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Abstract 
Light triggers numerous fundamental biological processes in living organisms, by 
promoting (multi)chromophoric biomolecular systems to an excited state, which 
activates their function. The ability of these photoactive systems to absorb and use 
solar energy is often regulated by their microenvironment, which modulates their 
structural and energetic landscape and, thus, their functionality. Various stimuli-
responsive photoactive materials are designed based on this principle.  
Understanding how photoactive molecular systems respond to light and environmental 
changes requires tracking changes at both the electronically excited- and ground-state 
levels, with ultrafast resolution across a broad range of timescales. Indeed, while light-
induced excited-state dynamics involve processes as rapid as a few femtoseconds, 
the structural and electrostatic responses to microenvironmental changes may occur 
at timescales orders of magnitude slower, up to the millisecond and beyond. 
We demonstrate that this investigation can now be enabled by a novel and universal 
three-pulse ultrafast spectroscopy method that: (i) induces controlled, local changes in 
the microenvironment of a solution, specifically of pH, and (ii) probes the rapid 
spectroscopic response of photoactive molecules in both the ground and excited states, 
from femtoseconds to milliseconds. Controlling changes in the microenvironment and 
– simultaneously – bridging the ultrafast timescales of excited-state dynamics with the 
slower timescales of environmental and conformational changes is key to advancing 
our understanding of how living organisms and artificial materials regulate the interplay 
between light, environment, and structure in light-induced molecular processes. 
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Photosynthesis, vision, and, more generally, photosensory reception exemplify the 
capacity of living organisms to capture solar energy and utilize it to activate critical 
functions. These processes are mediated by photoactive proteins, which typically bind 
one or multiple chromophores1–4. The energy absorbed by the chromophore(s) can be 
utilized in various ways, e.g., it may be converted into excitations that are then 
transferred through a network of chromophores to the site of a photochemical reaction, 
as in the case of photosynthetic light-harvesting complexes5,6. Alternatively, it may 
trigger local changes in ion conductance directly at the level of the protein, as in the 
case of ion channels and pumps7–9. 
While the activation of photoactive proteins is essential, it may not always confer an 
advantage to the organism10–12. For this reason, living organisms developed strategies 
to regulate the mechanism of action of their photoactive proteins. In several cases, a 
critical modulator of the proteins’ function is pH13,14. For instance, plants and algae 
developed a mechanism to balance the number of photoexcitations within the 
photosynthetic membrane, in order to prevent photodamage15. To do so, selected 
proteins from the large family of light-harvesting complexes (LHCs), which are 
membrane proteins binding chlorophylls and carotenoids16, can sense pH changes in 
the lumen of the photosynthetic membrane that are driven by variations in light 
intensity17–24. In response, the LHCs reversibly activate dissipative mechanisms that 
prevent photodamage under excess sunlight25–33. Another example is provided by 
marine bacteria, in particular the ones that are part of the α-proteobacterial SAR11 
clade, which is the most abundant organism in the ocean34. These bacteria express 
rhodopsins, which are retinal-binding membrane proteins35. Some of these proteins 
can tune the duration of their photocycle in response to physiological pH changes, 
thereby regulating their capacity to transduce signals36–38. Their pH-sensitive response 
has led to the proposal that they could function as sensors of extracellular pH in marine 
bacteria36. Finally, as another example, conformations of opsins with different roles in 
the visual cycle have also been found to be regulated by pH39. 
The capacity of photoactive proteins to sense and respond to pH has implications that 
extend beyond biology and has inspired the development of novel light- and stimuli-
sensitive nanotechnologies. These include pH-responsive artificial photoactive 
systems40–42, pH-dependent assemblies for photodynamic therapy43–45, and pH-
switchable photocatalysts46–49, among others. Thus, determining the mechanism of 
response of photoactive proteins to pH changes, step-by-step, can advance our 
fundamental understanding of the timescales and intermediate steps involved in light- 
and environment-sensing mechanisms of living organisms. Additionally, it can provide 
the design principles of functional biomaterials in fields such as drug delivery, artificial 
photosynthesis, and environmental monitoring. 
Several ultrafast tools have been developed to investigate the real-time response of 
molecular systems to changes of pH50–56. The most rapid responses to pH changes at 

the ground-state level have been tracked via pH-jump time-resolved infrared (IR) 
spectroscopy50–53,57,58. With this method, a laser pulse triggers proton release from 

either photoacids or caged-protons, into the system of interest. This way a “jump” in 
the pH of the solution is rapidly obtained, whose magnitude can be tightly controlled54. 

Via synchronized broadband IR pulses, the changes in the ground-state structure of 
proteins can be probed with a resolution as fast as few femtoseconds (fs)51,53,57–59. 

