
Triplet Conformation in Chromophore-fused 
Cyclooctatetraene Dyes

Journal: Journal of Materials Chemistry C

Manuscript ID TC-ART-06-2023-002151.R2

Article Type: Paper

Date Submitted by the 
Author: 03-Aug-2023

Complete List of Authors: Paul, Sunandita; Tata Institute of Fundamental Research
Kitakado, Hidetsugu; Kyoto University, Department of Chemistry, 
Graduate School of Science
Suga, Kensuke; Kyoto University, Department of Chemistry, Graduate 
School of Science
Kotani, Ryota; Kyoto University, Department of Chemistry, Graduate 
School of Science
Dey, Nilanjan; Birla Institute of Technology and Science - Hyderabad 
Campus, Department of Chemistry; Kyoto University - Yoshida Campus, 
 
Matito, Eduard; Donostia International Physics Center, Donostia 
International Physics Center
Venkatramani, Ravindra ; Tata Institute of Fundamental Research, 
Chemical Sciences; Tata Institute of Fundamental Research
Saito, Shohei; Kyoto University, Department of Chemistry, Graduate 
School of Science
Dasgupta, Jyotishman; Tata Institute of Fundamental Research, 
Department of Chemical Sciences

 

Journal of Materials Chemistry C



ARTICLE

Please do not adjust margins

Please do not adjust margins

 a. Sunandita Paul, Ravindra Venkatramani and Jyotishman Dasgupta
Tata Institute of Fundamental Research,
Department of Chemical Sciences, Tata Institute of Fundamental Research,
Mumbai 400005, India
Email: dasgupta@tifr.res.in
b. Hidetsugu Kitakado, Kensuke Suga, Ryota Kotani, Nilanjan Dey and Shohei Saito 
Department of Chemistry, Graduate School of Science, Kyoto University, 
Kyoto, Japan 
Email: saito.shohei.4c@kyoto-u.ac.jp
c. Eduard Matito
Donostia International Physics Center (DIPC), 
Manuel Lardizabal Ibilbidea 4, 20018 Donostia, Euskadi, Spain; and
Ikerbasque, Basque Foundation of Science, 48009 Bilbao, Euskadi, Spain

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Triplet Conformation in Chromophore-fused Cyclooctatetraene Dyes

Sunandita Paul,a Hidetsugu Kitakado,b Kensuke Suga,b Ryota Kotani,b Nilanjan Deyb, Ravindra 
Venkatramani,a Eduard Matitoc, Shohei Saitob* and Jyotishman Dasguptaa*

Cyclooctatetraene (COT) has a tub-shaped conformation in its ground non-aromatic state while it is predicted to have a 
planar aromatic triplet state. However, COT possesses a non-vertical triplet state, and therefore their detection has 
remained elusive through direct photoexcitation. Recently fluorescent dyes synthesized by fusing COT with anthracene 
and phenazine “wings” have shown large Stokes shift implying a significant conformational change in their excited singlet 
manifold. Here using broadband transient absorption spectroscopy supported with electronic structure calculations, we 
demonstrate that the intersystem crossing occurs in the planar COT conformation in these flapping dyes. We confirm that 
such a planar conformation in the triplet state does not impart aromaticity to the COT backbone, as previously predicted. 
Our work therefore provides the basis for the requisite structural design principles that would allow for triplet formation 
from excited singlet states in COT-based functional molecules.

 

Introduction
Cyclooctatetraene (COT) is the smallest non-planar 

annulene with 4n electrons that has a “tub” shaped structure 
in its ground state1-5. Temperature-dependent NMR studies 
and subsequent time-resolved photoelectron spectroscopy 
measurements indicated a dynamic interconversion between 
the “tub” shape conformation through a planar anti-aromatic 
COT transition state6-11. Baird rules predict that 4n annulene 
systems can have aromatic stabilization in the lowest triplet 
excited state by attaining a planar molecular geometry12-14. 
Due to the large aromatic stabilization of the low-lying triplet 
state, COT has been a popular triplet quencher lending in vivo 
photostability to covalently functionalized bio-imaging 
molecular probes15-19. While the appearance of COT triplet is 
commonly discussed through the triplet energy transfer from 
photoexcited organic dyes, triplet COT is not directly 
populated via intersystem crossing after vertical excitation20-24 
(Figure 1). Recently, the predicted aromatic planar geometry 
of COT in the excited state was confirmed through time-
resolved IR and ultrafast electron diffraction measurements in 

a sterically-constrained derivative of COT25.  Thus, the 
conformational flexibility of COT both in the ground and 
excited states can lead to the transient planarization of the 
backbone. Leveraging the conformational flexibility of the COT 
ring in the excited state, Saito and co-workers synthesized a 
series of “flapping” fluorophores by attaching suitable acene 
chromophores as “wings” symmetrically around the central 
COT ring26-28. Photoexcitation of these dyes by UV light (~365 
nm) leads to green fluorescence with high-quantum yield and 
substantial Stokes shift. It was conjectured that large 
amplitude movement of the chromophore “wings” driven by 
the planarization of the COT backbone enabled sensitivity of 
the emission to solvent viscosity at the nanoscale26,29. Recently 
the phenazine version of the COT dyes were reported with 
large absorption cross-section in the visible window (>400 nm) 
and long-term stability in single molecule spectroscopy 
experiments30. Through these set of molecular dyes, it was 

Figure 1. Conceptual representation of possible excited planar states in 
native COT and acene-fused COT dyes. 

