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Abstract
The phenomenon of photoacidity, i.e., an increase in acidity by several orders of magnitude upon electronic excitation, is 
frequently encountered in aromatic alcohols capable of transferring a proton to a suitable acceptor. A promising new class 
of neutral super-photoacids based on pyranine derivatives has been shown to exhibit pronounced solvatochromic effects. 
To disclose the underlying mechanisms contributing to excited-state proton transfer (ESPT) and the temporal characteris-
tics of solvation and ESPT, we scrutinize the associated ultrafast dynamics of the strongest photoacid of this class, namely 
tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-hydroxypyrene-1,3,6-trisulfonate, in acetoneous environment, thereby finding exper-
imental evidence for ESPT even under these adverse conditions for proton transfer. Juxtaposing results from time-correlated 
single-photon counting and femtosecond transient absorption measurements combined with a complete decomposition of 
all signal components, i.e., absorption of ground and excited states as well as stimulated emission, we disclose dynamics of 
solvation, rotational diffusion, and radiative relaxation processes in acetone and identify the relevant steps of ESPT along 
with the associated time scales.

Graphical abstract

1  Introduction

Upon electronic excitation, so-called photoacids show a 
higher acidity, i.e., a higher tendency to release an acidic 
proton, caused by changes in the molecule's electronic 
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distribution that in turn affect corresponding hydrogen 
bonds. In 1965, Trieff and Sundheim introduced the term 
excited-state proton transfer (ESPT) [1]. However, more 
than 30 years earlier, it was Weber who observed that 
changing the pH value in a solution containing 1,4-naph-
thylaminosulfonate leads to changes in the corresponding 
fluorescence spectrum, while leaving the absorption spec-
trum unaltered [2]. A few years later, Förster was able to 
assign this phenomenon to a difference in the protolytic 
equilibria in the molecular electronic ground and excited 
state, respectively. Consequently, he introduced the so-
called Förster cycle which explains the basic processes 
occurring in photoacid systems [3, 4]. For these molecules, 
which are typically weak acids in their ROH form, elec-
tronic excitation decreases the pKa value by several orders 
of magnitude. The Förster cycle illustrates the existence 
of two different species in the excited state, namely the 
ROH* and the RO–* species, whereby the asterisk denotes 
the excited state. Their different energetic positions give 
rise to two separate emission bands for relaxation back to 
the respective ground states. Given that the pKa value is 
known, the Förster cycle directly reveals the pKa* value of 
the photoacid system. If the pKa value is unknown, how-
ever, still the change in acidity upon photoexcitation can 
be evaluated [5].

ESPT is always linked to the presence of a suitable accep-
tor such as a polar solvent molecule. Most studies on ESPT 
were conducted in aqueous environment which allows to 
study even weak photoacids due to its extraordinary good 
ability to stabilize a proton [6–9]. One special type of pho-
toacids are so-called super-photoacids which are character-
ized by negative pKa* values (in water) [10–12]. This class 
of molecules allows the study of ESPT in various polar sol-
vents, because the photoacids are so strong that they are 
able to transfer the proton to less good acceptor molecules, 
e.g., dimethyl sulfoxide (DMSO) [12–18]. Many studies 
on super-photoacids have also been carried out in solvent 
mixtures, for instance in water–methanol mixtures [19], 
water–acetonitrile mixtures [20], or water–acetone mixtures 
[21]. Importantly, time-resolved experiments have made it 
possible to follow ESPT on its actual time scale [13, 22, 23].

We focus on previously synthesized and spectroscopically 
characterized neutral super-photoacids derived from pyra-
nine (8-hydroxy-1,3,6-pyrenetrisulfonate, HPTS), a pH-sen-
sitive fluorescent dye from the group of arylsulfonates, with 
the modified molecules differing in their substituents at the 
aromatic pyrene core [14–16]. HPTS and related photoacids 
with pyrene centers were extensively studied by different 
time-resolved spectroscopic techniques in various environ-
ments [24–48] and also with regard to aspects of proton 
transfer mechanisms to a co-solute base [49–61]. Recently, 
also the ultrafast dynamics of super-photobases have been 
reported. [62–64]

