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ABSTRACT: Two-photon fluorophores are frequently employed to obtain superior spatial 
resolution in optical microscopy applications. To guide the rational design of these molecules, a 
detailed understanding of their excited-state deactivation pathways after two-photon excitation is 
beneficial, especially to assess the often-assumed presumption that the one- and two-photon excited-
state dynamics are similar after excitation. Here, we showcase the breakdown of this assumption for 
one- and two-photon excitation of a centrosymmetric pyrrolo[3,2‐b]pyrrole chromophore by 
combining time-resolved fluorescence and broadband femtosecond transient absorption 
spectroscopy. Compared to one-photon excitation, where radiative decay dominates the 
photodynamics, two-photon excitation leads to dynamics arising from increased non-radiative decay 
pathways. These different photodynamics are manifest to different quantum yields, thus highlighting 
the types of time-resolved studies described here to be valuable guideposts in the design of two-
photon fluorophores for imaging applications. 

 
 
 
Two-photon absorbing (2PA) fluorophores are consequential 

imaging reagents in biology and life science applications as they 
facilitate enhanced three-dimensional spatial resolution and offer 
deeper penetration depths compared to their one-photon 
absorption (1PA) analogues.1-4 Further advantages of 2PA 
fluorescent imaging techniques lie in a reduced phototoxicity, 
background fluorescence, and attenuated sample degradation 
attendant to longer wavelength excitation, all of which improves the 
image quality.4-7 Beyond imaging applications, 2PA chromophores 
offer a range of desirable optical properties suitable for optical 
memory storage8-10 as well as photodynamic therapy.11-14 

Extensive research has been carried out in exploring design 
principles of 2PA molecules and optimizing 2PA cross sections.15-17 
A promising molecular platform, which offers versatility and 
tunability in 2PA fluorescence, is based on an electron donating (D) 
pyrrolo[3,2‐b]pyrrole core catenated with diametrically opposing 
phenyl groups possessing electron accepting substituents (A).The 
2,5-bis(4-cyanophenyl)-1,4-bis(4-methylphenyl)-1,4-dihydro-
pyrrolo[3,2-b]pyrrole ADA shown in Scheme 1 is an example of this 
class of centrosymmetric, quadrupolar molecules.18-22 These 
acceptor-donor-acceptor fluorophores display high 2PA cross-
sections, on the order of 102–103 GM.23,24 Minor changes in its 1PA 
spectrum over a wide range of solvents have led ADA to be identified 
as a quadrupolar molecule.24 Compelling evidence has been 
provided that ADA undergoes rapid excited-state symmetry 
breaking following 1PA to form a dipolar fluorescent state,25-27 
whereby the associated photodynamics are intimately connected to 
the solvent environment.27-29 

Whereas ADA has been studied systematically after 1PA for a 
range of experimental conditions,23-26,28 investigation of its excited-
states and dynamics following 2PA has eluded characterization. To 
address this shortcoming, we combine time-resolved fluorescence 
and broadband femtosecond transient absorption spectroscopy with 
quantum chemical calculations to elucidate the excited-state 
deactivation pathways following 1PA and 2PA in ADA (Scheme 1). 
Although the fluorescent excited-state is populated in <150 fs after 
photoexcitation with either type of excitation, our results suggest 
that the properties of the fluorescent state accessed after 2PA differs 
from the corresponding 1PA state, both in spectral shape and 
lifetime. Following 2PA excitation, non-radiative decay channels 
dominate the excited-state dynamics resulting in a reduced 
fluorescence quantum yield as compared to that measured for 1PA 

 

   

Scheme 1. Molecular structure of 2,5-bis(4-cyanophenyl)-1,4-bis(4-
methylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole ADA. Number 
convention is shown in grey for important atoms. 
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excitation. A consequence of the different nonradiative decay 
channels arising from 1PA and 2PA excitation is that 2PA cross-
sections for ADA have been underestimated. Such a discrepancy 
between 1PA and 2PA is important to quantify as the need for 
accurate cross-sections is crucial to a variety of quantitative imaging 
applications, such as metabolic imaging of tumors.30,31 The studies 
reported herein provide a general methodology to investigate the 
excited-state photodynamics after two- or multi-photon 
excitation,32-34 and hence better characterize the optical properties of 
2PA fluorophores for optimized performance and quantification of 
2PA imaging. 

The 1PA spectrum of ADA is characterized by features at 404 and 

330 nm in dichloromethane (DCM, black line in Figure 1A) and 398 
and 330 nm in cyclohexane (CHX, grey line in Figure 1A). Time-
dependent density-functional theory calculations (TD-DFT, black 
stick spectrum in Figure 1A) leads us to assign these 1PA allowed 
transitions to S1 and S2. The corresponding peak at 346 nm (red 
dotted line in Figure 1A) in the 2PA spectrum is assigned to the 
lowest 2PA allowed transition to S3. This assignment is consistent 
with previous computations on similar, centrosymmetric acceptor-
donor-acceptor molecules, but we note that the choice of functional 
can interchange the energetic ordering of S2 and S3 states due to their 
energetic proximity (Figure 1A, compare 1PA and 2PA spectra).24 In 
the approximate C2 point group of ADA, the S0 electronic ground 
state can be assigned to A symmetry and the corresponding S1 and 
S2 excited-states are of B symmetry. The S3 excited-state is of A 
symmetry, as expected from the selection rules.  