Page 1 of 10 Journal of Materials Chemistry C

mailto:dasgupta@tifr.res.in
mailto:saito.shohei.4c@kyoto-u.ac.jp


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

noted that photoexcitation of the annulated COT derivatives 
can lead to planarization in the singlet state31-33.However 
optical signatures of the putative triplet state in these 
molecular dyes have been elusive. 

Figure 1 represents the predicted structures of COT and 
COT-based flapping fluorophores in their respective excited 
states. Due to poor intersystem crossing rates in COT20,24,  the 
planar triplet state with predicted aromaticity12 cannot be 
directly accessed by singlet excitation. Native COT has a non-
vertical planar triplet state20-21,34-35  while it is hypothesized 
that acene-fused COT dyes could be vertically excited through 
the chromophoric centres to their respective planar singlet 
(and triplet) state. Here we probe the excited state evolution 
of COT-based flapping fluorophores and track the formation of 
the triplet states using time-resolved absorption spectroscopy. 
Using timescales spanning from femtoseconds to 
microseconds, we obtained transient absorption spectra of 
anthracene (FLAP) and the phenazine versions (N-FLAP) of the 
flapping fluorophore as it evolves from the planar singlet state 
to the triplet state. 

Results and Discussion
Characterization of the optical signatures: The synthesis of 

pure FLAP and N-FLAP were carried out as reported 
previously27,30. The chemical structures of both FLAP and N-
FLAP (see Figure 2a and Figure 2b) as per the reported crystal 
structure enunciates the non-planarity of the COT ring in its 
ground state. To characterize the planarization dynamics, we 
carried out spectroscopic measurements in both 
dichloromethane (DCM) with viscosity of η = 0.44 cP at 20 °C 

and its isopolar yet slightly more viscous analogue 1,2-
dichloroethane (DCE; η = 0.84 cP at 20 °C). Figure 2 shows the 
steady state absorption and emission of FLAP and N-FLAP in 
DCM and DCE. Pronounced vibrionic features observed 
between 375 nm and 450 nm characterize the lowest energy 
absorption arising from anthracene-centric absorption of FLAP 
(Figure 2a) while these are slightly subdued in the phenazine-
centric absorption of N-FLAP (Figure 2b). As the control 
experiments, the monomers of anthraceneimide36 and 
phenazine37 bearing the same substituents have been also 
studied (Figure S1). In the absence of the fused COT center, 
only a slight blue shift was observed in their absorption 
spectra. 

We obtained emission spectra in DCM and DCE upon 
exciting at 400 nm, which represents the chromophore-centric 
transitions. The emission is structured and highly Stokes 
shifted in both solvents with maxima at 523 nm for FLAP and 
518 nm for N-FLAP. It should be noted that this large Stokes 
shift in emission is not present in the corresponding monomer 
“wing” of both the chromophores (Figure S1). However, there 
is a low intensity emission band around 475 nm for both the 
flapping molecules under the envelope of strong Stokes-
shifted emission maxima, which has been assigned as a 
fluorescence emitted from the slightly relaxed shallow V-
shaped geometry in S1

26. The large Stokes shift (>3000 cm-1) of 
the intense emission maxima in both the cases cannot be 
explained by vibrational cooling of the locally excited (LE) 
state. In fact, it has been implied previously that the LE state 
evolves quickly to the emissive state with a high quantum 
yield. The excitation spectra match well with the absorption