The neutral super-photoacids exhibit electronic transitions 
in the VIS spectral region, thus being promising candidates to 
study proton transfer on the single-molecule level [65, 66] where 
UV excitation light typically leads to unwanted background 
signals. Furthermore, the compounds combine high photosta-
bility and high solubility, thus making them applicable as pH 
sensors in biological systems just like HPTS [67, 68]. Steady-
state measurements and solvatochromic analysis revealed that 
intramolecular charge transfer on the photoacid side correlates 
best with the observed photoacidity. The present study deals 
with ultrafast dynamics of the strongest photoacid out of this 
series [14–16], namely tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-
hydroxypyrene-1,3,6-trisulfonate (molecular structure sketched 
in Fig. 1c), which exhibits a high fluorescence quantum yield 
(91% in DMSO) [15] and excellent photostability. Owing to the 
strongly electron withdrawing sulfonic ester groups, the mole-
cule exhibits in water an increase in acidity in the excited state of 
eight logarithmic units, i.e., orders of magnitude, as is reflected 
in the reported values pKa = 4.4 and pKa* = –3.9, respectively 
[14]. Hence, ESPT is also possible in solvents which exhibit a 
low polarity and are rather weak hydrogen-bonding acceptors. 
While many photoacids do not transfer a proton to the solvent 
DMSO upon excitation, the system investigated here does so 
even in acetone [14, 15, 21]. While previous studies have shown 
that a complex of the photoacid with a hydrogen-bond accepting 
molecule as well as a hydrogen-bonded ion pair have to be taken 
into account as intermediates to describe the emission dynamics 
conclusively [21, 69, 70], these intermediates are not identified 
in neat acetone; rather, analysis of emission data in neat acetone 
pointed towards solvation dynamics on the ps time scale and 
ESPT described by basically one time constant [21]. Here, we 
extend the time-resolved studies of this particularly strong super-
photoacid to unravel the ultrafast dynamics in the aprotic solvent 
acetone by combining time-correlated single-photon counting 
(TCSPC) and femtosecond transient absorption (fsTA) data. In-
depth analysis allows a conclusive description and an illustrative 
modeling within a reaction scheme considering proton-transfer 
dynamics in the ground and excited state.

2 � Materials and methods

2.1 � Sample preparation and basic spectroscopic 
characterization

The synthesis of tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-
hydroxypyrene-1,3,6-trisulfonate and of the methylated 
analogue was performed according to References [14, 15]. 
For sample preparation, acetone (anhydrous and of spectro-
photometric grade) and trifluoroacetic acid (TFA, 99%) were 
used as received. For the measurement of linear absorp-
tion spectra, a JASCO V-770 spectrophotometer was used. 
Absorption spectra shown in Fig. 1b were recorded in situ 
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Fig. 1   Fluorescence dynamics of the examined super-photoacid in 
acetoneous environment for two different acid-base equilibria. a Pho-
tograph of a neutral (orange) and an acidic (green) solution of the 
photoacid. b Absorption spectra of the neutral (orange) and acidic 
solution (green) used in the TCSPC experiments (note that spectra are 
corrected for solvent contributions). In addition, the emission spectra 
of the excitation laser diodes are indicated in gray. c Molecular struc-
ture of the investigated photoacid, with sulfonic ester moieties in red 
and hydroxyl group in blue, below, the one-step model used for fitting 

to the data. TCSPC data is displayed for: d neutral solution, excited 
at 561  nm; e neutral solution, excited at 405  nm; f acidic solution, 
excited at 405  nm. g–i Time-resolved emission spectra taken from 
graphs d–f. The spectra are normalized to the emission at 576 nm in 
the case of g or to the emission at 486  nm in the case of h and i, 
respectively; note that the individual curves in g are coinciding within 
experimental error. j–l Normalized temporal emission profiles at 
480 nm (black, fit shown in magenta) and 576 nm (black, fit shown in 
cyan) taken from graphs d–f 
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in a 2 mm Suprasil cuvette before acquiring TCSPC data 
(see below).

2.2 � Time‑correlated single‑photon counting 
(TCSPC)

Fluorescence lifetimes of the ROH* and RO–* form were 
measured by TCSPC under magic-angle conditions [71, 72] 
in 90° geometry with a commercial setup (FluoTime 200 
with a TimeHarp 260 correlation unit and a PMA-C-182-M 
photomultiplier detector assembly, Picoquant). For excita-
tion, either a 405 nm (LDH-P–C-405) or a 561 nm (LDH-D-
TA-560) pulsed diode laser (driven by a PDL-800-B oscil-
lator module; Picoquant) was used at a repetition rate of 
10 MHz. The optical density along the excitation path of 
the samples was well below 0.15 in order to minimize re-
absorption of fluorescence photons. The instrument response 
function (IRF) was recorded by replacing the sample with 
a Ludox suspension revealing an overall time resolution of 
ca. 300 ps (FWHM) for both excitation wavelengths. Spectra 
were recorded in a cuvette with a pathlength of 2 mm. Life-
times were determined using a custom-built Matlab fitting 
routine, taking into account the instrument response function 
and background.

2.3 � Transient absorption spectroscopy

A regenerative Titanium:Sapphire (Ti:Sa) amplifier (Spitfire 
Ace; Spectra Physics: 1 kHz, 800 nm, 100 fs) was used to 
pump a commercial noncollinear optical parametric ampli-
fier (NOPA, TOPAS White; Light Conversion). To selec-
tively excite the ROH or the RO– form of the photoacid, the 
latter was tuned to generate 445 nm or 575 nm pump pulses 
having energies of 500 nJ or 350 nJ at the sample position, 
respectively. Supercontinuum probe pulses were generated 
in a linearly moving CaF2 plate and used with polarization 
under magic angle (54.7°) with respect to the one of the 
pump pulses. Recording changes in optical density from 
pairs of subsequent laser shots was enabled by using a grat-
ing spectrograph (Acton SP2500i; Princeton Instruments) 
combined with a two-dimensional CCD camera (Pixis 2 K; 
Princeton Instruments) with an acquisition rate of 1 kHz 
and mechanically chopping every second pump pulse [73, 
74]. When pumping at 445 nm, different absorbances of the 
investigated solutions were considered by globally scal-
ing the dataset of the neutral solution with respect to the 
strength of the ground-state bleach signal observed for the 
acidic solution at 445 nm immediately after time zero. For 
measurements of anisotropy, a similar fsTA setup based on 
a Ti:Sa amplifier (Libra; Coherent: 1 kHz, 800 nm, 100 fs) 
was employed, using a collinear optical parametric amplifier 
(OPA, TOPAS-800-fs; Light Conversion) pumped at 800 nm 
as pump source and CaF2 (5 mm) supercontinuum pumped 

