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Abstract

Photophysics of 9,10-diphenylanthracene (DPA) in benzene solution was studied with time-resolved thermal lensing (TRTL) technique
The TRTL signal was composed of the fast and slow-rising components. The heat conversion efficiency, which is defined as the ratio «
energy released as heat against energy absorbed, was determined tatt8e@l 3devealing that the fluorescence quantum yield is fairly
large (0.88:0.03), while the quantum yield for triplet formation is quite small (&:@0402) by analyzing the slow component of the TRTL
signal. The triplet-triplet (T—T) absorption of DPA in benzene appeared for the wavelength region of 420—470 nm, obtained by energ
transfer with triplet benzophenone used as a photosensitizer. The quenching rate constant of DPA by triplet benzophenone was determil
to be (3.6:0.3)x 10° M~1 s~1 with Stern—Volmer plots. The intrinsic energy transfer rate was also estimated by analyzing the time profile
of the TRTL signal. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction the § origin studied by laser-induced fluorescence mea-

surement in a supersonic jet expansion [16,17]. Therefore,

It has been extensively discussed about the precise fluo-accurate photophysical parameters should be required as a

rescence quantum yield of 9,10-diphenylanthracene (DPA), fluorescence standard as same as a photodynamical infor-
which is used as a fluorescent standard, since its fluores-mation with respect to the phenyl internal rotational motion.
cence quantum yield was reported to be unity [1]. Later, Photothermal methods including time-resolved thermal
many researchers reported the fluorescence quantum yieldensing (TRTL) and photoacoustic spectroscopy (PAS) are
(0.80-0.96) in the several solvents [2—-13]. Medinger and a powerful technique for the studies on nonradiative and
Wilkinson [5,6] also estimated the quantum yield of the radiative processes [18—26]. It can provide not only kinetic
triplet formation to be 0.12 in liquid paraffin at 20. information (lifetime of the triplet state etc.) but also ther-
Chattopadhyay et al. [14] reported data concerning triplet modynamical information (heat of reaction, triplet energy
absorption and triplet yields for DPA, based on the study etc.). When one will obtain the absolute fluorescence quan-
of reversible triplet energy transfer between anthracene andtum yield, photothermal techniques can eliminate some of
DPA in toluene. The yield of intersystem crossing was the experimental errors, which come out with the conven-
surprisingly low compared with other aromatic compounds tional optical methods. The techniques are also applicable
such as naphthalene and anthracene derivatives [2,15]. Al-to intermolecular processes. Kaya et al. reported the appli-
though some parts of the photophysical parameters are rathegation of PAS to the study on energy transfer from benzene
ambiguous, characteristic behavior (quite high fluorescenceto biacetyl in the gas phase [25]. Terazima and Azumi
quantum yield and low triplet formation yield) presumably studied energy transfer between the upper triplet states of
results from the rotational motion of two phenyl groups 2-acetylphenanthrene and biphenyl using the TRTL [26].
about the inter-ring bonds [4,11]. It may not be so surprising In this article, the TRTL technique combined with the
because the internal rotational motion of the methyl group on nanosecond laser flash photolysis is applied for the first
the toluene derivatives should play an important role for the time to the study on photophysical and energy transfer pro-
nonradiative processes, even in the spectral region arounccesses of DPA. Quantum yields of fluorescence and triplet

formation, intrinsic energy transfer efficiency, and the ex-
* Corresponding author. tinction coefficient of triplet—triplet (T—T) absorption can be
E-mail addresstichimur@chem.titech.ac.jp (T. Ichimura). obtained.
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2. Experimental 5.6+
5.2