Figure 2. (a) Chemical structure of FLAP with normalized absorption and emission (green shaded area) in DCM (black line) and DCE (red line). (b) Chemical structure of N-
FLAP with normalized absorption and emission (green shaded area) in DCM (black line) and DCE (red line). The green arrow shows the Stokes shift in emission on 400 nm 
excitation both in (a) and (b).
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spectra, indicating no intermolecular interaction in the ground 
state in the sample solution (Figure S2).
Fluorescence lifetime and its viscosity dependence: To further 
check whether the emission centered at 523 nm for FLAP and 
518 nm for N-FLAP arises from a relaxed excited state, 
viscosity-dependent fluorescence lifetime measurements were 
carried out using time-correlated single photon counting 
(TCSPC). The idea was to probe the lifetime of both the slightly 
relaxed emissive state (475 nm) bearing the shallow V-
shaped geometry and the fully relaxed emissive state (525 
nm) bearing the planarized geometry.  Figure 3 shows 
emission decays of FLAP in DCM/DCE at 478 nm and 525 nm 
respectively. The emission counts monitored at 478 nm decays 
in a biexponential manner in both the solvents (Figure 3a). The 
faster component (amplitude 88%) decays with a lifetime of 90 
ps in DCM and 130 ps in DCE, respectively.  The slower 
component has similar lifetimes of 12 ns in both the solvents. 
The retardation of the decay from the slightly relaxed state in 
more viscous DCE implies a large amplitude structural change 
leading to the fully planarized state. Interestingly, the time-
resolved emission trace at 525 nm shows a viscosity-
dependent rise time which increases from 80 ps in DCM to 110 
ps in DCE. The subsequent decay is mono-exponential with 
12 ns lifetime in both the solvents is similar to that observed 
at 478 nm. Such a viscosity dependent rise of the 525 nm 
emission which is concomitant with the decay of the 478 nm 
emission suggests an excited state evolution through a two-
state sequential model. Indeed, potential energy scans of the 
S1 surface by Saito and co-workers26,30,38 indicate a 
conformational planarization of FLAP. The 12 ns component 
observed at 478 nm would be due to the blue tail of the fully 
relaxed emissive state (max = 523 nm) which overlaps with the 
blue fluorescence from the slightly relaxed emissive state.  The 
similar scheme is also predicted for N-FLAP (see Figure S3),30 
whose emission shows viscosity-sensitivity in both the decay 
profile at 460 nm (60 ps in DCM which is slowed down to 80 
ps in DCE) and the rise at 515 nm (70 ps in DCM which 
increases to 80 ps in DCE).  At both the wavelengths, we 
observe a 2.3 ns component indicating the final fluorescence 
lifetime of the structurally relaxed excited state. 

In order to further prove the slower planarization in more 
viscous solvent mineral oil (with a viscosity of 25 cP) was used 
to observe the planarization through emission lifetime studies. 
The steady state emission spectra of both FLAP and N-FLAP 
(shown in Figure S2 c and d) show an increased intensity in the 
blue side. The emission lifetimes monitored for FLAP at 475 
nm shows an order of magnitude higher lifetime of 1.7 ns and 
a rise of 2.7 ns in the planarization dynamics as shown by 
emission decay at 520 nm. The 520 nm emission lifetime 
shows the planar state to have an 16 ns lifetime which is 
comparable to that observed in DCM. Similarly for N-FLAP the 
bent S1 emissive state lifetime is now enhanced to 320 ps 
(compared to 60 ps in DCM) as seen from the decay at 460 nm 
and a concomitant rise of 350 ps at 550 nm emission 
dynamics. The planar state shows a lifetime of 3 ns as 
compared to 2.3 ns in DCM. Thus we see that in an order of 
magnitude higher viscous solvent the planarization gets slower 
by the same order of magnitude confirming the structural 
change happening. 

Femtosecond transient absorption studies in the visible 
range: To elucidate the faster dynamics and the absorption 
spectra of excited states, femtosecond (fs) to nanosecond (ns) 
transient absorption was measured. Figure 4a shows the 
transient absorption spectra of FLAP in DCM in the visible 
range of 440 nm to 800 nm under inert conditions after a 400 
nm short pulse excitation. The TA spectrum was deconvoluted 
to give evolution associated spectra in Figure 4b. After 
excitation by the pump laser, we observe a broad absorption 
with a maximum at 525 nm (black trace with 15 ps lifetime), 
which evolves with time initially to a blue-shifted feature at 
500 nm (red trace with 70 ps lifetime), and then to a 
narrower absorption profile at 490 nm with enhanced intensity 
(green trace with > 2ns lifetime in Figure 4b). The 70 ps 
lifetime of the intermediate state matches with the 80 ps 
lifetime of the slightly relaxed emissive state (assigned with a

Figure 3. Time-correlated single photon counting measurements: Emission lifetime of FLAP in DCM (blue trace) and DCE (red trace) subsequent to 400 nm excitation 
monitored at (a) 478 nm (b) 525 nm. 
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shallow V-shaped geometry) observed in the TCSPC 
measurements. We ascertain the final state to be the planar 
emissive form of the molecule as the lifetime is >2 ns and is 
determined by the TCSPC measurements to be 12 ns. On the 
other hand, the short 15 ps lifetime component was never 
observed in TCSPC measurements due to poor IRF of 55 ps. 
Our computational investigation on the full FLAP geometry 
provided clear information on the vertical transitions 
associated with the V-shaped bent geometry. Firstly, the 
lowest singlet state geometry (S0) was optimized using PBE0/6-
31G(d) as shown in Figure S19 and S23. The calculated 
excitations at the TD-PBE0/6-31G(d) level suggested that the 
S0 to S1 transition in both FLAP and N-FLAP is symmetry 
forbidden while the transition to the closely located S2 state 
(energy gap with 2.9613 eV) is dipole allowed for vertical 
excitation with substantial oscillator strength (Table S1 and 
S2). We therefore assign the initial excited state by the 400 nm 
pulsed light to be a bent S2 state. The S2 to S1 internal 
conversion occurs in 15 ps which then leads to the emissive 
states; i.e. the slightly relaxed shallow V-shaped state and the 
fully relaxed planar state.