However, the probing of the pH-driven changes in the function of photoactive systems 
requires special considerations because it is essential to characterize the intermediate 
steps in their response to pH at both: 
i) the ground-state level, because a pH change might tune the chromophores and the 
scaffold’s structure and electrostatics, in turn modifying the chromophores’ network of 
interactions, structural flexibility, etc23,60–62. 
ii) the electronically excited-state level, probing both the optically bright and dark states 
of the chromophores, because a pH change might result in different excited-state 
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dynamics with distinct energy transfer efficiencies, pathways, kinetics, and 
photoproducts, to name a few20,24,36,40,63,64. 
Therefore, determining both light- and environment-driven responses in a single 
experiment, requires experimental approaches capable of inducing and tracking pH 
changes and – simultaneously – monitoring the intermediate steps in the changes of 
the spectroscopic properties of the sample. Such approaches should also maintain fs 
resolution and probe across timescales spanning several orders of magnitude. Indeed, 
characterization of the excited-state dynamics requires at least fs resolution65, while 
dynamics in the ground state activated by a change of microenvironment might occur 
at timescales ranging from the (sub)nanosecond (ns)66–68, e.g., protein conformational 
changes, up to the milliseconds (ms) and beyond, e.g., changes of protein-protein 
interactions69,70. 
 
Here, we tackle this challenge by introducing a universal three-pulse ultrafast 
spectroscopy method that enables triggering and monitoring changes in the 
microenvironment, in this case pH, while simultaneously tracking the changes in the 
spectroscopic properties associated with both the excited and ground state of 
photoactive molecules, from the femtosecond up to the millisecond. We define the 
method as pH-jump Visible Transient Absorption Spectroscopy or pH-VISTA. 
The working principles of pH-VISTA are the following: 
1) A fs laser pulse (prepump) triggers proton release from either a caged proton or a 
photoacid. As a result, a “pH jump” in the excitation spot is rapidly obtained, whose 
magnitude can be controlled by tuning experimental parameters71–73. 
2) A second fs pulse (pump) excites the photoactive molecular system in the same 
excitation spot. 
3) A third fs white-light supercontinuum pulse (probe), detects transient spectra in the 
excitation spot. 
The probe scans at different time delays (~10-6-101 ns) from the pump (τVISTA), with fs 
resolution as in standard femtosecond pump-probe spectroscopy74. However, the 
innovation of pH-VISTA lies in the fact that multiple pump-probe datasets can be 
acquired at different time delays following the initial prepump (τpH), from the fs to the 
ms. Such delays span timescales relevant for proton release and transfer (~101-102 

ns53,75) and slower dynamics, for example protein conformational changes (~102-109 

ns, depending on the protein66–68), capturing – for the first time – their effect on the 

excited-state dynamics of the photoactive systems. Additionally, since the external 
excitation source can be alternatively switched on and off during the measurement, as 
shown below, real-time changes in the absorption spectrum of the photoactive system, 
while the sample is set in the ground state, are also tracked. 
  
In this work, we demonstrate that pH-VISTA can induce and track a transient pH 
change in a solution containing a photoactive molecular system and probe – 
simultaneously – its response at both the excited and ground-state levels. The 
experiment captures the hierarchy of timescales relevant for determining the 
intermediate steps in the response of the photoactive system to the change of 
microenvironment. 
 
Results and Discussion 
Experimental settings of pH-VISTA. Bromocresol purple (BCP) was selected as a 
prototypical pH-sensitive photoactive molecular system. BCP is a pH-sensitive dye 
widely used as an acid-base indicator76, coloring yellow at acidic pH levels and purple 
at basic values (Figure 1.a). This pH-dependent change in color is associated with the 
transition of BCP from the protonated (sultone) to the deprotonated (sulfonate) form77. 
The concentration profiles of the sultone and sulfonate forms of BCP as a function of 
pH are illustrated in Figure 1.b. BCP was prepared in solution with 2-
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nitrobenzaldehyde (2-NBA), which is an irreversible caged-proton source commonly 
used to trigger pH jumps52,54,59. The solution was set at a pH value of 7. Negative-
control samples, represented by solutions with BCP or 2-NBA only, were also prepared 
at the same concentration. Controls were measured in the same conditions and on the 
same day as the sample containing BCP plus 2-NBA. The setup implemented to 
develop pH-VISTA is illustrated in Figure S1 (for details see Methods). The prepump 
was centered at 370 ± 7 nm to excite the 2-NBA, and the pump at 600 ± 5 nm to 
selectively excite the sulfonate form of BCP (Figure 1.d).  
Data were collected on a shot-by-shot basis and the prepump, pump, and probe were 
modulated using a pulse picker (prepump) and choppers (pump, probe). The on/off 
status of each pulse was monitored by separate photodiodes. At each time step, 
multiple probe shots were acquired by the detector (in our case 1000 per time step). 
This shot-by-shot detection and pulse modulation allowed the probe signal recorded 
at each shot to be assigned to the different on/off statuses of the three pulses. These 
signals were then combined to generate distinct, relevant types of two-dimensional 
transient-absorption maps, ∆𝑂𝐷(𝜆, 𝜏), all from a single pH-VISTA experiment (Figure 
2). 
 