The 1PA fluorescence spectrum of ADA in DCM (Figure 1A, 
blue line) peaks at 450 nm and is featureless, whereas the 
fluorescence spectrum in CHX (Figure 1A, light blue line) displays 
a vibronic progression with peaks/shoulders at 438, 464, 493, 526 
nm corresponding to an average frequency difference of 1274 cm–1 
(see Figure S1A). In the non-polar solvent environment of CHX, 
solvent-solute interactions are minimized thus leading to better 
defined vibronic structure. This observation is consistent with the 
calculated partial planarization of ADA from an initial 4-
cyanophenyl/pyrrolo-pyrrole core dihedral angle (∠N2–C3–C4–C5 

and ∠N2’–C3’–C4’–C5’) of –32.5° to –19.4° in the relaxed S1 state (see 
Scheme 1 for numbering convention and optimized structure files 
provided in the SI). In the polar DCM solvent, solvent-solute 
coupling broadens the involved transitions, resulting in a loss of 
vibronic fine structure. Similar observations have been reported for 
structurally-related substituted biphenyls.35 

Heretofore, the 2PA fluorescence spectrum has not been 
reported for ADA. To examine the spectrum and the dynamics of 
the fluorescent state after 2PA, we conducted time-resolved 
fluorescence spectroscopy at an excitation wavelength of 720 nm 
and compared the results with iso-energetic 1PA excitation at 360 
nm for the molecule in DCM (Figure 1B). The corresponding 
fluorescence spectrum peaks at 460 nm for both excitation 
wavelengths but is accompanied by spectral broadening for 2PA 
(Figure 1B, inset). In addition, whereas 1PA engenders mono-
exponential decay dynamics with a time constant of 770 ps (Figure 
1, blue trace), 2PA gives rise to an attenuated fluorescence decay of 
1050 ps (Figure 1, red trace). Similar results were obtained in CHX 
(Figure S1B) and we therefore restrict our discussions to DCM. The 
absorbance of samples at the 360 nm excitation wavelength in CHX 
and DCM are 0.11 and 0.28, respectively. Thus observed differences 
in the emission spectra and decays under 1PA and 2PA are not 
perturbed by self-absorption (see SI and Figure S2). Although the 
broadening in the 2PA fluorescent spectrum is modest as compared 
to that obtained from 1PA excitation, the prolonged lifetime of the 
former is significant. These results provide compelling evidence that 
2PA accesses a different fluorescent state. Our experimental results 
suggest that the fluorescent state following 2PA has the same 
electronic character as the 1PA fluorescent S1 state, as evidenced by 
the same fluorescence maximum wavelength but falls on a different 
part of the potential energy surface most likely due to a different, 
more flexible configuration indicated by the broadened fluorescence 
spectrum (vide infra). The different nature of the fluorescent 2PA 
state is of consequence to the previously reported 2PA cross-section, 

 

 

Figure 1. A 1PA (black line) and corresponding fluorescence (blue 
line) spectra of ADA in dichloromethane (DCM) and cyclohexane 
(CHX) (grey and powder blue lines for 1PA and fluorescence, 
respectively) after photoexcitation at 360 nm. The 2PA spectrum (red 
dotted line) is also shown and has been reprinted with permission from 
ref. 24. The top horizontal axis (red) refers to the employed laser 
wavelength for 2PA measurements. Calculated electronic 1PA 
transitions in DCM are indicated by black sticks. B Time-resolved 
fluorescence decay integrated from 440 to 520 nm of ADA in DCM after 
1PA (360 nm, blue trace) and 2PA (720 nm, red trace). Solid lines 
indicate single-exponential model fittings with a lifetime of 770 ps for 
1PA (blue line) and 1050 ps for 2PA (red line, see the SI for details). 
The time-integrated fluorescence spectrum is shown in the inset. The 
raw data (opaque) is also shown and was smoothed by 5-point moving 
average. The small red-shift of the fluorescence spectrum compared to 
the steady-state fluorescence spectrum in Figure 1A is due to calibration 
differences but does not affect our comparison (see experimental 
methods in supporting information). 
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which was previously obtained using two-photon fluorescence 
excitation (TPFE) spectroscopy.36,37 In deriving the relevant cross-
section, it is typically assumed that the fluorescent states between 
1PA and 2PA are identical and that the corresponding fluorescence 
quantum yields are also the same. Our results suggest that this is not 
the case for ADA. Although the difficulty associated with a direct 
measure of the absolute 2PA fluorescence quantum yield has been 
noted,36,37 we set out to quantify the 2PA fluorescence quantum yield 
relative to 1PA by performing broadband femtosecond transient 
absorption spectroscopy. This method allows us to directly follow 
the excited-states with femtosecond time resolution for both 1PA 
and 2PA excitation conditions and thus estimate the relative 2PA 
fluorescence quantum yield.  

The transient absorption dynamics for ADA in DCM after 1PA 
(360 nm) and 2PA (720 nm) are shown in Figures 2A and 2B, 
respectively (and in Figure S3 for ADA in CHX). The spectra show 
three distinct spectral features after photoexcitation: (1) a positive 
signal centered at 550 nm indicating excited-state absorption (ESA), 
(2) a negative signal at 460 nm predominantly corresponding to 
stimulated emission (SE) and (3) a negative signal below 425 nm 
(Figure 2A) and 440 nm (Figure 2B), corresponding to the ground-
state bleach (GSB). For the 1PA transient absorption dynamics 
presented in Figure 2A, the SE maximum matches the peak of the 
fluorescence spectrum (Figure 1) and we observe a clear Stokes shift 
due to vibrational cooling and solvent relaxation (also observed in 
2PA spectrum, vide infra).38-42 Previous report has shown a 
fluorescence quantum yield of 0.78 for ADA dissolved in DCM after 
1PA.18 The large fluorescence quantum yield indicates that the major 
decay pathway is radiative; the non-radiative component is 
partitioned between decay to ground state and to a triplet state, as 
evidenced by a long-lived transient signal observed in nanosecond 

transient absorption measurements, that decays over 1 μs (Figure 
S4). The 1PA transient absorption results are in excellent agreement 
with previous studies.25 