The optimized structures of FLAP in the S2 and S1 bent 
geometries (Figure S20a and S21) suggests a significant 
conformational change from a COT dihedral angle of 142° in 
S2 to 159° in S1. This opening up of the COT ring may result in 
the viscosity dependence of the S2 lifetimes (see below).

We next probe the viscosity sensitivity of the lifetimes 
associated with the 3-state model by carrying out transient 
absorption measurements of FLAP in DCE. The spectral 
evolution after photoexcitation along with the evolution 
associated spectra (EAS) (in Figure 4c) and the associated 
lifetimes are obtained (Figure S5). On comparing the lifetimes 
in both the solvents (Figure S10), we observe a viscosity 
dependent decay of the initial S2 state where the 15 ps lifetime 

in DCM is increased to 24 ps in DCE. Our data indicates a 
possible small geometry change within the 15 ps lifetime 
which therefore leads to the S1 state through internal 
conversion. Lifetime of the bent emissive state is also 
enhanced from 70 ps to 117 ps hinting at a structural change 
associated with the decay of both the states. 

Figure 4d shows the visible TA spectra of N-FLAP in DCM. In 
the spectral evolution, the locally excited absorption is seen 
initially in the 500 fs trace with an absorption maximum at 
500 nm (black trace with 8 ps lifetime), which then gives rise 
to an absorption centered at 600 nm with a dip in the spectra 
at 480 nm (red trace with 42 ps lifetime), possibly due to the 
convolution of stimulated emission from the slightly relaxed 
state. This state ultimately gives rise to the long-lived state 
with overlapping vibronic features of the stimulated emission 
from the relaxed planar emissive state (green trace with > 2ns 
lifetime), which the TCSPC reports as 2.3 ns The depletion 
features on top of the excited state absorption (Figure 4e and 
f) comes at 490 nm in the initial S2 state (red trace) which then 
red shifts to well resolved vibronic dips on the ESA (green 
trace). The vibronic features come at 520 and 560 nm which 
matched exactly with the steady state emission spectra 
vibronics (Figure 2) thereby indicating overlapping stimulated 
emission. This deconvoluted spectrum with the vibronic 
depletion features confirm the green spectra to come from the 
relaxed planar emissive state. 
Femtosecond transient absorption studies in the NIR range: 
We found that transient absorption of FLAP and N-FLAP can be 
also observed in the NIR region. A similar 3-state evolution was 
obtained again, in which the lifetime of the first two states 
were viscosity dependent. For FLAP in DCM (Figure S4), the S2 
state has a lifetime of 19 ps followed by a 64 ps of the bent

Figure 4. (a) Femtosecond transient absorption (TA) spectra at various time delays in the visible range for FLAP in DCM. The spectral traces are shown from 440 nm to 800 
nm. Evolution associated spectra of the TA spectra obtained via singular value decomposition (SVD) are shown for (b) FLAP in DCM and (c) FLAP in DCE.  (d) The 
corresponding spectra for N-FLAP in DCM. Evolution associated spectra of the TA spectra obtained via SVD are shown for (e) N-FLAP in DCM; and (f) N-FLAP in DCE. 
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emissive state. In the NIR range the lifetime of the S2 state is 
slightly increased to 24 ps in DCE, and the shallow V-shaped 
emissive state had a lifetime of 110 ps (Figure S6). The >2 ns 
long-lived state in both visible and NIR transient absorption 
measurements did not have a viscosity dependent lifetime 
similar to what was also observed in TCSPC. Hence using both 
TCSPC and femtosecond broadband TA, we conclude that the 
decay of the S2 state is concomitant with the rise of a shallow 
V-shaped emissive state which then evolves to a planar 
emissive state. DFT calculations previously conjectured26 such 
planarization in the S1 state, which we can now evidently 
characterize with their respective EAS spectra. Upon 
optimization of the full FLAP in S1 state we obtained the S1 

planar structure at TD-PBE0/6-31G(d) level of theory (Figure 
S20b). We find that the S1 minimum which shows a planar 
structure has 180 degree dihedral angle which clearly 
enunciates the large structural motion of the wings to reach 
that planar geometry, and hence the viscosity dependence. 

