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An azulenylosquaric dye (ASQ) has been synthesized to investigate its associated photophysical

properties. ASQ is essentially nonluminescent (�f < 3 × 10-6) in any solvent despite its very high absorp-

tion extinction coefficient (760 nm, � ~ 8.2 × 104 M-1cm-1 in methanol). Femtosecond fluorescence

upconversion, anisotropy kinetics and transient absorption experiments, in combination with the theoreti-

cal time-dependent DFT approach, leads us to conclude that the 760 nm absorption is ascribed to the fully

allowed S0 � Sn (n 2) transition. The observed < 130 fs decay component is attributed to the Sn � S1 in-

ternal conversion, while the S1 � S0, with a slower radiative decay time (> 233 ns) undergoes a dominant

radiationless deactivation process (710 70 fs) possibly governed by strong interaction between S1 and S0

potential energy surfaces.

Keywords: Fluorescence upconversion; Azulenylosquaric dye; Transient absorption; DFT; In-

ternal conversion.

INTRODUCTION

Fluorescent compounds have found numerous useful

applications in medicine, biotechnology, and biological

science.1,2 Specifically, fluorochromes attached to various

receptors have been used for detecting nucleic acid hybrid-

ization (molecular beacons),3,4 in drug discovery,5 for sens-

ing molecular interactions,6,7 and for deciphering biologi-

cal pathways,8 etc. In prototypical applications, such as

molecular DNA beacons3,4 and enzyme-sensing probes,9

the methodology relies on the fluorescence resonance energy

transfer (FRET) between a fluorochrome and a quencher.

In this approach, highly sensitive, efficient, and quench-

able chromophores become essential for acquiring genomic

and proteomic information from biological samples.10 In

the visible range, one commonly used quencher to pair with

those fluorochromes is, e.g., 4-(4-dimethylaminobenzene-

azo) benzoic acid because the majority of sensors fluoresce

in the visible light range (< 650 nm).11

Recently, chromophores fluorescing in the near-in-

frared (NIR) range have attracted much attention primarily

due to the need for multi-color probes available for simulta-

neous sensing or encoding,12,13 as well as the extension of

the depth in imaging molecular interactions in vivo.14-21 As

for the corresponding FRET application, the development

of efficient, biocompatible, and conjugatable NIR quenchers

has become urgent. Recently, a generic type of compound

that efficiently quenches NIR fluorescence has been devel-

oped by Tung et al.22 By linking two azulene moieties via a

cyclic bridge, Tung et al. have synthesized an azulene-

squaric acid coupled dye (ASQ, see Scheme I) and success-

fully demonstrated how derivatives of this model com-

pound can be used for protease sensing in the near-infrared

spectrum. The great stability, biocompatibility, and suit-

ability for either solid-phase or aqueous chemistry, in com-

bination with the fine-tuning of the derivatives,
23 have

proven its versatility in FRET applications.

Despite its great potential in applications, the funda-

mental approach of ASQ on its associated photophysical

properties, unfortunately, is far behind. Considering the re-

markably high absorptivity in the lower lying absorption

peak of 760 nm (� ~ 8.2 × 104 M-1cm-1 in methanol), one
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would be surprised at its steady-state nonluminescent prop-

erty in any solvents as well as at the cryogenic temperature

of 77 K (vide infra). Recently, we have initiated an NIR-

FRET project using ASQ as a quencher in the protease

sensing. Being in the field of spectroscopy and dynamics,

we feel obliged to shed light on the corresponding photo-

physics of ASQ prior to its bio-applications. Herein, we re-

port the femtosecond fluorescence upconversion and tran-

sient absorption, as well as the theoretical approaches of

ASQ. We believe that the results elaborated as follows

should spark a broad spectrum of interest in the relevant re-

search fields.

