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Exploring excited-state proton transfer reactions
in isothiazologuanosine, an isofunctional
fluorescent analogue of guanosine
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Nicolas Humbert,a Ludovic Richert,a Dmytro Dziuba, a Elisa Bombarda, a
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To fully exploit the potential of isothiazologuanosine (tzG), an isomorphic and isofunctional fluorescent

analogue of guanosine, as a probe for DNA and RNA, we characterized its photophysics and in particular

its excited-state reactions over a wide pH range (–0.6 to 12) and time scale (100 fs–100 ns) by combin-

ing transient absorption and time-correlated single photon counting measurements with quantum

mechanical calculations. At acidic pH, the dominant ground-state species tzG-H1–H3+, where the

N atoms in positions 1 and 3 are protonated, rapidly converts to the more stable tautomer tzG-H1–H7+

in its excited state. The latter then deprotonates to form the tzG-H1 neutral species with an excited-

state pKa* value that differs by three pH units from the ground-state pKa value. The rate constants

governing the excited-state reactions and the fluorescence lifetime of each species were all determined.

With the exception of intramolecular and solvent relaxations, no excited-state reactions in the

femtosecond to nanosecond time scale were, however, observed between the dominant tzG-H1 and
tzG-H3 tautomers in equilibrium at neutral pH or for tzG-H1 deprotonation at high pH. Because of the

distinct spectra, fluorescence quantum yields and lifetimes of its different protonated and deprotonated

forms, tzG is highly responsive over a wide range of acidic (0–5) and basic pH values (8–10). The

mechanisms revealed herein will be instrumental for tzG-labelled oligonucleotides in order to interpret

proton transfer reactions as well as interactions with specific protein domains, which, due to local

electrostatic changes and water exclusion effects, may shift the pKa values of tzG to a more

physiologically relevant range.

1. Introduction

Understanding the key roles played by nucleic acids largely
relies on the mechanistic investigation of the global and local
conformational changes accompanying their dynamic interac-
tions with diverse ligands. Fluorescence-based techniques are
highly useful for such tasks due to their unrivaled sensitivity

that allows one to monitor such conformational changes down
to the single molecule level in a large range of time scales.
Unfortunately, DNAs and RNAs suffer from the low intrinsic
emission of their natural neutral nucleosides, as a result of very
efficient nonradiative pathways that effectively thermally dis-
sipate the electronic excitation by UV light absorption.1–5 These
nonradiative pathways are thought to have been evolutionary
relevant, leading to purine and pyrimidine building blocks that
can tolerate harmful effects of UV light energy. The photophysics
of natural nucleobases, both in their respective nucleosides and
when incorporated into oligonucleotides, has been extensively
investigated by a combination of femtosecond spectroscopy and
quantum mechanical (QM) calculations, revealing that nonradia-
tive pathways rely on barrierless transitions to conical intersections
as well as on charge transfer and proton transfer processes.5–7 As a
result of these very efficient nonradiative decay pathways, natural
nucleosides cannot typically yield quantitative structural informa-
tion from their spectroscopic data. Additionally, they suffer from
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exhibiting complex fluorescence decay kinetics with lifetimes
spanning from the sub-ps to the ns range. This is further
compounded by the fact that nucleic acids contain multiple
copies of the four natural nucleobases, precluding residue-
specific probing of local structural and dynamical properties.

To lift these practical experimental barriers, a large number
of fluorescent nucleoside analogues (FNAs) have been imple-
mented,8–10 including for instance the popular 2-aminopurine
(2AP),11,12 a fluorescent constitutional isomer of adenine, the
tricyclic cytosine family13–17 and pyrrolocytosine.18–20 FNAs can
be selectively incorporated into DNA/RNA oligonucleotides by
solid-phase synthesis or enzymatic approaches. FNAs typically
exhibit a red-shifted absorption compared to proteins and
natural nucleosides, and can thus be excited selectively. How-
ever, they are frequently quenched and induce local structural
perturbations when incorporated into nucleic acids.10,21

A breakthrough has been achieved with the development of
FNAs based on thieno[3,4-d]pyrimidine (thN) and isothiazolo-
[4,3-d]pyrimidine (tzN).22,23 In particular, the guanosine analo-
gues thG and tzG (Fig. 1) perfectly replace G in DNA/RNA
duplexes, being truly isomorphic, while keeping high fluores-
cence quantum yields (f) and environmental sensitivity.23–26

The fluorescence properties of thG both in its free form and
incorporated in nucleic acids have been largely explored.27–32

Free thG in buffer exists as two keto-amino tautomers (thG-H1
and thG-H3) in ground-state equilibrium with distinct spectral
properties but similar quantum yield (f =0.50).27,30 In DNA
duplexes, the thG-H1 tautomer, which is favored by Watson–
Crick base pairing, has a constrained orientation and distance
from adjacent bases.29 As a result, its f and lifetime values are
nearly independent of the flanking bases. Another key advantage

of thG is its exceptionally long fluorescence lifetime in DNA
duplexes (9–29 ns), allowing selective monitoring in complex
environments and measurement of the rotational diffusion of
protein-complexed duplexes.33 However, thG has an important
limitation, i.e. the lack of N7 atom (Fig. 1), which is instead
present in tzG. Since the purines’ N7 is involved in forming
higher structures (e.g., triple helices, G-quadruplexes),34,35 and
in protein–nucleic acid complexes, tzG is not only isomorphic,
but also isofunctional to G.23 This was notably demonstrated by
its deamination by guanine deaminase36 or its incorporation
into cyclic dinucleotides by a bacterial enzyme.37 Therefore,
tzG appears as a unique FNA for characterizing the local
conformations, dynamics and molecular interactions of unper-
turbed nucleic acids.