Despite the similar transient absorption spectral profiles under 
1PA and 2PA excitation, we clearly find different excited-state decay 
dynamics, particularly from 30 ps to 1 ns (Figures 2C and 2D show 
representative dynamics of the individual spectral features). 
Following 1PA, the three components (GSB, SE and ESA) decay 
within 1 ns by 64.2%, 65.7% and 63.7%, respectively; this result is in 
line with the fluorescence decay lifetime of 770 ps (based on this 
lifetime, the decay of the excited-state should be 72.7% at 1 ns). This 
concerted decay behavior suggests that the 1PA excited-state 
dynamics on this timescale are dominated by radiative decay to the 
ground state with minor contributions from non-radiative decay 
channels. More complicated excited-state dynamics are observed 
after 2PA. The 2PA SE signal decay (Figure 2D, green line) is 
markedly different than that of the GSB recovery (Figure 2D, blue 
line) and ESA decay (Figure 2D, red line). The SE signal at 460 nm 
initially increases in intensity over 100 ps, most likely due to 
vibrational cooling and solvent relaxation, after which it decreases at 
an apparent rate that is faster than the 2PA fluorescence lifetime of 
1050 ps. As the SE and fluorescence decay should conform in the 
simplest scenario, the accelerated apparent decay suggests that there 
are two processes being recorded at 460 nm—SE decay signal over 
1050 ns overlaid with the growth of an ESA signal. Surprisingly, the 
ESA (at 550 nm) and GSB (at 390 nm) signals change within 1 ns 
by only 14.8% and 11.8%, respectively. The small amplitude changes 
in ESA and GSB over this timescale suggests that the fluorescent 
state does not relax to the ground state as observed for 1PA, but 
decays to a longer-lived (>1 ns) excited-state, which is also 
consistent with the formation of a triplet state in correspondence to 

 

 

Figure 2. Broadband femtosecond transient absorption spectra of ADA in DCM after A 1PA at 360 nm and B 2PA at 720 nm. Temporal evolution of 
representative transients characterizing the ESA (550 nm, red), SE (460 nm, green) and GSB (390 nm, blue) for ADA after C 1PA and D 2PA. Solid 
lines show a global fit (A → B → C → D → model). Retrieved evolution-assisted decay spectra from global fitting for E 1PA and F 2PA. Associated 
time constants are indicated in the legend. Infinity stands for a time constant far beyond the setup detection range. 
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our observations for 1PA dynamics. While we are unable to directly 
measure 2PA nanosecond transient absorption spectra, we can 
rationalize a triplet state assignment based on a TA signal extending 
beyond 1 ns (not shown) and the results of quantum computations 
(see below). 

To extract the kinetics and spectral details underlying the 
broadband transient absorption response (Figures 2A and 2B) we 
globally fitted the data to a serial model (A→B→C→D→).43 The 
fitted data from this serial model at the selected wavelengths of the 
ESA, GSB and SE spectra are highlighted by the solid lines in Figures 
2C and 2D. Following 1PA, the excited-state rapidly decays in 0.59 
ps (Figure 2E, black) due to vibrational cooling. Subsequently, we 
find a slower decay component of 23.1 ps (Figure 2E, red) due to 
solvent relaxation followed by a component of 770 ps (Figure 2E, 
blue) to form a triplet state that persists beyond our probed time 
window (Figure 2E, green). We fixed the longest decay constant 
during our fitting to 770 ps as determined by the excited-state 
lifetime measured via time-resolved fluorescence (Figure 1B). The 
2PA transient absorption response was described in the same way 
(Figures 2D and 2F) by fixing the longest decay constant to 1050 ps 
(Figure 2F, blue), determined by 2PA fluorescence lifetime (Figure 
1B). The two fast components of 0.56 ps and 30.8 ps (Figure 2F, 
black and red) match their corresponding 1PA values, further 
supporting our assignment to vibrational cooling and solvent 
relaxation, respectively. Consistent with the observation of different 
decay kinetics (Figure 2C and 2D) of 1PA and 2PA, the major 
difference shown by the EADS for the ADA in DCM is the signal 
drop from fully relaxed excited-state (blue lines in Figures 2E and 
2F) to the long-lived triplet state (green lines in Figures 2E and 2F): 
while the ESA signal at 550 nm drops by 76% for 1PA, the 2PA ESA 
signal drops only by 27%, providing compelling evidence that ADA 
follows different relaxation pathways after 1PA and 2PA.  

The different excited-state dynamics for ADA, under 1PA and 
2PA, are observed in both DCM and CHX (see Figures S1B and S2) 
thus suggesting that solvent effects do not govern the 2PA excited-
state dynamics. Instead, the 2PA decay appears to be a fundamental 
property of the molecular framework. To elucidate its origin, we 
carried out TD-DFT single-point scans as a function of the two 
dihedral angles linking pyrrolo-pyrrole core with C-substituents 
located at positions 2 and 5 and N-substituents located at positions 
1 and 4 (denoted as CN- and Ph-dihedral, respectively) based on the 
optimized ground-state geometry of ADA (Figure 3A and 3B, 
respectively). We find, in agreement with the optimized S1 structure, 
that the CN-dihedral is reduced to enhance conjugation along the 
ADA molecular axis thereby lowering the state in energy. 
Furthermore, we observe that the energy of the S1 state is 
independent of the Ph-dihedral angle in the Franck-Condon region, 
in agreement with no change in this coordinate between the 
optimized S1 and S0 structures (Figure 3B, singlet states). The initial 
S1 decay is thus only governed by the CN-dihedral (bond-length 
changes in coordinates expected for a ππ* transition that were not 
calculated). In contrast, the 2PA excited S3 state shows no 
dependence on either angle and is almost degenerate in energy to 
the S2 state. In light of the energetic proximity, it is reasonable to 
assume that S3 rapidly decays to S2 within the time-resolution of our 
fs-TA experiment (<150 fs). In S2, we retrieve a similar dependence 
on the CN-dihedral, as for S1, towards planarization. Surprisingly, 
the S2 state also displays a large gradient of the Ph-dihedral angle, 
favoring planarization along the orthogonal ADA molecular axis 
(Figure 3B, singlet states). The 2PA excited-state decay is thus likely 
determined by the interplay of the two perpendicular planarization 
coordinates, which energetically oppose each other due to steric 
interactions. 

