iine). 3000 ps after the iaser excitaiton '

at 10us after the laser flashing was identified?s#gPc", and the dashed ’

line spectrum at 12 ms after the laser flashing was identified as . .
2(MgPc) .20 ground-state population occurred more efficiently than the

formation of a charge-separated pair. The nascent exciton,

of photoproduct (2.2« 10 molecule/pulse) is estimated from  (OTiPc)*, is considered to have a high reactivity of charge
the bleached absorption at 755 nm by using the molar extinction Séparation because of the rapid conversion to the charge-
coefficient (57 000 moit dm? cm™L) on the laser excitation. sep_arated pair in a lifetime of 0.4 ps. Pr(_)bably_, the nascent
The quantum yield of the exciton formation is calculated to be €Xcitons produce charge-separated pairs with various separation
0.9 by using the absorbed quanta of a laser pulseX312'3). distances, of which shortly separated paigOTiPC)-1*
The large yield of the bleaching (0.9) implies that the exciton OTiPC], disappear in a very short time and long separated ones,
does not escape from the measurement. A difference absorptiort(OTiPCh-1"++~?OTiPc", exhibit a lifetime as long as 3 ps. The
band with a peak at 550 nm and a shoulder at 420 nm can peCharacteristics of the nascent exciton are absolutely different
identified as the singlet exciton, too, because the intensity of from that of the long-lived and fluorescent exciton. Since such
the absorption band emerging without any delay is linear to & high reactivity _of the nascent exciton was retained on the_ 800
the laser intensity as that of the bleached band at 755 nm. (Figure"M laser excitation, the high reactivity could be characteristic
4). of the nascent exciton. Su_ch a reactive and short-lived exciton
The difference absorption spectrum at 2 ps with a strong peakas been denoted as “an intrinsic excitén”. .
at 510 nm and two weak peaks around 420 and 850 nm in Figure | N€ ground-state absorption at 755 nm was recovered in three
3 can be attributed to the formation ¥DTiPc), 1+ (n= 2, 3, steps, which are presumed as the following three processes,
...) and?0OTiPc by comparing with the absorption spectra of
2(MPc)" (M = Mg2* and Zr#")1°20and20TiPc in solution.  Y(OTiPc)** — '[(OTiPc),_, -OTiPc] — Y(OTiPc),,

As has been shown in Figure 12 by one of the present 3T D * .
authorst®=20the absorption spectra §MPc)," exhibited strong (OTiPc)*, or (OTiPc), K (2)
bands at 510 and 730 nm and weak bands at 420 and 840 nm . Z(OTiPc)j,l“L---zOTiPc_

in solution1®2%though those of MPc (M= AICIZ" and InCE*)

exhibited similarly strong bands at 420, 510, and 840 nm in 2(o-|-ipc)1_l+...20-|-ipc* — (OTiPc), 1(OTipC)n*, or
solution2?2 Another band at 730 nm might be hidden by the 3y

bleached ground-state absorption. Consequently, the distinct (OTiPc)* ko (3)
band at 510 nm in Figure 3 can be ascribed to the formation of
2(OTiPch-1" (n = 2, 3, ...). The absorption spectrum of the
reduced species, meanwhile, might resemble thdOdiPc,
because any anionia-radical never exerts dimerization in ~Where (OTiPc)**, {(OTiPc)*, and3(OTiPc)* are the nascent
solution. The characteristic absorption peaks of the anionic e€xciton, the long-lived and fluorescent exciton, and the triplet
m-radical of2MPc™ (M = Mg?*, Zr*, Al3*, Ni2H)2223 around exciton, respectively. The first and second recovery of the
600 nm were not observed at all for the thin crystal of OTiPc bleached ground-state absorption at 755 mA\z(t)) was
exposed to the laser. To ascertain an absorption spectrum of ég&xpressed by using the following equation,

reduced species of OTiPc, spectroscopic work by using the third

harmonics (355 nm) of a mode-locked NdrAG laser was AA(t) = Ale M + A

examined by photoexcitation of OTiPc in @El, containing 1

YOTiPc)* — (OTiPc), ks (4)

M 1,2,4-trimethoxybenzene (TMB) and in 1-chloronaphthalene , o o K

containirg 1 M diphenylamine (DPA). Two bands at 430 and A, = AegACe + AecfACe k, — k'