An experimental setup for the TRTL method was de- 2'23
scribed elsewhere [19-23]. A XeCl excimer laser (Lumon- 4:0 1
ics TE-860-4; 110 mJ/pulse, 10 ns pulse duration), used as 20 ' ' ! ' '
an excitation light source, was focused into the sample with  ~ b)
a 150mm focal length lens. The laser power was moni- E e
tored with a silicon photodiode (Hamamatsu S1336-5BQ) ~— 15
calibrated with a pyroelectric detector (Gentec ED100). A =&
He—Ne laser (Uniphase 1103P; 2 mW) equipped with a sta- g Ustp
bilized power supply (Takasago; ARH500) was used as a £ 104
probe light for a thermal lens. The sample solution flowed @
into a cuvette (NSG T-59FL-10; 10 mm optical path length). -(,9)’ 5. _ < . ??
The probe light sampled through a pinhole (Corion 2401, = J J
300u.m diameter) and a monochromator (Nikon P-250) was = , ( (
detected by a photomultiplier tube (Hamamatsu R928). The 0 —asmse - - = .
output signals were measured by a digital oscilloscope (Sony 0 20 40 60 80
Tektronix TDS380P; 2 GS/s), and transferred to a personal Time (ps)

computer. The TRTL signals were averaged over 50 shots.

The error bar shows the accuracy af for the obtained Fig. 1. Time profiles of the TRTL signal of (a) DPA and (b) 2-hydro-

data. xybenzophenone in benzene. The expanded view for the TRTL signal of
Transient absorption spectra were measured with the con-PPA € also presented.

ventional laser flash photolysis system, consisting of the ex-

cimer laser and a steady-state Xe lamp (Ushio UXL-300DO;  1q optain the quantum yields of fluorescence and triplet
300 W) for a monitoring light source. The sample solution formation, we quantitatively analyzed the TRTL signal in-

flowed in a cuvette (40 mm optical path length). Absorption tensity. The total heat)t (=Ug+Us), is described as
spectra were measured with a double beam spectrometer

(Jasco Ubest V-550). Ur = Kal (1-107°P) (1)
Benzophenone and 2-hydroxybenzophenone (Tokyo
Kasei, GR grade) were purified by recrystalization twice
with methanol and hexane. DPA (Tokyo Kasei, GR grade)
was recrystallized with benzene. Benzene (Kanto Chem-
ical, GR grade) was used from a freshly opened bottle.
All samples were deaerated by bubbling Ar gas (purity
99.95%) purged by benzene vapor for 0.5 h before use. All
measurements were carried out at room temperature.

whereK is the instrumental factor including thermal prop-
erties of the solventy the laser energy)D the absorbance

at 308 nm, andx denotes the heat conversion efficiency,
namely, the fraction of energy released as heat against energy
absorbed [19]. The laser power dependence of the TRTL
signal intensity at 40fL.s when all photophysical processes
were completed, was measured at various concentrations of
DPA, shown in Fig. 2a. The signal intensity increased more
rapidly against the laser power under the higher laser power
region, revealing that multi-photon absorption should occur.
The solid line shows the best fitting curve obtained with the
least squares’ fitting method using the following relation:

3. Results and discussion

3.1. TRTL measurements on DPA in benzene

, , . Ut = a1l + azl? (2

Fig. 1a shows the TRTL signal of DPA in benzene so-

lution with the 308 nm laser excitation under quite low where a; and a; denote the coefficients of linear and
excitation power (1.J). After the laser excitation, the sig- quadratic terms, respectively. Alternative analysis was car-
nal rose steeply, grew up slowly, and became plateau inried out with the equation.
this time window. The fastUg) component corresponds
to the heat released through the relaxation processes from— = a1+ azlL 3)
the first excited singlet state (vibrational relaxation, internal -
conversion to the §state, and intersystem crossing to the The results are shown in Fig. 2b. The plotd af/l. against
T, state) and the slow rising componetus] to the heat I show good linear relation. These results indicate that there
resulting from intersystem crossing from thetd S states. should be two different heat sources released through single-
The TRTL signal for 2-hydroxybenzophenone (HBP) is and two-photon absorption processes even under relatively
also presented in Fig. 1b. HBP is a well-known calorimetric low laser power region ofa. 3uJ.
standard, which emits the absorbed energy as heat into the There are two candidates responsible for the quadratic
solvent within a single laser pulse [18]. power dependence term; &S, and T,<«T; absorption.
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Fig. 2. (a) Plots of the total hedit of DPA in benzene vs. excitation laser powegr The signal intensity slightly curved, revealing multi-photon
absorption should occur. The solid lines show the best fitting curve obtained with the least squares’ fitfing-of /| +a21|_2. (b) Plots ofUt/IL vs.
IL. The solid lines shows the best fitting curves obtained with the least square fittidg/lof=a; +ayl/ .