In contrast to thG, only limited spectroscopic characterization
has been performed on free tzG or tzG-labeled oligonucleotides.23,38

In a preliminary study, we have recently explored the steady-state
and time-resolved (in the ps–ns range) fluorescence features of free
tzG in pH 7 buffer and various solvents and interpreted the
resulting data by QM calculations.39 Although the tautomeric
equilibrium of tzG is similar to that of thG (Fig. 1B), differences
were observed: (a) tzG displays an additional nonradiative decay
channel via a conical intersection involving the NS bond elonga-
tion, responsible for a greater environmental sensitivity of the
f value of tzG-H1 tautomer as compared to thG-H1, and (b) a highly
efficient intersystem crossing (ISC) for tzG-H3, which contributes to
reducing its f value by two orders of magnitude as compared to
thG-H3. These data highlight the significant effect of the N7 atom
on the photophysics of tzG, and tzG-H3 in particular.

While the ultimate goal would be to investigate the photo-
physics of tzG in oligonucleotides, our aim in the present study

Fig. 1 (A) Structure of guanosine (G), thienoguanosine (thG) and isothiazologuanosine (tzG). The tzG structure shown corresponds to the tzG-H1
tautomer where the N atom at position 1 is protonated. At neutral pH, this tautomer is in equilibrium with the tzG-H3 tautomer where instead the N atom
at position 3 is protonated. Absorption (B) and emission (C) spectra (black lines) of tzG in 20 mM Hepes buffer at pH 7 are deconvoluted into the sum of
the spectra of tzG-H1 (red lines) and tzG-H3 (blue lines) in equilibrium.39 Inset: zoomed tzG-H3 emission spectrum.
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is to fully disentangle the photophysical processes occurring in
free tzG on a fs–ns time scale, with a special focus on the
possible excited-state protonation/deprotonation reactions.
This knowledge will be critical to properly interpret in a later
step the excited-state reactions that likely modulate tzG emis-
sion in oligonucleotides, as it happens for canonical bases.5–7

Hence, we combine transient absorption spectroscopy (TA),
time-resolved fluorescence spectroscopy using time-correlated
single photon counting (TCSPC), steady-state spectroscopy and
QM calculations, to investigate the photophysics of free tzG as a
function of pH. Our data allow us to draw up a complete
scheme of the species involved and their interdependence in
the ground and excited states, illustrating the high potential
of tzG as a pH probe and providing a solid foundation for
interpreting proton-transfer reactions in oligonucleotides.

2. Materials and methods
2.1. Materials and sample preparation

The ribonucleoside isothiazologuanosine (tzG) was synthesized
as previously described by Rovira et al.23 and stored at –20 1C as
a powder. Stock solutions of tzG (3.46 mM) were prepared in
spectroscopic grade DMSO (Sigma-Aldrich, 99.9% purity) and
stored at –20 1C. For steady-state and TCSPC spectroscopic
measurements at different pH values, the tzG stock solution was
diluted in buffers at concentrations of 10–25 mM (o1% DMSO).
The samples were prepared freshly for each measurement. HCl
was used for pH r 2, 20 mM sodium citrate buffer for pH 3, 20
mM sodium formate buffer for pH 4, 20 mM sodium acetate
buffer for pH 5, 20 mM sodium 2-(N-morpholino)ethane-
sulfonate (MES) buffer for pH 6, 20 mM sodium (4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonate) (HEPES) buffer for pH 7,
20 mM sodium TRIS buffer for pH 8, 20 mM sodium N-cyclo-
hexyl-2-aminoethanesulfonate (CHES) buffer for pH 9, 25 mM
sodium borate buffer for pH 10, 20 mM sodium 3-(cyclo-
hexylamino)-1-propanesulfonate (CAPS) for pH 11, and NaOH
for pH 12. The reagents for buffer preparation were purchased
from Sigma-Aldrich, except sodium acetate (Merck) and TRIS
(Serva). The buffers were prepared in Milli-Q water. The pH was
adjusted by adding concentrated HCl or NaOH solutions, and
monitored using a pH meter. Steady-state measurements of tzG
at 15 mM concentration were also performed in diluted HCl
from pH 2 to �0.6 ([H+] = 10�2 � 4 M) with 0.3 pH step. For
TCSPC measurements of tzG at pH –0.6 (4 M HCl), a tzG stock
solution (4 mM) in 4 M HCl was used to prepare a sample at
0.18 mM. At the most acidic pH, the tzG solution proved to be
stable, since after a 48 h incubation, restoring a neutral pH
led to the absorption and emission spectra that overlapped
entirely with those of a freshly prepared solution at the same
concentration.