Probing the real-time response of a photoactive molecular system to a pH 
change - at the ground-state level. The ∆𝑂𝐷(𝜆, 𝜏) map relevant to capture transient 
spectroscopic changes in the ground state of BCP following a pH jump, is here defined 
as ground-state pH-VISTA map or GS-pHVISTA (Figure 2). More in detail, the GS-
pHVISTA 2D map, ∆𝑂𝐷𝐺𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴(𝜆, 𝜏), is computed using signals concomitant with 

the 600-nm pump being off, which is the pump that selectively excites the sulfonate 
form of BCP. Signals concomitant with the 370-nm prepump being on to excite 2-NBA 
are instead included in the final ∆𝑂𝐷𝐺𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴(𝜆, 𝜏) . The probe is scanned from 

negative time points up to 0.6 ms with respect to the 370-nm prepump (τpH).  
The ∆𝑂𝐷𝐺𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴(𝜆, 𝜏) map and its relevant kinetics are reported in Figure 3.a and 

Figure 3.c, respectively. In both experiments with either BCP plus 2-NBA or BCP only, 
ultrafast excited-state dynamics of BCP are observed in the ultrafast timescale (fs to 
ps), due to the fact that BCP also absorbs the 370-nm prepump, both in its sulfonate 
and sultone forms (Figure 1.d). More in detail, immediately following the 370-nm 
excitation, a broad negative spectrum is formed in the 520−700 nm range, which is 
attributed to contributions from ground-state bleach (GSB) and stimulated emission of 
BCP (Figure 3.a). The excited-state dynamics of BCP last on the order of a few ps 
before it relaxes back to the ground state, as observed in conventional pump-probe 
measurements on BCP (see SI and Figure S5). As shown in Figure 3.a, c, similar 
BCP excited-state dynamics are observed in both the presence and absence of 2-NBA 
upon 370-nm prepump excitation, indicating negligible TA signal contributions from 2-
NBA in the spectral region investigated (500-700 nm). This is further confirmed by the 
negligible ∆𝑂𝐷𝐺𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴(𝜆, 𝜏) signal of 2-NBA alone over the whole timescale (Figure 

3.a, c), mainly dominated by a rapid spectral evolution around time zero due to 
coherent artifacts. Coherent artifacts around time zero are present in all the solutions 
investigated (2-NBA, BCP, BCP+2-NBA). The lack of effects of 2-NBA on the excited-
state dynamics of BCP and the identical absorption spectrum of BCP in the presence 
and absence of 2-NBA (Figure 1.d), indicate that the 2-NBA molecule, per se, does 
not influence the spectroscopic properties of BCP. 
Over longer timescales (>>ps), no spectral evolution is observed until the end of the 
scan, in the solution containing only BCP, indicating that this dye has relaxed to the 
ground state (Figure 3.a, c). However, in the presence of both BCP and 2-NBA, bleach 
in the range of 500 to 650 nm rises from tens of ns and reaches a maximum at about 
15 μs (Figure 3.c). These timescales correspond to those previously demonstrated for 
proton release from 2-NBA after the homolytic cleavage of the nitro group and, by 
diffusing in the excitation spot, protonation of acceptors in solution.78,79 Indeed, the 
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bleach formed in GS-pHVISTA of BCP in the presence of 2-NBA corresponds to the 
depletion of the BCP sulfonate form, as shown in Figure S2. Therefore, considering 
that over these timescales BCP is in the ground state, as can be inferred from the GS-
pHVISTA of BCP alone (Figure 3.a, c), the formation of this bleach is due to the 
protons released from 2-NBA excited by the 370-nm prepump, which induces a pH 
jump in the excitation spot (Figure 1.c). 
Finally, due to the combination of the diffusion of protons and protonated BCP outside 
the excitation spot, and to the continuous circulation of the sample via a peristaltic 
pump, the bleach gradually decreases to zero. By adjusting the flow rate of the 
peristaltic pump, the rate at which the bleach is reduced can be regulated (Figure S3). 
However, even at the highest speed of the peristaltic pump employed, the bleach does 
not fully return to zero within 1 ms. This indicates that, at repetition rates faster than 
the time required for protons and protonated BCP to clear the excitation spot, each 
probe shot would be collected with the sample set under different initial pH conditions. 
To address this potential limit, all our experiments (including the ones presented above) 
were conducted adopting the following solution: in addition to employing a peristaltic 
pump to accelerate the diffusion of protons and protonated species outside the 
excitation spot between shots, a slower modulation was applied to the prepump via a 
pulse picker, which resulted in a single 370-nm prepump pulse every 11 ms. The 600-
nm pump and the probe pulses, instead, were 1-kHz pulses further modulated via 
mechanical choppers at a rate faster than the prepump, i.e., 125 Hz for pump and 250 
Hz for probe, with a 50% duty cycle. This entailed that, during each 10-ms interval in 
which the 370-nm prepump was “off”, multiple identical “on/off” combinations of the 
600-nm pump and the probe were acquired (Figure 2). At each time step, 1000 shots 
were recorded. By using a modulation scheme for the three pulses combined with shot-
by-shot detection, we collected enough signals to compute ∆OD(λ,τ) maps, such as 
the GS-pHVISTA map, while discarding all shots following the 370-nm prepump where 
the sample had not yet recovered (Figure S4).  
But, how can the number of shots to be discarded be determined? The ∆𝑂𝐷𝐺𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴 

signal at negative time points corresponds to timesteps at which the probe arrives 
before the 370-nm prepump excites the sample, and is here defined as the pre-zero 
signal. In the absence of protons or protonated BCP triggered by a previous 370-nm 
prepump shot, the intensity of the pre-zero signal is expected to be independent of the 
number of discarded shots. Therefore, by computing distinct ∆𝑂𝐷𝐺𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴  maps, 