For N-FLAP in DCM, the NIR region (Figure S7) also shows a 
similar 3-state evolution with the lifetimes of 9 ps for locally 
excited state, 37 ps for the shallow V-shaped emissive and 2 ns
for the relaxed planar emissive state. In DCE (Figure 4f), those 
lifetimes are prolonged to 13 ps (Figure S8 and S9), 72 ps, and 
>2 ns (Figure S10), respectively. We note that in N-FLAP the 
locally excited state and the shallow V-shaped emissive state 
decay much faster than those in FLAP thereby hinting that 
planarization is more facile on the S1 surface. A possible reason 
for this faster planarization could be because the S1 surface in 
N-FLAP is predicted to have a smaller barrier and larger slope 
in the planarization coordinate30.
Nano-to-microsecond transient absorption studies for triplet 
states: To observe the dynamics leading to triplet states, nano-
to-microsecond transient absorption spectra were recorded in 
both DCM and DCE for FLAP and N-FLAP in inert condition. 

Figure 5a shows the excited state absorption within the visible 
range from 1 ns to 18 s for FLAP in DCM. The initial 1 ns trace 
depicts the absorption spectra of the planar emissive state. 
There is a prominent change in the absorption spectra in the 
30 ns trace with a blue shift in the absorption maximum which 
then decays away in few microseconds. Upon deconvolution, 
we observe a 14-ns state (green trace in Figure 5b), which 
matches with the TCSPC lifetime (12 ns) depicting the planar 
emissive state. In addition, the planar emissive state also has 
an excited state absorption at 952 nm in the NIR region which 
shows a mono-exponential decay of 13 ns in both the 
solvents (Figure S12). This state drives the formation of the 
blue-shifted triplet state with peak at 482 nm and a lifetime of 
20 s in DCM (orange trace in Figure 5b). We checked the 
oxygen sensitivity to the triplet lifetime as shown in Figure 6a.  
We find that in ambient conditions (no degassing) the lifetime 
is evidently reduced to 400 ns (red trace in Figure 6a) thereby 
confirming the triplet state assignment. This triplet spectrum is 
different from the triplet spectrum of a monomeric 

anthracene unit39 (see Figure 6b). 

Figure 5. (a) Nano-to-microsecond TA spectra at various time delays for FLAP in DCM. Evolution associated spectra of the transient spectra obtained via SVD through a 
two-state sequential model are shown for (b) FLAP in DCM and (c) FLAP in DCE.  (d) The corresponding spectra for N-FLAP in DCM. Evolution associated spectra of the TA 
spectra obtained via SVD are shown for (e) N-FLAP in DCM; and (f) N-FLAP in DCE.   

Figure 6: (a) Oxygen dependent triplet state quenching of FLAP in DCM. The 
kinetics is plotted at 482 nm subsequent to photoexcitation at 400 nm. The 
comparison of triplet absorption spectra in DCM at 50 ns for (b) anthraceneimide 
wing with FLAP; (c) phenazine wing with N-FLAP.
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On comparing with the excited state dynamics in DCE 
(Figure 5c and S11), we see that the 14-ns lifetime of the 
planar emissive state remains intact. The result indicates no 
large amplitude structural change during the intersystem 
crossing (ISC) as well as the internal conversion. Therefore, the 
ISC to a triplet state is expected to proceed in a planar 
geometry. The triplet lifetime is slightly enhanced to 26 s in 
DCE compared to the 20 s observed in DCM although the 
spectral position remains unchanged (Figure S15 and S16). The 
origin of the viscosity dependent triplet lifetime has not been 
resolved.

Figure 7. Structures of FLAP (left) and N-FLAP (right). In the optimized geometries 
with bent Cs symmetry in the triplet ground state, the two wings take asymmetric 
structures and the spin density is only delocalized over one wing (Figure S30, S34). On 
the other hand, in the optimized geometries with bent Cs and planar C2v symmetry, the 
C=C bond lengths of the cis-olefins in the COT ring are different (Figure S28, S32).

Figure 5d shows the ns–s excited state absorption of N-FLAP 
in DCM. A triplet state was observed from the clear change in 
absorption from the 10-ns trace. The triplet nature of the long-
lived state was confirmed from the oxygen dependence again 
(Figure S14). On deconvolution of the entire spectra, a 2.5 ns 
state (green trace in Figure 5e) was assigned to the planar 
emissive state due to the lifetime match with the TCSPC 
relaxed emission lifetime. Subsequently the triplet state forms 
as shown in the pink trace in Figure 5e having a lifetime of 8 
s. The spectrum of the N-FLAP triplet state is centered at 
500 nm with a much broader spectral width than that of 
FLAP. It should be noted that the isolated phenazine triplets 
provided a different spectral feature from that of N-FLAP40 
(see Figure 6c). The spectral shape and position of the triplet 
signature for N-FLAP reflects the electronic coupling of the two 
phenazine moieties in the molecule.  The viscosity-
independent lifetime of the emissive state was confirmed 
again, suggesting that the ISC occurs in a planar geometry of 
N-FLAP, very similar to that observed for FLAP. We also find 
that the lifetime of the emissive planar state decreases from 
12 ns in FLAP to 2.5 ns in N-FLAP although the fluorescence 
quantum yields are comparable (F = 0.34 and 0.42, 
respectively). As a result, the radiative and nonradiative decay 
rates are estimated to be kr = 2.8  107 s–1 and knr = 5.5 107 s–