EXPERIMENTAL SECTION

Materials

ASQ was prepared and purified according to the re-

port by Tung and co-workers.
22 The structure was con-

firmed based on the following characterization: Rf = 0.34

(9:1 CHCl3/acetone); 1H NMR (300 MHz, CDCl3) 0.78 (t,

J = 7.3 Hz, 3H), 1.19 (m, 2H), 1.39 (d, J = 6.7 Hz, 14H),

2.55 (s, 6H), 2.62 (t, J = 7.3 Hz, 2H), 3.11 (m, 4H), 3.90 (t, J

= 6.6 Hz, 2H), 4.04 (t, J = 8.0 Hz, 2H), 4.16 (t, J = 7.4 Hz,

2H), 7.63 (m, 4H), 8.13 (s, 2H), 8.78 (s, 1H), 9.01 (s, 1H);
13C NMR (50 MHz, CDCl3) 13.1, 13.6, 19.0, 24.2, 30.5,

34.0, 34.8, 35.8, 36.4, 38.4, 64.6, 121.1, 131.5, 134.4,

138.5, 139.9, 141.8, 148.2, 151.3, 152.6, 154.6, 172.9,

173.7, 178.8, 183.9; HRMS (ES): calcd (M-) (C42H47O6)

647.3372, found 647.3364, UV-vis (methanol) �max = 758

nm.

Measurement

Steady-state absorption was recorded by a Hitachi

(U-3310) spectrophotometer. For the steady-state NIR flu-

orescence measurement, the fundamental train of pulses

(760-820 nm) from Ti-Sapphire oscillator (82 MHz, Spec-

tra Physics) was used as the excitation source. This high-

repetition laser beam was treated as a continuous light

source and was further chopped by an optical chopper to

134 Hz. The emission was then sent through a lock-in am-

plifier (Stanford Research System model SR830 DSP) in-

corporating a 27.5 cm monochromator (ARC SpectraPro-

275) equipped with 600 groves/mm gratings blazed at 1.25

m and detected by an NIR sensitive photomultiplier

(Hamamatsu model R5509-72) operated at -80 C. A series

of holographic filters (Kaiser Optical Systems, Inc.) were

used to exclude the excitation laser wavelengths.

Detailed setup of the femtosecond upconversion mea-

surements has been described in a previous report.24 The re-

construction of time-resolved fluorescence spectra was

performed according to a method described previously.25,26

Briefly, the upconverted emission signal was analyzed by

the sum of exponential functions, and consequently renders

a temporal resolution of ~150 fs. The deconvoluted emis-

sion dynamic data for different wavelengths has been cor-

rected by taking into account the absorption spectra of a set

of filter combinations and used to reconstruct emission

spectra at different times after excitation. A �/2 waveplate

was used to rotate the excitation polarization to either par-

allel I|| (t) or perpendicular I (t) components. To study fluo-

rescence anisotropy decay, the time-dependent anisotropy

function, r(t), was then calculated using the formula.27

I|| (t) � I (t)
r(t) =

I|| (t) + 2I (t)

The transient absorption system consisted of a femto-

second Ti-Sapphire oscillator coupled to a regenerative

amplifier that generated a ~ 130 fs, 0.3 mJ light pulse (760-

830 nm, 1 kHz), which was then split into two beams. One

(0.01 mJ) passed through a delay stage and served as an ex-

citation pulse. The major component (0.29 mJ) was then fo-

cused into water flowing in a 2 cm cell to generate a white

light continuum. Two areas of the sample cell separated

vertically by ~ 1 mm were used as the reference and sample

parts. Both reference and sample continuum pulses were

detected by upper and lower photodiode arrays. The net
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Scheme I Truncated structure of ASQ for theoreti-

cal approaches



change of the absorbance in the “sample” was obtained by

taking the logarithm of the ratios of the transmission mea-

sured in reference and sample parts. The system response

of the transient absorption detecting system has been cali-

brated by performing a ground-state instantaneous bleach-

ing of sulforhodamine B after excitation at 385 nm as a

function of the delay time of the probe pulse at approx. 540

nm.28 Such an instantaneous rise of the absorption decrease

is used to calibrate the delay zero and system response

time. The rise time of the system, taking half of the maxi-

mum of the bleaching signal, was estimated to be ~ 320 fs,

which was then used as a response function in the following

fitting process.

