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Time-resolved thermal lensing (TRTL) techniques have been applied to resolve photophysical and ther-

modynamic parameters for various metastable species, of which the relaxation dynamics are dominated by the

radiationless transition. Using 1H-phenalen-1-one as a sensitizer, the lifetime (��), absolute quantum yield

(��� and efficiency of generation (S T

� ) of singlet molecular oxygen (1�g) have been determined in various or-

ganic solvents. In particular, through the development of an ultrasensitive detecting system, TRTL studies on

the relaxation dynamics of O2(
1�g) become feasible in aqueous solution. In another application, based on the

TRTL technique in combination with the O2 sensitization experiment, the T1-S0 energy gap of the pro-

ton-transfer tautomer in 3-hydroxyflavone, which is otherwise inaccessible due to the dominant radiationless

deactivation, has been deduced to be ~ 8500 � 1020 cm-1.

Keywords: Time-resolved thermal lensing; Singlet molecular oxygen; Excited-state intramolecular

proton transfer.

INTRODUCTION

The time-resolved thermal lensing (TRTL) method has

been recognized as a powerful technique for detecting the

heat released through nonradiative processes of the excited

molecules.1 Its high sensitivity has allowed one to measure

ultraweak absorption spectra,2 prototypes among which are

two-photon spectroscopy,3 vibrational overtone spectros-

copy4 and analyses of nonemissive transient species at low

concentrations.5-8 Since the thermal lensing measurement is

essentially a calorimetric determination of a very small tem-

perature gradient induced by relaxation of excited species, it

further provides direct information on the enthalpy change

during photophysical and/or photochemical reactions.9 Re-

cently, two-color laser excitation TRTL techniques have been

successfully applied to probe the reaction energetics and dy-

namics of the excited transient species.7,10

In this study, we report the application of the TRTL

technique to resolving the dynamics as well as energetics of

several crucial metastable species, among which singlet mo-

lecular oxygen and triplet states of excited-state intramolecu-

lar proton transfer molecules will receive particular attention.

The photophysics of the lO2, (1�g) species has been exten-

sively investigated due to its important role in photochemical

and biological processes.11-14 However, the detection of O2

1�g � 3�g
- phosphorescence in the solution phase is nontrivial

due to its dominant radiationless deactivation and near infra-

red ~ 1273 nm 1�g � 3�g
- (0,0) transition, which is beyond the

spectral response of normal photomultiplier tubes. An alter-

native way to detect lO2 may rely on the observation of its

nonradiative transition to the ground state.9,15-17 The TRTL

method is superior to conventional ones in that the absolute

yield of transient species can be extracted from the experi-

ment without the requirement of an additional standard refer-

ence.18 Consequently, the corresponding photophysical pa-

rameters can be extracted directly. In this study, through the

application of an ultrasensitive detecting system, the tempo-

ral response of TRTL can be as fast as the transient acoustic

time so that studies of relaxation dynamics of O2(
1�g) in H2O

become feasible. In another approach, many molecules ex-

hibiting the excited-state intramolecular proton transfer

(ESIPT) reaction, energetics and dynamics of the tautomer

triplet state (T1’, hereafter the prime sign denotes the pro-

ton-transfer tautomer species) are rarely found. The correla-

tion of a forbidden triplet � singlet radiative decay rate con-

stant, kP, generally obeys the relationship of kP � |D|2	3 where

D is the transition moment length and 	 is the average wave-

number of the transition.19 kP is then proportional to ET

3 ,
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where ET denotes the energy gap between T1’ and S0’ states,

and becomes smaller when ET decreases to the near infrared

(NIR) region. Furthermore, a theory pertaining to the radia-

tionless decay concludes that the intramolecular radiationless

deactivation should increase upon decreasing the energy gap

of the transition.20 Particularly, for many ESIPT molecules

vibrational modes associated with intramolecular hydrogen

bonds usually act as a good quencher for the tautomer emis-

sion.21 Thus, detecting phosphorescence in the NIR region,

especially for the ESIPT molecules, may be hampered by the

dominant T1’ � S0’ radiationless deactivation process. In

this study, we will apply 3-hydroxyflavone, a well-known

ESIPT molecule, as a prototype to demonstrate the potential

of the TRTL technique in resolving photophysical properties

of the tautomer triplet states.