For TA spectroscopy, we prepared volumes of 1.5 to 2.5 mL
of tzG solutions to be circulated using a peristaltic pump within
a flow cell with a 0.5 mm optical path. To collect TA with
optimum signal-to-noise ratio in such conditions, a typical
2 mM concentration is ideal. This is however a challenge,

because tzG is most soluble in water at acidic pH, but less at
neutral or basic conditions. Consequently, we devised the
following experimental protocol. We solubilised 1.9 mg of tzG
powder in 100 mL of DMSO, to obtain a concentration of
63.3 mM. This initial tzG solution was then diluted with 2.5 mL
of a freshly prepared stock solution of 50 mM HEPES/KOH
buffer (pH 7.5). Then, 65 mL of 5 M HCl was added to produce
the pH 2 sample, which was first investigated by TA spectro-
scopy. Then, we used the same sample to acquire sequentially
the TA data at pH 7 and pH 12 after adding the required
amount (a few mL) of 12 M KOH and reducing the tzG concen-
tration, sequentially. By carefully measuring the absorption
spectra (in 1 mm cuvettes) before and after each TA acquisition,
we observed no detectable photodegradation along the succes-
sive TA acquisition runs, and determined the concentrations of
each sample to be 2.3 mM, 1.2 mM and 0.2 mM for the TA data
recorded at pH 2, 7.5 and 12, respectively.

2.2. Steady-state spectroscopy

Absorption spectra were measured on Cary 4000 HP (Agilent)
and UV-2700i (Shimadzu) UV-visible spectrophotometers.
All measurements were done in quartz cuvettes with 1 cm path
length. Fluorescence spectra were collected at 20 1C with
Fluoromax 4 and Fluoromax Plus spectrofluorometers (Jobin-
Yvon) equipped with a thermostated cell compartment. Emission
and excitation spectra were corrected from buffer contribution,
lamp spectral intensity fluctuations, detector spectral sensitivity
and instrumental wavelength-dependent bias. The fluorescence
quantum yields (f) of tzG at different pH were determined by
comparison with quinine sulfate (QS) in 0.5 M H2SO4 (fr = 0.546),
taken as a reference40 via the following equation:

f ¼ fr

Ar

A

I

Ir

n2

nr2
(1)

where A and Ar are the absorbance, I and Ir the integrated emission
spectra, n and nr the refractive index of the sample and the
reference, respectively. Deconvolution of the absorption and the
emission spectra was performed via the a|e software.41

The pH dependence of tzG absorption maxima (labs) and f
were fitted with the following modified Henderson–Hasselbach
equation:31

x ¼ x1 � 10 pH�pKað Þ þ x2

1þ 10 pH�pKað Þ (2)

The radiative rate constant of the tzG-H1–H3+ acidic species
was calculated using the Strickler–Berg equation:42

kr ¼ 2:88 � 10�9 � n2 �
Ð
F�n �nFð Þd�nFÐ

�n�3F F�n �nFð Þd�nF
�
ð
e �nAð Þd�nA

�nA
(3)

2.3. Time-resolved fluorescence measurements and data
analysis

The time-correlated single-photon counting (TCSPC) technique
was implemented in a home-made set-up with a pulse-picked
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supercontinuum white-light laser (EXR-20, NKT Photonics)
equipped with an UV extension (SuperK Extent UV, NKT
Photonics), which allows exciting tzG at lexc = 320 and 370 nm
with 19.5 MHz repetition rate. tzG fluorescence decays were
recorded over the whole emission spectrum using a cut-off filter
KV 345 nm or KV 389 nm and a band-pass monochromator
(Jobin-Yvon H10) with 16 nm slit. Photons were collected via a
microchannel plate Hamamatsu R3809U photomultiplier
coupled to a pulse preamplifier (HFAH 20, Becker & Hickl).
The instrumental response function (IRF) recorded with a
polished aluminium reflector had a full width at half maxi-
mum (FWHM) of 50–70 ps. Alexa 488 with lifetime of 4.1 ns
and QS with lifetime of 19.5 ns were used as references for
lifetime measurements.43,44 Fluorescence decays were ana-
lysed by the global analysis method with non-linear least-
squares minimisation method and the use of the experimental
IRF in the DecayFit software.45 The fits were performed with
an increasing number of exponentials until the w2 value
reached a value close to 1 and a fully random distribution of
the residuals around the zero value was achieved. The optimal
number of components was further validated by the maximum
entropy method (MEM).46 A component with negative ampli-
tude was included in the fitting equation only when decay
curves with initial rising part were observed. In these cases,
the introduction of such a component with negative ampli-
tude substantially improved the minimization of w2 and the
distribution of the residual at early time points. The decay-
associated spectra (DAS)47 were calculated by: Ii(l) = I(l)�ai(l)�
ti/Sjaj (l)�tj, where ti are the lifetimes and ai(l), the associated
amplitudes at emission wavelength l, and I(l), the steady-state
emission spectrum.

For the final description of the excited-state protonation/
deprotonation reactions at acidic pH, the solution of the system
of differential equations was calculated via IgorPro (Wave-
Metrics) using a Gaussian IRF with a FWHM of 50 ps.

2.4. Transient absorption data acquisition and treatment

The transient absorption (TA) spectroscopy setup is implemented
using a 800 nm, 40 fs pulse generated by a Ti: sapphire regen-
erative amplifier operating at 5 kHz. A beam splitter is used to
split a weak fraction of the energy (few mJ), which is focused in a
vertically oscillating CaF2 plate to produce a broadband super-
continuum spanning 300–700 nm – i.e. a pulse of white light (WL)
– and used as the probe beam. The remaining energy (B0.4 mJ) is
used in an optical parametric amplifier (TOPAS, Light Conversion)
followed by subsequent sum frequency and/or second harmonic
generation, to produce a 60–80 fs pump pulse at tunable wave-
length. The pump wavelength lpump is adjusted to 300 nm or
370 nm, depending on the samples. Both pump and probe pulses
are focused to B80 and 40 mm diameter respectively, and over-
lapped in a 0.5-mm-thick fused-silica flow cell. The pump power is
adjusted to remain in the linear regime of excitation, i.e., we check
that the TA signal scales linearly (at all time delays) with the
pump power.