RESULTS AND DISCUSSION

Fig. 1 shows the room-temperature absorption and

emission spectra of ASQ in methanol. The observation of

an absorption band maximum at 760 nm with an extinction

coefficient of as high as � = 8.2 � 104 M-1cm-1 in methanol

suggests the associated transition to be � � �* in character.

The absorbance at the 760 nm peak is linearly proportional

to the added ASQ concentration from 10-7 - 10-4 M. This, in

combination with the negligible change of the absorption

profile, eliminated the possibility of the aggregation effect.

We have also made a major attempt to acquire the associ-

ated luminescence. In this approach, the compound bis-

(triisobutylsiloxy) silicon-2,3-naphthalocyanine (SiINC)

was used as a reference, the 1342 nm phosphorescence

yield of which has been determined to be 7 × 10-5 in ben-

zene.29 Under experimental conditions where the number

of photons being absorbed by the ASQ and SiINC are iden-

tical at, e.g., 760 nm, the best S/N ratio of the SiINC 1340

nm emission was measured to be ~20:1, whereas the at-

tempt to resolve any > 800 nm emission associated with

ASQ in methanol unfortunately failed even at 77 K. The re-

sults also exclude any phosphorescence and hence the pos-

sibility of a dominant triplet-state population. We thus de-

termined ASQ to be essentially nonluminescent (i.e., emis-

sion yield < 3 × 10-6 in methanol). Further details regarding

the relationship among quantum yield, radiative decay, and

relaxation dynamics are elaborated as follows.

Fig. 2 shows the time-dependent upconverted 890 nm

(presumably ASQ emission) and 760 nm (pump pulse).

The temporal profile seems to consist of two ultrafast decay

components. For comparison, an experimental trace of the

pump (760 nm) and probe (760 nm) cross-correlation func-

tion is also shown in Fig. 2, which gives an fwhm of a
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Fig. 1. The absorption spectra (solid line) of ASQ in

methanol (1.2 � 10-6 M) at 298 K. The corre-

sponding emission spectra (ASQ, 1.5 � 10-5 M)

acquired from the fluorescence upconversion

(�ex = 760 nm), (�) integration from 0-3 ps, (�)

integration at < 3 0 fs (�) integration from 1-3

ps.

Fig. 2. The time-resolved sum frequency signal of (�)

890 nm (fluorescence) and (�) 1000 nm (�ex =

760 nm) for ASQ in methanol (1.5 � 10-5 M).

The solid lines express the corresponding

best-fitted curves. The cross-correlation signal

of the 760-nm excitation pulse was also shown

here in dashed line. All measurements were per-

formed at 298 K. Fitting for 890 nm: A1 =

0.715, �f1 = 130 ± 20 fs and A2 = 0.285, �f2 = 710

70 fs. Fitting for 1000 nm: A1 = 0.584, �f1 =

150 20 fs and A2 = 0.416, �f2 = 730 70 fs.



Gaussian shape-like response profile of ~ 130 fs. With the

above information provided, we then made an attempt to fit

the time-resolved fluorescence intensity (F(t)) as a summa-

tion of various exponential functions. Incorporating the

system response, the fitting equation can be expressed as

(1)

where E(x) is the system cross-correlation function, n de-

notes the decay component and in(t-x) is the impulse re-

sponse function and can be expressed as an exponential

term with adjustable amplitude and rate constant. It turned

out that the experimental results of ASQ could be qualita-

tively fitted well by two components; one was a system re-

sponse limited decay component (�1 < 130 fs), and the other

was resolved to be 710 ± 70 fs. However, the ratio of the

pre-exponential factor for < 130 fs versus 710 70 fs com-

ponents is somewhat dependent on the monitored wave-

length, which is ~2.5:1 at 890 nm and then changes to

~1.4:1 at 1000 nm (See Fig. 2 and caption). Upon scanning

the monitoring wavelength and integrating the whole decay

signals at < 3 ps, an emission profile was resolved and is

shown in Fig. 1 with the peak wavelength at 890 nm. How-

ever, the spectral temporal evolution monitored at < 300 fs

showed a peak wavelength at 870 nm, which was roughly

25 nm blue shifted with respect to that of 895 nm upon inte-

grating the intensity at 1-3 ps. Nevertheless, it is rather dif-

ficult to safely differentiate these two spectra due to the

poor spectral resolution of ~15 nm and rather small sig-

nal-to-noise ratio in the fluorescence upconversion mea-

surement.