at 800 nm as probe source. Two complementary high-speed 
spectrographs (EB Stresing) for signal and reference record-
ing were used. Pump and probe polarizations were set to 0°, 
54.7°, and 90°, respectively. Here, the pump energies at the 
sample position were 250 nJ or 400 nJ when using 405 nm 
or 575 nm, respectively.

The chirp of the supercontinuum probe was removed 
from fsTA data [71]. Due to high photostability and the 
characteristic time scales, exchanging the sample volume 
between subsequent pump pulses was not necessary. Hence, 
fsTA data were recorded in a sample cell with fixed volume 
(Suprasil, 200 µm or 1 mm path length). Photostability was 
verified by recording linear absorption spectra before and 
after the fsTA experiment without observing any change.

3 � Results

For disclosing the ultrafast reaction dynamics, the photoacid 
is investigated with TCSPC and fsTA. With each technique, 
two solutions with differing ground-state equilibria are 
examined, whereby significantly lower sample concentra-
tions are chosen for the TCSPC measurements to avoid re-
absorption of fluorescence photons. For simplicity, the solu-
tions are called “neutral” (without TFA, orange) or “acidic” 
(with additional TFA, green) in the following (see also 
Fig. 1a). To avoid confusion, we note that the neutral form 
of the photoacid predominates in the case of the “acidic” 
sample, because the nomenclature refers to the additional 
acidification of the solution.

3.1 � TCSPC

The results from our TCSPC experiments are summarized 
in Fig. 1. The absorption spectra shown in Fig. 1b illustrate 
that acidification via addition of TFA shifts the photoac-
id's ground-state equilibrium from the RO– form (575 nm) 
towards the ROH form (445  nm). In other words, one 
observes a transition from a mainly deprotonated ensemble 
of ground state molecules (orange curve) to the ensemble of 
fully protonated molecules in the ground state (green curve). 
Both neutral and acidic solutions are studied upon excita-
tion with 405 nm light, the former is furthermore studied 
with 561 nm excitation. For modeling the experimental find-
ings, we use a simplified rate model based on the Förster 
cycle (Fig. 1c), in which both ROH and RO– can be directly 
excited. The model accounts for ROH* which either relaxes 
towards the ROH state with rate krad or transfers a proton 
with rate kPT leading to RO–* molecules which eventually 
can relax towards the RO– form with rate k′rad. RO–* can 
also be formed directly by excitation of RO– and decays 
back to the ground-state with k′rad as well. The individual 
populations right after excitation depend on both the pump 
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wavelength and the sample under study. Geminate recom-
bination (rate krec) is omitted, the occurrence of ESPT is 
therefore reflected in the dynamics with rate krad + kPT.

By illuminating the neutral solution with 561 nm light, 
only the RO– form is excited. The corresponding fluores-
cence originating solely from RO–* is recorded from 568 
to 700 nm (Fig. 1d). When normalizing these time-resolved 
emission spectra (Fig. 1g), they exhibit an identical shape. 
Hence, there are no spectral shifts and identical dynam-
ics are observed for all emission wavelengths, exemplarily 
shown in Fig. 1j for 576 nm. A mono-exponential fit to these 
data already yields a good agreement (adjusted R2 = 0.9982). 
However, best results are obtained when an additional sub-ns 
exponential component is included (adjusted R2 = 0.9999). 
While this is at the limit of the temporal resolution of the 
TCSPC device, it indicates that there are short-lived dynam-
ics taking place as well, entailing subsequent investigations 
with fsTA (vide infra). For the ns decay time, a time constant 
of k′rad

−1 = 6.9 ns is found.
Figures 1e, f display the fluorescence dynamics obtained 

after exciting the neutral or acidic solution with 405 nm 
light, respectively. Under these conditions, the excitation 
additionally confirms the existence of ROH* as a fluorescent 
species, whereby the anion's fluorescence (575 nm) is shifted 
towards longer wavelengths compared to the free photoacid 
(emitting in the spectral region around 480 nm). Again, the 
data are also visualized by time-resolved emission spectra 
(Fig. 1h, i), this time after normalizing each individual spec-
trum to the ROH* fluorescence at 486 nm. A comparison 
of these spectral profiles discloses that the ROH* fluores-
cence signal is higher relative to the one of RO–* when using 
a solution with a higher degree of acidification [21]. The 
normalized representation reveals that the emission in the 
region around 480 nm slightly red-shifts with time. On the 
one hand, this originates from the superposition with the 
RO–* emission and possible solvent rearrangement. On the 
other hand, the data of Fig. 1h, i also indicate the presence 
of ion-pair signals, since emission from ion pairs which have 
not separated completely usually appears in the spectral 
region around 550 nm for this photoacid (as e.g. observed 
in previous studies with water admixtures [21]), however, 
an identification of the involved cation is not possible from 
the data.

