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Abstract 

 The electronic spectroscopy and photophysics of 1,2-benzazulene (BzAz) 

have been examined in solution and in thin solid films, with the objective of 

comparing its intramolecular and intermolecular excited state decay processes with 

those of azulene. Unlike azulene, the S2 – S0 absorption and fluorescence spectra 

exhibit a clear mirror image relationship dominated by a single strong Franck-

Condon active progression. Picosecond transient absorption spectra and non-linear 

S2 fluorescence upconversion experiments reveal lifetimes that follow a well-

established energy gap law correlation, indicative of a dominant S2 – S1 decay route. 

Mechanistic interpretations, including the possibility of S2 singlet fission in 

aggregates, are discussed.  
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Introduction 

 As documented in recent reviews,1-5 azulene has received more attention in 

the photophysics and spectroscopy literature over the last seventy years than any 

other simple aromatic hydrocarbon. Azulene’s nonalternant carbon framework 

results in uncommon electronic properties including an exceptionally large spacing 

between its first and second singlet excited states, E(S2 – S1), due primarily to the 

weak interaction between its HOMO and LUMO electrons which generates a low-

lying S1 state.  This and its structural stability result in an S2 excited state that is 

exceptionally long-lived, leading to a readily detectable anomalous, “contra-Kasha” 

S2 – S0 fluorescence.6,7 The vibrational and vibronic spectroscopy of azulene have 

been investigated experimentally in considerable detail,8-10 with fulsome theoretical 

analyses and interpretation of its unusual features.9,11     

 Recently, interest in the photophysics of azulene and its derivatives has been 

renewed because azulene could, on the basis of its electronic energy spacings, 

participate in singlet fission (SF) from S2 in suitable bichromophoric materials;3,4,12 

the S2 + S0  2T1 process is exoergic. This possibility was first recognized by Nickel 

and coworkers some thirty years ago,13 but SF in azulene itself has not been 

observed, possibly because of the unfavourable photophysical properties of its 

lower electronic states. Its first excited singlet state is very short-lived due to a 

conical potential energy surface intersection with S0, and its S1 – T1 electronic 

energy gap is small enough that thermally activated back-intersystem crossing from 

T1 to S1 reduces any triplet concentration at room temperature to barely detectable 

levels. 
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 The possibility that azulene’s derivatives might possess photophysical 

properties that circumvent these problems has not been pursued robustly, despite 

existing reports3,4 suggesting that some derivatives might be useful. Thus 1-fluoro- 

and 1,3-difluoroazulene possess even larger E(S2 – S1) values than azulene itself, 

and the 1,3-difluoro derivative has an S2 lifetime of almost 10 ns.14 Arene annulated 

derivatives such as benzo- and naphtho-azulene are known to fluoresce from S2,15,16 

but their photophysical properties have not been reported in detail. Nevertheless, 

on the basis of their basic electronic spectral characteristics, they too appear to be 

possible candidates for S2 SF. Here we provide a detailed account of the 

photophysics and spectroscopy of 1,2-benzazulene in condensed media and assess 

its suitability for incorporation as the working S2 SF chromophore in a suitably 

structured homo-bichromophoric material. 

Experimental Section 

Materials: The synthesis of 1,2-benzazulene (benz[a]azulene, BzAz), Scheme 1, was 

adapted from the procedure of  Sperandio and Hansen.17 Details are provided in the 

Supporting Information. Azulene (Sigma-Aldrich) and zinc tetraphenylporphyrin 

(ZnTPP, Porphyrin Systems) were employed as reference materials, and were used 

as received. Solvents (toluene, Tol; methylcyclohexane, MCH; methanol, MeOH; 

stabilizer-free tetrahydrofuran, THF, Sigma-Aldrich) were of spectroscopic grade 

and were used without further purification. The coordinate system used to define 

the symmetry elements of the two compounds is shown in Scheme 1. Azulene’s time 

averaged structure is taken to be described by the C2v point group. 
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Scheme 1. Azulene (left) and 1,2-benzazulene (right).  

Instrumentation: Solution absorbances and absorption spectra were measured using 

a Cary 6000i double beam spectrophotometer. Quartz cuvettes with path lengths 

between 10 mm and 0.1 mm (for highly concentrated samples) were used for the 

absorbance measurements. Steady-state fluorescence emission measurements were 

carried out using a PTI QuantaMaster double-grating spectrofluorometer. A custom-

modified SPEX fluorometer fitted with 355, 405, and 561 nm cw excitation lasers 

and a set of calibrated neutral density filters to reduce the laser’s power reaching 

the sample was also used. Notch filters were employed to remove scatter at the 

excitation wavelengths, and a 520 nm long-bandpass filter was put in place on the 

emission side in order to distinguish the observable second-order diffraction 

artifact from true fluorescence signals in the red and near infrared regions. Except 

for thin films, all fluorescence spectra were taken in 2 mm x 10 mm rectangular 

cuvettes or in a triangular front-face excitation cell to minimize self-absorption 

effects. 

 Transient absorption spectra of BzAz and their temporal rise and decay 

profiles were measured using 400 nm laser excitation and a delayed 

supercontinuum probe exhibiting a 150 fs FWHM instrument response function, as 

previously described.18    

z

x

y
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 Temporal decay profiles of the S2 – S0 fluorescence of BzAz samples in 

various solvents were measured using non-linear fluorescence upconversion 

instrumentation described in detail by Tripathy, et al.19 The laser repetition rate was 

10 kHz, while the detection wavelength was set at 435 nm, near the S2 fluorescence 

emission peak. Scattering from pure toluene at 462 nm was used to determine the 

instrument response function of 380 fs (FWHM). The sample, placed in a 2 mm-path 

length cuvette, was continuously stirred during the experiment to minimize 

photolysis. In order to avoid photon-counting artifacts in the detection electronics, 

the upconverted fluorescence peak count rate was limited to ≤ 5% of the laser's 

repetition rate.  