For each pH value and/or pump wavelength, two TA datasets
are acquired sequentially with two different spectral detection

windows, i.e, UV (300–400 nm) and Vis (360–680 nm). After
each acquisition, the TA data of the pure solvent (i.e. water
buffered at various pH values) is systematically recorded. The
solvent signal – also called ‘‘solvent artifact’’ - results from the
pump and probe non-linear interaction in the solvent around
the zero time delay corresponding to the temporal overlap
of pump and probe pulses. The recorded solvent signal is
subtracted from the raw data obtained for tzG in solution.
In our case, the extinction coefficient and concentration of
tzG are relatively low, such that the solvent artifact is compara-
tively strong. In most cases, the solvent signal subtraction is
not perfect and a significant contribution of solvent artifact
remains in a �80 fs time range around time zero. Then, for a
given pH value and pump wavelength, the ‘solvent-corrected’
UV and vis TA datasets are appended to produce a unified
dataset covering the 300–680 nm probing spectral range.
All UV-vis data presented here are then processed in order to
correct the effect of the group velocity dispersion (GVD) in the
WL probe pulse, as observed in the solvent artifact, such that
the zero time delay is defined within B20 fs over the entire UV-
vis probing window.

The above procedures for solvent subtraction, GVD correc-
tion and dataset appending constitute the usual data
‘‘pre-processing’’, which is performed prior to any quantitative
data analysis. The latter is done by global fitting of the entire
two-dimensional maps, under the usual assumption that wave-
length (l) and time (t) are separable variables. The time evolu-
tion is modelled with a multiexponential function convolved
with a normalized Gaussian function G(t) of standard deviation
s accounting for the instrument temporal response function
(IRF). The values and number of time constants ti of the
multiexponential model are shared across the entire dataset
(i.e., at all wavelengths) and only the pre-exponential factors
Ai(l) depend on the wavelength and are thus referred to as
‘Decay-associated spectra’ (DAS):

DAðl; tÞ ¼ A0ðlÞ þHðtÞ �
X
i

AiðlÞe�t=ti
 !( )

� GðtÞ (4)

with

GðtÞ ¼ 1

s
ffiffiffiffiffiffi
2p
p e

� t�t0ð Þ2
2s2 (5)

where A0(l) accounts for a possible offset at negative delays,
H(t) is the Heaviside function (H(t) = 0 if t o 0; H(t) = 1 if t Z 0)
to ensure causality (no TA signal at negative pump–probe
delays) and # denotes the convolution product.

In addition, we account for a so-called ‘‘non-resolved com-
ponent’’ that would correspond to time scales ti faster than the
IRF and resulting (after convolution) in a Gaussian component
G(t). Eventually, the fitting function can be expressed in the
following way after analytically calculating the convolution for
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the ‘‘time-resolved’’ components:

DAfitðl;tÞ ¼A0ðlÞþAGðlÞG t� t0ð Þ

þ
X
i

Ai lð Þ
2

exp
s2

2ti2

� �
exp �t� t0

ti

� �
� 1þerf

t� t0�
s2

ti
s
ffiffiffi
2
p

0
BB@

1
CCA

2
664

3
775
9>>=
>>;

8>><
>>: ;

(6)

where t0 is the time origin (in principle wavelength-inde-
pendent and set to 0, after GVD correction), erf is the error
function, and AG(l) is the amplitude of the Gaussian (or
‘‘non-resolved’’) component, also referred to as the ‘Gaussian-
associated’ spectrum.

The global fit of entire datasets is performed by minimizing
the residuals using an in-house Python implementation of the
VARPRO algorithm,48,49 and seeking for one Gaussian compo-
nent and 4 to 5 exponential components, depending on the
datasets. In practice, neither the solvent signal subtraction nor
the chirp correction are perfect. Consequently, even if no ‘‘non-
resolved component’’ really exists in the photoreaction kinetics,
the Gaussian component is always useful to improve the fit
quality around time zero (t = t0). Hence, the corresponding
amplitude – i.e. the ‘‘Gaussian-associated spectrum’’ also referred
to as a non-resolved ‘‘Decay-associated spectrum’’ (DAS) – may not
strictly reveal a non-resolved molecular dynamics but often
accounts for unavoidable experimental artefacts around time
zero. In the following, we display exclusively the DAS corres-
ponding to time-resolved decay components, i.e., corresponding
to time constants significantly larger than s (the RMS width of the
Gaussian component), i.e. ti \ 1.5 s, typically. For some of the TA
datasets recorded here on tzG, where the solvent artifact correction
was unsatisfactory, we also tested a global fitting of the dataset
restricted to times larger than B150 fs. We systematically
obtained the same ‘time-resolved’ components.

2.5. Quantum mechanical calculations

We resorted to a computational strategy similar to the one
successfully implemented in our previous studies on thG30,31

and canonical nucleobases.7 In our computational model, the
sugar was mimicked by a simple methyl group, enabling to
reduce the computational cost of the calculations, while includ-
ing most of the electronic effect of the sugar on the excited
states of tzG. However, it should be kept in mind that our model
cannot treat conformational equilibria involving the sugar,
such as the syn/anti conformational change.