For both solutions under 405 nm excitation, the ROH* 
fluorescence signal appears within the time resolution of the 
experimental apparatus and decays in a mono-exponential 
manner with a time constant of 4.0 ns, as is evident from the 
emission at 486 nm (black data with magenta fit in Fig. 1k, l, 
adjusted R2 = 0.9983 and 0.9995, respectively). Noteworthy, 
due to matching time constants for both solutions, putative 
traces of water seem negligible, as additional water has a 
more severe effect on the dynamics in neutral than in acidic 
solution [21]. In contrast, the temporal profiles associated 

with the RO–* emission monitored at 576 nm (cyan curves) 
are not identical (Fig. 1k, l). The total amount of fluorescing 
deprotonated molecules [RO–*](t) is given by the contribu-
tions of excited deprotonated molecules, which are formed 
by ESPT from ROH* ([RO–*]ESPT), and of directly excited 
RO– molecules ([RO–*]direct):

where the rate constants correspond to those from Fig. 1c 
(with krec set to zero). The first term thus describes 
a contribution that exhibits an exponential rise time 
� = (k

rad
+ k

PT
)−1 ≈  4.0  ns and a subsequent exponen-

tial decay with k�−1
rad

 , whereas the second term describes a 
direct exponential decay with k�−1

rad
 , resembling the direct 

RO–* emission displayed in Fig. 1j with k�−1
rad

 = 6.9 ns. The 
ratio x =

[

RO
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]
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direct
 of these two contribu-

tions, determined with the same fit model comprising fixed 
values of (k

rad
+ k

PT
)−1 = 4.0 ns and k�−1

rad
 = 6.9 ns, is dif-

ferent for the data measured in neutral (Fig. 1k, x = 0.08, 
adjusted R2 = 0.9985) and acidic (Fig. 1l, x = 1.44, adjusted 
R2 = 0.9995) solution, respectively, as a consequence of the 
different initial concentrations of ROH or RO– in the two 
samples.

3.2 � Transient absorption

The fsTA of the neutral solution after selective excitation of 
the RO– form with pulses spectrally centered at 575 nm is 
displayed in Fig. 2a. We observe negative signatures around 
575 nm originating from the ground-state bleach (GSB) of 
the RO– absorption as well as stimulated emission (SE) of 
the RO–* form, and a positive signature centered around 
450 nm reflecting the excited-state absorption (ESA) of the 
RO–* form. All signals are formed directly after time zero 
and decay with identical time constants. Importantly, the 
observed dynamics do not contain any spectral signatures 
of the ROH form, hence the excitable RO– are not in close 
proximity to a molecule that could transfer a proton (as, 
e.g., in the case of contact ion pairs in the electronic ground 
state).

Figure 2c illustrates the fsTA of the acidic solution after 
excitation at 445 nm. Negative signals originating from 
the GSB of the ROH absorption between 375 and 450 nm 
are observed, as well as two positive signatures appearing 
at 340 nm and 470 nm reflecting the ESA of the ROH* 
form (for a discourse on the latter signal, see Subsection 
“Approach to Disassemble the fsTA Data”). Since we do not 
observe any GSB signal at 575 nm directly after the pump 
interaction, we can infer that only the ROH form is excited 
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in this measurement. As observed in Fig. 2a when exciting 
the base form only, both ESA and GSB signals are formed 
directly after time zero and decay on the same time scale. 
Within the first few picoseconds, spectral shifts imprinted 
in the ESA signal and the GSB are present, after which a 
negative signal is observable around 550 nm. After several 
hundreds of picoseconds, a pronounced negative signal at 
575 nm appears, and the ESA signal around 470 nm exhibits 
a blue shift on the same timescale. These dynamics evidence 
ESPT, as will be outlined below.

Figure 2b shows the fsTA of the neutral solution after 
exciting the non-dissociated ROH molecules, addressing the 
proton-transfer dynamics of the photoacid from a different 
ground-state equilibrium. At first glance, only minor differ-
ences compared to Fig. 2c appear, and hence we can infer 
that under neutral conditions mainly ROH rather than RO– is 
excited at 445 nm.

Generally, a global analysis [75] of photodynamic pro-
cesses can be performed, with an exponential ansatz result-
ing in decay-associated difference spectra (DADS). If done 
for our data, the contributions in the ns regime resemble the 
findings in the TCSPC study (Fig. 1d). However, the dynam-
ics for 445 nm excitation of both neutral and acidic solutions 
(Fig. 2b, c) exhibit pronounced spectral shifts during the first 
100 ps. As the transient spectra themselves show a temporal 
behavior on these short timescales, global analysis with an 
exponential ansatz can only approximately describe these 
dynamics, giving rise to additional derivative-like DADS 
[76–80]. Recent studies have reported different advanced 
approaches to include spectral shifts in global analysis 
[81–84], however, we refrain from an analysis of DADS 
here and rather follow an alternative route to disentangle 
the dynamics, as outlined below.