 Thin films of BzAz were obtained by drop-casting aliquots of a saturated 

solution of the sample in MCH on a quartz disk and slowly evaporating the solvent. 

Results and Discussion 

 The photostability of BzAz was examined by exposing a small volume of a 

vigorously stirred 0.1mM aerated solution in toluene to 2.34 mW of 355 nm light 

from an unfocussed cw laser and following the changes in its S2 – S0 absorbance at 

403.5 nm. Very small but reproducibly measurable continuous decreases in 

absorbance were noted over a period of 1 hour, as shown in Figure S1 (Supporting 

Information). The quantum yield of BzAz's photochemical consumption under these 

conditions was calculated to be 1 x 10-4.  

(a) Spectroscopy 

 The S1 – S0 and S2 – S0 absorption spectra of BzAz in several solvents at room 

temperature are shown in Figure 1. The best resolved spectra are obtained in non- 
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Figure 1: Absorption spectra of 50 M BzAz in different solvents; methanol (dark 
yellow), methylcyclohexane (navy blue) and toluene (olive green) with insets 
amplifying the S2 – S0 (left) and S1 – S0 (right) electronic transitions.  
 
 
polar MCH. Similar but less well vibronically-resolved spectra were also obtained in 

other solvents and are similar to those reported previously.15,20 At concentrations 

less than 0.01 M these spectra are independent of concentration in all solvents, 

indicative of a lack of observable ground state aggregation in dilute solution. 

Evidence of BzAz aggregation does appear as a broad feature in the 450 nm region 

in thin films of the compound on quartz (cf. Figure S2, Supplementary Information). 

The wavenumbers of the vibronic origin bands, which are red-shifted relative to 

azulene, and the S2 – S1 electronic energy gaps in these solvents are recorded in 
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Table 1. Assuming that the S1 – T1 electronic energy spacing in BzAz is similar to that 

of azulene itself,21 i.e. ca. 500 cm-1, one concludes that the zero point energy of S2 

almost exactly equals 2E(T1) in these solvents. Thus S2 + S0  2T1 SF, were it to 

occur, should be almost thermoneutral in a bichromophoric BzAz species.  

 
Table 1: Data for the energies of the S2(21A') and S1(11A') states of BzAz from its 
 absorption spectra in several solvents and its red-shifts relative to azulene. 
 

solvent E(S1) origin, 
cm-1 

E(S2) origin, 
cm-1 

E(S2 – S1) 
cm-1 

E(S1)(Az-BzAz) 
cm-1 

E(S2)(Az-BzAz) 
cm-1 

MCH 12883 24826 11943 - - 

toluene 12998 24784 11786 1437 3502 

methanol 13068 24976 11908 - - 

 

 The S1 – S0 absorption spectrum of BzAz in solution is similar to those 

previously reported when the compound was first synthesized,15,20 and is similar to 

that of azulene itself in the same media.10,22 However, its S2 – S0 absorption system 

(Figure 1) differs significantly from that of azulene. Only one major vibronic 

progression is observed in these solution spectra and, unlike azulene, the origin 

band is strong and part of a regular Franck-Condon series from v' = 0 to v' = 3. The 

fundamental frequency of this vibration in S2 is 1390 cm-1. At higher energies the S2 

– S0 vibronic system becomes overlapped by the stronger S3 – S0 absorption band. 

 The S2 – S0 fluorescence spectrum of BzAz in solution is readily observed 

when exciting at any energy in the near uv; that obtained by exciting in MCH in the 

S3 – S0 origin band at 320 nm, avoiding scatter, is shown in Figure 2. The spectrum  
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Figure 2: Comparison of the normalized, background corrected fluorescence spectra 
of BzAz (olive green) and azulene (red), both 10 µM in toluene excited at 320 nm 
under identical instrumental conditions.  
 

resulting from exciting in the S2 – S0 origin band is shown in Figure S3 (Supporting 

Information). Unlike that of azulene itself, this fluorescence spectrum is a clear 

mirror image of the S2 – S0 absorption, and exhibits one distinct vibronic 

progression. The origin band of the fluorescence spectrum (obtained from the 

higher energy excitation) is located at 24784 cm-1 (in toluene), and the ground state 

fundamental frequency, estimated from the spacing between the v'' =1 and v''= 0  

 peaks in the emission spectrum, is 1450 cm-1, slightly larger than that of its S2 

counterpart, as expected. This vibration is assigned to a totally symmetric in-plane 

ring stretching vibration on the basis of the ground state Raman spectrum of BzAz (cf. 
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Figures S4A and S4B, Supporting Information) in which the strongest band in the 

solid phase has a frequency of 1499 cm-1. 

 Although only a few details about the vibrational structure of these S2  S0 

spectra are available from solution phase measurements, it is nevertheless clear 

that there are significant differences between these BzAz spectra and the 

corresponding ones of azulene, which have been thoroughly examined in many 

media, including jet-cooled gas phase conditions at high resolution.8.9 In azulene (C2v 

structure), the S2(1A1) – S0(1A1) absorption, which is z polarized, gains much of its 

intensity by coupling of S2 with S4(1A1) via several totally symmetric a1 skeletal 

vibrations.9 In BzAz, of lower Cs symmetry, one Raman active a' vibration dominates 

the vibronic structure in both the absorption and emission spectra. The result is a 

pair of S2(1A')  S0(1A') absorption and fluorescence spectra that are mirror images 

and that exhibit smooth progressions of band intensities. The vibronic intensity 

profiles of these spectra suggest that the equilibrium structure of the S2 state of 

BzAz is more like that of its S0 state than that displayed by azulene itself. 

