
Temperature Effects and Activation Barriers in Aqueous Proton-
Uptake Reactions
Balázs Antalicz* and Huib J. Bakker*

Cite This: JACS Au 2024, 4, 2995−3006 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Aqueous proton transfer reactions are fundamental in
biology and chemistry, yet kinetics and mechanisms of strong base−
weak acid reactions are not well understood. In this work, we
present a temperature-dependent reaction kinetic study of the water-
soluble photobase actinoquinol, in the presence and absence of
succinimide, a weak acid reaction partner. We study the temperature
dependence of the reaction and connect the observed dynamics to
the reaction’s thermodynamics. We find that actinoquinol reacts in
associated complexes with water/succinimide, creating an inter-
mediate complex that can undergo either dissociation to create
products, or reverse proton transfer within the complex to recreate
the initial reactants. We find that the intermediates’ formation is
energetically unfavorable with both reaction partners, which impacts the net reaction rates. We also find that the net reaction rate is
additionally strongly influenced by the competition between the dissociation of the intermediates and their reverse reaction.
KEYWORDS: aqueous systems, photobase, proton-uptake, proton transfer, reaction mechanism, femtosecond infrared spectroscopy,
transient-absorption spectroscopy, UV−vis spectroscopy

1. INTRODUCTION
Aqueous proton transfer is essential in various biological
processes, such as enzymatic reactions,1 the regulation of
photosynthesis,2 or the infection mechanism of flu.3,4 By
studying the molecular-scale mechanisms, it becomes possible
to create new applications, which involve fuel cells5 and energy
storage;6−10 or optical control over proton conductivity,11

pH,12−14 and chemical reactions.15,16

Past studies have primarily focused on photoactivated acids,
and studied their proton release dynamics to the solvent,14,17−24

and to an added reaction partner.25−32 These studies showed
that proton transfer from a photoacid to the solvent takes place
on the picosecond to nanosecond timescale, while proton
transfer directly to a weak base can occur on the femtosecond
timescale. It was found that in water such direct reactions can
also happen in reactant complexes separated by the solvent. In
such complexes, protons hop from acid to base in a concerted
manner, over a short-lived hydrogen-bonded chain of water
molecules, i.e. a transient ‘water-wire’.
Photoactivated bases have been much less studied, and prior

studies have almost exclusively focused on the dynamics of the
reaction with the solvent; for both Arrhenius-type33 (ROH* →
R+* + OH−) and Brønsted-type34−40 (B* + ROH → BH+* +
RO−) photobases. Similarly to photoacids, the time scale of
these reactions also takes place on a picosecond to nanosecond
timescale.

Recently, we reported on the reaction dynamics41 of
actinoquinol, a water-soluble, reversible, Brønsted-type photo-
base; in absence and in the presence of succinimide, a weak acid
reaction partner. We then compared our results to a previously
studied photoacid (HPTS) − weak base (acetate) reaction
system,25−29 in which the reaction partners had very similar
thermodynamic driving forces compared to the photobase−
weak acid system. Despite this, we found that the kinetics and
themechanisms of the two reaction systems do notmatch: in the
photobase−weak acid system, reaction rates are significantly
lower; and reactions only took place in contact pairs of reaction
partners. We assessed that such differences in reaction
mechanisms might be connected to more fundamental differ-
ences in transport mechanisms42−44 of aqueous H+ and OH−.
Despite recent developments, information about the reaction

mechanisms of photobases is still scarce. In this work, we
perform temperature-dependent fluorescence and ultrafast mid-
infrared transient absorption measurements to decipher the
reaction mechanism of actinoquinol with water and with the
weak acid succinimide. We find that these reactions rely on a
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two-step mechanism, which involves an intermediate hydrogen-
bonded complex that can either dissociate into reaction
products or undergo a reverse proton transfer reaction to
restore the initial reactant complex. We find that the
competition of these processes strongly influences both the
rate and the effective energy barrier of the overall reaction. Based
on the new experimental insights, we develop a theoretical
framework that accounts for both the kinetics and the
thermodynamic properties of the reaction system, provides a
detailed understanding of the mechanism of proton uptake
reactions, and explains the nontrivial dependence of the rate of
these reactions on temperature and on reactant concentrations.

2. RESULTS AND DISCUSSION

2.1. Temperature-Dependent Photobasic Properties of
Actinoquinol

In Figure 1a1−2, we study the temperature-dependent
fluorescence emission spectra of actinoquinol at neutral pH
(AQ−, Figure S1a), and its protonated form at lower pH (HAQ,
Figure S1b). In Figure S5, we show similar spectra recorded in
heavy water (D2O). In both solvents, we find that exciting AQ−

at neutral pH/pD yields two fluorescent emission bands: one at
3 eV (410 nm) and one at 2.5 eV (500 nm). Because the 2.5 eV
emission band is identical to the one observed after exciting H/
DAQ at lower pHs/pDs, we assign the band to emission from
excited-state H/DAQ*. Similarly, we assign the 3 eV emission
band to originate from AQ−*. Because exciting AQ− yields H/
DAQ* bands in both solvents, we conclude that it is the result of
the AQ−* ···H/D2O → H/DAQ*+OH/D− proton uptake
reaction. This then shows that AQ− is photobasic, which is a
common property of quinoline derivatives.45,46 To summarize
these conclusions, we present a Jablonski diagram in Figure 1b.
Here, we depict the term levels of AQ− and HAQ, as well as the
ΔGPU* and ΔGPU free energy changes that drive the excited- and
ground-state proton uptake reactions. Using these terms, we
could previously41 establish that photoexcitation changes the
basicity of actinoquinol from pKb = 9.85 to pKb* = 0.75,
explaining its enhanced reactivity in the excited-state.
In Figure 1b, we also show the competition of the proton

uptake reaction, described with the first-order rate of kPU; and
the fluorescent and nonradiative decay channels, described with
the rate constants kf lAQd

−* and knrAQd

−*, respectively. Using this
notation, we derive that the quantum yield of the proton uptake
reaction is

= + +
* *

k k k k/( )PU PU PU fl
AQ

nr
AQ

(1)

To study the temperature-dependence of ΦPU, we use log-
normal band fitting47,48 to determine the areas of the emission
bands of AQ−* and HAQ*. To do this, we use the assumptions
that emission bands are identical in both H2O andD2O, and that
all band parameters (i.e., center, width, asymmetry) vary linearly
with temperature. We show fit results in Figures S6 and S7, and
summarize the fitting parameters in Figures S8−S10. The
obtained emission band areas then describe the conditional
probabilities (Pf) of observing fluorescent emission (↓) by
exciting (↑) either of the photobase forms. Using this notation,
we derive the following:

= * *P (neutral pH)/ (low pH)PU f
AQ

f
HAQ,HAQ

(2)

We then show its temperature dependence in Figure 1c. We find
that ΦPU is greatly enhanced with increasing temperature: in the
5−65 °C range, ΦDU increases from 59 ± 1% to 76 ± 1%, while
ΦPU increases from 84± 1% to 90± 1%. Such an increase inΦPU
suggests that the activation barrier of the proton uptake
reactions (EPU, see Figure 1b) is much larger than the effective
activation barrier of the competing fluorescent and nonradiative
relaxation channels.
Next, we use the Pf values to obtain information about the

dynamics of the proton uptake process. Using the notation in
Figure 1b, we derive that