4 � Analysis and discussion

4.1 � Dynamics after RO– excitation

When exciting the RO– form directly, no signature of the 
protonated solute is found, hence we infer that all transient 
absorption and emission signals originate from the deproto-
nated form. Specifically, we do not observe any indication of 
a re-protonation process. Besides energetic limitations, one 
would need to rationalize how a proton could approach an 
RO–* anion after the photoexcitation. The following three 
scenarios all are unlikely for different reasons: (1) a proton 
is transferred from a methyl group of acetone; (2) a proton 
or a protonated acetone reaches the RO–* (present for only 
a few ns) in a diffusion-controlled process; (3) ground-state 
ion pairs are present in solution, i.e., a RO– solute is not 
shielded by a solvent shell from a protonated acetone cation.

In the TCSPC data (Fig. 1d, g), the spectral shape does 
not change with time. Globally fitting the fsTA data yields 
a fast component (0.9 ps, see Fig. 3a) with which minor 
spectral shifts of a few nm are associated. We assign this 
behavior to solvation dynamics of the acetone environment 
as a reaction to the change in charge distribution in the solute 
upon photoexcitation. Maroncelli and coworkers report non-
specific solvation dynamics of acetone to exhibit decay times 
of 0.187 ps and 1.09 ps; [85] while we could not explicitly 
deduce the former one, we identify them to correspond to 
the fastest time scale deduced from the fsTA data.

Steady-state spectra of RO– exhibit almost no significant 
Stokes shift in any solvent, indicating that predominantly 
the v’ = 0 ← v’’ = 0 vibronic transition is excited, but also 
that the reorganization energy for the solvation process must 
be small [85–87]. This implies that the solvation shells of 

Fig. 2   Transient absorption of the super-photoacid in acetoneous 
environment for two different acid-base equilibria. Data from fsTA 
experiments are shown for a pump–probe delay range of 4  ns; note 
the lin-log time axis (linear up to 2 ps, logarithmic afterwards) cho-
sen to better visualize the characteristic time scales. a Neutral solu-

tion, excited at 575 nm; b neutral solution, excited at 445 nm; c acidic 
solution, excited at 445  nm [note that b and c have the same color 
scale]. The photoacid concentration was 616  µM, with 2  mM TFA 
added for c. The maximum optical density of the sample was 0.4
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the RO– and the RO–* form are similar or at least that the 
rearrangement is not connected to large energetic changes, 
as can be rationalized since both the ground-state and the 
excited-state species are anionic.

HPTS and derivatives can exhibit a pronounced vibronic 
progression both in the absorption and the emission spec-
trum and both in the protonated and deprotonated form. 
Clear vibronic signatures are found in solvents with a low 
ability to donate a hydrogen bond, whereas the spectra are 
basically structureless if the solvent is a good hydrogen-
bond donor [88]. In the low-energy part of the electronic 
absorption spectrum, two electronic states contribute which 
can mix significantly and may contribute differently to the 
vibronic structure [88]. In our data (Fig. 1d, g, and 2a), the 
decay dynamics (excluding the sub-100 ps contribution 
associated with solvation) are identical and mono-exponen-
tial with a time constant of around 6.9 ns for all emission/
probe wavelengths (Fig. 3a).

Repetition of the experiments with different polarization 
conditions for the pump and probe beams has indicated fur-
ther dynamics on the order of several tens of picoseconds. 
This behavior points towards rotational diffusion of the 
super-photoacid in the acetoneous environment. To clarify 
this point, measurements with parallel [signal intensity 
I
||

(t) ] and perpendicular [ I
⟂
(t) ] pump and probe polariza-

tion directions have been performed and the anisotropy [72, 
75, 89–98]

was derived for the full spectral range covering all fea-
tures. A global mono-exponential fit to the anisotropy data 
describes these sufficiently well with an optimized decay 

r(t) =
I
||

(t) − I
⟂
(t)

I
||

(t) + 2I
⟂
(t)

time constant of 73 ps (see transient anisotropy data at two 
exemplary probe wavelengths in Fig. 3b). This time constant 
is assigned to rotational diffusion, and under the approxima-
tion of a spherical solute (which is a simplification, but for 
instance an oblate rotor would already give rise to biexpo-
nential rotational behavior) [90] leads to an estimation of a 
molecular diameter of roughly 1.2 nm.