 Like azulene, the S1 – S0 absorption spectrum of BzAz is weaker than its S2 – 

S0 counterpart, with an oscillator strength ratio, fS2/fS1 = 13:1.  In azulene this 

transition is to the S1 state of B1 symmetry, with a transition moment parallel to the 

transannular bond, consistent with the increased C(9)–C(10) bond strength in its 

excited state.23 In BzAz the state symmetry change on excitation to S1 is formally 

removed, but unlike the S2 – S0 system, the S1 – S0 transition retains its azulene-like 

character. Like azulene, the lowest frequency vibronic bands in BzAz's S1 – S0 

spectrum (Figure 1) are somewhat weaker than those of the main progressions.8,22 
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The lowest energy resolvable vibronic feature in these solution-phase absorption 

spectra is located 540 cm-1 from the origin, which correlates well with the low 

frequency a1 vibrations of greatest intensity observed in the corresponding high 

resolution and solution-phase spectra of azulene. The remaining vibronic bands in 

the S1 – S0 spectrum of BzAz follow a general intensity pattern and have an overall 

spectral breadth similar to that of azulene in similar media. We conclude that, apart 

from stabilization of some 1440 cm-1, fusion of the benzo group in the 1,2-position 

has only minor effects on the properties of the S1 state of the chromophore.  

  Azulene exhibits very weak S2 – S1 fluorescence when excited in its S2 – S0 

absorption bands,24 and its S1 – S0 emission can be observed via thermally activated 

intersystem crossing from T1 states produced initially by sensitization.25 In the case 

of BzAz, only the second order grating diffraction signal of S2 - S0 fluorescence is 

observed in the expected S2 – S1 and S1 – S0 emission regions at  > 800 nm (cf. 

Figure S3, Supporting Information). Strong cw laser excitation of BzAz at 

wavelengths within its weaker S1 – S0 absorption system also produced no 

measurable S1 fluorescence in room temperature solutions. On the basis of this 

absence of emission, we estimate the quantum yields of directly excited S2 – S1 and 

S1 – S0 fluorescence to be less than 3 x 10-7.   

(b) Photophysics 

 The S2 fluorescence decay times of BzAz excited at 400 nm for several 

concentrations in three solvents were measured by the non-linear fluorescence 

upconversion technique. The temporal profiles of the fluorescence signals in these 

solvents and their fits to single exponential decay functions are shown in Figure 3.   
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Figure 3: Upconverted S2 fluorescence lifetime of 50 M BzAz excited at 400 nm in 
methanol (dark yellow), methylcyclohexane (navy blue) and toluene (olive green), 
and monitored at 435 nm. The solid lines show the fit to the instrument response 
function (which includes solvent Raman scatter when observing at 435 nm) with 
single exponential fluorescence decay functions. The broken line shows the 
instrument response function curve determined at 462 nm.  
 
The instrument response function at the 435 nm detection wavelength also contains 

signal due to solvent Raman scatter.   

 The time-resolved transient absorption spectra of BzAz in THF excited at 

400 nm are shown in Figure 4. Fitting of the decays of the broad transient 

absorptions at several wavelengths in the 480 nm to 750 nm range to single 

exponential decay functions produce lifetimes of S2 in THF of 65 ps (cf. Figure S5, 

Supporting Information), very similar to the decay times measured by fluorescence 
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Figure 4: Transient absorption spectra of 0.46 mM BzAz excited at 400 nm in THF as 
a function of pump-probe delay time. 
 
 
upconversion in similar polar solvents. The major features of these measurements 

are similar to those obtained by a transient grating technique for BzAz excited at 

400 nm in acetonitrile and assigned to S2.26 Excitation of BzAz at 400 nm populates 

vibrationally cold S2 states, so together with its measured lifetimes, the assignment 

of this fluorescent transient to the S2 state of BzAz in dilute solution is secure. The 

decay data obtained from both the fluorescence decay and transient absorption 

experiments are shown in Table 2.  

 Using ZnTPP in toluene as a reference (cf. Figure S6, Supporting 

Information) the S2 – S0 fluorescence quantum yield of BzAz in toluene excited in its 

origin band at 405 nm was measured to be (2.00.1) x 10-3. Together with an S2 

lifetime of 66 ps in the same solvent, these data yield a radiative decay rate constant, 
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Table 2: Kinetic parameters describing the radiative and non-radiative relaxation 
 processes of the excited electronic states of BzAz in several solvents at 
 room temperature. 
 

 
BzAz 

 
solvent 

 
 (ps) 

 
f 

 
kr (s-1) 

 
knr (s-1) 

 
 
 

S2 

 
 
 

 
MCH 

 
95  5* 

   
1.0x1010 

 
toluene 

 
66 

 
2.0x10-3 

 
3.0x107 

 
1.5x1010 

 
methanol 

 
68 

   
1.5x1010 

 
acetonitrile** 

 
74 

 
 

 
 

 
1.4x1010 

 
 

S1 

 
 

 
MCH 

 
- 

 
<3x10-7 

  

 
toluene 

 
- 

 
<3x10-7 

 
2.0x106 

 
>8x1012 

 
* average of 6 trials, extrapolated to infinitely dilute solution.  
** from reference 26. 
 