460 nm appeared on the laser excitation, as is shown in Figure K

13, of which the former is ascribed to notraradical of20Ti'V- A,=— AerACE—l (5)
Pc but?(OTi""Pc)™ and the latter t6TMB*.2425 The band at ko — Ky

430 nm was also detected together WEHPAT, which displayed
a broad band with the peak around 675%fifmot presented).  where Aeg, ACg, and f are the molar extinction coefficient

Consequently, the weak band on the photoexcitatighOfTiPc- change of exciton formation at 755 nm, the formation of the
L around 430 nm might be attributed to the reduced oxotitanium- singlet exciton, and the fraction ¢{OTiPc)_1"+--2OTiPc
(111 group. formation in the decay of intrinsic exciton. The rate constants

Judging from the rapid recovery of the ground-state absorp- of ky, ky, andksz are 23x 10, 3.8 x 10, and 0.41x 101 s,
tion during the decay of the singlet exciton, the recovery of the respectively.
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The decay of the intrinsic exciton and the rise and decay of — T T T T T T
2(OTiPc)h-1" are reflected on the time profile of absorption
change at 510 nmAAs1d(t)),

AAG () =A/e M+ Ae

k -0.02
A, = AecAC2 + Ae FACS ﬁ
2 1

A Absorbance

-0.04

k
v ) 1
Al = —AafAC 1 ()

" 1 " 1 " 1 L 1
whereAeg andAep, are the molar extinction coefficient change 400 500 W 60;) h7100 800
of exciton formation and (OTiPg).* formation, respectively. _ _ avelength/nm
Only, the values ok; andk, were determined to be 1¥ 10! Figure 14. Absorption change induced by heatingOTiPc-S from
and 2.0x 101 s, respectively. Since the fast decay is close 77 to 127 K. A horizontal line might be the zero absorption line
to tha.t (23 x 1011’ ) for the .recovery of the ground-state corrected by a difference absorption of the Pt plate of the photoirradiated

) . . - LU0 thin crystal.
absorption, it can be identified as the decay of the intrinsic
exciton. The second decay at 510 nm is assumed to be the deca¥
of the charge-separated padQTiPc)-,™--20TiPc .
If the annihilation reaction between intrinsic excitons was
so rapid to compete with the formation of the charge-separated

he decays of the difference absorption at 510 and 605 nm were
also analyzed by using eq 3. The rate constant of the fastest
decay at 510 nm (3% 10 s™1) is close tdk; of the first ground-

. . . state recovery at 755 nm and the fastest decay at 605 nm, while
pair as in .the case of OVPE" the magnltude ORAs7o at 3 dthe second one at 510 nm is close to the second recovery of the
PS, which is a measure of the formatl_on of t_he charg_e-separate ground-state population. The faster rates of the rise and the decay
pair, would rgach a plateau vaI_ue with an increase in the Iaserof 2(OTiPc),_1*+-20TiPc- compared with3-OTiPc-L (phase
energy. As Figure 4 §how§, a Imeqr relation betW.A@Qm at [) can be ascribed to the more extent of molecular interaction
.3 ps gnd the Iager Intensity C.O”f'”.ms that a majority of the between OTiPc molecules ixOTiPc-S (phase Il). The slowest
intrinsic exciton disappeared in its unimolecular decay, as shown recovery (0.41x 10 s-3) might occur from a long-lived and

in eq 2. fluorescent exciton, as described in the followin i
. ) . , g section.
Thel tlmeh prglﬂle ?: the ?bsorptlon Zt 850 nrg was rather The decay of intrinsic exciton within 1 ps was almost
complex: the bleaching of the ground-state absorption was . . . o L
replaced through two steps of 0.5 ps lifetime and 5 ps lifetime independent of the laser intensity for the excitation. Curve fitting

by an absorption band GOTIPc". A decay of the positive of the fast recovery by using a common set of the rate constants
) was almost successful for all the recovery curves observed by

difference absorption at 850 nm can be ascribed to the decay ' ” X > " o .
of monomer radical, followed by a slow rise of a long-lived using the various intensities of excitation laser, as shown in
SN, Figure 8. The participation of annihilation in the entire decay
unknown species in 100 ps. A . . .
of intrinsic exciton could be minor. This is contrast to the