To gain more insight into the possible states involved

in the observed relaxation dynamics we thus performed a

fluorescence anisotropy experiment. Fig. 3 shows the

global fit of anisotropy decay for ASQ monitored at 890

nm. The result revealed an exponential decay constant of

r(t), for which the corresponding lifetime was beyond the

limit of instrument response time (< 130 fs) and a time-

independent constant r(t) value of ~0.05. The results

clearly indicate an initial change of direction of the transi-

tion moment due to the internal conversion (electronic re-

laxation), followed by a population decay from the lowest

lying excited state, supporting the deactivation pathway of

ASQ involving at least two low-lying excited states.

Fig. 4 (a) and (b) depict the time-dependent spectral

evolution of the transient absorption and the bleaching sig-

nal of the S0 � S1 absorption for ASQ in methanol at a

pump-probe delay time of 0-3 ps. The transient absorption,
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Fig. 3. (Upper) Anisotropy decay constructed from the

polarization decay components. The solid line

shows the global nonlinear least-squares fit to

the data. (bottom) Weighted residuals of the fit.

Fig. 4. (a) Transient absorption spectra of ASQ in

methanol (1.5 � 10-5 M, 298 K) recorded at vari-

ous time delays between 0.3 and 2 ps after the

760-nm excitation pulse. Insert: Transient ab-

sorption kinetics at 600 nm. (b) The bleaching

of the ASQ ground state. Insert: The bleaching

kinetics of ASQ at 735 nm.
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with peak wavelengths at ~ 600-630 nm, underwent ultra-

fast fast decay dynamics, with the entire transient absorp-

tion profile nearly disappearing after 3 ps. Upon deconvo-

lution with respect to the system response function, the re-

laxation profile monitored at 600 nm consists of a system

response rise (< 320 fs) and a ~ 650 ± 70 fs decay compo-

nent. Further support of dual decay dynamics is rendered

by recovery of the ground state bleaching signal monitored

at ~ 735 nm region, being composed of an ultrafast (< 320

fs) and a ~ 680 ± 70 fs decay component similar to that of

the transient absorbance data. Note that the difference of

peak wavelength from the steady state absorption is possi-

bly attributed to a non-negligible transient absorption band

at > 750 nm. This 650 ± 70 fs (or 680 ± 70 fs) decay compo-

nent, within experimental error, is consistent with that of

the 710 ± 70 fs resolved from the fluorescence upconverted

signal, respectively. However, the < 130 fs decay compo-

nent observed in the fluorescence upconversion signal

could not be resolved from the transient absorption mea-

surement. This is believed to be mainly due to the relatively

slow (~ 320 fs) response time in the transient absorption

measurement. One salient feature of the transient profile is

that the transient absorption acquired at a delay time of <

500 fs revealed a peak wavelength at ~ 625 nm, which was

red shifted by ~ 20 nm with respect to that (~ 605 nm) ob-

tained at a delay time of e.g. > 1.5 ps (see Fig. 4A), indicat-

ing the existence of more than one intermediate state to be

responsible for the observed spectral profile. Note that the

spectral shifts in fluorescence temporal evolution and tran-

sient absorption are not continuously evolved. Further-

more, the < 130 fs component resolved from fluorescence

upconversion experiments seems much faster than solvent

relaxation time of ~7 ps in methanol.
30 As a result, its origin

from the solvation relaxation has been devaluated. Unfor-

tunately, due to the sparse solubility and non-luminescent

properties of ASQ in other organic solvents, further direct

proof by applying various solvent polarities and investigat-

ing the associated steady state and time-resolved spectros-

copy/dynamics could not be performed. Nevertheless, data

provided up to this stage lead us to propose a plausible re-

laxation scheme, in which there exist at least two lower ly-

ing states that give rise to the observed relaxation dynam-

ics. We tentatively ascribed these two states as S1 and Sn

states, in which the lowest S1 state is responsible for the ob-

served slow dynamics, i.e. the ~710 ± 70 fs decay compo-

nent, and Sn specifies the higher excited state that gives rise

to the faster relaxation dynamics of < 130 fs. Under this

proposed mechanism, whether the ground absorption peak

can be ascribed to the S0 � S1 transition is debatable based

on the following experimental evidence.