4.2 � Population dynamics of ROH*

The emission signal of the excited photoacid ROH* 
observed at 480 nm (Fig. 1k, l) exhibits a mono-exponential 
decay with a time constant of 4.0 ns. Specifically, we do 
not observe a non-exponential contribution which would 
be characteristic of an excited-state geminate recombina-
tion process, i.e., that the proton is transferred to an acetone 
molecule but can come back to form ROH* again [16, 24, 
25]. We thus omit the occurrence of excited-state geminate 
recombination and conclude that ROH* is depopulated with 
an overall rate krad + kPT = (4.0 ns)-1 in acetoneous environ-
ment. The fsTA data (Fig. 2b, c) contains this information as 
well, further reflected not only in the SE but also in the ESA 
dynamics. The depopulation of ROH* is thus much slower 
than in water (ca. 3 ps) [16], methanol (0.12 ns) [16], ethanol 
(0.2 ns) [16], or DMSO (0.8 ns) [15], as a consequence of 
the reduced excited-state acidity in acetone, which is the 
reason why many photoacids will not perform an ESPT in 
acetone at all.

4.3 � Differences in the RO– spectral region 
depending on pumped species

The pump wavelength determines which species are excited, 
but due to the ESPT, also the emergence of newly formed 

Fig. 3   a Example of decay-associated difference spectra from global 
analysis of a fsTA data set of the super-photoacid in neutral aceto-
neous solution for 575 nm excitation, i.e., exciting RO–. b Temporal 
decay of the anisotropy in the ESA (black, probe wavelength 450 nm) 
and SE/GSB region (blue, probe wavelength 580 nm) of RO–*; note 
the logarithmic abscissa and the residuals as a measure of the fit 

quality. c Transient spectra at 4 ns pump–probe delay for the neutral 
solution after excitation at 575 nm (black) or 445 nm (red). For com-
parison, the SE profile of RO–* is shown in blue and the absorption 
spectrum of RO– is shown in purple. Vertical lines indicate the spec-
tral positions of the maxima
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transient signals depends on the excitation. We focus on the 
fsTA data in the spectral region from 560 to 700 nm and 
juxtapose in Fig. 3c the difference spectra for a time delay of 
4 ns extracted from Fig. 2a, b to the steady-state absorption 
of RO– and the emission of RO–* (converted from fluores-
cence to stimulated emission).

For the case of the neutral solution excited with 575 nm, 
no contribution from ROH* is expected and the difference 
spectrum (black curve in Fig. 3c) comprises both GSB of 
RO– and SE of RO–*. Hence, the spectral peak position is 
not at the maximum emission wavelength of 575 nm but 
lower due to the GSB contribution. If the same solution is 
excited with 445 nm, the predominant signal originates from 
RO–* molecules that were formed from ROH* by ESPT. 
These RO–* molecules contribute an SE signal but no GSB 
signal. By contrast, when already relaxed to the ground 
state, a positive absorption caused by these newly formed 
RO– molecules is added, partially canceling the blue edge 
of the SE of the RO–* molecules. Hence, the peak in the dif-
ference spectrum (red curve in Fig. 3c) is positioned further 
to the red and closer to the maximum of the RO–* emis-
sion (blue curve in Fig. 3c). Furthermore, there is also a 
broad underlying contribution of SE from ROH* molecules 
reaching out to this spectral regime (compare Fig. 1b and 
Reference [21]).

4.4 � Comparison to a methylated analogue

For assignment of the different signal contributions, it 
is advantageous to also study the methylated analogue 
tris(1,1,1,3,3,3-hexafluoropropan-2-yl)8-methoxypyrene-
1,3,6-trisulfonate, i.e., where the hydroxy group is replaced 
by a methoxy group and therefore no ESPT is possible. 

Figure 4 shows the corresponding fsTA data, together with 
the temporal decay of the anisotropy and the quantum-
chemically geometry-optimized structure. Besides solva-
tion dynamics within the first few ps, long-lived signals are 
observed. The GSB is accompanied by two ESA signals, 
one at lower (ca. 350 nm) and one at higher (ca. 550 nm) 
wavelengths. These signals are analogous to those for ROH* 
in Fig. 2b, c, and the measurements corroborate that the lat-
ter are not related to any ESPT process. Nonetheless, also 
since the spectral positions of absorption and emission are 
blue-shifted for ROMe compared to ROH [21], the spectral 
position of the low-frequency ESA signal differs for ROH* 
and ROMe*, being centered towards 550 nm for ROMe* but 
below 500 nm for ROH* (see next section). Furthermore, 
a mono-exponential fit to the anisotropy data for ROMe* 
(Fig. 4b) yields a rotational diffusion time of 68 ps that 
matches within error the 73 ps obtained for RO–* (Fig. 3b). 
We note that the slight difference might be associated with 
RO–* being anionic, whereas ROMe* is not. Thus, we con-
clude that ROMe* and RO–* (and probably also ROH*, for 
which anisotropy was not explicitly measured) behave alike 
in a fashion similar to a spherical rotor (Fig. 4c). In par-
ticular, for the case of RO–*, no indications for a strongly 
bound counter ion or a solvent shell rotating with the solute 
are found.