 

krS2 = 3.0 x 107 s-1 and a sum of S2 non-radiative first order decay constants, knrS2 = 

1.5 x 1010 s-1 in toluene. These data and similar values in other solvents, are 

displayed in Table 2. There is no direct evidence of the non-radiative decay path of 

the S2 state of BzAz in these measurements. However, there is a reasonable energy 

gap law correlation of BzAz’s values of knrS2 at its measured E(S2 – S1), with those 

of the S2 states of other species exhibiting dominant S2 – S1 radiationless decay,3 

including azulene and its fluorinated derivatives,14,27 as shown in Figure 5. This 

correlation suggests that the main non-radiative decay process of the S2 state of 

BzAz is internal conversion to S1, like the other species of Figure 5. 
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Figure 5: Energy gap law plot illustrating the correlation of the non-radiative decay 
rate of the S2 state of BzAz with those of azulene, 1-fluoroazulene, 1,3-
difluoroazulene and ZnTPP in toluene, all of which exhibit dominant S2 – S1 internal 
conversion. The BzAz data are in Tables 1 and 2. 
 
 
 BzAz is photostable, so its lack of observable S1 – S0 fluorescence following 

either S2 – S1 internal conversion or direct excitation to upper vibrational levels of S1 

suggests that, like azulene, the S1 state undergoes ultrafast internal conversion to 

high vibrational levels of S0. Using the experimentally determined value of krS2 and 

the ratio of the oscillator strengths of the S2 – S0 and S1 – S0 absorptions of BzAz 

(vide supra), we calculate krS1 = 2.0 x 106 s-1 for BzAz. An estimate of the upper limit 

of the S1 – S0 fluorescence quantum yield, fS1 < 3 x 10-7, then places the S1 – S0 

radiationless decay rate constant of vibrationally hot S1 states, knrS1, to be greater 

than 8 x 1012 s-1. This is clearly faster than the intermolecular vibrational relaxation 

rates in solution, so we conclude that in dilute solution, like azulene, BzAz 
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undergoes ultrafast S1 – S0 internal conversion via conical intersection of the two 

singlet potential energy surfaces. 

 At BzAz concentrations near saturation (ca. 0.01M in MCH), there is no 

spectroscopic evidence of ground state aggregation, despite the reasonable 

probability of dipolar solute interactions that could be particularly significant in 

MCH. (Note, however, that the structures of azulene dimers are different from those 

expected on a simple dipolar interaction basis.28) Furthermore there is only a slight, 

statistically weak indication of a decrease in the S2 lifetime of BzAz in solution in 

concentration ranges up to saturation, consistent with self-quenching at a rate no 

greater than the diffusion controlled limit. S2 + S0  2 S1 FRET in solution is also 

eliminated on the basis of the very small quantum yield of S2 – S1 fluorescence and 

the weak S0 – S1 absorption. However, there is clear evidence of aggregation in the 

absorption spectra of thin films of pure BzAz, as shown in Figure S2 (Supporting 

Information). Excitation within and to the red of the monomer S0 – S2 absorption in 

these thin films produces almost no S2 – S0 fluorescence, indicative of a very rapid 

(subpicosecond) radiationless decay process in the amorphous solid that could 

include SF. There is, however, no evidence at this point of triplet formation under S2 

excitation in these films. 

Conclusions 

 The electronic spectroscopy and photophysics of 1,2-benzazulene reveal 

interesting similarities to and differences from its azulene parent. The S1 – S0 

absorption spectra of BzAz are similar to those of azulene in similar solvents. 

However, unlike azulene, its S2 – S0 absorption and fluorescence spectra exhibit a 
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clear mirror image relationship dominated by a single strong Franck-Condon active 

progression. Picosecond transient absorption spectra reveal a broad spectrum 

assignable to the S2 state and non-linear S2 fluorescence upconversion experiments 

reveal lifetimes that follow a well-established energy gap law correlation, indicating 

that the S2 – S1 decay route is dominant in BzAz as it is in azulene itself. However, 

neither S2 – S1 nor S1 – S0 fluorescence could be observed in BzAz, and its T1 state 

could not be seen by transient absorption. These data suggest that, like azulene, 

BzAz undergoes ultrafast S1 – S0 radiationless decay by conical intersection of the 

potential surfaces at high S0 vibrational energies, bypassing T1.  Singlet fission (SF) 

from excited electronic states Sn (n > 1) in aggregates of polyatomic molecules has 

been observed recently in several systems.29-31 In 1993 Nickel proposed that S2 + S0 

 2 T1 SF should occur in azulene and, like azulene, the electronic spectra of BzAz 

reveal that such an SF process would be near thermoneutral. However, evidence of 

neither aggregation nor ultrafast self-quenching of the S2 state of BzAz was 

observed in solutions up to the solute saturation limits. Evidence of aggregation is 

seen in thin solid films of BzAz, but they provide almost no measurable S2 

fluorescence and no transient absorption signal assignable to T1. The BzAz S2 

exciton decay rate must therefore be ultrafast in these thin films, but the decay 

mechanism remains an open question.  