The radiative decay rate kr of the S1 state for ASQ has

been estimated by Strickler and Bergs’ formulation,31 de-

picted as

where

denotes the normalized fluorescence intensity as a function

of the wavenumber, and n is the index of refraction for sol-

vents, which is 1.56 in methanol. Assuming the whole inte-

grated area of the 760 nm band to be the S1 band, kr for the

S1 � S0 transition of ASQ was calculated to be 9.9 � 107s-1.

Note that this result may only be treated as an approxima-

tion where the possibility of an overlap between S1 and

other highly electronically excited states has been ne-

glected. In order to explain the �f of < 3 � 10-6, the ob-

served decay rate is deduced to be 3.3 � 1013 s-1, corre-

sponding to a lifetime of < 30 fs, which is much shorter than

the observed 710 ± 70 fs decay time in methanol. In order to

fit the observed 710 ± 70 fs decay time with �f of < 3 � 10-6,

the radiative decay rate was estimated to be < 4.3 � 106 s-1,

i.e., �r > 233 ns). We thus tentatively propose that there ex-

ists the lowest lying singlet state (i.e. the S1 state) with an

energy lower than the observed 760 nm (13157 cm-1) band

in ASQ. Due to its much longer radiative decay time and

hence the partially allowed S1 � S0 transition, the associ-

ated absorptivity must be rather small and hidden under the

allowed 760 nm transition band. Further support of this

viewpoint is given by the theoretical approaches described

as follows.

Theoretical confirmation of the underlying basis for

the photophysical properties of ASQ was provided by the

ab initio MO and time dependent DFT (TDDFT) calcula-

tions.
32 Note that due to the structural complexity, a trun-

cated ASQ structure (see Scheme I), in which the carbox-

ylic and carboxylate side chains have been reduced to a

methyl group, has been adopted for the theoretical ap-

proach. Since these side chains are singly bonded with

azulene chromophores, their influence on the ��* transi-
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tion is expected to be rather small. The results for the ASQ

analogue are shown in Figs. 5, 6 and Table 1. Fig. 5 shows

the optimized structure and the charge distributions of

ASQ. Fig. 6 depicts the features of the two lowest unoccu-

pied (LUMO and LUMO+1) and the two highest occupied

(HOMO and HOMO-1) frontier orbitals, mainly involved

in the lower-lying transition, while the descriptions and the

energy gap of each transition are listed in Table 1. Appar-

ently, the electron densities of the singlet states for both the

HOMO and HOMO-1 are located largely on the central

squaric acid ring and one side of the azulene moieties,

whereas those of the LUMO and LUMO+1 are distributed

to the whole molecular framework; this indicates that the

lowest electronic transition is dominated by a ��* charac-

ter. Furthermore, according to the oscillator strength of <

0.06 calculated by TDDFT, the transitions from S0 to the

first three low lying electronic states (S1 - S3) were reason-

ably considered as a partial allowed process with respect to

the fully allowed S4 state, which possesses an oscillator

strength of ~ 1.0. Thus, to our viewpoint, the strong S1 � S4

transition (~ 605 nm) may correlate with the strong 760 nm

absorption band with a peak (760 nm) extinction coeffi-
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Fig. 5. The optimized structure (upper) and the charge distributions (bottom) of ASQ.