= + +
* * * *

P k k k k/( )f
AQ

fl
AQ

PU fl
AQ

nr
AQ,AQ

(3)

In turn, this yields that ΦPU/PfAQ d

−↑, AQd

−*↓ = kPU/kf lAQd

−*. We show
the obtained kPU/kflAQd

−* trends in Figure S12. Assuming that
kf lAQ d

−* is identical for AQ−* in both H2O and D2O, we calculate
the kPU/kDU ratios at different temperatures. We find that this
kinetic isotope effect changes from 3.6 ± 0.07 at T = 5 °C to 3.0
± 0.04 atT = 65 °C; see Figure 2a. By plotting the kPU/kDU ratios
in an Arrhenius plot, we determine its slope:−∂ ln(kPU/kDU)/∂ β
= EPU − EDU = −2.4 kJ/mol, where we defined β = (R·T) −1.
2.2. Temperature Effect in Aqueous Proton Uptake
Reactions

To study the dynamics of aqueous proton uptake reactions of
AQ−, we performed UV-pump−IR-probe experiments with εexc
= 3.63 eV (λexc = 342 nm) pump pulses and tunable IR probe
pulses in the ν̃ = 1420−1580 cm−1 region, up to a maximal
pump−probe delay of τpp = 2.3 ns.

Figure 1. (a1,2) Absolute fluorescence quantum yield (Φf) spectra of (a1) actinoquinol (AQ−) at neutral pH, and (a2) its protonated form (HAQ) at
low pH (pH ≪ pKa

HAQ = 4.15); plotted as a function of the emitted photon energy (εem). Displayed spectra are recorded at different temperatures (T)
at εexc = 3.65 eV excitation energy (λexc = 340 nm excitation wavelength). The εem = 2.5 eV band originates from HAQ*, while the εem = 3 eV band
originates from AQ−*. (b) Jablonski diagram of AQ−, including the proton uptake reaction. kPU: proton uptake rate; EPU: activation barrier of kPU;
ΔGPU* and ΔGPU: free energy changes driving the excited/ground-state reactions; kf l and knr: rates of excited-state decay via fluorescent and
nonradiative means. (c) Temperature effect on the quantum yield of the proton uptake reaction in water (ΦPU) and heavy water (ΦDU). Solid lines are
based on trend fits in Figures S12 and S13.
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In Figure 3a, we show the infrared absorption spectrum of
AQ− at T = 22 °C, which has a prominent feature at ν̃ =
1507 cm−1 and a number of smaller absorption peaks at lower
frequencies. The main ν̃ = 1507 cm−1 band also has a slightly
different frequency and width in D2O (Figure S22), suggesting
that this band is sensitive to the hydrogen-bonding environment.
In Figure S21a, we decompose the full absorption spectrum as a
set of Lorentzian peaks; see Table S2.
In Figure 3b, we analyze the transient absorption spectra of

photoexcited AQ−*. Here, we observe a number of weaker
positive features alongside the strong ground-state bleach of
AQ− at 1507 cm−1. At early pump−probe delays (τpp < 30 ps),
these features show mild frequency shifts due to solvent
relaxation, see Figure S24. We model the relaxation of these
signals with the rate constant ksolv.
At longer pump−probe delays, we find that the observed

transient absorption signals change over several nanoseconds.
More specifically, we observe the rise and saturation of HAQ*
peaks at the spatial frequencies of ν̃ = 1427 and 1465 cm−1.
These features match those observed by directly exciting HAQ;
see Figure S23. In Figure 4a1−d1, we show the dynamics at
1469 cm−1 at different temperatures; see the cHSI=0M curves. At
this frequency, the transient absorption of AQ−* is very small;
thus, the observed dynamics primarily originate from HAQ*. At
higher temperatures, HAQ* generation gets increasingly faster,
suggesting a large activation barrier. This is in accordance with
the fluorescence measurements, which showed that kPU
increases much faster with temperature than kf lAQ d

−* (Figure S12).
Next, we study the dynamics in the 1550−1565 cm−1 region,

see Figures 3b and S26. These dynamics are complex and show a
cAQ d

−
-dependence. Notably, HAQ also absorbs in this spectral

region, at ν̃ = 1558 cm−1 (Figures 3a and S26e). Because the
AQ−* dynamics at 1507 cm−1 are not affected (Figure S26c), we
infer that the cAQ d

−
- dependence of the observed dynamics is a

result of HAQ* being quenched by AQ−. Similar quenching
behavior has been previously observed in case of the photoacid
HPTS, which also affected its observed proton release
dynamics.29 We model this quenching effect with an additional
term for the excited-state decay rate constant of HAQ*:

= + ·* *k c k c c k( ) ( 0)ES
HAQ AQ

ES
HAQ AQ AQ

quench (4)

Here, we approximate that kESHAQd*(cAQ d

−
=0) ≈ kESAQ d

−* ≈ kflAQd

−*.
To reason the latter approximation, we consider that the

efficiency of nonresonant relaxation method of AQ−* is quite

low at all temperatures (Figure S11). We also assess that knrAQ
−* is

slightly different in H2O and D2O, see Figure S13. Such
differences can arise in case of intersystem crossing (ISC), which
is quite common in quinolines.34 Here, differences in vibrations
(Figure S22) can lead to differences in vibrational couplings49

that influence the net rate of the process. This is something also
found in case of HAQ* and DAQ* where knrH/DAQd* showed a
strong isotope dependence41 (Figure S13). Because ISC leads to
triplet states that are typically long-lived, we assess that knrAQd

−*

does not have meaningful contributions to the replenishment of
ground-state AQ− and thus approximate kESAQ d

−* ≈ kflAQd

−*. In the
case of HAQ*, we first study its transient absorption features in
Figure S23. In the measurement window, we find only a weak
decay, and no vibrational changes associated with intersystem

Figure 2. Arrhenius plots for (a) kPU/kDU, from fluorescence
measurements in Figure 1, used to obtain EPU−EDU; and for (b) kPU,
from transient absorption measurements in Figure 4, used to obtain
EPU. Error bars in are in 95% confidence intervals in (a), and manual
estimates in (b). In both figures, solid lines are linear trend fits.