4.5 � Approach to disassemble the fsTA data

If several different species are involved and solvation is pro-
nounced, global analysis is tedious and comprises several 
derivative-like features (as the black curve in Fig. 3a) to 
mimic spectral shifts [76–80]. Thus, instead of a global fit 
to the fsTA data for ROH excitation, we here do not want to 

Fig. 4   Studies for the methylated analogue ROMe [structure in panel 
c] in (neutral) acetoneous solution for 405 nm excitation. a Data from 
fsTA experiments; note the lin-log time axis (linear up to 2 ps, loga-
rithmic afterwards) chosen to better visualize the characteristic time 
scales. b Temporal decay of the anisotropy in the ESA (blue, probe 
wavelength 548  nm) and SE/GSB region (black, probe wavelength 
427 nm) of ROMe*; note the logarithmic abscissa and the residuals 

as a measure of the fit quality. c Geometry of ROMe, quantum-chem-
ically optimized at the semi-empirical AM1 level of theory (carbons 
in grey, hydrogens in white, oxygens in red, sulfurs in yellow and flu-
orines in cyan). A sphere with a diameter of 1.2 nm, as deduced from 
the rotational diffusion time under the assumption of a spherical rotor, 
is plotted for comparison



2187Photochemical & Photobiological Sciences (2022) 21:2179–2192	

1 3

fit but rather to reconstruct it systematically by separately 
addressing the different signal components and subsequently 
adding them up. For this, we have to identify how many 
components contribute and what the associated time scales 
and underlying processes (ESPT, solvation shift, ground-
state refilling, etc.) are.

In the scheme derived from the original Förster cycle that 
we will also use here, there are just two excited-state spe-
cies, ROH* and RO–*, and the corresponding ground-state 
species, ROH and RO–, respectively (Fig. 1c). To describe 
ESPT, population can go directly from ROH* to RO–* with a 
characteristic rate. In literature, this picture was extended in 
analogy to the Eigen-Weller reaction scheme for bimolecular 
acid-base reactions to involve a contact ion pair, produced 
by an initial short-range proton transfer and composed of 
RO–* and the dissociated proton in close proximity. Only in 
a second step, the ions separate via diffusion, which is why 
this model is called two-step model. Huppert and coworkers 
[32, 33] further augmented the two-step model by includ-
ing an additional intermediate of the diffusive separation, a 
solvent-separated ion pair which is formed if only few sol-
vent molecules have inserted in between the ions, still being 
held together by Coulombic interactions. Furthermore, if the 
photoacid and the proton acceptor are not in direct proximity 
prior to excitation, the (diffusive) formation of an encounter 
complex will constitute the first step. These models could 
well describe rather fast ESPT processes, and the individual 
intermediates could be identified in several experiments.

Here, we know that the photoacid under investigation is 
only of moderate strength in acetone and that ESPT occurs 
on the nanosecond time scale. Our previous study has clearly 
revealed the existence of complexes and hydrogen-bonded 
ion pairs with water molecules in the case of binary solvent 
environments of acetone and water, but also showed the 
distinctly different behavior for neat acetone [21]. Hence, 
we do not explicitly consider the ion separation step, nor 
do we have to take geminate recombination into account, 
as is corroborated by a mono-exponential emission decay 
rather than a non-exponential behavior [25]. Proton-induced 
quenching, as observed for instance in naphthols as another 
non-radiative process [10, 12, 22, 99–102], is unlikely to 
occur in the investigated system since the solvent is aprotic 
and the solute could only be quenched by a proton it has just 
transferred, a process that seems unlikely if even geminate 
recombination is marginal, an interpretation also supported 
by the high fluorescence yield. [15]

For modeling the fsTA of Fig. 2c, we thus take the model 
of Fig. 1c and identify six spectral contributions: the GSB 
of the ROH form (RO– is not present and hence not directly 
excited), the ESA and SE signals of ROH* and of RO–* 
formed after ESPT, respectively, and the RO– ground-state 
absorption (GSA) from molecules formed from ROH via the 
ESPT pathway. In addition, the solvation shift is included 

by the characteristic time constants (0.187 ps and 1.09 ps) 
and relative amplitudes (0.565 and 0.435) reported in Refer-
ence [85].

We derive the individual absorption spectral profiles from 
the steady-state data (Fig. 1b), ESA signals are estimated 
from the fsTA data sets and approximated by Gaussians. 
As is known for pyranine and also evident from the data 
in Fig. 2, the ESA of the RO–* is blue-shifted relative to 
the major ESA signal of ROH* [37, 44]. For the spectral 
SE profiles of the ROH* and RO–* form, respectively, the 
emission spectrum after exciting ROH in an acidic solution 
is first interpolated, then divided into contributions from 
the ROH* and RO–* form by subtracting, after reasonable 
rescaling, the spectrum of the base form excited at 561 nm 
(Fig. 1g), and finally transferred from fluorescence to SE 
profiles by applying the λ4 correction related to the differ-
ences in the corresponding Einstein coefficients [103, 104]. 
These normalized spectral profiles are displayed in Fig. 5a. 
Importantly, these spectra are shown prior to putative spec-
tral shifts, hence we assume that the spectral profile of the 
components does not change but spectrally shifts and grows/
decreases with time. As a consequence, the SE signal of 
ROH* is shown with its maximum at the ROH absorption 
around 440 nm, i.e., mimicking SE from the Franck-Condon 
point directly after excitation, which will shift towards the 
center of the static ROH* fluorescence at 488 nm with the 
parameters of the solvation process. The same holds for 
the red-edge ESA signal which undergoes a solvation shift 
(in contrast to the blue-edge ESA or the ESA of the RO–*, 
compare Fig. 2 and discussion below). The GSB dynamics 
remaining beyond the temporal window of the fsTA setup 
are estimated from the decay constant of the ESA of ROH* 
and the emission lifetime of ROMe* [21]. With the spectral 
profiles and determined time scales fixed, the amplitudes of 
the components are adjusted so that the fsTA data is ade-
quately reproduced. The result is shown in Fig. 5, with the 
sum of all components (Fig. 5h) being in good accordance 
with the experiment (Fig. 2c, again plotted in Fig. 5i to allow 
a direct comparison).