each with an increasing number of shots discarded following the 370-nm prepump, the 
relationship between the TA signal at negative τpH delays and the number of discarded 
shots can be tracked. Figure S4 illustrates how the pulses are modulated and the 
shots removed, and shows the experimental dependency of the pre-zero signal 
intensity plotted as a function of the number of discarded shots. The reported data 
demonstrate that the pre-zero signal intensity decreases as the number of discarded 
shots increases, up to 6 shots discarded, and reaches a negligible value at a higher 
number of discarded shots (Figure S4.b). This demonstrates that the peristaltic pump 
we employed, was capable of refreshing the excitation spot within 6 ms, in our 
experimental conditions. Overall, we have demonstrated that the combination of: i) 
sample circulation, ii) pulse modulation along with shot-by-shot detection, and iii) 
postprocessing by discarding the necessary number of shots after each prepump "on", 
ensures that the pH-VISTA data are free of artifacts from the accumulation of protons 
and protonated species, triggered by previous shots. 
In summary, we have shown that with pH-VISTA it is possible to trigger a change of 
pH in the excitation spot and probe the real-time, pH-induced spectroscopic changes 
of a photoactive molecular system in the ground state, from the femtosecond to the 
millisecond timescale in a single experiment. 
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Probing the real-time response of a photoactive molecular system to a pH 
change - at the excited-state level. To confirm whether pH-VISTA can also monitor 
real-time, pH-induced changes in the spectroscopic properties of a photoactive 
molecular system in its excited state, simultaneously to the ground state as described 
above, the following proof-of-principle experiment was designed. 
In the same pH-VISTA experiment used to retrieve the GS-pHVISTA maps, the 600-
nm pump was used to excite the sulfonate form of BCP (Figure 1.d). The 600-nm 
pump was kept at a fixed delay of 2 ps with respect to the probe (τVISTA). At this delay 
time, BCP is expected to be set in an excited state, as demonstrated via standard 
pump-probe experiments on BCP upon 600-nm excitation at different pH values, 
whose results are shown in Figure S5. On the other hand, as described above, the 
probe was scanned from negative time points up to 0.6 ms with respect to the 370-nm 
prepump (τpH). Prepump, pump and probe pulses were modulated and the probe 
spectra were acquired on a shot-by-shot basis (see above). 
From the 1000 shots collected at each time step, a conventional pump-probe map, 
∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏) , was reconstructed, with the 600-nm pulse being the pump 

(Figure 2). In ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏), no difference in signal was found between the 

solutions containing BCP only or in the presence of 2-NBA, independent of the time 
delay τpH from the 370-nm prepump (Figure S6), as expected. Indeed, in this 2D map, 
only signals concomitant with the prepump being off are calculated. Also, the 
∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏), should remain constant along τpH, because the pump and probe 

were kept at a fixed delay (2 ps), as indeed observed (Figure S6). 
Also, with pH-VISTA, an additional pump-probe map can be retrieved. This map is 
here defined as excited-state pH-VISTA or ES-pHVISTA map, ∆𝑂𝐷𝐸𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴(𝜆, 𝜏). 

ES-pHVISTA is computed by including signals concomitant with the 370-nm prepump 
on and, additionally and at variance with the GS-pHVISTA, also with the 600-nm pump 
on (Figure 2). The ∆𝑂𝐷𝐸𝑆−𝑝𝐻𝑉𝐼𝑆𝑇𝐴(𝜆, 𝜏) map along with its relevant kinetics are shown 

in Figure 3b, d.  
Importantly, in the absence of a pH jump effect, ES-pHVISTA should provide the same 
information as the conventional ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏) map, i.e., a 600-nm pump-probe 

of the sample investigated (see formulas in Figure 2), apart from the multipulse effects 
in the fs-to-ps timescale of ES-pHVISTA, due to the combination of 370-nm and 600-
nm excitations of BCP. These multipulse effects at early time steps were present both 
in the presence and absence of 2-NBA (Figure 3d). However, unlike in conventional 
∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏), a loss of bleach intensity was observed on the order of few tens 

of ns (τpH) in the ES-pHVISTA map of BCP plus 2-NBA. The loss of bleach intensity 
was absent in the case of BCP only, instead. In this case, the bleach remained 
constant over τpH as in the case of the conventional ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏). The kinetics 

of GS-pHVISTA and ES-pHVISTA of BCP in the presence of 2-NBA were found to 
evolve over identical timescales, which are associated to a pH-jump formation and 
relaxation, as shown in two independent experiments in Figure 3.c and Figure S7.b. 
Thus, the loss in the intensity of the ES-pHVISTA in the case of BCP plus 2-NBA was 
therefore due to the depletion of the sulfonate form of BCP, which is the form 
responsible for absorbing the 600-nm pump, during the transient acidification of the 
excitation spot. No ES-pHVISTA signal was observed in the case of 2-NBA alone, as 
expected due to the lack of excitation of this molecule with a pump set at 600 nm 
(Figure 1.d).  
Overall, these experiments demonstrated that in the absence of a pH jump effect, ES-
pHVISTA provided the same information as the conventional ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒(𝜆, 𝜏). 