Benzophenone has been reported to show also two-photorto be unity [18]. Thex value is written as
absorption phenomena [20,21]. The two-photon absorption Eex— ¢ E

process at 308 nm excitation was elucidated to be the firstg = - #1=S
S1 < S absorption followed by a rapid intersystem cross- Eex
ing to the T, state and the second, T, absorption to  where¢; and Es are the fluorescence quantum yield and
dissociate into two phenyl radicals and a carbon monoxide the § energy, respectively, anBey is the energy of the
molecule. Inthe case of naphthalene, the two-photon processexcitation light. With the values ds=304 kJ/mol [15] and

at 308 nm was realized as, &-S; absorption followed by  E.,=388 kJ/mol (308 nm), the fluorescence quantum yield
accelerated internal conversion into thessate with quan-  was successfully obtained to be 048803, which agrees to
tum yield of ca. 0.2 due to quite large excess energy [19]. the reported ones [8,11,12]. Next, the triplet formation quan-
In these cases, the laser power dependence of the TRTLtum yield is related to the ratio of the slow and total heats,
signal Ut) showed a large quadratic terrax$0) and the
a coefficient forUs was negative. However, the linearity Us _ _discEr _ discEv
of the plots ofUs versusl, for DPA was maintained even UT  Eex—¢iEs  aEex
in the range where the two-photon event occurred remark-

(4)

(®)

ably. It suggests that two-photon phenomena do not affect 14+
the photophysical processes caused by single photon absorp- 124
tion. In other words, even when excited into higher excited
states ($ and/or T,) with two-photon absorption, the ex- 10
cited molecules should be relaxed to the corresponding first 8-
excited states (Sand/or T;) through rapid internal conver- < 6
sion, and their excess energies were emitted into the solvent T
as heat. 4-
Plots of slopea; in Fig. 2 against absorptivity, 1-1¢ 2, 2
are shown as blank squares in Fig. 3. Good linear relation Ol
was observed. The solid line denotes the best fitting curve. l ' I '

T T T
The plots for the calorimetric standard of HBP are also pre- 00 01 02 03 04 05 06 07

. . . .. -0D
sented as solid circles. The signals were carefully measured Absorptivity (1-10"")
under the exactly same conditions as the DPA system. There-_. - L D
fore, the instrumental factdf in Eq. (1) is same in both the Fig. 3. Plots of slopex in Fig. 2 (]) versus absorptivity, 1-10°". Good
! . ,q' _ linear relation was observed. The plots for the calorimetric standard of
cases. The ratio of two slopes in Fig. 3 gave dh@lue to HBP are also presente@®). The solid lines show the best fitting curves.
be 0.310.01 because the value for the standard is known  The ratio of two slopes gave the heat conversion efficiency to be 0.31.
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where ¢|sc and Ey are quantum yield of triplet forma-
tion and triplet energy, respectively. This/Ut value was
obtained to be 6.210°2 from the result in Fig. 1 and .
the reportedEy value is 171kJ/mol [14,15]. Thus)sc 0.154
was determined to be 0.840.02. Medinger and Wilkinson
reported the triplet formation quantum yield to be 0.12
in liquid paraffin [5,6]. Our result suggests that thec
value is found to be extremely small, however, it agrees
within an experimental error to the one reported by Chat-
topadhyay et al. (0.01-0.03) [14]. The large difference on
the quantum vyield may result from the property of the 0.00, T T T T | | ]
solvent. 420 440 460 480 500 520 540 560
On radiationless deactivation processes of anthracene Wavelength (nm)