We carried out the same single-point calculations for the triplet 
manifold of ADA (Figures 3A and 3B, triplet states) to investigate 

 

 
Figure 3. Energy levels of ADA as a function of the A cyanophenyl pyrrolo-pyrrole and B phenyl pyrrolo-pyrrole dihedral angle. Singlet state (left) and 
triplet state (right) energies are obtained at the MN15/def2-TZVP, cPCM (DCM) level of theory by concertedly adjusting both dihedral angles (∠N2-
C3-C4-C4 and ∠N2’-C3’-C4’-C5’ for the CN-dihedral or ∠C1-N2-C6-C7 and ∠C1’-N2’-C6’-C7’ for the Ph-dihedral). The remaining degrees of freedom were 
taken from the optimized ground-state structure (see supporting information for further discussion and Scheme 1 for numbering convention). The 
dashed grey vertical lines indicate the ground-state equilibrium value of the corresponding dihedral angle and solid arrows in the singlet plots indicate 
important potential energy surface gradients.  
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the density of triplet states as a function of their dihedral angle 
dependence. We find that only one triplet state is reasonably 
proximate in energy to S1, while we observe a drastically enhanced 
density of triplet states around the 2PA excited-state energy. 
Furthermore, the triplet states (T3 to T5, Figure 3B, triplet states) 
exhibit similar behavior as a function of the dihedral angle as for S2, 
suggesting that fast and efficient intersystem crossing from S3/S2 to 
the triplet manifold can promote decay following 2PA, ultimately 
resulting in an altered branching ratio into S1 and T2 compared to 
1PA.  

Our computational results provide compelling evidence for the 
notion that the S1 state, formed upon 2PA, is different in 
configuration along the Ph-dihedral coordinate as compared to 1PA 
excitation. This interpretation necessitates the presence of a 
rotational energetic barrier between the two proposed emissive 
conformers to avoid thermalization to a common S1 state. 
Commonly, such rotational barriers are located at dihedral angles of 
0 or 90 degrees relative to the donor core unit of ADA, which we 
cannot accurately describe within a TD-DFT framework. We note 
that multi-configurational computational studies are needed to 
obtain the complete potential energy surfaces of ADA along the key 
nuclear displacements; such intricate computational examination 
constitutes a separate study.  

While the experimental data fits a serial model, the calculations 
suggest that a more convoluted decay pathway may be operative at 
the earliest times (<150 fs), in which the initially photoexcited S3 
state either branches directly to the triplet manifold or undergoes 
internal conversion via S2 prior to intersystem crossing to T6. It is 
furthermore possible that re-intersystem crossing from a higher 
lying triplet state leads to population of the S1 state. The possibility 
of a complex interplay of different ultrafast decay channels involving 
the triplet manifold and different spin-orbital couplings (Figure 3), 
is most likely the cause for the formation of a different S1 state. 
Examination of the natural transition orbitals (NTOs) for all states 

shown in Figure 3 further suggests that these relaxation pathways 
strongly involve the pyrrole-N-bound phenyl moiety of ADA 
(Figure S5B). Combined with our experimental observations of 
Figures 1 and 2, we ascribe the structural origin for the observed 2PA 
dynamics to be due to population of S1 on a different configurational 
space on its potential energy surface, one that involves the phenyl 
pyrrolo-pyrrole dihedral angle, which is not manifested in the 1PA.  

From the results of time-resolved fluorescence, transient 
absorption spectroscopy and TD-DFT calculations, we may 
rationalize the excited-state dynamics of ADA (Figure 4). Following 
1PA to S1, the excited molecules may relax via fluorescence 
deactivation with minor intersystem crossing to the triplet state 
manifold. In contrast, population of S1 via 2PA occurs via dynamic 
relaxation through the S3 to S2 states and then rapid internal 
conversion to S1 on a different local minimum (indicated by S(2)

1 vs 
population of S(1)

1 via 1PA). If 2PA would lead to the same molecular 
configuration on S1 as for 1PA, we would expect identical 
fluorescence spectral profiles, transient absorption spectra, and 
transient decay kinetics in stark contrast to our observations (see 
Figures 1B and 2). ADA must consequently undergo critical changes 
during its decay after 2PA. Indeed, the TD-DFT simulations show 
that the S2 state can induce significant changes in the Ph-dihedral 
(perpendicular to the ADA axis) towards a smaller angle (Figure 3). 
Importantly, the S1 state has a flat potential surface with respective 
to the Ph-dihedral angle. The smaller Ph-dihedral angle induced on 
S2 state thus likely persist on the S1 state and hence generates the 
different S1 state compared to 1PA. When noting the density of 
triplet states lying close to the S3 and S2 (see Figure 3), another 
possible pathway includes molecules on S3 or S2 undergoing fast 
intersystem crossing to the triple state manifold, where the 
molecular structure subtly changes in a similar manner. To form the 
fluorescent emissive state, the molecules must return to a different 
S1 state through another intersystem crossing, otherwise, no 
fluorescence could be observed. We note that our results can also be 
rationalized as a photoselection effect whereby different ground-
state populations are photoexcited and subsequently locked in place 
on the excited state manifold, preventing thermalization on the S1 
surface. Further calculations are required to completely entangle the 
precise decay pathways.  