Our reference electronic method was density functional theory
(DFT) for ground state calculations and its time-dependent exten-
sion (TD-DFT) for excited electronic states. We selected PBE0 and
M052X functionals, which provide an accurate description of the
tautomeric equilibria of tzG39 and the spectral properties of the
main tautomers.39 Our reference functional will be M052X,50,51

which, despite a general overestimation of the excitation energies,
provides a more solid basis for the extension of this study to DNA
sequences containing tzG. Indeed, it can reliably treat stacking
interactions and electronic transitions with significant charge

transfer (CT) character and it has been profitably used to study
the photophysics and photochemistry of NAs.7,50–52 We resort to
PBE0 functional to double check the pKa predictions obtained
with M052X, obtaining very similar trends (see SI).

We will mainly discuss the results obtained with the cost-
effective 6-31+G(d,p) basis set.

Solvent effects were included by a mixed continuum/discrete
model, using the polarizable continuum model (PCM)53,54

to describe solvent effects and explicitly considering 6 water
molecules of the first solvation shell in the calculations.
Absorption energies have been computed at the solvent non-
equilibrium level, while emission energy at the equilibrium
one. We have assumed that bulk solvent effects do not depend
on the pH of the solution, in agreement with the procedure
commonly adopted in the literature to compute acid/base pKa

with mixed discrete continuum models.55 The excited-state
absorption spectra were simulated by non-equilibrium TD-DFT
calculations and using the multiwfn56 program to obtain the
transition dipole moments between excited states. Using a proto-
col previously described,30 we provide an estimate of radiative
lifetimes, knowing that absolute numbers are extremely depen-
dent on the accuracy of the emission energies and the transition
dipole moments.

All the calculations were performed with the Gaussian16
package.57

3. Results
3.1. tzG at neutral pH

Since the absorption and emission spectra of tzG in buffer at
pH 7 represent the contribution of the equilibrating tzG-H1 and
tzG-H3 tautomers (Fig. 1B and C),39 we measured TA spectra at
pH 7 with two successive excitation wavelengths, at 370 nm,
where only tzG-H1 absorbs, and at 300 nm, where both tauto-
mers absorb and thus, both excited states (tzG-H1* and tzG-H3*)
are populated. Fig. 2 compares the TA data recorded on tzG at
pH 7 for both excitation wavelengths.

Upon 370 nm excitation, the TA data (Fig. 2A and C) of tzG at
pH 7 are characterized by a ground state bleach (GSB, negative
signal) at wavelength l o 350 nm. This is the signature of
ground state tzG-H1 depopulation due to the formation of the
excited state tzG-H1*. Hence, we expect to observe the spectral
signatures of the excited state tzG-H1*, which are, a priori,
stimulated emission (SE - negative ‘absorption’ expected to
occur in the spectral range where tzG-H1* emits, i.e. around
460 nm, Fig. 1C) as well as excited state absorption (ESA,
positive signal). Here, SE and ESA overlap spectrally, with ESA
being more intense and, thus, resulting in an overall positive
signal at l 4 380 nm. By 300 ps (Fig. 2C, green spectrum), the
ESA spectrum is maximum at lmax I 410 nm and shows a local
intensity minimum at 490 nm, attributed to the SE signal.
On earlier time scales, i.e. from 200 fs to few tens of ps, the
main ESA band slightly red-shifts and its intensity increases,
while the local intensity minimum red-shifts from 450 nm to
490 nm (Fig. 2C). This is attributed to the red-shift of the
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overlapping SE resulting from solvent and intramolecular
vibrational relaxations in the excited state. On time scales
larger than 300 ps, the overall TA intensity decays with no
further change in spectral shape. Global multiexponential
fitting of the TA dataset (see Materials and methods) reveals
the time scales associated with (i) the spectral relaxation
indicating tzG-H1* vibrational and solvent relaxation and
(ii) tzG-H1* decay on longer time scales. The corresponding
decay-associated spectra (DAS) are plotted in Fig. 3A. Up to
three time constants are needed to fit the early spectral relaxa-
tion. The three corresponding DAS have a similar dispersive
shape with negative (resp. positive) amplitude in the range 400–
420 nm (resp. 480–550 nm) supporting the interpretation of a
red-shift of a negative SE signal with a distribution of time

scales from 300 fs to 80 ps. The lifetimes t1 and t2 are typical for
intramolecular and solvent relaxations, respectively. The origin
of the t3 component (83 ps) is less clear. Finally, a fourth time
constant of 8 ns with a DAS showing a simultaneous decay to
zero of the GSB, ESA and SE, describes the decay of tzG-H1* to
the ground state tzG-H1 on this time scale. Since the largest
pump–probe delay in the present TA experiment is no more
than 5 ns, such a long lifetime is not accurately determined.
In contrast, TSCPC experiments are much more accurate in this
time range, revealing that tzG-H1* lifetime is 9.0 � 0.2 ns,
independent of the pH value between 5 and 7 (Fig. S2).