However, in the case of an actual pH jump, the signals obtained enabled real-time 
tracking of the pH-induced changes in excited-state dynamics of BCP. Also, within the 
same experiment, pH-VISTA allowed to relate the pH-driven changes in excite-state 
dynamics of BCP with the ones in the spectroscopic properties associated to its ground 
state (Figure 3.c). 
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To comprehensively investigate how the excited-state dynamics of BCP vary in real 
time in response to a pH change, multiple separate pH-VISTA experiments were run 
in which τVISTA was scanned from the fs to the ns as in conventional pump probe, while 
the time delay between the initial 370-nm prepump and probe was fixed at different τpH 
values. As shown in Figure 4, and 7.c, pH-VISTA allowed to retrieve information on 
the complete excited-state dynamics of BCP at various intermediate pH values and 
intermediate time steps during the change of pH. The results show that while the 
excited-state dynamics remain the same at the different pH values, as seen in Figure 
S5, the loss of concentration of the sulfonate form of BCP can be tracked in real time, 
as in the experiments in Figure 3.b,c or Figure S7.b, which were run with a τVISTA fixed 
at 2 ps. This series of pH-VISTA experiments, with variable τVISTA, showed that with 
pH-VISTA, it is possible to collect as many ES-pHVISTA maps as required to analyze 
the intermediate steps in the pH-response mechanism of any photoactive molecular 
system of interest, and to capture responses as fast as a few fs and as slow as the 
(sub)ms (Figure 5.a). 
 
Determining the transient change of pH with pH-VISTA. Finally, to correlate the 
transient changes in the ground- and excited-state spectroscopic properties of BCP 
with the intermediate values of pH, which is continuously changing along τpH, we 
quantified the real-time pH value in the excitation spot by exploiting the relation 
between the population loss of the 600 nm-excited BCP species and the decrease in 
pH. Indeed, in a pH-VISTA experiment on BCP, the loss of signal in ES-pHVISTA is 
given by the depletion of the concentration of the sulfonate form of BCP, which is the 
species absorbing at 600 nm (Figure 1.c). Thus, considering that: i) the pH in the 
excitation spot at negative time points corresponds to the one of the sample reservoir, 
which was set at pH 7, and ii) the pH-dependent absorbance of BCP at 600 nm was 
measured (Figure S8), whereas 600 nm is the wavelength used for the pump, the 
transient pH values as a function of τpH were determined in Figure 5.b. Analysis of the 
ES-pHVISTA kinetics reveals that, in the experiment using the highest prepump 
energy per pulse (see Methods and Figure S7.b), a maximum 97.2% of total signal 
was depleted relative to the original signal at negative time points. The 97.2% loss in 
the amplitude of the photoexcited population of BCP indicated that the pH in the 
excitation spot was decreased from pH 7.0 to pH 4.7, reaching the highest change of 
pH on the order of ˜15 microseconds (Figure S7.b). 
 
Conclusions 
To summarize, we have here introduced a novel, universal three-pulse ultrafast 
spectroscopy tool that allows to induce, track and quantify a pH change in an excitation 
spot and simultaneously probe the spectroscopic changes of a photoactive molecular 
system associated with its ground and excited state, from the femtosecond up to the 
millisecond timescales. In the proof-of-principle of this novel spectroscopy method, 
called pH-VISTA, by employing a caged-proton as a proton source, the pH-dependent 
response of a pH-sensitive dye was monitored in real time, at both the ground- and 
excited-state level, from the fs to the (sub)ms in a single measurement. Real-time 
changes in pH were quantified directly from the depopulation of the basic form of BCP, 
which affected the intensity of excited-state signal. In our experimental conditions, we 
obtained a maximum pH change from 7.0 to 4.7 in the excitation spot, showing that 
pH-VISTA is able to induce and track changes of pH relevant to replicate natural 
physiological processes39,80. 
This methodology, that can be extended to timescales longer than the ms by simply 
adjusting the repetition rate of the laser (in this case 1 kHz), offers potential 
applications for studying the real-time response of both natural and artificial 
photoactive systems in solution. Furthermore, the fs-to-ms three-pulse approach could 
be extended to implement other types of perturbation, for example by photolysis of 
caged compounds (e.g., ions, drugs, etc.)81,82 or inducing temperature changes (e.g., 
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via near-IR pulses)83,84, thereby providing versatility for studying the real-time 
responses of photoactive molecules to various microenvironmental changes, at both 
the ground- and excited-state levels. 
 