EXPERIMENTAL SECTION

Materials

1H-phenalen-1-one (PH, Aldrich) was purified by col-

umn chromatography (n-hexane:ethyl acetate 1:1 v/v) fol-

lowed by recrystallization twice in methanol. 3-Hydroxy-

flavone (3HF, Aldrich, 99.0%) and 5-Hydroxyflavone (5HF,

Lancast, 98.0%) were twice recrystallized in ethanol. Sol-

vents were of spectrograde quality and used without further

purification. O2-saturated solutions were used in the sensiti-

zation experiment. Conversely, measurements of triplet-state

relaxation dynamics were performed under O2 free condi-

tions, in which the solution was degassed through three

freeze-pump-thaw cycles.

Measurements

The setup of TRTL measurements in this study is de-

picted in Fig. 1. A 3rd harmonic of the Nd:YAG laser (355 nm)

was used as a pump pulse, of which the output energy could

be fine-tuned through a combination of 
/2 plate and Glan-

Thomson polarizer. A He-Ne laser (JDS Uniphase 1125;

632.8 nm, 5 mW) equipped with a stabilized power supply

was used as an analyzing beam for TRTL signals. The He-Ne

beam was focused in front of the sample cell with an f = 30

mm lens, and was in a direction of 180� with respect to the

Nd:YAG excitation beam (focused by an f = 200 mm lens).

The He-Ne laser beam after the sample cell was passed

through a pinhole (Corion 2401; 300 �m diameter) and an ap-

propriate combination of filters. The beam intensity was then

detected with a red sensitive, fast response photomultiplier

(Hamamatsu model R5509-72) operated at -80 �C. Typically,

an average of 512 shots were acquired for each measurement.

To determine the acoustic transient time, the output imped-

ance of the photomultiplier was reduced to 50 , giving a sys-

tem response limited by the duration of a laser pulse of ~ 6 ns.

However, for most applications, an output impedance of 1K

 was applied in order to increase the TRTL S/N ratio. In this

case the system response time was increased to ~ 120 ns (vide

infra).

Steady state and time-resolved measurements of near-

IR O2(1�g � 3�g

� (0,0)) phosphorescence have been elabo-

rated in our previous reports.22 Briefly, the steady state emis-

sion was obtained by exciting the sample solution under a

front-face excitation configuration using an Ar ion laser (362

nm, Coherent Innova 90). The emission was then sent through

a near-IR Fourier-transform interferometer (Bruker Equinox

55) and detected by a slow response (rise time ~ 5 ms), highly

sensitive liquid nitrogen cooled Ge detector (403, Applied

Detector Corporation). For the time-resolved study, the sam-

ple was exited by a 3rd harmonic (355 nm) of the Nd:YAG la-

ser, of which the emission was collected and sent through a

fast response (rise time ~ 0.3 �s) Ge detector (403HS, Ap-

plied Detector Corporation). The decay profile was moni-

tored by a 2.5 GHz bandwidth transient digitizer (Lecroy

9360).

Steady-state UV-Vis absorption and fluorescence spec-

tra were recorded with a Hitachi (U-3310) spectrophotometer

and an Edinburgh (FS 920) fluorimeter, respectively.

RESULTS AND DISCUSSION

Optimization of the TRTL measurements

The optimization of the system based on temporal re-
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Fig. 1. A schematic diagram of the current TRTL

setup: F, filter; L, lens; DM, dichroic mirror;

GT, Glan-Thompson polarizer; PD, photo-

diode; PMT, photomultiplier tube.