Upon excitation at 300 nm of tzG at pH 7 (Fig. 2B and D),
we expect to observe both tzG-H1* and tzG-H3* signatures
overlapping and decaying in parallel. While GSB is observed

Fig. 2 Transient Absorption (TA) data of tzG in HEPES buffer at pH 7 upon 370 nm (A and C) and 300 nm (B and D) excitation (‘pump’) wavelength. Panels
(A) and (B) display the TA signal, i.e. the pump-induced absorption change (DA in mOD, coded in false colors) as a function of the probe’s wavelength
(in nm) and pump–probe time delay (in ps; notice the break in vertical scale and logarithmic scale beyond). In both datasets, the very short-lived signal
around t = 0 (in the range 300–350 nm for panel A, and 300–550 nm for panel B) is the so-called ‘‘solvent artifact’’, also observed in the neat buffer
solution. Panels (C) and (D) display TA spectra extracted from the same datasets, at a selection of time delays indicated in the caption. Grey areas in panels
A and C correspond to spectral windows displaying enhanced noise due to 370 nm pump light scattering. The quality of the fits of the data in panels A and
B is illustrated in Fig. S1A and B, respectively.

Fig. 3 Decay-associated spectra (DAS) resulting from the global analysis of TA data of tzG in HEPES buffer at pH 7 recorded with (A) 370-nm pump and
(B) 300-nm-pump. (C) Simulated absorption spectra of the first excited S1 state of tzG-H1 and tzG-H3 tautomers based on PCM/TD-M052X/6-31+G(d,p)
calculations. The grey area in panel A corresponds to the spectral window displaying enhanced noise due to 370 nm pump light scattering. Straight lines
arbitrarily connect the short and long wavelength sides of the grey box in panel A as a guide to the eye. We note that the 84 ps DAS (Fig. 3B) shows a
negative amplitude – i.e. a SE signature around 420 nm, while tzG-H3 emission maximum is at 382 nm (Fig. 1B, insert). This shift is probably due to the fact
that the 84 ps DAS is the sum of the SE with a particularly intense ESA band around 350–380 nm (Fig. 3C).
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at l o 335 nm, the TA signal is dominated by ESA signatures at
l4 335 nm which thus overlap less intense SE signals expected
around 460 nm and 380 nm, respectively (Fig. 1C). As compared
to the data recorded with the 370 nm pump, the ESA is globally
blue-shifted during the first few picoseconds (blue and orange
spectra in Fig. 2D), with lmax I 390 nm, a local intensity
minimum around 440 nm and a secondary maximum around
480 nm. By 300 ps (Fig. 2D, green spectrum), the TA spectrum
resembles more that of tzG-H1* with lmax I 410 nm, but its
main positive band remains broader on its blue side. The DAS
obtained from the global analysis of the 300 nm-pumped data
are shown in Fig. 3B. Since long lifetimes are not accurately
determined in the TA experiment, we actually force t3 = 9 ns in
the global fit and observe that the corresponding DAS is
characterized by the 410 nm ESA band previously assigned to
tzG-H1* (8 ns-DAS in Fig. 3A). While forcing t3 value does not
affect the shorter t1 and t2 values or DAS shapes, it clearly
reveals that an even longer component, which we therefore
force to t4 = N, is required for a good fit of the TA data. Hence,
unlike in the 370 nm-pumped data, a species, possibly a
photoproduct, is observed to live longer than tzG-H1*. Its DAS
is characterized by a residual GSB around 330 nm and a
dominating absorption around 380 nm. A second absorption
band is also observed around 460 nm, but we cannot rule out
that it appears artificially to compensate for the negative
amplitude observed at the same wavelength in the 9 ns DAS,
but not in the 8 ns DAS obtained in the 370 nm-pumped data.
Since no such N DAS is needed to fit the TA data recorded
upon excitation of tzG-H1 at 370 nm, this photoproduct likely
results from tzG-H3 excitation at 300 nm.

In addition to the fixed t3 and t4 values, no more than two
lifetimes, freely adjusted by the least-square minimization
routine, are required to achieve an optimum fit of the 300-nm
pumped TA data. The first one is t1 = 600 fs with a DAS showing
a dispersive shape, likely again indicative of fast excited state
relaxation (possibly SE red-shifts for both tzG-H1* and tzG-H3*).
The second is t2 = 84 ps with a DAS dominated by two ESA
bands: a broad one with lmax B 390 nm and the other one with
lmax B 490 nm. The two bands are separated by a negative
signal around 420 nm, indicative of SE decay on this time scale.

We attribute this DAS to the TA signature of the tzG-H3*
tautomer, thus characterized by a lifetime of 84 ps. To confirm
this assignment, TCSPC experiments were performed to record
the fluorescence decay kinetics of tzG at pH 7 upon excitation at
320 nm, where both tzG-H1 and tzG-H3 absorb equally. Global
fitting of the decays in the 380–430 nm detection range (Fig. 4A
and C) reveals two dominant time constants of 9.0 ns and
0.1 ns, close to the TA component of 84 ps (Fig. 3B). The
corresponding DAS overlap very well with the steady-state
emission spectra assigned to tzG-H1 and tzG-H3, respectively
(Fig. 4D). These data justify the above analysis of the 300 nm-
pumped TA data and in particular (i) the search for a fixed
9.0 ns component assigned to tzG-H1*, and (ii) the attribution
of the 84 ps DAS to tzG-H3*.

Finally, we have computed the ESA spectra associated to the
lowest energy excited state minima of tzG-H1* and tzG-H3*, the
most stable tautomers of tzG (Fig. 3C). The predicted ESA
spectra compare well with the experimental TA spectra, which
are, in fact, the sum of GSB, ESA and SE spectra, assigned to
tzG-H1* and tzG-H3*, confirming the attribution of these spe-
cies at pH 7.