Methods 
The pH-VISTA experiments were conducted using a customized dual Yb:KGW 
regenerative amplified laser system (PHAROS, namely MAIN and SECONDARY, 
Light Conversion Ltd., 1030 nm, 250 fs, 400 μJ), illustrated in Figure S1, at a base 
repetition rate of 25 kHz. The pulse repetition rate was then reduced by an internal 
adjustable pulse picker to a final repetition rate of 1 kHz, from both the MAIN and 
SECONDARY, while maintaining the same energy per pulse. The fundamental 1030 
nm output was not directly used in the experiment. A portion (~50%) of the 1030 nm 
fundamental was used to pump an internal optical parametric amplifier (I-OPA), a 
rugged module attachable to PHAROS lasers, to generate laser pulses at 800 and 
1450 nm (I-OPA signal and idler) from the SECONDARY, and 1450 nm only from the 
MAIN. The I-OPA idler at 1450 nm was directed into two non-collinear optical 
parametric amplifiers (both ORPHEUS-N-2H, Light Conversion Ltd.), which were also 
pumped by the PHAROS 1030 nm, for white light generation. Output from one of the 
NOPAs (pumped by the MAIN) tuned at 370 nm, referred to as a prepump pulse, was 
used to excite 2-NBA (8 mM), while the output of the second NOPA (pumped by 
SECONDARY) at 600 nm (~60 nJ), was used as the pump pulse to excite BCP (8.9 
µM, with ~0.06 OD/mm at pH7 at 600 nm).  
The output of the I-OPA signal from SECONDARY at 800 nm was used to generate 
continuum white probe light, by focusing the beam onto a YAG crystal. A set of 
achromatic lenses was used to collimate the probe continuum before focusing it onto 
the sample position, and then refocusing it onto the slit of a prism-based spectrometer 
(Entwicklungsbüro Stresing, Berlin). The shot-by-shot, dispersed probe spectra were 
recorded on a back-thinned FFT-CCD area image sensor (1024 x 64 pixel, 
Hamamatsu S12600-1006 model), digitized, and binned, effectively enhancing the 
signal-to-noise ratio and improving the sensitivity of the sensor, to measure the 
wavelength-resolved intensity of probe. The prepump and pump pulses were blocked 
using a beam blocker, after going through the sample. 
The time delay between the pump and probe (τVISTA) was modulated by delaying the 
pump with an optical delay line, (DL-BKIT2U, Newport) able to scan up to a ̃ 4-ns delay, 
with respect to the probe. On the other hand, delays between the prepump and probe 
(τpH) were tuned combining an identical optical delay line of the pump (DL-BKIT2U, 
Newport) with electronic delays. These were obtained by seeding the MAIN and 
SECONDARY regenerative amplifiers with different pulses from the same oscillator 
running at a repetition rate of ~75.37 MHz. This entails that the delay between the 
ejection of pulses from the MAIN and SECONDARY can be controlled electronically 
with time steps as short as ~13.27 ns (limited by the repetition rate of the oscillator), 
referred to as electronic delay, following a strategy previously described85. Thus, the 
dual-amplified laser system is therefore capable of scanning delays between the 
prepump and pump from the fs to 4 ns (with the optical delay line) and from a minimum 
of ~(13.27 minus 4) ns up to the ms (with the electronic delays). The highest delay 
possible, in this case 1 ms, is limited by the repetition rate of the prepump and probe, 
which in our case was set at 1 kHz. In Figure 4, 5, S2 and S7, in order to enhance the 
pH jump induced by 2-NBA, the optical delay was bypassed to reduce laser power loss, 
delivering approximately 420 nJ of energy per pulse for the prepump at the sample 
position. In all other cases, when both optical and electronic delays were used, ~340 
nJ per prepump pulse were delivered at the sample position. 
To achieve shot-by-shot acquisition and be able to correct for the scattering and 
background, modulation of the on-off state of prepump, pump and probe pulses as 
obtained by means of a pulse-picker internal to the NOPA (prepump) and by means of 
two mechanical choppers (THORLABS) for the pump and probe, synchronized to the 
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trigger signal from the SECONDARY amplifier. A small fraction of each beam was 
redirected onto three photodiodes (S1227-66BQ, Hamamatsu) to record the on/off 
status of the pulses. All photodiodes were connected to a CamControl Unit CC 
(Stresing FLCC3001-FFT) for the synchronization of the camera and photodiodes. 
The shot-by-shot data were recorded and postprocessed via home-built Matlab scripts, 
to obtain the signals shown in Figure 2. Shots corresponding to a sample not yet 
refreshed between shots, were discarded as explained in Figure S4. 
Due to the irreversible release of protons, a peristaltic pump was used to refresh the 
sample between consecutive laser shots. The sample flow was facilitated through a 1-
mm quartz flow cell utilizing a peristaltic pump (Watson-Marlow, type 101U/R, 62.0 mL 
min-1). Meanwhile, the pH value of the reservoir, through which the sample was flown, 
was monitored by a Fisherbrand accumet Ab150 benchtop pH meter to ensure that 
the pH of the reservoir would not drift more than 0.1 pH units during the experiment. 
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Figure 1. a) Colour change in a solution of BCP, as pH ranges from 4.0 to 8.0; b) 
Relative-concentration profiles of the sultone (yellow line) and sulfonate (violet line) 
forms of BCP, measured at different pH values at a concentration of 10 µM. The figure 
was constructed by fitting c1(pH) and c2(pH) using the Beer-Lambert law with 
theoretical extinction coefficients and measured absorption values at different pH 
values (as in Figure S8), by imposing the condition c1+c2 = 1; c) Illustration of the 
transition of BCP from a sulfonate to a sultone, protonated form, triggered by the proton 
release from 2-NBA upon a prepump excitation; d) UV−Vis absorption spectra of BCP 
(10 µM) in water at pH 3.9 (yellow line) and 9.2 (violet line), representing the sultone 
and sulfonate forms respectively, as well as 2−NBA in water (8 mM) and with BCP. 
The 370-nm prepump and 600-nm pump pulse spectra are depicted with blue and 
orange-shaded curves. 
 