sponse and laser power dependence plays a key role in suc-

cessful TRTL measurements. The intrinsic response of the

current setup was first determined by the temporal resolution

of light scattering from the output of a Ti-Sapphire laser (730

nm, 150 fs), and was estimated to be ~ 2 ns from its full width

at half maximum (fwhm) of the temporal profile. The system

response, however, should be further limited by the duration

of ~ 6 ns of the pump pulse (3rd harmonic of the Nd:YAG la-

ser) used in the TRTL study. Nevertheless, the actual tempo-

ral limitation of the TRTL signal mainly depends on the

acoustic transient time defined as

�a = wp/vs (1)

where wp is the radius of the pump-beam waist at the focal

point, which was measured to be ~ 50 �m in our current setup

(vide infra), vs denotes the speed of sound in the solvent, and

is in the range of 1.0 � 103 ~ 1.48 � 103 m/s among various

solvents studied.23 Applying eq. (1), an acoustic transient

time was calculated to be < 50 ns in all studied solvents (see

Table 1). This derivation could further be tested experimen-

tally by the TRTL study of 5-hydroxyflavone (5HF). Photo-

physical properties of 5HF have been well established. In

cyclohexane, 5HF undergoes a barrierless ESIPT (< 100 fs),

followed by an ultrafast decay of the proton-transfer tauto-

mer fluorescence (�f = 1.2 ps, �f ~ 10-5).24 The rate constant

of the ground-state reverse proton transfer was also estimated

to be >> 1012 s-1 so that an overall proton-transfer cycle (i.e.

the recovery process) in 5HF takes place within a period of a

few picoseconds. This, in combination with ~ unity radiation-

less deactivation, makes 5HF an ideal model to monitor the

acoustic transient time for our current TRTL configuration.

As shown in Fig. 2, upon the 355-nm excitation in cyclohex-

ane 5HF revealed a fast but finite rise in the TRTL signal. Its

assignment to the transient acoustic kinetics can be further

ascertained by the observation of an oscillating TRTL signal

resulting from a round trip of the acoustic wave. Taking the

temporal full width at half maximum (fwhm) of the peak, the

acoustic transient time was estimated to be a ~ 50 ns in cyclo-

hexane, which within experimental error, is consistent with

the theoretical derivation of ~ 40 ns.

It is worth noting that the output impedance of the

photomultiplier was reduced to 50  for the above measure-

ment (see experimental section). However, in the following

studied systems the life spans of the transient species exam-

ined are normally > 1 �s. To increase the S/N ratio of TRTL

signals we instead used an output impedance of 1K . In this

case the system response time has been increased to ~ 120 ns,

and the acoustic wave could no longer be resolved.

In order to insure the TRTL signals are free from inter-

ferences of multiphoton excitation and/or saturation effects,

the system was further optimized by using the benzophenone/
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Table 1. Properties of Various Solvents at 298 Ka

D � (d�/dT) wp va tc �a
Solvent

(� 10-7, m2s-1) (� 10-2, cal cm-1s-1 oC) (� -10-4, K-1) (�m) (� 103, ms-1) (ms) (ns)

H2O 1.36 0.58 0.9 54 1.48 5.3 36.0

MeOH 1.00 0.20 3.9 40 1.00 4.0 40.0

EtOH 0.90 0.18 3.7 40 1.01 4.3 39.6

Cyclohexane 0.83 0.12 5.3 53 1.28 8.5 41.4

Benzene 1.06 0.16 5.6-6.4 49 1.25 5.5 39.2

Acetonitrile 1.70 0.17 4.6 55 1.30 4.4 42.3

D, the thermal diffusivity; �, the thermal conductivity; (d�/dT), the temperature coefficient of the refractive index; wp, beam

radius of excitation laser; va, sound velocity; tc, thermal time constant; �a, acoustic transient time.
a see Ref. 23.

Fig. 2. The TRTL signal of 5HF (5.2 � 10-5 M) in cyc-

lohexane with an acoustic-wave oscillation

shown at the initial portion of the rise compo-

nent.