Figure 3. (a) Steady-state absorption spectra (A) of AQ− and HAQ in
H2O atT = 22 °C, plotted in function of the spatial frequency (ν ̃) of the
absorbed infrared light. Spectra are displayed after solvent feature
subtraction and are normalized with sample concentration and
thickness; see Supporting Information. (b) Transient absorption
spectra (ΔAiso) of 20 mM AQ− in H2O at T = 62 °C, obtained at
different probe pulse delays (τpp) after a εexc = 3.63 eV (λexc = 342 nm)

pump pulse. On the vertical axis, 1 gsb. u. (≈ 0.6mOD at cAQd

−
= 10mM)

is defined as the magnitude of the 1507 cm−1 ground-state bleach of
AQ− at short pump−probe delays. (c) Component-associated spectra
(σ) of different photobase species, extracted frommeasurements in neat
H2O. (d) Transient absorption spectra of 10 mM AQ− with 2 M
succinimide (HSI) added, in H2O at T = 62 °C. (e) Component-
associated spectra extracted from HSI-containing solutions. SI−

denotes deprotonated succinimide, while ’Δpair(*) ’ refers to the
absorption difference between HSI-associated and free AQ−(*). For
solutions with added HSI, we omit the ν ̃ < 1439 cm−1 region from our
analysis; because the additional absorption of HSI increases noise and
overlaps with complex contributions from SI−, Δpair(*) and HAQ*.
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crossing. We thus consider that the decay is likely due to self-
quenching and approximate that kESHAQd*(cAQd

−
= 0) ≈ kESAQ d

−*. We
assess the error of this approximation to be quite low,
considering that the thus obtained time-constants (Figures
S12 and 2b) are at least ten times the length of the observed 2.3
ns delay window.
We then perform broadband kinetic modeling on the

presented data set and show the photobase-related species-
associated spectra (σ) in Figure 3c. The obtained σHAQd* offers a
good match to the features obtained by exciting HAQ (Figure
S23), and σHAQ features too match the absorption difference of
HAQ and AQ− (Figures 3a and S21). This suggests that our
model offers an accurate description of the quenching process.
We additionally find that the recovered kquench values (Figure
S27) do not follow the kquench (T) ∝ D(T) ∝ T trend predicted
from the Einstein−Smoluchowski relation,50 but instead
decrease with increasing temperature. This suggests that the
method of quenching is not primarily driven by random
collisions.
Next, we study the obtained kPU values in Figure 2b. We find

that these form a straight line on the Arrhenius plot with the
following slope: EPU = 22 kJ/mol. This value is quite high: it is
even larger than the EH−bondreorg. = 16.5 ± 2.5 kJ/mol literature
value51−58 of the activation energy for the reorganization of the
hydrogen-bond network in neat water.
2.3. Temperature Effect in Bimolecular Proton Uptake
Reactions

We additionally study the bimolecular reaction between AQ−*
and succinimide (HSI, Figure S1c), a weak acid reaction partner
(pKa = 9.56).59 In Figure 3d, we show transient absorption
spectra obtained by exciting AQ−, at T = 62 °C in H2O, with cHSI
= 2 M. When compared to transient absorption experiments in
neat H2O, the signals at ν̃ = 1427 and 1465 cm−1 are enhanced at
all delays. We additionally observe a broadband absorption
signal around ν̃ = 1557 cm−1, corresponding to absorption of
deprotonated succinimide (SI−, Figure S1d). The shape, width
and frequency of this signal matches the previously identified
signals,41 and has been assigned to the asymmetric C�O
stretching vibration of the SI− ion.60

In Figure 4a2−d2, we display transient absorption signals at
ν̃ = 1538 cm−1, showing the dynamics of SI− generation. This
choice of frequency allows us to distinguish SI− signals from the
overlapping, but narrower HAQ(*) signals near ν̃ = 1558 cm−1.
With an increase in temperature, the deprotonation reaction of
HSI becomes much faster, regardless of cHSI. At T = 62 °C and at
cHSI = 2 M, the SI− signal reaches its maximal value already at
τpp = 1000 ps, whereas it does not fully saturate by τpp = 2300 ps
at T = 6 °C. Furthermore, notable differences appear in the end-
level signals at τpp = 2300 ps for cHSI = 0.1 M: at T = 62 °C, the
end-level is approximately twice as big as the end-level at T = 6
°C.
To model the reaction kinetics of AQ−* and HSI in H2O, we

consider two parallel reaction pathways. In the first reaction
pathway, we describe the (1A) AQ−*···H2O → HAQ* + OH−

proton-uptake with rate constant kPU, and the subsequent (1B)
OH− + HSI → H2O + SI− neutralization with the rate constant
kneut·cHSI. This pathway dominates at low cHSI, where a small cHSI
increase yields a large SI− enhancement but a small relative
HAQ* enhancement. In the second reaction pathway, we
consider the formation of directly associated actinoquinol-
succinimide reactant pairs and their direct proton transfer
reaction: (2A) the AQ−*···HSI→HAQ* ···SI− forward reaction
with kHSIf , and (2B) the HAQ*···SI− → AQ−* ···HSI reverse
reaction with kHSIr . This pathway is most important at high cHSI,
where it leads to a significant enhancement of both the HAQ*
and SI− signals.
To quantify the ratio of associated reactant pairs at τpp = 0, we

need to measure their Kassoc
pair association constant. We previously

reported41 that the red-shift of the UV−vis spectrum of
associated pairs can be used to extract this quantity. We
describe our updated protocol in Supporting Information
(Figures S14−S20), and we show our results in Figure 5a.
The obtained results form a single line on the Arrhenius plot, the
slope of which describes the standard enthalpy of formation:
ΔHassoc

pair = −10 kJ/mol. The large negative value shows that the
pair formation of the reactants is energetically favorable.
In the reaction model, we additionally include the ongoing

equilibration of free and associated reactants with rate constants
kdissoc for dissociation and kassoc·cHSI for association. To establish
and maintain the hydrogen-bond in associated pairs, the

Figure 4.Normalized transient absorption signals of obtained by exciting AQ−, in a solution with different concentrations of added succinimide (cHSI),
recorded at different pump−probe delays and temperatures: T = (a) 6 °C, (b) 22 °C, (c) 43 °C, (d) 62 °C. At the top (a1−d1), we show absorption
dynamics recorded at ν ̃ = 1469 cm−1, which primarily originate from HAQ*. At the bottom (a2−d2), we show dynamics at ν ̃ = 1538 cm−1, which
primarily originate from SI−. Dots represent raw data points, and solid lines represent best fits based on the reaction model presented in the main text.
Signals are normalized based on the ν ̃ = 1507 cm−1 ground-state bleach feature of AQ−; see protocol description in the Supporting Information.
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reactants need to possess a high degree of orientational
correlation. We previously assessed that reorientation by the
heavier AQ−* is likely the main source of the AQ−*···HSI
hydrogen-bond breaking, given its impact on the immediate
solvation shell of the reactant pair. Using polarization-resolved
measurements, we measure kaniAQd

−*, the anisotropy loss rate of
AQ−* due to its reorientation; see Figure 5b. We thus
approximate that the dissociation rate is kdissoc ≈ kaniAQd

−*, which
yields kassoc = kani·Kassoc

pair .
Similarly, we also assume that the breakup rate of HAQ*···SI−

pairs is also kdissoc′ = kdissoc ≈ kaniAQd

−*. We additionally neglect the
back-diffusion process: since SI− is a small ion, it reorients much
faster than actinoquinol (kaniSId

−
≫ kaniAQd

−*), meaning that the
orientation of a just-dissociated SI− will quickly change. This
then leads to the loss of the pre-existing orientational correlation
between HAQ* and SI−, which strongly hinders the reformation
of the intermediate complex. Because cSI d

−
< cHAQd* ≪ cAQ d

−
=

10 mM, scavenging an SI− from another HAQ* is extremely
unlikely.
A final addition to the model is the inclusion of the quenching

of HAQ* by AQ−. Previously, we found that kquench decreases
with the temperature, which cannot be explained with simple
collision-based quenching. Instead, we propose that AQ− can
quenchHAQ* when it is hydrogen-bonded to it. Self-quenching
based on hydrogen-bonding has been previously observed in
other aza-aromatics.61 This means, that kquench would decrease
with temperature, because the association constant of HAQ*···
AQ− pairs would too. This mechanism additionally explains the
cHSI-dependence of kquench: at higher cHSI, both AQ−···HSI and
HAQ*···HSI pairs emerge; which would lead to the decrease in

the rate of formation of AQ−···HAQ* complexes. We account
for this with the expression:

= · ·

k c

k c r c r c

( )

( 0) (1 ( )) (1 ( ))

quench
HSI

quench
HSI

assoc
pair HSI

assoc
HAQ HSI

(5)

Here, rassoc = Kassoc·cHSI/(1 + Kassoc·cHSI) and Kassoc
HAQ is the

association constant for HAQ···HSI pairs (Figure S20).
We summarize our model in Eqs. S3 and S4. This reaction

model provides a good fit for the observed reaction dynamics at
all temperatures and succinimide concentrations; see Figure 4
for the comparison of the dynamics. In Figure S30, we show that
the residuals of the fit are very small.
In Figure 3e, we show additionally recovered component-

specific spectra. Here, the broad feature of σSI d

−
at 1557 cm−1

matches both the observed late-delay transient absorption
signals in Figure 3d and its linear absorption spectrum.41,60

Based on the succinimide-containing samples, we extract the
vibrational response of associated AQ−(*) ···HSI species, which
shows only minor differences compared to the response of
AQ−(*) ···H2O species.
In Figure 5c, we show the recovered kneut, which appears to be

constant atT = 22 °C and above, and decreases below that, i.e. at
T = 6 °C. This trend is interesting, because all other rate and
association constants form a linear trend within the Arrhenius
plot. To rule out individual sample concentration errors, we
repeated the experiment at cHSI=0.1M at T = 6 °C and found the
results to be indistinguishable.
In Figure 5d, we show the obtained kdirect values, which

denotes the effective one-way forward rate constant of direct
reactions in the cHSI → ∞ limit, calculated based on the best
model fit to the data (Eq. S44). Here, we do not directly show
kHSIf/r values because these have a large error covariance and thus
cannot be recovered with the desired accuracy. We investigate
this effect in a later section, where we show that individual
contributions from kHSIf/r are rather small and that the main
physical observable is instead kdirect.
2.4. Dynamics and Barriers in Aqueous Proton Uptake
Reactions

In the previous section, we modeled the direct proton transfer
reaction in AQ−*···HSI pairs with the forward kHSIf , and the
reverse kHSIr rate constants. This description relied on the
inclusion of an intermediate HAQ*···SI− species.
To explore the inclusion of an intermediate in the reaction

with water, we consider that the AQ−*···H2O → HAQ* + OH−

proton-uptake reaction has the following, spectroscopically
invisible reaction steps: (1) AQ−*···H2O → HAQ*···OH−

forward reaction with the rate constant kH d 2O
f , (2)

HAQ*···OH− → AQ−*···H2O reverse reaction with the rate
constant kH d2O

r , and (3) HAQ*···OH− → HAQ*+OH−,
representing dissociation of the intermediate complex with the
rate constant kdif f. Similarly to the case of HAQ* and SI−, we do
not include back-diffusion, given the spatial and orientational
correlation requirements for HAQ* and OH− to reform a
complex. We describe this system of differential equations using
a rate-matrix formalism; see Supporting Information Section 6.1.
To connect kH d2O

f/r with the experimentally observed kPU, we
investigate the τpp → ∞ asymptotic behavior of the reaction
system. The general solution is a biexponential function, which
is not something we observe. However, in the kH d2O

r ≫ kHd2O
f limit,

Figure 5. (a) Van’t Hoff plot for Kassoc
pair , the steady-state association

constant of AQ−* andHSI in H2O, used to obtain the standard reaction
enthalpy ΔHassoc

pair . (b−d) Arrhenius plots for (b) kaniAQd

−*, the rate of

anisotropy decay of AQ−* due to its reorientation, used to obtain EaniAQd

−*;
(c) kneut, the rate of bulk neutralization reaction of HSI by OH−; (d)
kdirect, the effective rate of one-way direct reactions in the cHSI → ∞ limit,
calculated with the second order accurate formula S45; used to obtain
Edirect. In (b) and (d), solid lines are linear trend fits. In (a), the solid line
gives the best global fit for ln(Kassoc

pair (T)) for the points with solid color.
The hollow circle at 5 °C is a best fit result from a partial measurement
set; and the hollow triangle at 22 °C is an independent measurement
with different conditions; see the Supporting Information. Displayed
errors are defined in the Supporting Information.
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the dynamics simplify to a single exponential (Eq. S17), with an
effective rate constant of

= ·k k (1 )PU H O
f

PU2 (6)

Here, the factor

= +k k k/( )PU H O
r

diff H O
r

2 2 (7)

describes the factor by which the reaction is slowed down
compared to kH d2O

f : λPU = 0 indicates no slowdown, and values of
λPU approaching 1 indicate an increasing slowdown. In the kH d2O

r

≫ kH d2O
f limit, the observable reaction dynamics will be dictated

by the competition of intermediate complexes’ dissociation and
their reverse reaction. Because the observed dynamics are
monoexponential, we cannot directly determine the kH d2O

f /kH d2O
r

ratio.
In Supporting Information Section 6.1, we study the effective

activation barrier in the kH d2O
r ≫ kHd2O

f limit. In Eq. S22, we obtain
that

= = + ·E k E E Eln( )/ ( )PU PU H O
f

PU diff H O
r

2 2 (8)

Here β = (R·T) −1. Clearly, a larger λPU slow-down effect leads to
larger EPU; eventually converging to EH d2O

f + Edif f if λPU → 1. In
general, Edif f ≠ EH d2O

r , meaning that λPU has an implicit
temperature dependence that�under certain conditions�can
yield a temperature-dependence in EPU. Temperature-depend-
ent activation barriers have been previously observed for the
reactions of reversible photoacids with water, for example for 2-
napthtol, 2-napthtol-6,8-disulfonate,19 and HPTS.17 Similar to
our scenario, the accurate description of these processes
suggested that the dissociation of the intermediates plays a
critical role and can affect the activation barrier of the overall
reaction. In general, our theoretical derivation yields an effective
reaction barrier EPU that has a form similar to those emerging in
complex reactions, proposed by earlier works.62,63 A key
difference in our approach is that we study reaction dynamics,
while earlier works were based on a steady-state description.
We summarize our description in Figure 6, where we illustrate

the energy levels of different chemical species. Here, we

introduce ΔG#
PU=EH d2O

f −EH d2O
r , the energy gap between the

reactants and the intermediate complex. To derive a formula
connecting kHd2O

f/r and EPU, we consider that if diffusion was
absent, then the two complexes AQ−*···H2O and HAQ*···OH−

would form a two-level system. In this case, their relative
concentrations would follow Maxwell−Boltzmann statistics:

[ ··· ] [ * ··· ] = ·* #AQ H O HAQ OH G/ exp( )PU2 (9)

At the same time, mass conservation dictates that

[ ··· ]· = [ *··· ]·*AQ H O k HAQ OH kH O
f

H O
r

2 2 2 (10)

This yields that

· = >#G k kln( / ) 0PU H O
r

H O
f

2 2 (11)