1 for FLAP, and kr = 16.8  107 s–1 and knr = 23.2  107 s–1 for N-
FLAP, respectively. It implies that the intersystem crossing rate 
of N-FLAP is much faster than that of FLAP. In absence of 
triplet sensitization experiments which need to be carefully 
carried out in future, we estimate that the triplet quantum 
yields cannot be greater than 58% for N-FLAP and 66% for 
FLAP.
DFT Structural optimization in the excited states: DFT 
calculations were performed for the study of the T1 state. To 
reduce calculation costs, model structures FLAP and N-FLAP 

were calculated, which have hydrogen atoms and methyl 
groups in place of the 2,6-diisopropylphenyl groups of FLAP 
and the hexyl groups of N-FLAP, respectively (Figure 8, S27). 
Structural optimization in S1 and T1 was performed using the 
Gaussian 16 program (see the SI for the detail)41. All energy 
minimum structures have no imaginary frequency. 

Firstly, energy diagrams of optimized geometries in T1 were 
investigated for FLAP and N-FLAP. In constrained geometry 
optimization with fixed COT bending angles, the dihedral angle 
between C1-C2-C3 and C2-C3-C4 planes in Figure S27 was 
fixed. Structural optimization at each COT bending angle in the 
triplet ground state was firstly performed at UPBE0/6-31+G(d) 
levels of theory. In the structural optimization, three 
geometries at the (local) minima (planar C2v, planar D2h, and 
bent Cs) were found (Figure 7). In the T1 optimization of the 
simplified chemical structures (FLAP and N-FLAP), the 
different geometries were obtained depending on the initial 
geometry. For instance, starting from the S0 optimized V-
shaped geometry, a shallow V-shaped saddle-point geometry 
with an imaginary vibration was obtained. After the 
displacement in the direction of the imaginary vibration, the 
planar C2v geometry at the local minimum was obtained 
(Figure S28, S32). On the other hand, the planar D2h geometry 
was obtained after symmetrizing the planar C2v geometry and 
further optimization (Figure S29, S33). Finally, the bent Cs 

geometry was obtained, starting from an initial geometry that 
perturbed the C-C bond lengths of the central COT ring in the 
S0 optimized V-shaped geometry (Figure S30, S34). The order 
of the energy levels of these three minima were the same in 
both FLAP and N-FLAP. The bent Cs geometry was most stable 
in T1, while the planar D2h was the least stable and the planar 
C2v geometry lies between the other two minima. The energy 
gap increases with the percentage of Hartree-Fock exchange 
(HFX) due to the higher stabilization of planar structures by 
methods with a small amount of HFX (see Figure S31 and S34 
for the detail)42-44. 
Aromaticity evaluation in S1 and T1: Ottosson and co-workers 
previously investigated the aromaticity of -expanded COT 
systems, in which the original Baird aromaticity of the triplet 
COT was significantly reduced by the aromatic ring fusion45. 
We have computationally investigated the aromaticity indexes 
of FLAP and N-FLAP in T1 with the planar C2v symmetry. Here 
we selected PBE0 as a functional because, in many cases, PBE0 
shows a good correspondence with experimental results of the 
FLAP system such as the absorption and fluorescence 
properties46.The results were compared to those of the planar 
geometry in S1, optimized at TD-PBE0/6-31+G(d) levels of 
theory (Figure S36)38. In S1, while FLAP took a planar C2v 
geometry at the global minimum, N-FLAP gave a planar D2h 
geometry in this calculation level. Standard aromaticity indices 
in the magnetic criteria such as the nucleus-independent 
chemical shifts (NICS)47 and the anisotropy of the induced 
current density (ACID)48, the geometrical criteria such as the 
harmonic oscillator model of aromaticity (HOMA)49 and the 
new HOMA for heterocycle electron delocalization 
(HOMHED),50 and the electron-sharing criteria such as the 
aromatic fluctuation index (FLU)51 and the multicenter index 

bent Cs

bent Cs’ and planar C2v

plane of symmetry

plane of
symmetry

bent Cs

plane of symmetry

planar C2v
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(MCI)52 were computed for the optimized geometries at the 
local minima in S1 and T1 with the planar geometries. To 
compare the degree of the aromaticity, we have also 
calculated the same indices of reference compounds in T1, 
dibenzocyclooctatetraene (DBCOT in Figure S37; planar D2h)45 
and cyclooctatetraene (COT in Figure S38; planar D8h)11, which 
have been reported to show Baird aromaticity in T1. Besides, 
density functional approximations (DFAs) with a low 
percentage of HFX are expected to overstate aromaticity42-44 

and, therefore species characterized as non-aromatic by these 
methods will be also identified as such by DFAs with large 
amounts of HFX. 