benzene solution. As shown in Fig. 3, a typical TRTL signal

of benzophenone in benzene (
ex ~ 355 nm) was composed of

fast and slow rise components, followed by a much longer de-

cay profile of ~ 1.2 ms (not shown here) attributed to the ther-

mal diffusion. The fast component (UF), which correlates

well with the acoustic transient time after the laser irradia-

tion, is ascribed to the heat released through nonradiative de-

activation processes from the initially prepared excited sin-

glet state to either the ground or triplet state. Conversely, the

slow rise component (US) originates from the triplet benzo-

phenone relaxing to the ground state. Within a range of e.g. <

100 �s, in which the contribution of thermal diffusion can be

neglected, the experimental results can be well fitted by two

exponential components expressed as

(2)

where kF (UF) and kS (US) denote the rate constant (amplitude)

of fast and slow components, respectively, and b0 is an offset

parameter. The best nonlinear least-squares fit of f(t) gave the

faster component, kF, to be within the range of 1.0 � 107 s-1,

which is consistent with the system response of ~ 8.3 � 106

s-1. In fact, upon fixing k1 by 8.3 � 106 s-1 and only varying UF,

US and kS, the results are nearly the same as those obtained by

relaxing all parameters. Accordingly, kS was deduced to be ~

1.67 � 105 s-1 (�S ~ 6.0 �s), consistent with the lifetime of the

triplet benzophenone of 5.5 �s reported in the literature.6 La-

ser power dependent TRTL experiments have also been per-

formed by monitoring the total amplitude of the initial ther-

mal lens signal UT (= UF + US) as a function of the pump laser

energy. As shown in the insert of Fig. 3, good linear relations

were maintained when the laser energy was kept as low as 40

�J/pulse, indicating a one-photon process for the observed

TRTL signals. Hereafter, typical excitation energies of < 40

�J were applied throughout the remaining studies.

For the case of benzophenone, the ratio for Us versus

UT can theoretically be expressed as

(3)

where �isc denotes the yield of S1 � T1 intersystem crossing,

hvex and ET are energies of the excitation light (337 kJ/mol)

and the triplet state for benzophenone (287 kJ/mol),23 respec-

tively. Ef is the averaged fluorescence energy, and �f denotes

the yield of fluorescence, which is essentially ~ 0 in benzene

at 298 K. Accordingly, �f Ff is negligibly small and can thus

be neglected in eq. (3). Plugging US/UT of 0.84 in this study,

�isc was determined to be 0.99 � 0.01, which, within experi-

mental error, is identical with the ~ unity value reported pre-

viously,23 supporting the optimization of the current TRTL

system.

Photophysical parameters of O2 (
1
�g)

On the basis of a fully optimized TRTL system, i.e. ~

120 ns temporal resolution and one-photon excitation, our

first approach is to study photophysical parameters of O2

(1�g) in the solution phase. The associated photophysical and

photochemical pathways upon exciting suitable sensitizers in

the presence of O2 are depicted in Scheme I.

Scheme I

S Shv

0 1� �� (4)

S S hv
k

f

f

1 0� �� � (5)

S S
k ic

1 0� �� (6)

S T
k isc

1 1� �� (7)

T O S O1

3

2 0

3

2� � � (8)

T S1 0� (9)

T O S O
k et

1

3

2 0

1

2� � �� � (10)

1

2

3

2O O
k d� �� (11)

As shown in Scheme I, a fraction of the energy ab-

sorbed initially by a sensitizer may be released through pro-
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Fig. 3. The TRTL profile of benzophenone (1.0 � 10-4

M) in degassed benzene with 355 nm excita-

tion, and its laser power dependences of the to-

tal heat, UT, at different concentrations. The

solid lines are best-fitting curves obtained with

the least-squares method.(kF: 8.3 � 106 s-1, kS:

1.67 � 105 s-1, UF: -0.00105, US: -0.00489, see

eq. (2)). The relation between lens signal and la-

ser power maintained is sufficiently linear in

the depicted ranges. The absorbance at 355 nm

was prepared to be 0.2 (�) and 0.5 (�).
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cesses (4)-(10) within the system response time of < 120 ns in

an aerated or oxygenated solution. The nonradiative pro-

cesses (6)-(10) are all responsible for the fast heat generation

(UF) observed in the TRTL experiment. In the absence of 1O2

acceptors, the rest of the absorbed energy, which is redistrib-

uted as the excitation energy of 1O2, is degraded to heat

through process (11) with a much slower rate and thus con-

tributes to the slow, resolvable component (i.e. US) in the

TRTL signal.