The absorption band left at 250 ps in the 4850 nm region ; . L e .
on the 400 nm excitation can be identified as the longer-lived observation that a rapid annihilation between intrisic excitons
of the Y-form retards the charge separation on the laser

triplet exciton, which is considered to exhibit such a broad g
excitation?

absorption with the maximum at 490 nm as an isolated molecule .
in the excited triplet state in the soluti§?%22because triplet A total of 76% of the bleached ground-state absorption was

excited states of aromatic compounds exert a weak intermo-ecovered within 10 ps and the 24% within 100 ps. The slowest
lecular interaction with the ground st@#?® Meanwhile, the recovery of the_ ground-_state a_bsorptlon might be_rel_ated to the
absence of the difference absorption band at 250 ps on the gocrlecay of long-lived excitons with a fluorescence lifetime of 53
nm excitation indicates an efficient intersystem crossing to the PS-

triplet exciton occurs only from a somewhat higher energy level ~ An up-and-down difference spectrum was exhibited on
of the long-lived singlet exciton. No effect of the excitation heating the sample: a negative peak and a positive peak were
wavelength on the intensity of the up-and-down difference band produced for the peak and the valley of an original absorption
at 250 ps around 800 nm implies that the up-and-down band due to a thermal broadening of the band structure,
difference band is not ascribed to the formation of triplet exciton. respectively. Such a difference absorption spectrum at a long
The origin of the up-and-down difference band will be ascribed time delay was observed for the crystal of OVPc excited by

to the thermal broadening of the structured spectrum given by using a high energy lasét.The higher extent of the bleached
the laser excitation in the following section. peak absorption at 864 nm as the temperature decreases (see

4.2. Reactions of Intrinsic Exciton ina-OTiPc-S. The time- Figure 14) can be accounted for by the increase in the absorption
resolved absorption spectra in the 48B0 nm region was intensity due to the sharpening of absorption band with decrease
almost unchanged in shape, while the peak of the bleachedin temperature.

absorption band in 8686880 nm was varied a little. The 4.3. Fluorescence of Long-Lived ExcitonA majority of
difference absorption spectra in the 42850 nm region was  the intrinsic exciton decayed in 2 ps to form the charge-
rather similar to that of(OTiPc)—1+++20TiPc for 8-OTiPc- separation products and other intermediates, of which the former

L. The decays of the difference absorption at 510 and 605 nm also decayed within 10 ps. Decays of the long-lived excitons
and the recovery of the ground-state absorption occurred in twoamong other long-lived intermediates were examined by using
steps over 10 ps. The fastest and the second fastest recoveries time-correlated single photon counting method. A fast
of the ground-state absorption (3510 and 5.4x 10 s™1) communication between two excitons is not thought to occur
are attributed to the decays of the intrinsic exciton and the during the lifetimes for the following reason. The short-lived

charge-separated pa#(OTiPch-1"+--20TiPc, respectively. (53 ps) exciton and the trapped and long-lived (416 ps) exciton
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are designated “exciton-s” and “exciton-1" for convenience. The
long-lived exciton-l is never the precursor of short-lived exciton-
s. The exciton-s is not the precursor of exciton-l, because a 10-
fold increase in the initial emission intensity of the exciton-s at
77 K was not accompanied by that of the long-lived component.
The imperfect crystal structure ofOTiPc-S allows the presence

of the dual sites, though the thin crystal was well characterized
by X-ray diffraction patterr?

Since the fluorescence yiel®] is the sum of two fractions,
which are the product of the formation yield of exciton-s or
exciton-l (s or ¢) and the fraction of fluorescence in the decay
of exciton-s or exciton-Ig/ts or 7./t7), as is shown by

T
i

the initial intensity and the lifetime of fluorescence were
measured in order to find the major factor affecting the
fluorescence yieldp or 7/t°. When eq 7 is divided by the photon
absorbedlgy9 and is integrated over the time, the quantum yield
of fluorescence is obtained,

o

o= ek

ab!

)

Ts
o
Ts

o4 (@)

8)

Though a ratio of the formation yield of exciton-s or exciton-
to the natural lifetime is determined from the relative intensity
and the lifetime, each of the quantities is not determined
separately.