In conclusion, our data underline the complementarity of
TA and TCSPC experiments with the 9 ns tzG-H1* lifetime being
best determined with the latter, and the 84 ps lifetime of
tzG-H3* with the former. In terms of excited-state reactions,
only very fast solvent and intramolecular vibrational relaxations
were detected. In contrast, there was no evidence of conversion
between the tautomers in the excited state, indicating that
this conversion occurs at a much slower time scale than their
fluorescence lifetimes. This conclusion is supported by the
absence of any tzG-H3 emission, when tzG is excited at 370 nm,
where only tzG-H1 absorbs.

3.2. tzG in acidic solutions

While the spectroscopic properties at pH 5 and 6 were indis-
tinguishable from those at pH 7 (Fig. S2D and data not shown),
we observed a progressive blue shift of the tzG absorption
spectrum from pH 4 to 1 (Fig. S3A–D), due to the conversion
of the neutral species tzG-H1 and tzG-H3 into a protonated
species denoted A, with a pKa = 3.5.23 At pH 1, the absorption

Fig. 4 Time-resolved emission decays of tzG at pH 7. (A) The decays were recorded over the emission spectrum of tzG, using lexc = 320 nm. The
experimental data (squares) were fitted using the global fit method (black solid lines) and a three-exponential function. Experimental IRF (gray curve).
(B) Distribution of residuals and w2 value. (C) Wavelength dependence of the relative amplitudes of the lifetime components. It should be noted that a
1 ns component (green) was needed to adjust the decay curves, but its contribution was negligibly small. (D) Decay-associated spectra, with a highlight in
the blue edge of the emission spectrum, overlapped with the deconvoluted emission spectra of tzG-H1 and tzG-H3 tautomers. [tzG] = 17.3 mM.
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spectrum of tzG shows a maximum at 315 nm (Fig. 5A), and an
extinction coefficient of 5710 M�1 cm�1. The excitation spectra
of tzG at pH 1 recorded at different emission wavelengths
overlap well with the absorption spectrum (Fig. S3A), suggest-
ing that only the A species exists in the ground state. Using the
known absorption spectra of A, tzG-H1 and tzG-H3, their indi-
vidual contributions at each pH value could be deconvoluted
from the absorption spectra (Fig. S3). These deconvolutions
confirm that the deprotonation of A to tzG-H1 is governed by a
pKa value of 3.5 and that tzG-H1 equilibrates with tzG-H3 in a
pH-independent manner, as reported for thG.31

The emission spectra of tzG at pH 2, 3 and 4 (Fig. 5A) show a
very large Stokes shift and overlap well with the emission of
tzG* at pH 7, suggesting that in its excited state, A* deproto-
nates into tzG-H1*, the very dominant emissive species of tzG. At
pH 1, the overlap with tzG-H1* emission was also high, but with
a small broadening in the red part of the spectrum. The small
blue-shifted shoulder of tzG-H3* (350–400 nm) was observed to
decrease with pH when the pH value was decreased from 7 to 2,
then to increase again at pH 1, suggesting that another tzG*
species emitting in a wavelength range comparable to that of
tzG-H3* probably replaces the latter at this pH value. The f
value of tzG at pH 1 is 0.03 � 0.01, independently of the
excitation wavelength lexc (Fig. 5B). The f values at pH 2
(0.13 � 0.01) and 3 (0.20 � 0.01) were found constant at
lexc o 350 nm. At lexc Z 350 nm, the f values further increase,
due to the direct excitation of tzG-H1, which is the major
absorbing species at these wavelengths. At pH 4, tzG-H1 and
tzG-H3 tautomers become dominant over A (Fig. S3D), and the
f values decrease for lexc o 320 nm, likely as the result of the
increasing relative population of the poorly fluorescent tzG-H3
species in this lexc range.

The corresponding time-resolved fluorescence decays at
pH 1–4 measured by TCSPC with lexc = 320 nm are well fitted
with a two-exponential function for pH 2–4 (Fig. S4–S6). A three-
exponential fit was used at pH 1, but with a 2 ns component of
negligible amplitude, which was subsequently ignored (Fig. S7).
The fastest decay component (0.1–0.2 ns) dominates at detec-
tion wavelengths o430 nm and its amplitude becomes negative

at wavelengths 4480 nm. Therefore, this component suggests
an excited-state reaction, in agreement with the conversion of
A* to tzG-H1* deduced from the steady-state data. In line with
the decrease of f with pH, the longest-lived component that
dominates at longer detection wavelengths exhibits a progres-
sive decrease of its value: 9.3 ns at pH 4, 8.5 ns at pH 3, 4.6 ns at
pH 2 and 0.8 ns at pH 1, respectively.