derivatives In, the § state, intersystem crossing was _re— Fig. 4. Transient absorption spectra of benzophenone and DPA(151
ported to be important processes [12,13,27,28]. The higher;, penzene excited at 308 nm: ®}, 0.3 (), 0.7 (A), and 3.5 ) us
excited triplet state(s) was expected to lie near or very after the laser. New absorption band appeared around 420-470 nm while
slightly below the $ state. Therefore, indirect intersystem absorption at 530 nm decreased. An isosbestic point was clearly observed
crossing $— T,— T1 would be the most important process at 480nm.

to populate the {1 state. In comparison with anthracene and
other aromatics, the photophysical properties characteristic
to DPA, namely, quite large fluorescence quantum yield
(0.88), extremely low triplet formation yield (0.04) and

internal conversion (0.08), may be attributed to the confor- Fig 4sh ¢ ient ab i traof b h
mational change in between the excited and ground states. 9. = Shows lransient absorption Spectra ofbenzopnenone

Two phenyl rings were reported to be twisted by abolit 66 and DPA (15QuM) in .benzene. The absorption band around
with respect to the anthracene framework in the ground =30 nm_due to the triplet benzophenone decayed Wh'le new
state, and the angle decreased ab6ubbthe excited state absorption band around 420-470 nm appeared. An isosbestic

[4]. Darmanyan [11] carried out the quenching experiment point was clearly .°bsef"ed at 480nm. It should be '.th?d
of DPA in the excited states by oxygen, and pointed out here that no transient signal was observed for an excitation

the importance of the phenyl ring conformation on both the Of. sole DPA. The.new band observed in Fig. 4, well ggreed
ground and excited states. Phillips and co-workers mea—Wlth T__T absorption spectrum O.f DPA reported_ previously
sured the fluorescence lifetime and its quantum yield of [14]. Fig. 5a shows the time profiles of the transient absorp-

DPA in the solution and the vapor phase [12,13]. The quan- tion monitored at 450 and 530 nm. The risetime at 450 nm

tum yield dropped off and the fluorescence decay Changedcorresponded to the decay time at 530 nm. Therefore, it re-
from single-to dual-exponential decay with temperature. veals that T—T energy transfer between benzophenone and

They speculated thesTstate lying near the Sstate. How- DPA should occur. The depay rate of triplet bgnzophenone
ever, the intersystem crossing from thet8 the T, states _(530_nm) became "i“g?r with DPA concentrat_lo_n as shown
is unlikely without any perturbations because thestate n Fig. Sb. The solid lines denote the best fltthg Curves.
res 5, symmery and he Tstate s, accordng £ 2 Shovs Ster Vomer o of e desehaton te o
to the Dy, point group to which DPA beﬁ)ngs. We re- )

ported that large amplitude vibration of the methyl group “?e |tnd|cates tk;e ::)est.flttlggt C“g"e-;tg)e;“ir(‘)grl‘\;l”ﬂr%tf con-
on the benzene ring for toluene derivatives such as chIoro-_Sl_::ln E‘: _Waj elermme_ 0 '”:j (d ) t);: St ) ¢
toluenes and methylanisoles, should play an important role e obtained value dfq is regarded as the summation o

for the nonradiative processes even in the spectral rangethe energy transfer rateg) between benzophenone and

around the & origin with laser-induced fluorescence and DPA and the collisional quenching rale). The substantial

photosensitized phosphorescence excitation techniques i erdy transfer efficiency was successfully obtained with

a supersonic jet expansion [16,17]. The vibration presum- the TRTL technique, as described below.