FLAP N-FLAP DBCOT COT

NICS(0) T1 +2.74 +2.35 –12.52 –11.11

NICS(1) T1 +0.90 +0.55 –12.01 –10.90

NICS(1)zz T1 +6.32 +4.89 –33.54 –32.20

S1 0.49 0.41 0.62 0.94
HOMA

T1 0.25 0.22 0.65 0.94

S1 0.84 0.81 0.88 0.98
HOMHED

T1 0.76 0.76 0.89 0.98

S1 0.015 0.016 0.012 0.000
FLU

T1 0.027 0.027 0.011 0.001

S1 0.0025 0.0019 0.0034 0.0096
MCI

T1 0.0021 0.0023 0.0091 0.0289

Table 1. Aromaticity indices of the COT ring of FLAP (planar C2v for S1 and T1), N-

FLAP (planar D2h for S1 and planar C2v for T1), DBCOT (planar D2h for S1 and T1), 

and COT (planar D8h for T1). HOMA and HOMHED values were obtained with the 

geometries optimized at the (U)PBE0/6-31+G(d) level. NICS, FLU and MCI values 

were calculated for those geometries at the (U)PBE0/6-31+G(d) level.

The values of those indexes at the central COT ring were 
summarized in Table 1. While all benzene and pyrazine rings of 
FLAP and N-FLAP in T1 have negative NICS(0), NICS(1), and 
NICS(1)zz values, the COT ring has positive NICS values (for 
NICS(1)zz, FLAP: +6.32 ppm, N-FLAP: +4.89 ppm) while the 
COT ring of DBCOT and COT have large negative NICS values in 
T1 (DBCOT: –33.54 ppm, COT: –32.20 ppm; summarized in 
Figure S39). The nonaromatic character of the COT ring of 
FLAP and N-FLAP in T1 was also confirmed by ACID 
calculation. No aromatic ring current including the COT ring 
was confirmed in FLAP and N-FLAP in T1, although the 
aromatic ring current along the perimeter of DBCOT and COT 
were observed (Figure 8). In addition, HOMA at the COT ring in 
T1 (FLAP: 0.25, N-FLAP: 0.22) are significantly lower than 
those of benzene and pyrazine rings (FLAP: 0.47 to 0.69, N-
FLAP: 0.48 to 0.77). In S1, those geometrical indexes of the 
COT rings (FLAP: 0.49, N-FLAP: 0.41) and the benzene and 
pyrazine rings (FLAP: 0.59 to 0.66, N-FLAP: 0.36 to 0.59) are 
not largely different (Figure S40). Those HOMA values of the 
COT ring are much lower than parent COT (S1: 0.94, T1: 0.94) 
and even significantly lower than those of DBCOT (S1: 0.62, T1: 
0.65). HOMHED also indicated the similar tendency. 
Furthermore, higher FLU values and lower MCI values of the 

COT rings of FLAP and N-FLAP in T1 (for FLU, FLAP: 0.027, N-
FLAP: 0.027 and for MCI, FLAP: 0.0021, N-FLAP: 0.0023), 
compared to those of references in T1 (for FLU, DBCOT: 0.011, 
COT: 0.001 and for MCI, DBCOT: 0.0091, COT: 0.0289), 
suggested that the aromaticity was practically lost by acene 
elongation (Figure S41, S42)27,45. Overall, these results 
indicated that the COT ring in the planarized T1 geometries of 
FLAP and N-FLAP are not Baird aromatic. 

Figure 8. ACID plots for (a) FLAP (planar C2v), (b) N-FLAP (planar C2v), (c) DBCOT (planar 
D2h), and (d) COT (planar D8h) in T1 at the UPBE0/6-31+G(d) level of theory. Current 
density isosurface at 0.05 au.