Associated Content: 

* Supporting Information 
 
Detailed synthesis and characterization procedures for BzAz. Spectra showing the 

rate of photochemical consumption of BzAz in solution. Spectra of BzAz solid thin 
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films. Spectra showing the second order diffraction identity of features in the BzAz 

fluorescence spectrum. The Raman and FTIR spectra of BzAz. A typical BzAz S2 

transient absorption decay. Fluorescence spectra used to determine fluorescence 

quantum yields. 
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(1) Prlj, A.; Begušić, T.; Zhang, Z. T.; Fish, G. C.; Wehrle, M.; Zimmermann, T.; Choi, S.; 
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Abstract 

 The electronic spectroscopy and photophysics of 1,2-benzazulene (BzAz) 

have been examined in solution and in thin solid films, with the objective of 

comparing its intramolecular and intermolecular excited state decay processes with 

those of azulene. Unlike azulene, the S2 – S0 absorption and fluorescence spectra 

exhibit a clear mirror image relationship dominated by a single strong Franck-

Condon active progression. Picosecond transient absorption spectra and non-linear 

S2 fluorescence upconversion experiments reveal lifetimes that follow a well-

established energy gap law correlation, indicative of a dominant S2 – S1 decay route. 

Mechanistic interpretations, including the possibility of S2 singlet fission in 

aggregates, are discussed.  
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Introduction 

 As documented in recent reviews,1-5 azulene has received more attention in 

the photophysics and spectroscopy literature over the last seventy years than any 

other simple aromatic hydrocarbon. Azulene’s nonalternant carbon framework 

results in uncommon electronic properties including an exceptionally large spacing 

between its first and second singlet excited states, E(S2 – S1), due primarily to the 

weak interaction between its HOMO and LUMO electrons which generates a low-

lying S1 state.  This and its structural stability result in an S2 excited state that is 

exceptionally long-lived, leading to a readily detectable anomalous, “contra-Kasha” 

S2 – S0 fluorescence.6,7 The vibrational and vibronic spectroscopy of azulene have 

been investigated experimentally in considerable detail,8-10 with fulsome theoretical 

analyses and interpretation of its unusual features.9,11     

 Recently, interest in the photophysics of azulene and its derivatives has been 

renewed because azulene could, on the basis of its electronic energy spacings, 

participate in singlet fission (SF) from S2 in suitable bichromophoric materials;3,4,12 

the S2 + S0  2T1 process is exoergic. This possibility was first recognized by Nickel 

and coworkers some thirty years ago,13 but SF in azulene itself has not been 

observed, possibly because of the unfavourable photophysical properties of its 

lower electronic states. Its first excited singlet state is very short-lived due to a 

conical potential energy surface intersection with S0, and its S1 – T1 electronic 

energy gap is small enough that thermally activated back-intersystem crossing from 

T1 to S1 reduces any triplet concentration at room temperature to barely detectable 

levels. 
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 The possibility that azulene’s derivatives might possess photophysical 

properties that circumvent these problems has not been pursued robustly, despite 

existing reports3,4 suggesting that some derivatives might be useful. Thus 1-fluoro- 

and 1,3-difluoroazulene possess even larger E(S2 – S1) values than azulene itself, 

and the 1,3-difluoro derivative has an S2 lifetime of almost 10 ns.14 Arene annulated 

derivatives such as benzo- and naphtho-azulene are known to fluoresce from S2,15,16 

but their photophysical properties have not been reported in detail. Nevertheless, 

on the basis of their basic electronic spectral characteristics, they too appear to be 

possible candidates for S2 SF. Here we provide a detailed account of the 

photophysics and spectroscopy of 1,2-benzazulene in condensed media and assess 

its suitability for incorporation as the working S2 SF chromophore in a suitably 

structured homo-bichromophoric material. 

Experimental Section 

Materials: The synthesis of 1,2-benzazulene (benz[a]azulene, BzAz), Scheme 1, was 

adapted from the procedure of  Sperandio and Hansen.17 Details are provided in the 

Supporting Information. Azulene (Sigma-Aldrich) and zinc tetraphenylporphyrin 

(ZnTPP, Porphyrin Systems) were employed as reference materials, and were used 

as received. Solvents (toluene, Tol; methylcyclohexane, MCH; methanol, MeOH; 

stabilizer-free tetrahydrofuran, THF, Sigma-Aldrich) were of spectroscopic grade 

and were used without further purification. The coordinate system used to define 

the symmetry elements of the two compounds is shown in Scheme 1. Azulene’s time 

averaged structure is taken to be described by the C2v point group. 
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Scheme 1. Azulene (left) and 1,2-benzazulene (right).  

Instrumentation: Solution absorbances and absorption spectra were measured using 

a Cary 6000i double beam spectrophotometer. Quartz cuvettes with path lengths 

between 10 mm and 0.1 mm (for highly concentrated samples) were used for the 

absorbance measurements. Steady-state fluorescence emission measurements were 

carried out using a PTI QuantaMaster double-grating spectrofluorometer. A custom-

modified SPEX fluorometer fitted with 355, 405, and 561 nm cw excitation lasers 

and a set of calibrated neutral density filters to reduce the laser’s power reaching 

the sample was also used. Notch filters were employed to remove scatter at the 

excitation wavelengths, and a 520 nm long-bandpass filter was put in place on the 

emission side in order to distinguish the observable second-order diffraction 

artifact from true fluorescence signals in the red and near infrared regions. Except 

for thin films, all fluorescence spectra were taken in 2 mm x 10 mm rectangular 

cuvettes or in a triangular front-face excitation cell to minimize self-absorption 

effects. 