Using 1H-phenalen-1-one (PH) as a sensitizer, a typical

TRTL signal in, e.g., O2-saturated benzene is shown in Fig.

4a. Applying the best curve fitting based on eq. (2) a kS value

of 3.32 � 104 s-1 (�S ~ 30 �s) was then deduced. In comparison,

the time-resolved O2
1�g � 3�g

� (0,0) 1273 nm phosphores-

cence was also studied using the same sample (Fig. 4b), and

the decay time was fitted to be ~ 31 �s. The consistency be-

tween TRTL and phosphorescence in relaxation dynamics

further ascertains the Us component to be resulting from the

O2
1�g � 3�g

� (0,0) radiationless deactivation. Similar corre-

lations between TRTL and phosphorescence on the O2(
1�g)

relaxation dynamic were also observed in other organic sol-

vents, and the results are listed in Table 2.

With the fast response capability and ultrahigh sensitiv-

ity, an attempt has also been made to resolve the TRTL signal

associated with relaxation dynamics of O2 (1�g) in H2O. The

main difficulty of this approach is the intrinsically weak

lensing signal in H2O. Theoretically, the TRTL signal, S(t), is

expressed as

(12)

where H(t) is the heat function,9 l and z denote the thickness

of the thermal lens and the distance from the focal point of the

converging lens to the sample, respectively, and tc is the ther-

mal time constant.25 According to eq. (12) it is apparent that

S(t) is proportional to �� which can be further expressed as

D d dT

Jwp

( / )�

� 4
, where D denotes the thermal diffusivity (cm2s-1),

� is the thermal conductivity (cal cm-1s-1 �C), J = 4.18 J cal-1,

and (d�/dT) is the temperature coefficient of the refractive in-

dex. These parameters are solvent dependent and their values

are listed in Table 1. Plugging all relevant parameters, the

value of � and hence the TRTL signal in H2O was estimated

to be ~ 20 times less than that in, e.g., benzene under the same

experimental conditions. This, in combination with its fast

relaxation dynamics (vide infra), makes the TRTL approach

to O2(
1�g) in H2O rather difficult. Nonetheless, as shown in

the insert of Fig. 4a, the TRTL for O2(
1�g) was obtained for

the first time in the O2-saturated H2O. On the basis of eq. (2),

the decay was then fitted to be ~ 2.3 �s, which is on the same

magnitude as those reported based on the 1�g � 3�g

� (0,0)

emission (see Table 2).26-28

We further applied eq. (3) to determine the absolute

yields, ��, of O2(
1�g) production. Note in eq. (3) �isc is sim-

ply replaced by �� in the sensitization experiment. For exam-

ple, the ratio for US versus UT was measured to be 0.25 in

MeOH. Conversely, hvex and ET are energies of the excitation
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Fig. 4. a. The TRTL profile and b. the decay dynamics

of the O2
1�g � 3� g

� (0,0) 1273 nm emission of

O2 (1�g) sensitized by PH (6.5 � 10-5 M) in

O2-saturated benzene. Insert: the TRTL profile

of O2 (1�g) in H2O. (kF: 8.3 � 106 s-1, kS: 4.35 �
105 s-1, UF: -0.00238, US: -0.00018).

Table 2. Absolute Quantum Yields �� and Lifetime �� of 1O2

Sensitized by PH in Several O2-Saturated Solvents

Solvent �� (�s) a �� (�s) b �� ��
c

H2O 2.3 4.2 0.90 0.98

MeOH 8.5 10.4 0.91 0.98

EtOH 13 15.3 0.90 -

Cyclohexane 22 23.0 0.89 0.98

Benzene 30 31.2 0.95 1.00

Acetonitrile 60 58.3 0.92 1.00

a Data obtained from TRTL measurements in this study.
b Data obtained from the luminescence studies, see Ref. 26.
c see Ref. 29.
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(
ex: 355 nm, 28,169 cm-1) and O2(
1�g � 3�g

� (0,0)) transition

(~ 7,855 cm-1), respectively. Furthermore, it is also reason-

able to assume a negligible �f Ff value in the case of benzo-

phenone due to its lack of fluorescence in the solution phase

at 298 K. As a result, �� was determined to be 0.91 � 0.01 in

MeOH. This value, within experimental error, is comparable

with the reported value of 0.98 via the luminescence/photo-

acoustic approach.29 �� values in other organic solvents are

listed on Table 2, which are all in good agreement with the re-

ported value of near unity (see Table 2 for comparison). Note

�� in water obtained in the TRTL experiment is also located

in the category of ~ 0.90.