Different S1 states lead to distinct excited-state dynamics. As 
observed in Figure 2E for 1PA, after cooling and solvation, the S1 
signal (blue line) at 550 nm drops by 76% to the long-lived triplet 
state (green line) due to fluorescence. This is consistent with the 
0.78 fluorescence quantum yield measurement. The corresponding 
drop for 2PA is only 27% as shown in Figure 2F. The reduced drop 
of the 2PA case could result from two different scenarios: (1) The S1 
fluorescence quantum yield for at the different configurations S(1)

1 
and S(2)

1 are similar, but for 2PA excitation, the subsequently 
produced triplet state exhibits a ~3 fold enhanced ESA coefficient at 
550 nm compared to the singlet state (εT

(2PA)/εT
(1PA) = 73/24); (2) 

The triplet ESA coefficients remain similar for 1PA and 2PA, but the 
fluorescence quantum yield for the 2PA excitation is lower than that 
of 1PA excitation (η(1PA)/η(2PA) = 76/27). We propose case (2) 
because (i) it is unlikely that similar Franck-Condon factors would 
prevail for different configurations and (ii) the spectral line shapes 
of the ESA peak is perfectly matched for 1PA and 2PA transient 
absorption experiments. It is therefore unlikely that the triplet states 
formed after 2PA display a nearly 3-fold different absorption 
coefficient (εT). The experimental results thus are consistent with a 

 

 

Figure 4. Excited-state dynamics of ADA after 1PA and 2PA. The ADA 
molecules can access different fluorescent states S(1)

1 and S(2)
1 after 1PA 

and 2PA, leading to different fluorescence quantum yield (Φ(1)
F and 

Φ(2)
F), respectively. The difference likely results from unique molecular 

conformation change in the hot excited-states. 
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different configuration in the S1 state that is accessed by 2PA. 
Dynamics that engender these different configurations on S1, and 
hence different 1PA and 2PA fluorescence quantum yields, will be 
promoted by the higher conformational degree of freedom along the 
benzene ring rotation.  

We can now estimate the actual fluorescence quantum yield after 
2PA based on the ESA signal drop at 550 nm. Assuming the 76% 
signal drop extracted from the EADS (Figure 2) corresponds to a 
1PA fluorescence quantum yield 0.78, the 27% signal drop for 2PA 
indicates a fluorescence quantum yield of 0.28. Similarly, for ADA in 
CHX (see Figure S3), we estimate the 2PA fluorescence quantum 
yield to be 0.27 as opposed to its 1PA fluorescence quantum yield of 
0.63.24 This difference is in contradistinction to the often employed 
assumption that 1PA and 2PA fluorescence quantum yields are 
identical. Crucially, this assumption is typically used to determine 
the 2PA cross-sections of the studied chromophore.36,37,44 Based on 
our results for ADA, we believe that many 2PA cross-sections 
reported over the last decades may need to be re-evaluated to 
discount possible distortions leading to fluorescence loss-channels 
arising from excited state dynamics. This will be particularly critical 
for quadrupolar, centrosymmetric molecules, such as ADA, which 
are work-horses for 2PA applications. We remark that the reported 
2PA cross-sections for ADA were not obtained using a well-
characterized reference 2PA dye.24,44 Our results highlight that the 
emitting states may differ from 2PA reference dyes depending on 
their excited state dynamics properties. Further studies are needed 
to establish the generality of this behavior, especially for centro-
symmetric, quadrupolar two-photon chromophores. 

We have conducted time-resolved fluorescence and broadband 
femtosecond transient absorption spectroscopy for ADA under 1- 
and 2PA in a polar and a non-polar solvents. We observed a 
prolonged fluorescent state lifetime accompanied by spectral 
broadening under 2PA compared to 1PA, suggesting that emission 
occirs from the S1 state for both 1PA and 2PA but from different 
positions on the potential energy surface owing to dynamics; this 
results in different fluorescence properties of 1PA and 2PA excited 
molecules. Similarly, transient absorption shows significant 
differences between 1PA and 2PA excitations, whereby the 1PA 
fluorescent state is mostly depopulated by fluorescence while the 
2PA fluorescence state is depopulated predominantly by 
intersystem crossing, which we attribute to a different configuration 
of ADA on S1. Our study highlights the importance of correctly 
characterizing the nature of the fluorescent state after two- or 
multiphoton excitation based on spectral characterization and 
temporal observation of the excited-state dynamics. Furthermore, 
our results suggest that, depending on the specific application, the 
optical properties of ADA fluorophores could be significantly 
improved by targeted engineering of the rates for fluorescence and 
intersystem crossing.  
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Materials and Methods 

Sample Preparation. ADA was synthesized according the published procedure.1 The purified 
sample was dissolved in either dichloromethane (DCM) or cyclohexane (CHX) in aerobic 
condition at room temperature. UV-vis spectra were measured with a Varian Cary 5000 UV-vis-
NIR spectrometer. For spectroscopic measurements, the samples were filtered (0.2 µm PTFE 
filter) and diluted to concentration of ~15 µM and ~5 µM in DCM and CHX, respectively.   