The initial magnitude of the normalized intensity is a
guantitative measure of the formation of exciton-s and exciton-I
because relationgs/ta = Ig/lans and ¢/7) = I /lass hold,
provided that the natural lifetimes of exciton-s and exciton-I
are the same. Since the initial intensity of the long-lived
component is/13¢h of the short-lived component at 77 K, the
formation of exciton-1 ¢,) is much smaller than that of exciton-
s. Consequently, the quantum vyield of fluorescence from
exciton-1 is only 0.003 compared with that of the short-lived
component (0.023) at 77 K even though the lifetime of exciton-I
is much longer than that of exciton-s . In other words, the crystal
sites for exciton-| are rare in-OTiPc-S Hence, the discussion
will be focused on exciton-s hereafter.

The normalized fluorescence intensity from excitormst {s
= ¢sky) at 77 K increased to 10 times of that at 260 K, as is
shown in Table 4. Though the magnitude of the radiative rate
constant is unknown, the formation yield of the long-lived and
fluorescent exciton-s¢) at 298 K is less than 0.1 from the

(&
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—
1000K /T

g 10 12 14

Figure 15. Plot of In(klandls — 1) against the reciprocal &T for the
short-lived component on assumikg= 7 x 10’ s™. The slope of a
straight line yields the extent of activation energy for the charge-
separation process from the nascent exciton (0.03 eV).

wherekg, is the rate constant of charge separation at the high-
temperature limit and\Ecis the activation energy of the charge-
separation process. The natural logarithm of eq 10 is rewritten
by eq 11 as follows,

- 1) =In

|

where 14(T) is replaced by landls) xk.. A linear relation in
Figure 15 was obtained by assumikigpf 7 x 108 s1, which

is 14 times as large as that of a single molecule in the@H
solution (1t = 2.5 x 1B s, ®r= 0.2,k = 0.5 x 1B s71).

The extent ofAE;s estimated from the linear relation (30 meV)

is close to the activation energy of photocurrent in a temperature
range of 208-300 K17

krI abs
|

K AE
k. RT

(11)

S

5. Conclusion

Two crystalline forms of OTiPca-OTiPc-S and3-OTiPc-
L, exhibited a wide and intense absorption band with a peak at
11 630 and 13 160 cm, respectively. A study by means of
time-correlated single photon counting revealed that fluorescence
of o-OTiPc-S at 10 420 cmt is composed of the short-lived
(48—64 ps) and the long-lived components (30116 ps). The
guantum yield of the fluorescent exciton@fOTiPc-S was less
than 0.1 at 298 K. The normalized initial intensiigskk,) of
the short-lived exciton was dependent on the temperature.

results of the temperature dependence. The small formation yieldg_oTipc-L exhibited dual fluorescence at 11 900 and 10 400
of exciton-s at 298 K implies that the intrinsic exciton exerts -1 of which the yield is 4.2x 1073 at 298 K.

the charge separation mainly. The rate constants of the intrinsic

exciton undergoing the charge separation and internal conversion

arek.{T) andki., respectively, of which the former is dependent
on temperature. The formation yield of exciton-s can be written
in terms of the rate constants of intrinsic exciton,

K
K + kedT)

Equation 9 is rewritten by eq 10, in which the magnitudes of
ke{T) are regarded to be temperature-dependent as follows,

0

o(T) = 9)

1— =
om

(10)

The study of femtosecond time-resolved absorption spectro-
scopy on the chemistry of a photoexcited crystal revealed that
the intrinsic exciton exhibited a difference absorption at-420
620 nm with bleaching of the ground-state absorption at650
880 nm. The intrinsic excitons ¢f-OTiPc-L ando-OTiPc-S
were replaced in 1 ps by a charge-separated{(@m,iPc),—; ™+
2(OTiPc), with the absorption peaks at 430 and 510 nm and
with a lifetime of 3 and 2 ps, respectively. A majority of the
bleached ground-state absorption on the laser excitation was
recovered within 10 ps, not to survive as the long-lived exciton

with a lifetime of 48-64 ps. The enhanced formation of the

long-lived exciton fora-OTiPc-S in a low-temperature region

was ascribable to smaller conversiorf@TiPch—1"++4(OTiPc)
from the intrinsic exciton.
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