Nevertheless, as indicated in Table 2, the lifetimes mea-

sured with TRTL tend to be shorter than those from lumines-

cence experiments. Similarly, the quantum yields determined

with TRTL are smaller than those determined with other mea-

surements by 5-9%. Such a discrepancy is believed to result

from the differences in the power of excitation between the

two methods. The (laser) power-dependent decay as well as

emission efficiency of 1O2 emission has been reported in nu-

merous sensitization experiments.28 Although the mecha-

nisms associated vary case by case, it has been widely ac-

cepted that quenching of 1O2 by radicals generated from the

photodissociation of sensitizers/solvents might play a key

role. Since the excitation laser beam has to be focused, a more

prominent quenching effect should take place in the TRTL

study in comparison to the luminescent method in that a

defocused, low power laser beam was applied. At this stage,

because types of radicals generated from sensitizer PH or sol-

vents are still unknown, and are not the main focus in this

study, there is no further detailed discussion regarding

quenching mechanisms.

Theoretically, absolute quantum yields of the O2(
1�g)

production, ��� can be expressed as � �� �� isc O

T TP S
2

(13) and

PO

T

2
�

k O

k k O

q

T q

[ ]

[ ]

2

0

2�
(14) where PO

T

2
is defined as the fraction of

the triplet PH quenched by O2, kq is the bimolecular quench-

ing constant of O2 and kT

0 is the decay rate constant of the trip-

let PH excluding the O2 quenching process. S T

� denotes the ef-

ficiency of the O2(
1�g) generation, which is the fraction of the

triplet state quenched by oxygen that yields O2(1�g). As

shown in process (8) of Scheme I, it is possible that not every

collision of triplet PH with oxygen will generate 1O2. Thus,

S T

� deserves carefully examination in order to determine the

efficiency of singlet oxygen generation. PO

T

2
expressed in eq.

(14) is valid only if a long-lived triplet sensitizer as well as

low triplet concentrations are prepared, ensuring negligible

triplet-triplet annihilation and ground state self-quenching.30

According to the theory of electron-exchange type of

energy transfer, the overall spin must be conserved upon

forming a collisional complex. Since the sum of spin vector

in the T1-O2 complex gives a combination of quintet, triplet

and singlet, the possibility of each collision generating 1O2 is

1/9. This viewpoint holds true in most O2 sensitization reac-

tions. It is thus adequate to adopt a kq value directly from 1/9

of the diffusion controlled rate derived from the Stokes-

Einstein equation,31 which is, e.g., 3.2 � 109 M-1s-1 in cyclo-

hexane. Giving the oxygen saturated concentration of ~ 1.15

� 10-2 M in cyclohexane,32 a value of 3.68 � 107 s-1 for kq[O2]

was then deduced, which is apparently >> kT

0 . It is thus rea-

sonable to assume PO

T

2
to be near unity in cyclohexane. Simi-

lar results of ~ unity PO

T

2
value were also concluded in other

studied solvents. Knowing �isc of PH to be nearly solvent in-

dependent and equivalent to ~ 100%,27 it is reasonable to con-

clude that S T

� is nearly identical with �� in the PH sensitizing
1O2 experiments, which is > 0.9 in various solvents studied.

Among aromatic compounds investigated as singlet oxygen

sensitizers, Redmond and Braslavsky15 have shown a qualita-

tive difference between n,�* and �,�* types of sensitizers,

with the latter having higher S T

� values (0.9 � 0.1) than the

former (0.30 � 0.05). Our results of S T

� � 0.90 in the TRTL

study, in combination with a �,�* character29 of the triplet

PH, are consistent with Redmond and Braslavsky’s proposal.