 Transient absorption spectra of BzAz and their temporal rise and decay 

profiles were measured using 400 nm laser excitation and a delayed 

supercontinuum probe exhibiting a 150 fs FWHM instrument response function, as 

previously described.18    

z

x

y
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 Temporal decay profiles of the S2 – S0 fluorescence of BzAz samples in 

various solvents were measured using non-linear fluorescence upconversion 

instrumentation described in detail by Tripathy, et al.19 The laser repetition rate was 

10 kHz, while the detection wavelength was set at 435 nm, near the S2 fluorescence 

emission peak. Scattering from pure toluene at 462 nm was used to determine the 

instrument response function of 380 fs (FWHM). The sample, placed in a 2 mm-path 

length cuvette, was continuously stirred during the experiment to minimize 

photolysis. In order to avoid photon-counting artifacts in the detection electronics, 

the upconverted fluorescence peak count rate was limited to ≤ 5% of the laser's 

repetition rate.  

 Thin films of BzAz were obtained by drop-casting aliquots of a saturated 

solution of the sample in MCH on a quartz disk and slowly evaporating the solvent. 

Results and Discussion 

 The photostability of BzAz was examined by exposing a small volume of a 

vigorously stirred 0.1mM aerated solution in toluene to 2.34 mW of 355 nm light 

from an unfocussed cw laser and following the changes in its S2 – S0 absorbance at 

403.5 nm. Very small but reproducibly measurable continuous decreases in 

absorbance were noted over a period of 1 hour, as shown in Figure S1 (Supporting 

Information). The quantum yield of BzAz's photochemical consumption under these 

conditions was calculated to be 1 x 10-4.  

(a) Spectroscopy 

 The S1 – S0 and S2 – S0 absorption spectra of BzAz in several solvents at room 

temperature are shown in Figure 1. The best resolved spectra are obtained in non- 
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Figure 1: Absorption spectra of 50 M BzAz in different solvents; methanol (dark 
yellow), methylcyclohexane (navy blue) and toluene (olive green) with insets 
amplifying the S2 – S0 (left) and S1 – S0 (right) electronic transitions.  
 
 
polar MCH. Similar but less well vibronically-resolved spectra were also obtained in 

other solvents and are similar to those reported previously.15,20 At concentrations 

less than 0.01 M these spectra are independent of concentration in all solvents, 

indicative of a lack of observable ground state aggregation in dilute solution. 

Evidence of BzAz aggregation does appear as a broad feature in the 450 nm region 

in thin films of the compound on quartz (cf. Figure S2, Supplementary Information). 

The wavenumbers of the vibronic origin bands, which are red-shifted relative to 

azulene, and the S2 – S1 electronic energy gaps in these solvents are recorded in 
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Table 1. Assuming that the S1 – T1 electronic energy spacing in BzAz is similar to that 

of azulene itself,21 i.e. ca. 500 cm-1, one concludes that the zero point energy of S2 

almost exactly equals 2E(T1) in these solvents. Thus S2 + S0  2T1 SF, were it to 

occur, should be almost thermoneutral in a bichromophoric BzAz species.  

 
Table 1: Data for the energies of the S2(21A') and S1(11A') states of BzAz from its 
 absorption spectra in several solvents and its red-shifts relative to azulene. 
 

solvent E(S1) origin, 
cm-1 

E(S2) origin, 
cm-1 

E(S2 – S1) 
cm-1 

E(S1)(Az-BzAz) 
cm-1 

E(S2)(Az-BzAz) 
cm-1 

MCH 12883 24826 11943 - - 

toluene 12998 24784 11786 1437 3502 

methanol 13068 24976 11908 - - 

 

 The S1 – S0 absorption spectrum of BzAz in solution is similar to those 

previously reported when the compound was first synthesized,15,20 and is similar to 

that of azulene itself in the same media.10,22 However, its S2 – S0 absorption system 

(Figure 1) differs significantly from that of azulene. Only one major vibronic 

progression is observed in these solution spectra and, unlike azulene, the origin 

band is strong and part of a regular Franck-Condon series from v' = 0 to v' = 3. The 

fundamental frequency of this vibration in S2 is 1390 cm-1. At higher energies the S2 

– S0 vibronic system becomes overlapped by the stronger S3 – S0 absorption band. 

 The S2 – S0 fluorescence spectrum of BzAz in solution is readily observed 

when exciting at any energy in the near uv; that obtained by exciting in MCH in the 

S3 – S0 origin band at 320 nm, avoiding scatter, is shown in Figure 2. The spectrum  
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Figure 2: Comparison of the normalized, background corrected fluorescence spectra 
of BzAz (olive green) and azulene (red), both 10 µM in toluene excited at 320 nm 
under identical instrumental conditions.  
 

resulting from exciting in the S2 – S0 origin band is shown in Figure S3 (Supporting 

Information). Unlike that of azulene itself, this fluorescence spectrum is a clear 

mirror image of the S2 – S0 absorption, and exhibits one distinct vibronic 

progression. The origin band of the fluorescence spectrum (obtained from the 

higher energy excitation) is located at 24784 cm-1 (in toluene), and the ground state 

fundamental frequency, estimated from the spacing between the v'' =1 and v''= 0  

 peaks in the emission spectrum, is 1450 cm-1, slightly larger than that of its S2 

counterpart, as expected. This vibration is assigned to a totally symmetric in-plane 

ring stretching vibration on the basis of the ground state Raman spectrum of BzAz (cf. 
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Figures S4A and S4B, Supporting Information) in which the strongest band in the 

solid phase has a frequency of 1499 cm-1. 