This expression also holds in the presence of the second
(diffusion) reaction step; and suggests that even if the first
reaction step to the intermediate state is not energetically
favorable, the overall proton-uptake reaction can still take place
(ΔGPU* < 0). If the barrier of the forward reaction is large−i.e.
EH d2O
f ≫ EHd2O

r − then in Eq. S30 we derive that

+ · = · + ·E
k
k

Eln lnPU
PU

diff
PU diff PU

1 1

(12)

To determine λPU, we need to estimate kdif f, the rate constant
of the dissociation of the hydroxide ion from HAQ*. We
approximate that kdif f is identical to the rate at which OH− ions
jump over the length of a water molecule in room temperature
bulk water:64 kdif f ≈ (3 ps) −1. In this approximation, the
diffusion of hydroxide is governed by the reorganization of the
hydrogen-bond network of bulk water, from which it follows
that51−58 Edif f ≈ EH−bondreorg. = 16.5 ± 2.5 kJ/mol. At 22 °C, we
thus obtain that λ = 0.4 ∓0.04, EHd2O

f ≈ ΔGPU
# = 15 ∓ 0.3 kJ/mol,

kH d2O
r = (4.5 ± 1 ps) −1 and that kH d2O

f /kH d2O
r = 1/(480 ∓50) . If kdif f

would be slower than this, then λPU would increase and
kH d2O
f /kH d2O

r would decrease. The above approximation for kdif f
yields results consistent with the original kH d2O

r ≫ kH d2O
f

hypothesis.
We also find that the phenomenological activation energy of

the overall reaction barrier is EPU = 22 kJ/mol, which is 7 kJ/mol
larger than the EH d2O

f =15 kJ/mol activation energy of the forward
proton-uptake reaction. Considering that EHd2O

f ≈ ΔGPU
# , this

means that the free energy difference between the AQ−*···H2O
reactant complex and the HAQ*···OH− intermediate complex is
quite large, 6 times the thermal energy R·T at room temperature.
Last, we note that the obtained 40% value for the slow-down
factor confirms that the competition between hydroxide
diffusion and the reverse reaction indeed plays a significant role.
2.5. Dynamics and Barriers in Bimolecular Proton Uptake
Reactions

Next, we unify the results of the reaction of AQ−* and H2O with
the previous results for the direct reaction of AQ−* andHSI; and
illustrate the resulting reaction scheme in Figure 7. In
Supporting Information Section 6.4, we then repeat our previous
mathematical approach and obtain kdirect′ , the one-way effective
reaction rate constant of the AQ−*···HSI → HAQ*+SI−

reaction. We find that kdirect′ is dependent on both τpp and cHSI.
Shortly after UV excitation (τpp → 0 limit), we find that
kdirect′ = kHSIf (Eq. S58). This, however, quickly decreases, as the
concentration ratio of the reactant and the intermediate
complexes, i.e. [AQ−*···HSI]/[HAQ*···SI−], quickly shifts.
This process then happens with the rate of keq ≈ kHSIr + kdissoc
(Eq. S60).

Figure 6. Eigen-Weller model for describing the excited-state proton-
uptake reaction by AQ−*, introducing the HAQ*···OH− intermediate
state. kHd2O

f and kHd2O
r denote forward and reverse proton-uptake rate

constants in the first reaction step, while kdif f describes the rate constant
of the diffusion-driven separation of HAQ*···OH− complexes. For the
sake of clarity, we omit excited-state decay channels of the photobase
species but do include them in the fitting process.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00326
JACS Au 2024, 4, 2995−3006

3000

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00326/suppl_file/au4c00326_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00326?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The kinetics described above lead to fast, small-amplitude
dynamics at early delays (τpp < 20 ps), which evolve into much
slower dynamics. In our previous work,41 we assigned the fast,
early delay dynamics to quickly reacting AQ−(HSI)2 trios. Based
on our present model, we find that the fast components
primarily correspond to the equilibration of the reactant and the
intermediate complex.
In the high reactant concentration (cHSI → ∞) and long delay

delay (τpp → ∞) limit, in Eq. S44 we find that kdirect′ converges to

= · + +k k k k k k k/( )direct HSI
f

dissoc HSI
f

HSI
r

dissoc HSI
f (13)

We display relevant trends in Figure 5b. In our previous work,41

we described the direct reaction of associated pairs as a one-way
reaction; the rate of which would then be equal to the thus-
defined effective kdirect. This description also explains the large
covariant error of kHSIf and kHSIr : it is kdirect that dominates the late-
delay response (τpp > 20 ps), when transient absorption signals
are large. The values of kHSIf/r are determined from the early delay
region, where the observed signals are relatively small, explaining
why we could not accurately determine their values.
We then investigate the activation barrier kdirect:

=
· +
+ +

+
· + · +

+ +

E
E k k

k k k

E k E k k
k k k

( )

( )

direct
HSI
f

HSI
r

dissoc

HSI
f

HSI
r

dissoc

HSI
r

HSI
r

dissoc HSI
f

HSI
r

HSI
f

HSI
r

dissoc (14)

See Eq. S46. To find a more practical form to this, in Eq. S54 we
also derive that

= · · [ + ]

+ · +

+ · + +

E

E

E

(1 ) ln ( 1)/( 1)

(1 )/(1 )

( )/(1 )

direct

HSI
r

dissoc

1 1 1

(15)

Here we used the substitutions of χ = kdirect/kdissoc and
ψ = kHSIr /kdissoc. In this equation, Edirect, Edissoc ≈ EaniAQd

−*, and χ
can be experimentally determined. With a sufficient approx-
imation of EHSIr , we can numerically solve the equation to obtain
ψ and thus kHSIr . Similarly to the case of kPU, we neglect EHSIr to
obtain that kHSIr ≈ (21 ps) −1, EHSIf =ΔGdirect

# ≈ 4.1 kJ/mol (via Eq.
S51), kHSIf /kHSIr ≈ 1/5.3 and λdirect = 1 − kdirect/kHSIf ≈ 0.75.
We thus find that the obtained kHSIf /kHSIr ≈ 1/5 ratio is 90

times higher than the kH d2O
f /kHd2O

r ≈ 1/480 ratio obtained for the

proton-uptake reaction from water. This acceleration of the
forward reaction follows from the fact that succinimide is a much
stronger acid59 than water (pKa

HSI = 9.56 vs pKa
H2O=14), making

the intermediate of the reaction more stable (ΔGdirect
# =

4.1 kJ/mol, ΔGPU
# =15 kJ/mol). Interestingly, the effective

reaction rate is not accelerated just as much: we observe that
kdirect/kPU = 7.5; much lower than the 90-fold enhancement of
the ratios of the forward and reverse reaction rates. This can be
explained from the fact that λdirect ≈ 0.75 of the reaction with HSI
causes a much stronger slow-down than λPU ≈ 0.4 of the reaction
with water. This is in turn related to the dissociation rate and
mechanism of the intermediates: we estimated that kdissoc ≈ kaniAQd

−*

= (57 ps)−1, versus the much faster kdif f = (3 ps)−1 for OH− in
neat water. In the case of the direct reaction with HSI, the much
slower kdissoc leads to ψ = kdissoc/kHSIr = 1/2.7. This means that the
intermediate reaction complex HAQ*···SI− has a large
probability of back-reacting to the initial AQ−*···HSI complex,
leading to both the strong slow-down of the overall reaction and
the increase of its effective energy barrier to the observed 17 kJ/
mol. Overall, this clearly illustrates that the effective reaction rate
is determined by both the formation of the intermediate reaction
complex and its subsequent dissociation into products.
2.6. Discussion