ably induces the intersystem crossing process. Therefore,

the dynamical motion of the phenyl groups with respect to 3.3. TRTL measurements on benzophenone-DPA energy
the anthracene frame presumably affect the photophysicaltransfer

processes for DPA. In order to further obtain information

on influence of the phenyl internal rotation in the deacti- Fig. 7 shows the time profile of the TRTL signal for the
vation processes, we are doing laser-induced fluorescencéenzophenone-DPA (0.3 mM) system excited at 308 nm. The
and photosensitized phosphorescence measurements in measurements were carried out under the low photon den-
supersonic jet expansion with phenyl substituted aromatic sity region because of being avoided multi-photon absorp-
molecules [29]. tion described above. The signal is composed of three rising

Absorbance

3.2. Transient absorption measurements on
benzophenone-DPA system
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Fig. 5. (a) Time profiles of transient absorption monitored at 450 and
530nm. The absorption at 450 nm rose with the absorption at 530 nm
decayed. (b) Time profiles of the transient absorption monitored at 530 nm

with several DPA concentrations; 0, 50, 151, and 201

TRTL Signal Intensity (mV )

k-?P, against DPA concentration. Good linear relation was observed. The
solid line was obtained with the least squares’ fitting method. The slope
gave a quenching rate constant toKe=(3.6£0.3)x10° M~1s71,

components, one fast and two slow ones (medium slow and
slow). The medium slow component corresponds to the life-

time of triplet benzophenone also shown in Fig. 7, while the

slow component to the lifetime of triplet DPA produced by
the energy transfer (38s) described in the previous section.
Therefore, analyzing the time profile of the TRTL signal
will give us the information on intrinsic energy transfer rate,
ket. The heat conversion efficiency of the total heat for en-
ergy transfer was unity, determined at §0after the laser
irradiation with the same procedure described above on the
assumption that only benzophenone absorbs the laser light.
The assumption seems to be valid because of the quite low
absorbance for DPA in addition to the small/alue (0.31).

» o~ 0.10
10 — .
— 0.08
8_
Z - 0.06 8
- c
6 z S
: 5
E 4
C ~ O.
4 z ] 0.04 2
=
E 0 0““] T T T T
2 - 0 100 200 300 400 L— 0.02
Time (pus)
. | l ~ 0.00
5 10 15
Time (us)

Fig. 7. Time profile of the TRTL signal for the benzophenone-DPA (0.3 mM) system excited at 308 nm. The time profile showed one fast and two slow
components: medium slow and slow ones. The medium slow component corresponded to the decay of triplet benzophenone, which is also indicated
the fig. The solid line was obtained with the least squares’ fitting method of Eq. (6). See text in detail.
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the values o&EP and kxPPA, which have been already ob-
tained with the transient absorption. Hence, it concluded
Sy that the energy transfer efficiencle{k;) becomes almost
unity, sincekq obtained with the quenching experiment for
triplet benzophenone is exactly equalkg. When triplet

T4

Er° benzophenone was deactivated into thestate by collision
T ket [DPA] with DPA in the ground state, energy transfer to produce
% EPPA triplet DPA does occur effectively.
T; The photosensitization is a powerful technique to obtain

the extinction coefficient of the target triplet molecule. How-

Eex ko ¢ ka[DPA] ever, it stands on the notable assumption that the efficiency

kP4 would be unity. With the efficiency determined above, we es-
timated the absorption coefficient of DPA triplet as follows,
450
So So OD,5,,  (eBon ) [ ket DPA] @
OD530 - 8530 kBP
Benzophenone DPA 0 BP T