Table 1. The calculated excitation energies, oscillator strengths and the correlated frontier

orbitals for ASQ (TD-B3LYP/6-31G*//B3LYP/6-31G*)

State Excitation Ecal, eV ëcal, nm F

1 HOMO � LUMO (+48%)

HOMO-1 � LUMO (40%)

1.44 860.7 0.0113

2 HOMO-2 � LUMO (+87%) 1.84 673.0 0.0687

3 HOMO � LUMO+1 (+60%)

HOMO-1 � LUMO+1 (+30%)

1.89 655.4 0.0232

4 HOMO-1 � LUMO (+32%)

HOMO � LUMO (+22%)

HOMO-2 � LUMO (8%)

2.05 605.8 1.0895



cient of 8.2 � 104 M-1cm-1 in methanol. The deviation of the

current theoretical approach from the experimental result

may plausibly be explained by the absence of the solvation

effect in the gas phase. Note that due to the zwitterionic

properties in ASQ, solvent perturbation is expected to be

sensitive to the transition, particularly to the fully allowed

transition (760 nm) band. Furthermore, the theoretical level

adopted here (i.e. 6-31G* in basis set) may only be suitable

for describing photophysical properties of ASQ in a quali-

tative manner. However, the result that the 760 nm absorp-

tion band should correlate with a highly electronic excited

state is consistent with the experimental observation. On

both experimental and theoretical bases, we thus tenta-

tively propose a relaxation pathway of ASQ as depicted in

Scheme II. Upon a 760-800 nm allowed Franck-Condon

excitation, ASQ is populated at a highly electronic state of

Sn (n~ 4). Subsequently, the Sn-S1 internal conversion takes

place within a time scale of � 130 fs. The S1 state, accord-

ing to the calculation, should lie in an energy level of ~ 860

nm (11,600 cm-1) with a partial allowed transition in char-

acter versus the S0 state.

Finally, for the fast S1 � S0 deactivation process, as

an empirical approach, in the absence of a Zero-Order sur-

face crossing between S1 and S0 states (i.e. the match type),

the rate constant of a S1 � S0 internal conversion can be es-

timated by exp(-��E) where � is a proportionality con-

stant (~0.18), and the value of  is taken to be ~1013s-1. �E

is taken to be 32 kcal/mol (~ 900 nm for the emission peak

wavelength). Accordingly, the radiationless decay rate

constant of ~3.1 � 1010 s-1 estimated from the energy gap

law33 seems to be much smaller than the ~1.4 � 1012 s-1 ob-

tained experimentally. Therefore, the unusually short life-

time (~ 710 fs) suggests that the relaxation process may not

be governed by a matching mechanism (energy gap law),

but instead is dominated by the interaction between S0 and

S1 states, i.e. a type of crossing mechanism,34 possibly as-
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Fig. 6. The calculated frontier molecular orbitals of ASQ.

Scheme II The proposed relaxation dynamics of

ASQ in methanol upon 760-800 excita-

tion. Note that the energy gaps between

these electronic states are depicted ac-

cording to the theoretical result, which

should be viewed only as a qualitative

approach



sociated with the squaric 4-member ring motion. Unfortu-

nately, due to such a complicated molecular structure like

azulenylocyanine, the actual large amplitude motion that

realizes the zero-order level crossing between S1 and S0

states is still pending for resolution.

CONCLUSION

In conclusion, the photophysics of ASQ have been in-

vestigated by steady state, femtosecond fluorescence up-

conversion, anisotropy kinetics and transient absorption

approaches. The results show an ultrafast rate (< 130 fs-1)

of Sn � S1 internal conversion (n ~ 4), followed by a fast,

radiationless dominated rate (~ 0.7 ps-1) of S1 � S0 relax-

ation. This, in combination with a long S1 � S0 radiative

decay time, gives rise to an essentially non-luminescent

property in any solvent. Since the lower lying states are cal-

culated to be close in energy for ASQ (see Table 1), it will

be very interesting to examine if S1 and the fully allowed

states (e.g. S4) can be converted through the derivatization

of ASQ. This approach is rather feasible, since the chemi-

cal reactivity of azulene has been studied extensively.35-38

Thus, absorbance of derivatives may be fine-tuned by re-

placing the substituents on the azulene rings.23 For this

case, tuning the azulenylocyanines from non-luminescent

to luminescent properties may be feasible, the results of

which should greatly extend the future FRET applications

based on ASQ analogues.
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