Steady-State Emission Measurements. The steady-state emission spectra were measured by a 
Photon Technology International (PTI) QM4 fluorimeter equipped with a 150 W Xe arc lamp as 
excitation light source and a dry ice cooled photomultiplier tube (PMT) as the detection unit. 
Samples were contained in a 1-cm quartz cuvette. The OD at the excitation wavelength of 360 nm 
was 0.11 for CHX samples and 0.278 for DCM samples. 

Time-Resolved Fluorescence Spectroscopy. Time-resolved fluorescence emission was collected 
using a Hamamatsu C4334 Streak Scope camera2 at 90 degrees with a pump at either 360 nm or 
720 nm provided by a femtosecond noncollinear optical parametric amplifier (see femtosecond 
transient absorption setup section for more details). The pump pulse energy was set to 60 nJ and 
25 µJ for excitation at 360 nm and 720 nm, respectively. The excitation beam has a diameter of 
~600 µm at its full-width-half-maximum. The samples were the same as used in the steady-state 
emission measurement and stored in a 1-cm quartz cuvette (OD ~ 0.11 and 0.278 (λexc = 360 nm) 
for ADA in CHX and DCM, respectively). The obtained spectral intensities were not corrected for 
the wavelength-dependent collection efficiency of the respective setups, but the experiments were 
conducted under the same conditions such that a direct comparison of the spectra after 1PA and 
2PA is not affected. The detected fluorescence signal followed a linear power dependence in 1PA 
and a square power dependence in 2PA.  

The time-resolved emission decay (Figure 1B and Figure S1B) was fitted with a single exponential 
function convoluted with the instrument response function (IRF), showing as the following:  

𝑆𝑆 = 𝑒𝑒− 𝑡𝑡𝜏𝜏⨂𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒 

where, t is time, τ is the exponential decay time constant, IRF is a Gaussian function with full 
width half maxim (FWHM), and a possible baseline, 

𝐺𝐺(𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹, 𝑡𝑡) =  2�ln (2)
√𝜋𝜋 × 𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹

× exp (−�
2�ln (2) × 𝑡𝑡
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 �

2

) 

The overall signal can be written as the following: 

𝑆𝑆 = 𝐴𝐴𝑒𝑒
�� 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
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) + 𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒 
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A is an amplitude factor and erfc is the complementary error function. As shown in Figures 1B 
and S1B, the baseline is negligible in the fitting. FWHM was determined to be 450 ps, by fitting 
the light scattering near the excitation wavelength while using pure solvent.  

Estimation of Self-Absorption Effects for Time-Resolved Emission Spectra. Self-absorption is 
commonly observed for samples with overlapped absorption and emission spectra. This effect will 
change the emission spectrum if the sample is strongly absorbing. We note that this is not the case 
for the study here. At the excitation wavelength of 360 nm, the absorbance of the sample in 
cyclohexane is 0.11 and in DCM the absorbance is 0.278. We use Cormier’s analysis3 to determine 
perturbations introduced by self-absorption. The cyclohexane sample, with an excitation 
absorbance of 0.11, shows no discernible self-absorption. Thus we report only on ADA in DCM. 

We analyze the self-absorption effect and correct the emission spectrum for the most extreme 
condition, where 1PA is exciting the solution at the incident surface due to the “strong” absorption, 
and 2PA is exciting the solution at the center of the 1-cm cuvette due to the weak absorption, and 
the focusing position at the center of the cuvette (see Figure S2A). To have the largest difference 
for self-absorption between 1PA and 2PA, we use optical path length (L) of L1PA= 0.71 cm and 
L2PA= 0.5 cm (see Figure S2A). Note that this case does not apply to ADA in DCM as the 1PA 
absorbance at 360 nm is 0.278; with a 1 cm pathlength, this optical density (OD) corresponds to a 
total absorption of 47% of the incident light; thus the excitation volume under 1PA is definitely 
not at the surface of the cuvette. Nonetheless, we will apply the most extreme analysis conditions, 
shown in Figure S2A to ADA in DCM and the following correction will over-estimate the self-
absorption effect.  

Cormier’s analysis3 begins by relating the intensity of the emission spectrum to Beer’s Law, 

𝐼𝐼0(𝜆𝜆) = 𝐼𝐼(𝜆𝜆)10𝜀𝜀(𝜆𝜆)𝑐𝑐𝑐𝑐 

where 𝐼𝐼0(𝜆𝜆) is the emission intensity from the excitation volume (the true emission intensity), 
𝐼𝐼(𝜆𝜆) is the directly measured emission intensity with self-absorption effect, 𝜀𝜀(𝜆𝜆) is the molar 
extinction coefficient, c is the concentration, and 𝐿𝐿(𝜆𝜆) is the optical path length. Therefore, for 
1PA,  

𝐼𝐼0,1𝑃𝑃𝑃𝑃(𝜆𝜆) = 𝐼𝐼1𝑃𝑃𝑃𝑃(𝜆𝜆)10𝜀𝜀(𝜆𝜆)𝑐𝑐𝑐𝑐1𝑃𝑃𝑃𝑃 

and for 2PA, 

𝐼𝐼0,2𝑃𝑃𝑃𝑃(𝜆𝜆) = 𝐼𝐼2𝑃𝑃𝑃𝑃(𝜆𝜆)10𝜀𝜀(𝜆𝜆)𝑐𝑐𝑐𝑐2𝑃𝑃𝑃𝑃 

The corrected and uncorrected emission spectra for ADA in DCM is plotted in Figure S2B. We 
note that the correction is manifest only at the blue edge of the emission, in the 0,0 transition 
regime where the absorption and emission spectra would overlap. At longer wavelengths, self-
absorption is absent. Indeed, for the concentrations of ADA used in DCM, self-absorption is 
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minimal at wavelengths greater than 443 nm as the absorbance is less than 0.1. These results 
suggest that the differences between 1 PA and 2PA spectra, namely the broadening of the 2PA 
spectrum relative to the 1PA spectrum, is not due to self-absorption.  