Probing triplet state energetics/dynamics for the ESIPT

molecules

In another approach we have applied 3HF to demon-

strate the potential of the TRTL technique in deducing the dy-

namics and energetics of the tautomer triplet state. Upon S0

� S1 (���*, 
max ~ 355 nm) excitation, 3HF undergoes an

ultrafast rate of ESIPT, resulting in a 526-nm tautomer fluo-

rescence with �f as high as ~ 0.36 � 0.02 (in cyclohexane, see

Scheme II).33 Based on an ideal 4-level electronic system,

3HF has been demonstrated as the first case to exhibit promi-

nent lasing action.33 Due to its anomalously large Stokes shift

and high yield of tautomer fluorescence, 3HF and its ana-

logues have been used in numerous applications.34-36 Unfor-

tunately, further practical applications are limited by its

photooxygenation originating from the tautomer triplet

state,37 of which the population is appreciable based on the

transient absorption studies.38,39 The corresponding T1’-S0’

gap for the tautomer species, which is of key importance for

probing the reaction energetics, remains unknown due to the

lack of the tautomer phosphorescence spectrum. The main

obstacle is due to the dominant radiationless transition in the

T1’ state even at a temperature as low as 10 K.40 In addition,

the weak 5-membering intramolecular hydrogen bond is sub-

36 J. Chin. Chem. Soc., Vol. 50, No. 1, 2003 Cheng et al.



ject to protic solvent perturbation as well as self-aggregation

at low temperatures, prohibiting the ESIPT reaction.41,42

Fig. 5 reveals the TRTL signal of 3HF in degassed cyc-

lohexane, in which a slow US component was apparently re-

solvable. On the basis of eq. (2), the slow decay component

was best fitted to be 5.8 �s, which is on the same magnitude

as ~ 7-10 �s reported previously using the transient absorp-

tion technique.38,39 Because US is rather small, the uncertainty

of US/UT becomes significant. In this study, using an average

of 5 experiments the US/UT was calculated to be 0.05 � 0.006

in the degassed solution. Due to the broad tautomer fluores-

cence, Ef was calculated from its average value expressed as

� �E f =
I v vdv

I v dv

f

f

(~)~ ~

(~) ~
�
�

where I vf (~) denotes the relative emis-

sion intensity as a function of wavenumber. Accordingly, a

value of 18,255 cm-1 was obtained.

However, ET, i.e. the T1’-S0’ gap, cannot be extracted

from eq. (3) without knowing the value of �isc. On the basis

of an indirect triplet(3HF)/triplet(naphthalene) energy trans-

fer experiment, �isc of 3HF has been deduced to be ~ 0.18.39

Limited by the donor/acceptor overlap efficiency and preci-

sion of the triplet-triplet transient absorption, this method

may be subject to appreciable uncertainties. Alternatively,

we performed an oxygen photosensitization experiment in

order to circumvent this obstacle. This method becomes fea-

sible for determining the yield of the triplet state of organic

molecules if the following assumptions hold: (i) The T1-S0

energy gap is greater than the energy required to sensitize sin-

glet oxygen (O2
1�g � 3�g

� (0,0) of ~ 7855 cm-1). (ii) Sensiti-

zation of oxygen by the S1 state is negligible due to its rela-

tively much shorter life span. (iii) The decay of the triplet

state should be dominated by the T1-
3O2 energy transfer. (ii)

holds true for the case of 3HF due to the fast decay of the tau-

tomer fluorescence at room temperature (~ 3.2 ns in cyclo-

hexane at 298 K). Furthermore, based on the transient absorp-

tion study, an ~ 1/9 diffusion controlled O2 quenching rate has

been reported in 3HF.39 Thus, under the oxygen saturated

condition (1.15 � 10-2 M in cyclohexane at 1 atmosphere O2,

298 K) the decay of the triplet state should be dominated (>

99%) by the T1’-
3O2 energy transfer, fulfilling the require-

ment (iii).