While the spectral signatures of the individual compo-
nents are already quite well separated for the super-pho-
toacid, the advantage of this approach is that one can plot 
each contribution individually, as is done in panels b to g of 
Fig. 5. The analysis shows that the ESA and the SE of ROH* 
overlap and shift in opposite directions, as also reported for 
HPTA [30]. The shifts here are so pronounced that the two 
bands “shift through” each other, i.e. initially after excita-
tion, SE is at shorter wavelengths than ESA, while it is the 
opposite on long time scales. After several nanoseconds, the 
signatures of RO–* grow in, leading to the observed overall 
blue-shift of ESA in the spectral region 450–500 nm. In the 
spectral region above 560 nm, a decreasing SE signal of 
ROH* and a rising one from RO–* contribute, overlapped 



2188	 Photochemical & Photobiological Sciences (2022) 21:2179–2192

1 3

with an absorption signal of newly formed RO– molecules 
(which is not evident in the fsTA data of Fig. 5i as RO–* 
rises with 4.0 ns and decays with 6.9 ns, but the fsTA data 
does not exceed delay times of 4 ns). Importantly, there is 
no contribution of GSB of RO–, as none of these molecules 
were initially present in the acidic solution (as discussed 
above for Fig. 3c).

The ESA of ROH* (Fig. 5c) comprises two contribu-
tions, where only the one at the higher-wavelength shows 
a solvation shift. The ESA at lower wavelength behaves in 
analogy to the ESA of RO–* (Fig. 3a), thus, is blue-shifted 
with respect to the GSB and does not show any solvation 
shift. From this, we conclude that the lower wavelength 
signal is the analogous ESA of ROH*. The presence of 

Fig. 5   Modeling the fsTA data shown in Fig. 2c. a Individual spec-
tral profiles comprising the GSB of ROH (blue), the ESA of ROH* 
(orange), the ESA of RO–* (cyan), the SE of ROH* (green), the SE 
of RO–* (red), and the GSA of RO– (purple). b GSB of ROH; c ESA 
of ROH*; d SE of ROH*; e SE of RO–*; f ESA of RO–*; g GSA 
of RO– (assuming re-protonation of RO– to ROH is negligible on the 

displayed time scale). h Modeled transient absorption data combining 
individual transient features shown in (b-g). i Experimental data from 
Fig.  2c for comparison. Note that the simulations go out to 40  ns, 
while the fsTA experiment only goes to 4 ns; the time delay axis is 
logarithmic from 2 ps to 40 ns
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corresponding ESA signals for ROMe* (Fig. 4a) corrobo-
rates this assignment.

The agreement between the modeled (Fig. 5h) and the 
experimental (Fig. 5i) data suggests that the main involved 
species and associated signals are covered, although our 
approach is not a fit but rather an adjusted qualitative 
model, yet the occurrence of pronounced signals from puta-
tive species not considered would become apparent. Hence, 
we conclude that during the ESPT dynamics in acetoneous 
environment, no intermediate species like ion pairs emerge 
to a conspicuous degree or at least do not cause pronounced 
transient signals. As these species can be identified when 
small amounts of water are added to the solution [21], their 
absence in the here reported experimental data support 
ESPT to acetone to a low extent.

5 � Conclusion

This ultrafast spectroscopy study unveils the excited-state 
proton-transfer dynamics of an extraordinarily strong pho-
toacid in the aprotic solvent acetone—an environment 
which, due to weaker proton-transfer capabilities of other 
photoacids, could not be investigated in most of the exist-
ing studies on photoacidity. Direct excitation of the anion 
RO– revealed that there are solvation dynamics on a ps time 
scale which are characteristic for acetoneous environments, 
and rotational diffusion occurs with a time constant of about 
70 ps, suggesting a diameter of the solute of 1.2 nm. Elu-
cidation of the dynamics after ROH excitation is realized 
by investigating neutral and acidic acetoneous solutions of 
the photoacid and comparison to the methylated analogue. 
Since various positive and negative signals superpose in 
the fsTA data, a decomposition into individual signal con-
tributions was pursued in order to unravel the contributing 
components. These studies corroborate the potential of this 
particularly strong super-photoacid to be exploited as light-
triggered proton donor in experimental conditions where this 
is unfeasible otherwise. Future studies will address ESPT 
dynamics under even harsher conditions, achievable with 
magic photoacids [105].
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