Nanosecond Transient Absorption Spectroscopy. The nanosecond time-resolved transient 
absorption spectroscopy setup was previously reported.4 Briefly, a pump pulse was generated by 
a Quanta-Ray Nd:YAG laser (SpectraPhysics) providing 3rd harmonic at 355 nm with a repetition 
rate of 10 Hz and pulse width of ~10 ns (FWHM). The pump pulse energy was set to ~0.4 mJ and 
beam size is ~2 mm in diameter. Probe light was generated by a 75 W Xe-arc lamp and partially 
selected by a 2 mm diameter pinhole. Both pump and probe were focused and overlapped on the 
sample with ~15° angle. The sample was flowed through a 1 cm path-length flow cell (Starna 
Cells) to prevent sample damage. Single-wavelength transient absorption traces were detected by 
a PMT and recorded by a 1 GHz oscilloscope (LeCroy 9384CM). 

Broadband Femtosecond Transient Absorption Spectroscopy. The broadband femtosecond 
transient absorption setup is based on a previously reported single-shot probe-referenced transient 
absorption design.5 A Ti:Sapphire regenerative amplifier (Coherent Libra-HE) provides 3 W 
fundamental pulses (800 nm, ~50 fs) at 1 kHz. An OPerA SOLO (Coherent) is seeded with 2 W 
of the fundamental to provide pump pulses at 720 and 360 nm. The pump pulses were subsequently 
aligned onto a 1.7 m computer-controlled, motorized translation stage (Aerotech ATS62150, U100 
controller) equipped with a hollow retro-reflector (Newport) followed by an ultrabroadband 
polarizer and λ/2 waveplate (Thorlabs) to produce linearly polarized pulses at magic angle with 
respect to the probe pulse. The pulse duration at the sample for the 720 nm pump pulse was 
determined to be ~60 fs based on frequency-resolved optical gating.6 The 360 nm pump pulse has 
a duration of ~120 fs based on the bleach rise time in our 1PA transient absorption experiments. 
We thus conservatively estimate a time-resolution of <150 fs in our experiments. The pulse energy 
was set to 60 nJ and 1 μJ for pump pulses at 360 and 720 nm, respectively. The detected transient 
absorption signals were verified to follow a linear power dependence in 1PA and a square power 
dependence in 2PA. 

Chirped white light pulses were generated by focusing a fraction (~1 mW) of the remaining laser 
output (f = 100 mm, Thorlabs) into a 5 mm calcium fluoride (CaF2) that was continuously 
translated back-and-forth perpendicular to the input beam to avoid thermal damage. The generated 
pulses were reflectively collimated (f = 50 mm, Thorlabs) and aligned onto a 15 mm translation 
stage (PhysikInstrumente, M-111.DG, Mercury DC controller). A notch filter (EKSMA, VEI6053) 
removed the residual fundamental and the white light pulses were subsequently sent onto a 
broadband reflective neutral density filter (Thorlabs, NDUV04B) to generate probe (reflected) and 
reference (transmitted) pulses of approximately equal intensity.4 The setup was tested to be shot-
noise limited down to 1 μOD. 

Pump, probe and reference pulses were reflectively focused into the sample (f = 200 mm) to yield 
Gaussian beams with diameters (full-width-half-maximum) of 70 μm (pump) and 40 μm 
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(probe/reference). The transmitted probe and reference pulses were subsequently collimated 
reflectively (f = 200 mm) before being send into a home-build fused-silica prism (OptoSigma, 
DPSQ-20-10H) spectrograph (f = 250 mm) equipped with two 16 bit, 512 pixel charge-coupled 
devices (Hamamatsu S7030-0906). Data acquisition was enabled by a custom-build interface 
board from Entwicklungsbüro Stresing. Differential normalized transmittance signals were 
collected on shot-to-shot basis with the pump chopped at 500 Hz.  

The same home-build sample cell was used for all experiments with a path-length of 500 μm 
adjusted by Teflon spaces mounted between two BK7 round cover-glasses (thickness ~110 μm). 
The sample was flowed through the cell in a gravity-driven configuration to reduce peristaltic 
pump-induced signal fluctuations.7 The ADA concentrations were ~200 µM and ~50 µM in DCM 
and CHX, respectively, but because of the smaller pathlength, optical densities are significantly 
lower than that of the samples used in the steady-state emission and the time-resolved emission 
measurements. 

A single transient absorption trace consisted of 200 collected probe shots, resulting in 100 
differential spectra, which were averaged for each time point. Data presented in this study was 
obtained by recording 60 transient absorption traces and averaging the results. Long data sets (>3 
ps) were recorded by temporally adjusting the pump pulse, while short data sets (<3 ps) were 
recorded by probe-translation for higher temporal accuracy. Both datasets were combined in 
Figures 2 and S2 and subtracted for the solvent response under identical experimental conditions. 

Computational Methods. Quantum-chemical calculations were performed with Gaussian 168 
using density-functional theory (DFT). Tight geometry optimizations were carried out at the 
MN15/def2-TZVP level of theory including a continuum polarizable continuum model (cPCM) 
for the solvent (DCM), which accurately reproduces the structure of ADA based on 
crystallographic and computational results.8 Frequency calculations verified the optimized 
structure (no negative frequencies). To speed up calculations marginally, we replaced the methyl 
substituent on the N-bound phenyl groups with Hydrogen atoms. The corresponding frontier 
molecular orbitals are illustrated in Figure S5A. 