 Although only a few details about the vibrational structure of these S2  S0 

spectra are available from solution phase measurements, it is nevertheless clear 

that there are significant differences between these BzAz spectra and the 

corresponding ones of azulene, which have been thoroughly examined in many 

media, including jet-cooled gas phase conditions at high resolution.8.9 In azulene (C2v 

structure), the S2(1A1) – S0(1A1) absorption, which is z polarized, gains much of its 

intensity by coupling of S2 with S4(1A1) via several totally symmetric a1 skeletal 

vibrations.9 In BzAz, of lower Cs symmetry, one Raman active a' vibration dominates 

the vibronic structure in both the absorption and emission spectra. The result is a 

pair of S2(1A')  S0(1A') absorption and fluorescence spectra that are mirror images 

and that exhibit smooth progressions of band intensities. The vibronic intensity 

profiles of these spectra suggest that the equilibrium structure of the S2 state of 

BzAz is more like that of its S0 state than that displayed by azulene itself. 

 Like azulene, the S1 – S0 absorption spectrum of BzAz is weaker than its S2 – 

S0 counterpart, with an oscillator strength ratio, fS2/fS1 = 13:1.  In azulene this 

transition is to the S1 state of B1 symmetry, with a transition moment parallel to the 

transannular bond, consistent with the increased C(9)–C(10) bond strength in its 

excited state.23 In BzAz the state symmetry change on excitation to S1 is formally 

removed, but unlike the S2 – S0 system, the S1 – S0 transition retains its azulene-like 

character. Like azulene, the lowest frequency vibronic bands in BzAz's S1 – S0 

spectrum (Figure 1) are somewhat weaker than those of the main progressions.8,22 
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The lowest energy resolvable vibronic feature in these solution-phase absorption 

spectra is located 540 cm-1 from the origin, which correlates well with the low 

frequency a1 vibrations of greatest intensity observed in the corresponding high 

resolution and solution-phase spectra of azulene. The remaining vibronic bands in 

the S1 – S0 spectrum of BzAz follow a general intensity pattern and have an overall 

spectral breadth similar to that of azulene in similar media. We conclude that, apart 

from stabilization of some 1440 cm-1, fusion of the benzo group in the 1,2-position 

has only minor effects on the properties of the S1 state of the chromophore.  

  Azulene exhibits very weak S2 – S1 fluorescence when excited in its S2 – S0 

absorption bands,24 and its S1 – S0 emission can be observed via thermally activated 

intersystem crossing from T1 states produced initially by sensitization.25 In the case 

of BzAz, only the second order grating diffraction signal of S2 - S0 fluorescence is 

observed in the expected S2 – S1 and S1 – S0 emission regions at  > 800 nm (cf. 

Figure S3, Supporting Information). Strong cw laser excitation of BzAz at 

wavelengths within its weaker S1 – S0 absorption system also produced no 

measurable S1 fluorescence in room temperature solutions. On the basis of this 

absence of emission, we estimate the quantum yields of directly excited S2 – S1 and 

S1 – S0 fluorescence to be less than 3 x 10-7.   

(b) Photophysics 

 The S2 fluorescence decay times of BzAz excited at 400 nm for several 

concentrations in three solvents were measured by the non-linear fluorescence 

upconversion technique. The temporal profiles of the fluorescence signals in these 

solvents and their fits to single exponential decay functions are shown in Figure 3.   
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Figure 3: Upconverted S2 fluorescence lifetime of 50 M BzAz excited at 400 nm in 
methanol (dark yellow), methylcyclohexane (navy blue) and toluene (olive green), 
and monitored at 435 nm. The solid lines show the fit to the instrument response 
function (which includes solvent Raman scatter when observing at 435 nm) with 
single exponential fluorescence decay functions. The broken line shows the 
instrument response function curve determined at 462 nm.  
 
The instrument response function at the 435 nm detection wavelength also contains 

signal due to solvent Raman scatter.   

 The time-resolved transient absorption spectra of BzAz in THF excited at 

400 nm are shown in Figure 4. Fitting of the decays of the broad transient 

absorptions at several wavelengths in the 480 nm to 750 nm range to single 

exponential decay functions produce lifetimes of S2 in THF of 65 ps (cf. Figure S5, 

Supporting Information), very similar to the decay times measured by fluorescence 
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Figure 4: Transient absorption spectra of 0.46 mM BzAz excited at 400 nm in THF as 
a function of pump-probe delay time. 
 
 
upconversion in similar polar solvents. The major features of these measurements 

are similar to those obtained by a transient grating technique for BzAz excited at 

400 nm in acetonitrile and assigned to S2.26 Excitation of BzAz at 400 nm populates 

vibrationally cold S2 states, so together with its measured lifetimes, the assignment 

of this fluorescent transient to the S2 state of BzAz in dilute solution is secure. The 

decay data obtained from both the fluorescence decay and transient absorption 

experiments are shown in Table 2.  

 Using ZnTPP in toluene as a reference (cf. Figure S6, Supporting 

Information) the S2 – S0 fluorescence quantum yield of BzAz in toluene excited in its 

origin band at 405 nm was measured to be (2.00.1) x 10-3. Together with an S2 

lifetime of 66 ps in the same solvent, these data yield a radiative decay rate constant, 
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Table 2: Kinetic parameters describing the radiative and non-radiative relaxation 
 processes of the excited electronic states of BzAz in several solvents at 
 room temperature. 
 

 
BzAz 

 
solvent 

 
 (ps) 

 
f 

 
kr (s-1) 

 
knr (s-1) 

 
 
 

S2 

 
 
 

 
MCH 

 
95  5* 

   
1.0x1010 

 
toluene 

 
66 

 
2.0x10-3 

 
3.0x107 

 
1.5x1010 

 
methanol 

 
68 

   
1.5x1010 

 
acetonitrile** 

 
74 

 
 

 
 

 
1.4x1010 

 
 

S1 

 
 

 
MCH 

 
- 

 
<3x10-7 

  

 
toluene 

 
- 

 
<3x10-7 

 
2.0x106 

 
>8x1012 

 
* average of 6 trials, extrapolated to infinitely dilute solution.  
** from reference 26. 
 