In this section, we discuss differences in our current measure-
ment results when compared to previously published ones. We
start with kPU; see Figure 5b. Based on the displayed linear trend
fit, at 22 °C we obtain kPU−1 = 3.6 ± 0.8 ns; which is close to the
edge of the confidence interval for the previously published
value of kPU−1 = 2.5 ± 1 ns. This difference can be explained from
the inclusion of quenching in the present work. As shown in
Figure S26, quenching decreases HAQ* signals, leading to an
earlier saturation. This means that if we did not include
quenching in the description, the obtained kPU would be faster.
Next, we consider the role of the HAQ* ···OH− intermediate

species in the proton-uptake reaction of photoexcited actino-
quinol. In the case of photoacids, similar RO−*···H+ complexes
have long been hypothesized, but their spectral signatures have
only recently been observed. Steady-state fluorescence spec-
troscopy was used to report on RO−*···H+ for the photoacids
QCy7 and QCy9 in ice,65 and time-resolved fluorescence
spectroscopy also showed such signals in case of the photoacid
SHONI.24 Compared to these works, we estimate that in the
present study the relative concentration of the intermediate
complex is quite low, making it very difficult to observe it
spectroscopically. This notion is supported by our fluorescence
measurements, where at all temperatures the two emission
bands from HAQ* and AQ−*, with a similar shape but different
central frequency, are sufficient to accurately reconstruct the
emission spectra obtained by exciting AQ−; see Figures S6 and
S7.
We then discuss the reported kH d2O

f /kH d2O
r values, which were

strongly influenced by the value of kdif f. In an extreme limit, the
hydroxide ion would mainly interact with ’slow’ water
molecules66 in the solvation shell of HAQ*; which reorganize
with the same rate as the molecule reorients. In this case, kdif f ≈
kaniAQ d

−* = (57 ps)−1 and Edif f ≈ EaniAQd

−*=17 kJ/mol (Figure 5b).
Using these, we obtain that λPU = 0.7, EH d2O

f = ΔGPU
# = 9.3 kJ/mol,

kH d2O
r = (22 ps)−1, and kH d2O

f /kH d2O
r = 1/45. As such, even in this

limit of extremely slow intermediate complex dissociation, we
find that kH d2O

r ≫ kH d2O
f .

Figure 7. Reaction model for describing the bimolecular proton-uptake
reaction of AQ−* with H2O and HSI. kdissoc and kassoc describe the net
dissociation and association rate of the AQ−*···HSI reactant pairs, while
kdissoc′ describes the net dissociation rate of HAQ*···SI− pairs. kneut
describes the bulk reaction rate of OH− and HSI. For clarity of
illustration, excited-state decay channels of the photobase species are
omitted but are otherwise included in the fitting process.
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Depending on the charge of the photobase, Coulomb effects
may arise in the intermediate species, impacting kdif f and thus
λPU. While this does not apply to actinoquinol since HAQ is net
neutral, it will certainly impact the dissociation of the
intermediate complexes of other, charge neutral photo-
bases34,35,46 − such as 5/6-methoxy-quinoline or 5-amino-
quinoline. These photobases have a positive conjugate acid,
which would likely lead to a smaller kdif f due to the Coulomb
attraction of OH−. Overall, such differences between neutral and
charged photobases must be kept in mind when comparing the
observed reaction rates (kPU) with the thermodynamic driving
forces (pKb*).
In Figure 5a, we show fit values for Kassoc

pair . At 22 °C, we obtain
Kassoc = 0.66 M−1, which is larger than the previous Kassoc

pair =
0.5M−1. Compared with our previous work, we used an updated
method to extract Kassoc

pair . Because this method uses the full
spectral information from the recorded data set, we consider that
the current results are both more precise and accurate.
In Figure 5d, we show the calculated values for kdirect. At 22 °C,

we obtained (kdirect)−1 = 470 ± 60 ps, which is somewhat slower
than our previous result: (kdirect)−1 = 360 ± 80 ps. While the
definition of kdirect is slightly different in the previous study, this is
not the main reason for the observed difference. Instead, we
consider that kdirect is not a direct observable but is derived from
the enhancement of the HAQ* signal compared to the signal
observed during the reaction in neat water. As such, kdirect is
affected by both the values of kPU and Kassoc

pair : a slower kPU yields a
larger σHAQd*, which means that a smaller kdirect is required to
explain the same amount of signal increase. Similarly, a larger
Kassoc
pair means that the signal results from more associated pairs,

which also implies a smaller value for kdirect. We included this
notion in the calculated error in Figure 5d.
We also discuss kneut, see Figure 5c. In the current work, at

22 °C, we obtain (kneut)−1 = 85 ± 33 ps·M, instead of our
previous result (kneut)−1 = 50 ± 11 ps·M.We previously assessed
that the neutralization pathway dominates at lower cHSI, where
the observable SI− signal strongly affects the determination of
kneut. We thus recognize that kPU, and also the normalization of
the cHSI = 0.1 M signals are both critical in the determination of
kneut. We additionally assess that kneut is indirectly dependent on
Kassoc
pair : variations to Kpair

assoc do not greatly influence the ratio of
σHAQ d* and σSI d

−
, but alter the relative contribution of the direct

reaction pathway at low cHSI. This means that with a larger Kpair
assoc,

a smaller contribution is attributed to the neutralization
pathway, yielding a smaller value of kneut. We thus conclude
that differences in kPU, the signal normalization approach and in
Kassoc
pair all affect kneut. Ultimately, we consider that it is the presence

of multiple competing reaction pathways that makes it difficult
to accurately determine kneut. Eliminating the direct reaction
pathway, e.g., by using irreversible, Arrhenius-type photobase
generators with a quick OH− release reaction,67 might yield a
more accurate value for kneut.
We then consider possible improvements to our reaction

model; see the fit residuals in Figure S30. We find that the
residuals primarily appear in a narrow region around 1558 cm−1,
attributable to HAQ contributions. To improve these, we need a
more accurate quenching model for HAQ*, which, in turn,
would yield a more accurate value for both kPU and kdirect. To this
purpose, we would need a more accurate value for kf lHAQd*, which
could be measured via time-resolved single photon counting
(TCSPC), and transient absorption measurements with differ-

ent cAQ
−
, to allow a more accurate determination of the

concentration trends.
We also assess the dynamics of HAQ* and SI−. Currently, we

describe reactions occurring in two distinct environments,
where AQ−* is hydrogen-bonded to either H2O, or to HSI. In a
more statistical description, both environments would have a
spectrum of configurations, each with slight variations in the
perceived fluctuations68 and reaction rates. In particular, we
consider that the presence of an additional HSI near an AQ−*···
HSI pair can impact the reaction in two main ways. First, a
nearby HSI can impact the solvation dynamics of the
intermediate HAQ*···SI− pair. Solvent relaxation effects have
been previously described to limit the proton release reaction by
reversible photoacids.17,19 In this work, we find that the
solvation of AQ−* can be described with time-constants up to
6 ps; which has a magnitude similar to (kHSIr )−1 ≈ 21 ps. Because
of the proximity of the rate constants, a nearby HSI could alter
ksolv following a forward proton-uptake reaction (kHd2O

f or kHSIf )
and thereby impact kHSIr and the net kdirect. An alternate way a
nearby HSI can accelerate the reaction is by participating in it via
an additional reaction step: the extra HSI can react with the
hydrogen-bonded SI− of the HAQ*···SI− pair. This in turn
eliminates the chance of a reverse direct reaction, thereby
increasing the observed kdirect.
Finally, we assess the generality of our results and their

applicability to other reaction types. In our work, we described
reactions in which reactants require a large degree of
orientational correlation. The presented formalism connects
the observable reaction rates, their activation barriers, and the
underlying forward−reverse reaction rates. We expect that our
formalism can be readily applied to other bimolecular reactions
where orientational correlation is similarly required, e.g., to
enzymatic reactions,69 or to proton-coupled electron transfer
reactions.70