The insert of Fig. 5(b) shows the emission spectrum of

O2
1�g� 3�g

� (0,0) transition at 1273 nm sensitized by 3HF, of

which the lifetime was determined to be ~ 21 �s in methyl-

cyclohexane. Within experimental error, the decay dynamics

are identical to those of the O2 (1�g) emission in cyclohexane

sensitized by PH.29 We have further determined the trip-

let-state population in 3HF by comparing its sensitized O2

(1�g) emission intensity with respect to that produced with

the sensitizer PH. The ratio of the sensitized O2 (1�g) emis-

sion intensity for 3HF versus PH was deduced to be 0.13 in
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Scheme II Structures of 3-hydroxyflavone in normal

and tautomer forms, and the associated

ESIPT reaction

Fig. 5. The TRTL signal of 3HF (2.2 � 10-5 M) in de-

gassed cyclohexane. The absorbance was pre-

pared to be ~ 0.3 at the excitation wavelength of

355 nm. Insert: (a) the appearance of US signal

at 15-16 mV, (kF: 8.3 � 106 s-1, kS: 1.72 � 105 s-1,

b0: 0.0158, UF: -0.015, US: -0.000789). (b) The

O2
1�g � 3� g

� (0,0) 1273 nm emission spectrum

in cyclohexane sensitized by (-----) PH or (�)

3HF under the same optical density of 0.3 at

362 nm (Ar+ laser).



the O2 saturated methylcyclohexane. Counting the PH sensi-

tized O2 (1�g) yield of 0.98 � 0.129 and ~ unity of the triplet

state quenching dynamics for 3HF in the O2 saturated cyclo-

hexane (vide supra), the yield of intersystem crossing, �isc

was then estimated to be 0.127. In this derivation, we have as-

sumed that the production of O2(
1�g) sensitized by the triplet

state is of unit efficiency. This assumption is based on a spin

statistical argument that the only deactivation pathway of the

triplet state resulting from the T1’-O2 ( 3�g

�) encounter is the

energy transfer to form O2 (1�g). Since the assumption of unit

efficiency of O2 (1�g) generation in each T1’-
3O2 encounter

may be invalid for the case of 3HF, we put the value of �isc =

0.127 as a lower limit. Plugging all parameters deduced into

eq. (3), the T1’-S0’ gap was then estimated to be 8500 � 1020

cm-1, which is consistent with a value of ~ 8000 cm-1 pre-

dicted from the semi-empirical approaches.43 The deduced

T1’-S0’ energy gap is nearly isoenergetic with respect to the

O2(
1�g � 3�g

� (0,0)) transition, supporting the assumption (i)

and the high efficiency of 3HF in sensitizing 1O2, followed by

the oxygenation (i.e. insertion) reactions.37

CONCLUSION

In conclusion, we have demonstrated TRTL to be a

powerful and reliable technique in detecting the dynamics

and energetics of the metastable species. In one approach, the

relaxation dynamics, absolute �� and S T

� values of O2 (1�g)

have been determined by TRTL in various solvents, particu-

larly in H2O where the extremely weak TRTL signal with cor-

responding fast decay dynamics have been resolved. In an-

other approach, the T1’-S0’ gap of ~ 8500 cm-1 in 3HF has

been deduced, which is otherwise spectroscopically inacces-

sible through the luminescent methods. It is thus proposed

that similar approaches can be applied to other ESIPT mole-

cules lacking spectral and dynamic information on the triplet

states. Future approaches of the TRTL technique aimed at

probing dynamics and energetics of short-lived metastable

species are feasible. For example, through the lumines-

cence/photoacoustic studies, it has been concluded that in the

PH sensitizing O2 experiment O2(
1�g

�) and O2(
1�g) were pro-

duced in yields of 0.62 and 0.93, respectively, in CCl4.
29 The

decay time of O2(
1�g

�) has been reported to be as short as ~

130 ns in CCl4,
29,44 which is mainly dominated by the 1�g

�

�1�g radiationless deactivation. From both energetics and

symmetry points of view, O2(
1�g

�) species may be more reac-

tive as well as undergo different types of reaction pathways

with respect to those of the 1�g state. It is thus intriguing to re-

solve the TRTL signal attributed to the 1�g

� state and subse-

quently monitor its reaction dynamics. Focus on this is cur-

rently in progress.
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