 
Figure 2. Illustration of a shot-by-shot sequence of prepump (PP), pump (P) and probe 
(Pb) shots (51 shots shown in this example), representative of the ones recorded by 
the three photodiodes after modulation of the pulses via a pulse picker (prepump) and 
choppers (pump and probe). The solid circles indicate the status of the pulses (on/off). 
The probe signal is dispersed via a prism and also recorded on a shot-by-shot basis. 
In post-processing, the contribution of the 6 shots consequent to each prepump “ON” 
(shaded area) is not considered in the final dataset, to avoid artifacts caused by the 
incomplete refreshment of the excitation spot (Figure S4). Examples of signal 
definitions are presented at the bottom (e.g., PP “ON”, P “ON”, Pb “ON” = IPP,P,Pb).  
The lower panel indicates the formulas used to calculate conventional pump probe (1), 
GS-pHVISTA (2) and ES-pHVISTA (3).
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Figure 3. a) GS-pHVISTA and b) ES-pHVISTA from 2-NBA (left panel), BCP only 
(middle panel), and BCP plus 2-NBA (right panel), collected at a fixed pump-probe 
delay of 2 ps (τVISTA). In this pH-VISTA experiment, both the optical delay line and 
electronic long delays were used to scan along τpH. Data averaged every 4 time steps 
for clarity. c) GS-pHVISTA kinetics of the three different samples at the minimum of 
the BCP bleach (589 nm). d) ES-pHVISTA kinetics of the three different samples also 
at 589 nm. In c) and d), solid lines represent the signals averaged over each 4 time 
steps.  
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Figure 4. GS-pHVISTA spectra (upper panel) and ES-pHVISTA (bottom panel) with 
variable pump-probe delay, τVISTA (averaged every 4 timesteps) of BCP in the presence 
of 8mM 2-NBA, at selected prepump delay times τpH. In this figure, per each complete 
scan along τVISTA, τpH was kept fixed at a selected value, as indicated on the time line 
at the bottom. TVISTA was varied from the fs up to 10 ps. 
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Figure 5. a) Schematic of the photochemistry induced and probed with pH-VISTA on 
a system composed of 2-NBA (caged-proton) and a pH-sensitive photoactive system 
(BCP). b) Top: Time-dependent series of the absorption spectra and pump-probe 
spectra of BCP, following a pH jump. The 2D maps shown are representative data 
selected from Figure 4. Middle: Time-dependent GS- and ES-pHVISTA signals at 589 
nm of BCP plus 2-NBA, in blue and gray, respectively, both averaged over 5 scans. 
The shaded area marks the standard error over the 5-scan average for the ES-
pHVISTA signal. Bottom: conversion of the ES-pHVISTA loss of bleach amplitude 
(indicated above by the pink arrow and dashed lines to be 97.2%) into the change of 
pH in the excitation spot (see main text and Figure S8). 
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Figure S1. Scheme of the pH-VISTA setup built at ICFO. The acronyms indicate the 
following: NOPA non-collinear optical parametric amplifier, ND neutral density filter, 
BS beamsplitter, WLG white light generation, L lens, M mirror, PD photodiode, BB 
beam blocker; Prepump is purple, pump is orange and probe is light pink. 
 

 
Figure S2. (a) GS-pHVISTA spectrum in different conditions (as indicated in the 
legend) integrated between 10 and 30 μs; (b) Normalized GS-pHVISTA spectrum of 
BCP with 2-NBA measured with (S) and without (L) the optical delay line (dashed lines), 
plotted together with the differential steady-state absorption spectra ( ∆𝐴𝑏𝑠 ) 

corresponding to the pH change in the (S) and (L) cases, respectively. The ∆𝐴𝑏𝑠 were 
computed from the experimental titration shown in Figure S8, by subtracting the 
absorption spectra at pH 4.7 (L case) or pH 5.2 (S case) from the one at pH 7 - pH of 
the bulk sample solution and, therefore, initial pH before the jump in both experiments. 
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Figure S3. The normalized kinetics of GS-pHVISTA centered at 589 nm of BCP plus 
2-NBA, under different peristaltic pump flow rates. 
 

 
Figure S4. a) Schematic illustration of the pH-jump and identity of shots discarded to 
eliminate the pre-zero signals. b) Ratio between pre-zero signal intensity (τpH from -
1.3μs to 256 ns) and the maximum of the GS-pHVISTA bleach (τpH from 10μs to 30μs) 
at 589nm, as a function of the number of discarded shots. Error bars represent the 
standard error with respect to the average of 5 scans. Data from the experiment shown 
in Figure 3 on BCP + 2-NBA. c) The spectra of pre-zero signal and GS-pHVISTA at 0 
and 9 discarded shots. 
 
Standard pump-probe experiments on BCP at different pH values. To elucidate 
how the excited-state dynamics of BCP depend on pH, pump-probe spectra were 
acquired at different fixed pH values (5.0, 5.5, 6.0, 6.5, and 7.0), while maintaining the 
same BCP concentration (see Methods), in a conventional pump-probe experiment 
(Figure S5a). The pump was centered at 600 nm, as in pH-VISTA. Following excitation, 
a broad negative signal in the ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒 spectrum appears in the 520−700 nm 

range, representing the ground-state bleach (GSB) (Figure S5b), along with an 
overlapping signal in the 600−800 nm spectral region associated with stimulated 
emission (SE) (as can be inferred from BCP emission in Figure S9). By further 
increasing the delay (~4 to 15 ps), the intensity of the SE band diminishes and an 
excited-state absorption band becomes more evident in the range ~610-625 nm 
(Figure S5b). The overall signal decays significantly within the first 30 ps. The pH-
dependent normalized ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒  spectra at 2 ps, as well as the normalized 