3. CONCLUSIONS
We study the mechanism of the light-triggered proton-uptake
reaction of the reversible photobase actinoquinol with water
using temperature-dependent fluorescence and ultrafast mid-
infrared transient absorption experiments. We find that this
reaction can be described well with a two-step reaction
mechanism. Initially, an intermediate state is formed, consisting
of a protonated photobase that remains hydrogen-bonded to the
hydroxide ion, that can either dissociate or undergo a reverse
reaction. Compared to the initial reaction step, this competition
slows the overall reaction down by ∼40%, and increases the
activation barrier of the net reaction from 15 to 22 kJ/mol.
We additionally study the bimolecular reaction of photo-

excited actinoquinol and the weak acid succinimide, which
proceeds through two parallel channels. In the first channel,
succinimide scavenges a hydroxide generated with the above
mechanism; with a rate that is largely constant above 22 °C but
lower below. In the second channel, a proton is transferred
directly from succinimide to the photoactivated actinoquinol,
with a mechanism similar to that with water, i.e., involving an
intermediate complex that can either dissociate or back-react to
the original complex. Compared to the initial reaction step, the
overall reaction is ∼70% slower, while the activation barrier is
increased from 4 to 17 kJ/mol.
With both water and succinimide as a reaction partner, the

reverse reaction is faster than the forward reaction, by 480 and 5
times. This results from the energetically unfavorable formation
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of the intermediate complex, the energy penalty of which is
higher with water than that with the more acidic succinimide.
We anticipate that the presented reaction model can be applied
to other reaction types where the reactants’ orientational
correlation is similarly critical, such as enzymatic or proton-
coupled electron transfer reactions.

4. EXPERIMENTAL METHODS
Below we provide a short summary of our approach to experimental
methods and chemical samples. Most of our experimental methods
follow those defined in our previous work.41 In certain cases, an
additional description is available in the Supporting Information.
4.1. Chemicals
We used a Simplicity Millipore system to obtain purified H2O with a
resistivity of 18.2 MΩ ·cm. Additional chemicals were used as received
from TCI Chemicals Europe, Merck/Sigma-Aldrich, and Fluka/
Honeywell; see Table S1. When not in use, we stored these chemicals
in closed containers under nitrogen atmosphere in the dark.
4.2. Sample Preparation Methods
To prepare samples, we dissolved/diluted pure chemicals to create
stock solutions with high concentrations. We then created target
solutions by mixing these stock solutions in a predetermined amount.
To ensure that the listed dyes are not subject to UV light before using
them, we prepared samples containing these under special lighting
conditions without blue or UV light present. Last, to ensure that the pH
of solutions with actinoquinol is in the 6−8 range, we added a small,
calculate amount of NaOH to each; thus preventing buffering effects
from HSI and ambient CO2 content.
4.3. Density Measurement and Concentration Calculation
To accurately determine the concentration of individual samples at
different temperatures, we first calculated the mass ratio xmsolute of a
solute. Using this, we can calculate the absolute concentration of
chemicals in each sample at each temperature:

= ·c x
x T

M
( , )solute

m
solute

solution
m

solute (16)

where Msolute denotes the molar mass of a given solute and ρsolution
denotes the density of the entire solution.

In particular, for samples containing both 5−20 mM AQ− and
varying concentration of HSI, we approximated that the presence of
AQ− does not change the density of the solution.

To determine ρsolution(xm, T), we used a Mettler-Toledo DM40
densitymeter; which is muchmore accurate than the previous approach
using a pipet and an analytical scale. We calibrated this density meter
with the density of air and ultrapure water at T = 22 °C. For solutions
containing a varying amount of HSI, we then measured individual data
points at different temperatures, see Figure S2. We then used a second-
order polynomial to fit each data point, see Eq. S1. We then used the
density curve ρf it to calculate the concentrations of solutions of interest.
4.4. Steady-State Fluorescence Experiments
To perform simultaneously recorded absorption and fluorescence
emission measurements (SAFE71−73), we used a HORIBA Duetta-Bio.
Within the device, we collect absorption spectra in a transmission
geometry and fluorescence spectra in a right-angle geometry. Emission
spectra are factory calibrated and used as-is. Typical settings include
data acquisition in the 300−800 nm region, with an excitation/emission
slit width of 5 nm; and with magic-angle polarization setting. We
additionally enabled the solvent background subtraction and the inner-
filtering74 corrections in the supplied EzSpec software.

When collecting fluorescence spectra, we used dye solutions with a
few μM concentration. As a rule of thumb, we adjusted the solution
concentration until the total decadic absorbance (A) was less than 0.15.
We put liquid samples in Thorlabs CV10Q35FAE chemically resistant
fused silica cuvettes, placed in the temperature-controlled SampleS-
nap4-Pelt sample holder set. For quantum yield calibration, reference
dye spectra were recorded at T = 22 °C. In general, we stirred all

samples with a small, magnetic stirring bead at 2000 rpm. After
measurements, we used the recommended ’drop and drag’ cleaning
methods by Thorlabs75 for the exterior of the cuvettes. To rinse the
cuvette interior, we used a cuvette fountain with water and then ethanol
and then dried the cuvette insides with nitrogen flush.

Because of the calibration performed byHoriba, the recorded spectra
are defined as it follows: ·I t Erel

int
1 with E = sampled energy, tint =

integration time. We convert these spectra to photon emission density

spectra: = ·n( )Irel 2
rel

3 . The n2 refractive index term here corrects for
wavelength-dependent solid angle changes.

As the next step in data processing, we used our previously
established excitation correction algorithm. Following a service visit, we
chose to recalibrate our device. In this process, we integrate emitted
photon density spectra (ρε

rel) over the entire emission wavelength range,
to obtain device-specific fluorescence quantum yields (Φf

device) at
different excitation wavelengths: Φf

device = ∫ ρε(εexc,εem) dεem ·A−1(εexc).
Using this method, we overlap the obtained curves, yielding a relative
excitation factor; see Figure S3.

With this, we can calibrate our device to yield a value of Φf. Here, we
follow our previous procedure and reference the device-specific
quantum yields with literature-reported quantum yields; see Figure S4.