We hypothesize that the driving force for planarization in 
FLAP and N-FLAP is not Baird aromaticity45, but rather excited 
state conjugation enhancement (ESCE)53. Baird aromaticity is 
only observed for smaller FLAPs bearing short -
conjugation25,27. In the case of Baird aromatic systems, clear 
stabilization energy (>10 kcal/mol) is expected by the S1 
planarization, and there should be a barrierless S1  energy 
profile54. Therefore, the planarization dynamics is very fast, 
less than 1 ps. On the other hand, FLAP and N-FLAP switches 
the S1 configuration during the planarization, giving a small 
energy barrier27,28,30,38. These molecules also show the excited-
state planarization, but the dynamics is much slower than 1 ps. 
For example, the planarization dynamics of FLAP derivatives 
are reported to be 4 ps (CH2Cl2)27 and 550 ps (DMSO)26. In 
addition, the stabilization energy due to ESCE is much smaller 
than 10 kcal/mol27,28,30,38.
Discussion on the triplet conformation: While the DFT 
calculations predicted the bent conformations as the most 
stable triplet geometries for both FLAP and N-FLAP, the 
experimental studies do not necessarily indicate the formation 
of the bent triplet species. Triplet-triplet (TT) absorption 
spectra of these compounds were compared with those of the 
corresponding "wing" monomers, anthraceneimide and 
phenazine bearing the same substituents, at the 50 ns time 

(a) ⦿ B

(b) ⦿ B

⦿ B⦿ B (d)(c)
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delay (Figure 6b and 6c). TT absorption spectrum of FLAP has a 
peak at 485 nm with a full width at half maximum (FWHM) of 
2640 cm-1 and a broad detectable feature at 600-800 nm, 
while that of anthraceneimide showed a peak at 463 nm with 
FWHM of 1200 cm-1 and no feature was observed in the long-
wavelength region (Figure 6b). The situation was also true for 
N-FLAP and the phenazine monomer (Figure 6c). It worth 
noting that calculated TT absorption patterns of planar C2v 
FLAP and N-FLAP (Figures 9a and 9b, red) are clearly different 
from those of the wing monomers (Figures 9c and 9c, green), 
and bent Cs FLAP and N-FLAP (Figures 9a and 9b, blue) 
provide similar patterns to the monomers.These results 
suggest that the two wings are electronically coupled in the 
triplet form, rather than isolated. This delocalized nature is 
more consistent with those triplets in the planar geometries, 
rather than the bent geometries (see the SI). Such discrepancy 
between theory and experiments could be partially reduced by 
a more realistic simulation including solvent effects and 
employing multi-reference methods, which are beyond the 
scope of the current manuscript.

Figure 9. Calculated TT absorption patterns of (a) FLAP, (b) N-FLAP, (c) 
anthraceneimide wing and (d) phenazine wing, calculated at the TD-UPBE0/6-31+G(d) 
level. Blue and red bars indicate oscillator strengths of FLAP or N-FLAP at the T1 
optimized bent Cs and planar C2v geometries, respectively. 

Conclusion
We report the optical signatures of the triplet states of 

COT-based flapping fluorophores for the first time by vertical 
photoexcitation on the fluorophores. We observed for both 
FLAP and N-FLAP that the intersystem crossing mechanism 
does not involve a discernable geometry change, and 
therefore assign a planar conformation for the COT backbone 
as the system reaches the T1 surface. The long-lived and O2 
sensitive  absorptions were confirmed with up to microsecond 
lifetime as the evidence for the generation of the triplet 
species. DFT calculations predicted the bent triplet geometry 
as most stable conformation, ruling out the aromaticity of the 
planar triplet geometries in the effectively -expanded COT 
compounds. On the other hand, based on the experimental 
studies by the comparison of the flapping fluorophores and 
the corresponding wing monomers in the triplet-triplet 
absorption spectra, the assignment of electronically 
delocalized planar triplet geometries of FLAP and N-FLAP are 
rather consistent.

Figure 10. Potential energy surface rendition of the excited state evolution for FLAP/N-
FLAP chromophores based on our steady-state and transient experiments described 
here. The initial bright S2 state is formed upon photoexcitation which internally 
converts to the S1 state having two conformations: shallow-V-shaped and planar. The 
bent-to-planar conformational change takes place in tens of picoseconds for both FLAP 
and N-FLAP.  The planar S1 then forms a planar triplet which then relaxes back to the 
bent form in the ground state. The time constants observed in the DCM solutions are 
demonstrated.

Overall, we suggest a generic mechanism for these flapping 
dyes which involves intersystem crossing concomitant with the 
radiative decay (the green emission) as demonstrated in Figure 
10. From our experimental measurements, we report that the 
major structural evolution of these flapping dyes mostly take 
place on the singlet surfaces. In fact, a structural relaxation 
from S2 to a shallow V-shaped emissive S1 state is an initiating 
step for a subsequent larger amplitude motion needed to 
reach the planar conformation on the S1 surface. The triplets 
evolve from the planar singlet state via an intersystem crossing 
process whose rates largely dictate the singlet lifetime. 

In future a clear understanding of the planarization process 
on the singlet surface would be extracted using broadband 
vibrational spectroscopy. The interplay of certain low-
frequency torsional modes in the COT backbone that drive the 
planarization process would be necessary to tune the 
planarization timescales. 
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