kinetics, were found to be identical across all the pH levels tested (Figure S5c and 
S5d). However, the amplitude of the pump-probe ΔOD signal was shown to vary with 
pH, as it could be expected from the pH-dependent concentration of sulfonate, which 
is the BCP form that absorb the 600-nm pump (Figure 1). By normalizing the 
∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒 intensity at 580 nm at 2 ps to the value measured at pH 7, and then by 

calculating the relative ratios of intensities at the other pH levels against this reference, 
the same relative signal loss was found to occur in both pump-probe and pH-
dependent steady-state absorption measurements86,87. In the steady-state absorption 
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measurements, the absorption at 589 nm at pH 7 was used as a reference, and the 
changes at other pH levels are expressed as relative ratios to this baseline. This 
consistency implies that the change in amplitude of the ES-pHVISTA at 589 nm can 
serve as a quantitative method for assessing pH in the context of BCP (Figure 5), as 
no other pH-dependent changes are expected to take place at the level of its excited-
state dynamics.  
 

 
Figure S5. a) ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒  maps of aqueous BCP solutions at varying pH, upon 

600-nm pump excitation. Maps averaged every 4 timesteps. b) Representative 
∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒   spectra of BCP at pH 7.0, at selected delay times. c) Normalized TA 

spectrum of BCP at 2 ps, at various pH values; d) Normalized ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒    kinetics 

of BCP, obtained by integrating between 550 and 650 nm. e) The dependence of 
steady-state absorption at 589 nm (right axis, purple triangle) versus ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒 

intensity at 589 nm (left axis, gray circle), at various pH, calculated as described in the 
section above.
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Figure S6. ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒  maps of BCP in the absence of 2-NBA (a) and in the 

presence of 2-NBA (b), from the same experiments shown in Figure 3. Both maps are 
obtained during a pH-VISTA experiment, by scanning the delays along τpH employing 
both the optical delay line and electronic long delays, while maintaining τVISTA at the 
fixed time step of 2 ps. For ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒  formula see main text and Figure 2, S7.a. 

 
Figure S7. a) Two−dimensional maps of ∆𝑂𝐷𝑝𝑢𝑚𝑝−𝑝𝑟𝑜𝑏𝑒   (left panel), GS-pHVISTA 

(middle panel), and ES-pHVISTA (right panel) of BCP aqueous solutions in the 
presence of 2−NBA averaged each 4 timesteps, from the same experiments shown in 
Figure 5.  The respective kinetics at 589 nm are shown above the maps (raw data in 
lilac, averaged every 4 timesteps in gray). The formulas used to compute each map 
are reported at the bottom, and in Figure 2. b) From the same experiments, the kinetics 
at 589 nm of ES-pHVISTA (lilac) and GS-pHVISTA (black) are normalized for 
comparison. An illustration of the sequence of pulses used in the experiment is shown 
above. c) ES-pHVISTA maps collected on the same day of the experiment in a,b, but 
varying τVISTA to collect each ES-pHVISTA map at different, fixed τpH values. All maps 
are averaged every 4 timesteps for clarity. An illustration of the sequence of pulses 
used in the experiment is shown above. 
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pH titration of BCP. An aqueous stock solution of 150 mL bromocresol purple at 10 
µM was prepared from fresh powder, using distilled water. This was then split into three 
separate solutions of 50 mL, one of which directly served for titration in the pH range 
of 3.8-5.3 and at pH 9.2. To the other two solutions, 1 mM concentrations of a buffer 
were added, being either 4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid 
(HEPES), for samples in pH range 6.8-8.2, or 2-(4-morpholinyl)ethanesulfonic acid 
(MES), for the samples in the pH 5.5-6.7 range. Volumes of a few µL 10M NaOH or 
3M HCl were added to adjust pH with negligible dilution effects, and absorption 
measurements were taken directly after pH measurement with a Fisherbrand™ 
accumet™ AB150 Benchtop pH Meter, using automated temperature correction. A 
Varian Cary 4000 UV-Vis-spectrophotometer was used to acquire the absorption 
spectra at room temperature, in single path configuration referenced against a 
prerecorded baseline of water, all in the same 1-cm quartz cuvette. Between each pH 
measurement, stability of pH within the last digit of the pH meter for 2 min was required 
and, for every titration, the cuvette was cleaned with distilled water which was 
evaporated using nitrogen gas. 
 

  
Figure S8. a) Absorption of BCP presented as a 2D color map as a function of probe 
wavelength along y and pH along x; b) pH dependence of the steady-state absorption 
of BCP at 600 nm, fitted using the function: pH = -0.48 * log(1.6e-6 * (-1 + 1.3 / 
(0.0055 + ratio))), ratio: A(pH)/A(pH=7); c) Absorbance decrease of BCP at 600 nm 
when varying pH from 7 to 5 (7.0, 6.5, 6.0, 5.5, 5.0). The gray line indicates the 
transmission regions of the 600-nm bandpass filter used in the measurement (nominal 
spectrum from THORLABS). 
 

 
Figure S9. The emission spectra of BCP in H2O acquired upon 580-nm excitation. 
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