4.5. Steady-State UV Absorption Experiments
To obtain quantitative UV−vis spectra at different temperatures, we
used Horiba Duetta-Bio. We placed liquid samples in 2 Thorlabs
CV10Q7FA cuvettes placed, which have a beam-path of 2 mm. From
each measurements, we subtracted the signals of a H2O-filled cuvette,
which account for cuvette reflections. We then matched the path
lengths of the two cuvettes, by measuring the absorption of an identical
0.4 mM HAQ solution. We found that the path lengths differ by >2%.
We then used this factor to compensate for the path length differences
and took the average length of the two cuvettes to be the specified 2
mm. We then recorded absorption spectra with 3 nm step size and slit
width in the 275−600 nm spectral region. For each temperature setting,
we first waited for the SampleSnap4 sample holder to thermalize (read
out with an internal temperature sensor), then waited an additional 7
min to ensure that the cuvettes and their contents are thermalized to a
great accuracy. To avoid cuvette fogging in the case of measurements at
lower than ambient temperatures, we gently flushed the sample
compartment with N2; which helps by lowering the dew point.

By recreating measurement conditions identical to our previous
work, we obtained the “empty triangle” measurement point in Figure
5a. Here, we used a PerkinElmer Lambda 35 spectrometer, with a 1 nm
slit width and step size in the 275−600 nm spectral region. We injected
liquid samples with ≈10 mM AQ− concentration in a Starna Ultra-
Micro 100 μm fixed thickness UV silica flowcell. For cleaning, we
recreated the processes used for the fluorescence cuvettes. We
determine the cuvette thickness by analyzing the fringe spacing in the
transmission spectrum of the empty cell. We then used this to calculate
decadic molar attenuation coefficients ϵatt for each sample, after
subtracting the UV−vis spectrum of a H2O-filled cuvette. To determine
the thickness of this cuvette, we analyzed the fringes that appear in its
transmission spectrum when the cuvette is filled with air. We last
measured the temperature of the lab as the temperature of the liquid
measured, which was T = 21 °C.
4.6. Steady-State Infrared Absorption Experiments
We recorded infrared absorption spectra with a Bruker Vertex 80v
Fourier transform spectrometer with a resolution of 1 cm−1. Liquid
samples were sandwiched between 0.5 mm thick UV grade CaF2
windows (Crystran CAFP25.4-0.5U), separated by 25 μm thick,
chemically inert fluorinated ethylene propylene (FEP) spacers. After
each measurement, we cleaned windows using the ‘drop and drag’
method, using water and then ethanol. During measurements, we
purged the sample compartment with N2 to prevent ambient
absorption of CO2 and H2O vapor.

To subtract solvent absorption features, we followed our previous
routine.41 First, to suppress interference fringes due to the similar
thickness of the two windows, we use Fourier-filtering at carefully
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selected frequencies that do not meaningfully impact the observed
spectral features. We then identify spectral region specific to solvent
features (e.g., H2O, hydrated H+, hydrated OH−). We then perform a
serial subtraction of CaF2 (double thickness, reflection corrected) and
other solvent features (H2O, then added H+/OH−) to retrieve the
solute spectra. Compared to our previous work, our device has aged and
now has few mOD baseline fluctuations between measurements. To
account for these, in the subtraction step of H2O we additionally
identify the small offset, that yields the closest-to-zero baseline in the
spectral region selected for H2O. Last, we additionally scale each
spectrum with the solute concentration and the relative amount of the
subtractedH2O spectra, to obtain quantitatively comparable absorption
spectra.

4.7. Transient Absorption Experiments
In our home-built experimental setup, we generate near-infrared (NIR)
laser pulses using a Light-Conversion Pharos PH1 amplifier system (1
kHz, 1026 nm, 400 μJ, 300 fs). We then split and delay a small portion
of these with the help of two delay stages (Newport and Physik
Instrumente). The two delay stages together allow for a delay of 2.3 ns.
To align the 1026 nmbeam parallel to themotion of the delay stages, we
developed a small application based on a CMOS camera (Basler Dart
daA1920−160um). Within an alignment iteration, the camera,
mounted on the stage, records the beam profile at different stage
positions, which we use to calculate the misalignment. After each scan,
the program displays the current misalignment and prompts the user to
adjust it. The user stops the alignment process when the beam
misalignment is smaller than 35 μrad, calculated as the average for three
successive scans with no alignment between. We focus the thus delayed
NIR pulses onto a doubling and a tripling BBO crystal; yielding 342 nm
(29240 cm−1, 3.63 eV) UV pulses. After recollimation, we used ND
filters to decrease the UV pulse energy to a typical value of 1.3 μJ. Using
a λ/2 waveplate, we then adjusted the beam polarization.

We generated MIR pulses around 6.66 μm (0.186 eV, 1500 cm−1),
using a Light-Conversion Orpheus One HP optical parametric
amplifier with a built-in difference-frequency-generation step. These
pulses have a typical 3.5 μJ energy right after the amplifier. In the
experimental setup, the MIR pulses are split to probe and reference
paths, which are separately attenuated using a pair of wire-grid
polarizers. To ensure low absorption by ambient H2O vapor in the air,
we purified the atmosphere in our experimental setup with dry air.

Using a lens and a parabolic mirror, we focus the UV andMIR pulses
onto the liquid sample in a sample cell. We focused the pump and probe
pulses onto the same spot and referenced pulses onto another spot. To
always illuminate a fresh spot of the sample, we rotated the sample cell
at 1000 rpm. To ensure accurate thermal contact, we used exterior
copper spacers between the sample cell and the enclosing holder. After
the sample cell, the pump beam is blocked and the MIR beams pass
through a computer-controlled polarizer, adjusted in pump-parallel and
pump-perpendicular settings. We then recollimate and refocus these
beams onto the input slit of our spectrometer. In the sample plane, both
beams are focused onto separate MCT detector arrays (Infrared
Associates). Compared to our previous work, we use a newer detector
and thus have an improved signal-to-noise ratio. We then use the thus
recorded polarization-resolved transient absorption data to construct

isotropic spectra: = + ·
A

A A
iso

2

3
.

The sample cell is additionally heated/cooled with a temperature
controlled chiller. After thermalization, we read the sample temperature
as the body temperature of the sample rotator and round it to an integer
value before displaying in the main text. To ensure no heat transfer
between the sample rotator and the optical table, we used a heat-
insulating plastic mounting plate between the rotator and the mount
holder.

To obtain the best ΔAiso spectra, we performed a two-axis knife edge
analysis in the approximate sample plane. We selected the sample plane
position and the UV lens focusing position to yield spots with approx
130 × 110 μm fwhm size, andMIR pulses with approximately 70 × 100
μm fwhm size. Because of our longmaximal delay achieved with the two
delay stages, we additionally performed knife-edge analysis of the UV

pump spot at various τpp delay points. Here, we find that the width and
the power of the UV pulse changes approximately linearly with the
delay, with 4% and <1%, respectively. By evaluating the pump−probe
integral over the sample surface S at each delay point:

· ·

·
A

I I dS

I dSiso
S probe pump

S probe (17)

we obtain instrument-specific sensitivity factors, on the scale of a few %.
We then use the inverse of these to correct for our experimental data.
We additionally find that in the approximate sample plane, the probe
beam’s walk-off is within ±2 μm.

To identify the temporal overlap of the probe and reference pulses,
we monitor the nonresonant ΔAiso signals, recorded in solvent-filled
cells.76 By analyzing such signals, we set the zero-delay point with <50 fs
accuracy and find the instrument response to be ∼400 fs long.
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