Time-dependent DFT at the same level of theory calculated the lowest 15 singlets and triplet states 
and was used to generate natural transition orbitals (NTOs) for the lowest three singlet states 
(Figure S5B). In agreement with previous gas-phase calculations on a reduced ADA molecule, the 
first two singlet transitions correspond to optically allowed transition from HOMO → LUMO and 
HOMO–1 → LUMO (Figure S5B, blue), while the third excited singlet state can be assigned to 
the optically forbidden, but two-photon absorption allowed transition HOMO → LUMO+1 (Figure 
S5B, orange). To choose a proper functional to correctly assess the photochemical properties of 
molecules, we verified that the MN15 functional in combination with the cPCM model compares 
well with previous studies9 both in terms of ground state and excited state properties and 
adequately reproduces the crystal structure of ADA. Together these results suggest that the choice 
of the MN15 functional is appropriate for our work. 
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Steady State Emission Spectra 
 

  
Figure S1. A Steady state emission spectrum of ADA in CHX (black circles) and a fit (red line) 
with 4 gaussian functions with same width. The peak position of each gaussian component was 
labelled accordingly.  B Time-resolved fluorescence decay integrated from 420 to 520 nm of ADA 
in CHX after 1PA (360 nm, blue) and 2PA (720 nm, red). Solid lines indicate single-exponential 
model fittings with a lifetime of 590 ps for 1PA (blue) and 670 ps for 2PA (red). The time-
integrated fluorescence spectrum is shown in the inset. The raw data (opaque) is also shown and 
was smoothed by 5-point moving average. The different spectrum profile compared to the steady-
state fluorescence spectrum (Figure 1A in the main context) is due to calibration differences but 
does not affect our comparison (see previous time-resolved fluorescence spectroscopy).  
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Figure S2. Estimation of self-absorption effect to the observed difference of emission spectra 
under 1PA and 2PA conditions. A Scheme showing an extreme condition with strong inner-filter 
effect for 1PA and no inner-filter effect for 2PA (see spectrum correction method). The colored 
circles show the excitation volume in the solution. B Corrected and uncorrected emission spectra 
(see above) for ADA in DCM under 1PA and 2PA conditions. The self-absorption only slightly 
deceases the emission intensity at the blue side shorter than 450 nm. The difference of the emission 
spectra under 1PA and 2PA remain similar before and after correction.  
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Broadband Femtosecond Transient Absorption Spectroscopy of ADA in CHX 

Figure S3A and S3B show the broadband transient absorption spectra for ADA in CHX after 1PA 
(360 nm) and two 2PA (720 nm), respectively. The overall transient absorption signal is weaker 
than that observed in DCM due to limited solubility of ADA in CHX. The excited-state absorption 
(ESA), the stimulated emission (SE) and the ground-state bleaching (GB) were also similar to that 
observed in DCM. Figure S3C and S3D show the time evolution of the transient absorption signal 
observed at selected wavelengths for ADA after 1- and 2PA, respectively. The initial signal rises 
in ~1 ps and ~20 ps are due to cooling and solvation. As observed for ADA in DCM, all signals 
dropped over 60% after 1PA within 1 ns. After 2PA, the ESA and SE signal drops marginally, but 
the GB remains constant. We globally fitted the broadband transient absorption spectra (Figure 
S3A and S3B) with a serial A→B→C→D→ model for the 1PA and a serial A→B→C→ model 
for 2PA. The fitted results are illustrated by the solid lines in Figure S3C and S3D and the 
evolution-associated difference absorption spectra (EADS) are shown in Figure S3E and S3F. The 
corresponding fitting results for 1PA match previous reports.10  

For 2PA, we do not observe obvious initial fast transient response within 1 ps (note the constant 
signal in the first 2 ps in Figure S3D), allowing us to only fit three components to adequately 
describe the data. We fixed the longest decay constant (670 ps from the fluorescence decay fitting 
in Figure S1) to achieve the best fitting quality as shown in Figure S3E and S3F. Generally, we 
observed similar excited-state dynamics for ADA in CHX and DCM. Following 1PA, the 
fluorescent excited state is predominantly depopulated due to fluorescence and intersystem 
crossing is minor, while following 2PA, this trend is reversed. 

 

Figure S3. Femtosecond transient absorption spectroscopy of ADA in CHX. Broadband transient 
absorption spectra of ADA in CHX after A 1PA at 360 nm and B 2PA at 720 nm. Temporal 
evolution of representative transients characterizing the ESA (550 nm, red), SE (460 nm, green) 
and GB (390 nm, blue) for ADA after C 1PA and D 2PA. Solid lines show a global fit 
(A→B→C→D→ or A→B→C→ model). Retrieved evolution-assisted decay spectra for E 1PA 
and F 2PA. Associated time constants are indicated in the legend. 
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Nanosecond Transient Absorption Spectra 

 

 

Figure S4. Nanosecond transient absorption at 560 nm for ADA in DCM (black) and CHX (red). 
Solid lines show single-exponential fits and the corresponding fitted lifetimes (τ) are 390 ns and 
220 ns for ADA in DCM and CHX, respectively. 
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Computational Results 

 

 
Figure S5. Computational overview of relevant orbitals and transition orbitals. A 3 highest energy 
occupied and lowest unoccupied molecular orbitals (HOMO, LUMO). B Natural transition orbitals 
for transitions to the first three excited singlet state. Symmetries of the displayed orbitals are 
indicated. Contribution probabilities for the transitions are given, as well as the (1PA) oscillator 
strengths. Blue denotes one-photon allowed transitions, while orange refers to two-photon allowed 
transitions based on symmetry. 
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