Fig. 8. Schematic energy diagram for benzophenone and EBAETBP, V\ihere OA[? 1S absor.ban'ce mon'Fo.red atnm at timet,
and EPPA denote energies of the excitation laser, triplet energies for €gpand epp, are extinction coefficients atnm for ben-
benzophenone and DPA, respectival§” and kp™ are the deactivation  zophenone and DPA, respectively. The ratiogéi%/gg?ﬁo

rate constants for triplet benzophenone and DPA, respectikglis the - 530
unimolecular decay rate constant for triplet benzophenonekarahdky was obtained to be 1.77 because %?S/ODO = 1.06

are the rate constants for collisional quenching by DPA with and without when [DPA}=0.3mM. Hence, thespp, value was suc-
energy transfer, respectivelf”=ko-+ky[DPA] and ky=kg-+ket. cessfully determined to be 1.280*M~1cm™1 with the
reportede33 value (7220 Mt em™! [30]). It well agrees

) ) with the averaged extinction coefficient for DPA, reported
Schematic energy diagram for the benzophenone-DPAto be 15608:5240 M~ cm1 [31].

system is described in Fig. 8. The released heat is related to

h . d . f ted Th The energy transfer technique method is one of the most
the concentrations and energies of excited states. The ConWidespread methods of measuring the T—T absorption co-

centrations of triplet benzophenone and DPA are eXpressedefficient. However, there still remains an uncertainty even
as follows: after some kinetic corrections are made (e.g. unimolecular
[3BP*] = Co exrx_k_IBPt)’ disappearance of the excited donor and acceptor). It has be-
come apparently not to need this type of correction in the
OPA Bp system of benzophenone-DPA dilute solution because of the
{exp(—kt™"t) — exp(—kt 1)} efficiency of unity. If the acceptor deactivates the excited
donor without the acceptor itself being excitdg)( a cor-
rection has to be required. The TRTL technique is applicable
to obtain the substantial energy transfer efficiency.

1
[3DPA*] — { kEQ[PDPAD]FE;\O
(k" — k1)
where G and DPA] are concentrations of initially excited
benzophenone, and DPA in the ground staf€, andkPPA
are deactivation rate constants for triplet benzophenone and
triplet DPA, andket is the T-T energy transfer rate constant. )
Therefore, with the triplet energies &EF (benzophenone) 4 Conclusion

and EPPA (DPA), the time-dependent heat is described as _ . .
Photophysical character of DPA in benzene was studied

U(t) DPA BP with the TRTL technique with the XeCl excimer laser exci-
x P71 XP(—AT ) — 1 exp(—kT 1) ©) tation. The time profile of the TRTL signal was composed

where of the fast part and the slow one. The total heat was quanti-
tatively analyzed with the calorimetric standard of HBP, and

CoEPPPke1DPA] the heat conversion efficiency was determined to be 0.31,

p = CoEex, q=p-—r r= (k$p — kTDPA) : revealing that the fluorescence quantum yield was 0.88. The

guantum yield of triplet formation was also obtained to be
The time profile of the TRTL signal in Fig. 7 was analyzed quite low (0.04). The photophysical character, quite high
with the least squares’ fitting method of the bi-exponential fluorescence quantum yield and low triplet formation yield,
equation (Eqg. (6)). The best fitting curve is shown as a solid will be explained with the internal rotation of two phenyl
line in Fig. 7. Theke; value was successfully obtained to at the inter-ring single bonds. The T-T absorption spectrum
be 3.6<10°M~1s~1 by using the ratio of pre-exponential for DPA was obtained with benzophenone photosensitiza-
factors,r/p=0.40, theE?PA value (171 kJ/mol [14,15]), and  tion technique. The new absorption band was observed in
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the spectral range of 420-470 nm, which well agrees with
the reported one. The TRTL signal was also measured in
the benzophenone-DPA system. It was found to be three
rising components: one fast and two slow ones (medium
slow and slow). The slow one results from the triplet DPA
relaxation produced by energy transfer from triplet ben-
zophenone. The slow component was quantitatively ana-
lyzed, and the intrinsic energy transfer rate constagtywas
successfully determined to be the same rate constant kg the
value. It reveals that the energy transfer efficiency is almost
unity. We estimated the extinction coefficient of DPA’'s T-T
absorption.
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