 

krS2 = 3.0 x 107 s-1 and a sum of S2 non-radiative first order decay constants, knrS2 = 

1.5 x 1010 s-1 in toluene. These data and similar values in other solvents, are 

displayed in Table 2. There is no direct evidence of the non-radiative decay path of 

the S2 state of BzAz in these measurements. However, there is a reasonable energy 

gap law correlation of BzAz’s values of knrS2 at its measured E(S2 – S1), with those 

of the S2 states of other species exhibiting dominant S2 – S1 radiationless decay,3 

including azulene and its fluorinated derivatives,14,27 as shown in Figure 5. This 

correlation suggests that the main non-radiative decay process of the S2 state of 

BzAz is internal conversion to S1, like the other species of Figure 5. 
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Figure 5: Energy gap law plot illustrating the correlation of the non-radiative decay 
rate of the S2 state of BzAz with those of azulene, 1-fluoroazulene, 1,3-
difluoroazulene and ZnTPP in toluene, all of which exhibit dominant S2 – S1 internal 
conversion. The BzAz data are in Tables 1 and 2. 
 
 
 BzAz is photostable, so its lack of observable S1 – S0 fluorescence following 

either S2 – S1 internal conversion or direct excitation to upper vibrational levels of S1 

suggests that, like azulene, the S1 state undergoes ultrafast internal conversion to 

high vibrational levels of S0. Using the experimentally determined value of krS2 and 

the ratio of the oscillator strengths of the S2 – S0 and S1 – S0 absorptions of BzAz 

(vide supra), we calculate krS1 = 2.0 x 106 s-1 for BzAz. An estimate of the upper limit 

of the S1 – S0 fluorescence quantum yield, fS1 < 3 x 10-7, then places the S1 – S0 

radiationless decay rate constant of vibrationally hot S1 states, knrS1, to be greater 

than 8 x 1012 s-1. This is clearly faster than the intermolecular vibrational relaxation 

rates in solution, so we conclude that in dilute solution, like azulene, BzAz 
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undergoes ultrafast S1 – S0 internal conversion via conical intersection of the two 

singlet potential energy surfaces. 

 At BzAz concentrations near saturation (ca. 0.01M in MCH), there is no 

spectroscopic evidence of ground state aggregation, despite the reasonable 

probability of dipolar solute interactions that could be particularly significant in 

MCH. (Note, however, that the structures of azulene dimers are different from those 

expected on a simple dipolar interaction basis.28) Furthermore there is only a slight, 

statistically weak indication of a decrease in the S2 lifetime of BzAz in solution in 

concentration ranges up to saturation, consistent with self-quenching at a rate no 

greater than the diffusion controlled limit. S2 + S0  2 S1 FRET in solution is also 

eliminated on the basis of the very small quantum yield of S2 – S1 fluorescence and 

the weak S0 – S1 absorption. However, there is clear evidence of aggregation in the 

absorption spectra of thin films of pure BzAz, as shown in Figure S2 (Supporting 

Information). Excitation within and to the red of the monomer S0 – S2 absorption in 

these thin films produces almost no S2 – S0 fluorescence, indicative of a very rapid 

(subpicosecond) radiationless decay process in the amorphous solid that could 

include SF. There is, however, no evidence at this point of triplet formation under S2 

excitation in these films. 

Conclusions 

 The electronic spectroscopy and photophysics of 1,2-benzazulene reveal 

interesting similarities to and differences from its azulene parent. The S1 – S0 

absorption spectra of BzAz are similar to those of azulene in similar solvents. 

However, unlike azulene, its S2 – S0 absorption and fluorescence spectra exhibit a 
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clear mirror image relationship dominated by a single strong Franck-Condon active 

progression. Picosecond transient absorption spectra reveal a broad spectrum 

assignable to the S2 state and non-linear S2 fluorescence upconversion experiments 

reveal lifetimes that follow a well-established energy gap law correlation, indicating 

that the S2 – S1 decay route is dominant in BzAz as it is in azulene itself. However, 

neither S2 – S1 nor S1 – S0 fluorescence could be observed in BzAz, and its T1 state 

could not be seen by transient absorption. These data suggest that, like azulene, 

BzAz undergoes ultrafast S1 – S0 radiationless decay by conical intersection of the 

potential surfaces at high S0 vibrational energies, bypassing T1.  Singlet fission (SF) 

from excited electronic states Sn (n > 1) in aggregates of polyatomic molecules has 

been observed recently in several systems.29-31 In 1993 Nickel proposed that S2 + S0 

 2 T1 SF should occur in azulene and, like azulene, the electronic spectra of BzAz 

reveal that such an SF process would be near thermoneutral. However, evidence of 

neither aggregation nor ultrafast self-quenching of the S2 state of BzAz was 

observed in solutions up to the solute saturation limits. Evidence of aggregation is 

seen in thin solid films of BzAz, but they provide almost no measurable S2 

fluorescence and no transient absorption signal assignable to T1. The BzAz S2 

exciton decay rate must therefore be ultrafast in these thin films, but the decay 

mechanism remains an open question.  

Associated Content: 

* Supporting Information 
 
Detailed synthesis and characterization procedures for BzAz. Spectra showing the 

rate of photochemical consumption of BzAz in solution. Spectra of BzAz solid thin 
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quantum yields. 
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