TA data recorded for tzG at pH 2 with lpump = 300 nm are
displayed in Fig. 6A. It is observed that the GSB at wavelengths
o330 nm does not recover over time. At wavelengths 4330 nm,
ESA dominates over the entire visible spectral window.
An overlapping SE around 430 nm is observed during the first
few ps. At later times, it is replaced by an enhanced ESA while
the SE red shifts toward B480 nm (Fig. 6B). The global, multi-
exponential fit (DAS in Fig. 6C) reveals the time scale associated
to these spectral evolutions. The shortest time constant of
0.7 ps (DAS plotted in blue in Fig. 6C) is associated with the
SE redshift accompanying early vibrational/solvent relaxation
in the excited A* state. The following two time scales of 5.4 ps
and 49 ps are characterized by almost identical DAS, showing
the decay of the 430 nm SE and simultaneous rise of the ESA at
410 nm. The two DAS (especially 5.4 ps) are also slightly positive
around 330 nm, which accounts for an apparent deepening
of the GSB (Fig. 6B) but should actually be interpreted as a
redshift of the high-energy side of the overlapping ESA. More-
over, Fig. 6D shows an excellent overlap of the 3.4 ns DAS at pH
2 with the 8 ns DAS assigned to tzG-H1* at pH 7. On this
ground, we attribute the 3.4 ns species to tzG-H1*, produced
by excited state proton transfer (ESPT) on earlier time scales
(5.4 ps and/or 49 ps, see discussion below). This assignment,
supported by QM calculations (see below), is confirmed by
TCSPC data revealing a 4.6 ns tzG-H1* emission following the
excitation of A at pH 2 (Fig. S6). Again, the 4.6 ns lifetime
determined by TCSPC should be considered more accurate
than the 3.5 ns component obtained from TAS. Finally, a very
long-lived ‘‘N’’ DAS is observed, which is composed of the GSB
and a photoproduct absorbing at 350 nm, whose nature will be
discussed below. The excellent overlap of the two DAS in Fig. 6D
further reveals that following 300 nm excitation of tzG at pH 2,

Fig. 5 Spectroscopic properties of tzG in the pH 1 to 4 range. (A) Absorption spectrum (black line) at pH 1, and emission spectra of tzG at pH 1 to 4. The
emission spectrum at pH 7 (dashed line) is given for comparison. The emission spectra of tzG were excited at lexc = 320 nm and normalized to their
emission maximum (462 nm). (B) Dependence of tzG fluorescence quantum yield (f) on the excitation wavelength for pH values ranging from 1 to 4. The
dependence at pH 7 (green) is given for comparison. The f values are expressed as means (squares) with standard errors (bars) for at least two
experiments. [tzG] = 15.3 mM, path length 1 cm.
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tzG-H1* decays directly to the ground state as observed above
upon direct excitation of tzG-H1 at 370 nm at pH 7. Thus, the
long-lived photoproduct detected here is formed already on an
earlier time scale, in parallel to the formation of tzG-H1*, i.e. by
50 ps at maximum.

Since a small blue-shifted shoulder as well as a broadening
in the red part of the tzG emission spectrum were perceived at
pH 1 (Fig. 5A), additional species may emit at this pH value.
To further characterize these species, we carefully investigated
tzG absorption and emission spectra in the pH range –0.6 to
2 (Fig. 7). In line with the data at pH 1–4, the absorption spectra
measured in the range pH –0.6 to 1.33 fully overlap, indicating

that species A is also the only ground state species in this pH
range (Fig. 7A). At pH 1.66 and 2, a small red-shifted shoulder
due to minute amounts of the neutral species tzG-H1 is per-
ceived. The normalized emission spectra of tzG indicate that the
peak at 465 nm, attributed to tzG-H1* decreases in the pH range
2 to –0.6, revealing two spectra peaking at 394 nm and 519 nm
(Fig. 7B). The two peaks, attributed to two excited-state acidic
species, named blue-A* and red-A* species on the basis of their
emission maximum, could be resolved at pH –0.6, where
tzG-H1* emission was absent (Fig. 7C). These two spectra were
then used to further deconvolute the tzG emission spectra in the
pH range –0.6 – 2 (Fig. S8A–G), showing that the contribution of

Fig. 6 TA data of tzG at pH 2 upon 300 nm excitation. (A) The 2D map represents the TA data (or pump-induced absorption change DA) coded in false
colors, as a function of the pump–probe delay (in ps) and probe wavelength (nm). The time axis is displayed in a linear scale at early times (–0.5–1.0 ps)
and logarithmic scale beyond. The short-lived signal around time zero (best seen at lprobe o 320 nm) is the solvent artifact. (B) Selection of TA spectra
illustrating the growth of the 410 nm ESA band, and simultaneous deepening of the GSB at 330 nm. (C) DAS resulting from the multiexponential global fit
of panel A. Only the time scales assigned to tzG spectral evolution are displayed (i.e. the solvent artifact is disregarded). (D) Comparison of the 3.4 ns DAS
at pH 2 with the 8.0 ns DAS from Fig. 3A attributed to tzG-H1* at pH 7, normalized at their maximum. The quality of the fits of the data in panel A is
illustrated in Fig. S1C.

Fig. 7 Absorption and emission spectra of tzG in the pH range –0.6–2. (A) Absorption spectra of tzG measured at the pH values indicated in the inset. The
values in brackets indicate the HCl concentration used. (B) Emission spectra of tzG in the pH range –0.6 to 2, excited at lexc = 320 nm and normalized at
the emission maxima, show the presence of three emitting species. (C) Deconvolution of the emission spectrum of tzG at pH –0.6, lexc = 320 nm (black
solid line) allows to separate the emission of blue-A* (blue dashed line) and red-A* (red dashed line) species.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/7

/2
02

6 
8:

08
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02642c


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 19820–19836 |  19829

tzG-H1* peak increases strongly with pH, becoming dominant
at pH Z 0.66. Interestingly, the ratio of the red-A* to blue-A*
emission is constant (4.5 � 0.4) over the pH range –0.3 to 1.66,
indicating that their interconversion does not involve a proto-
nation/deprotonation step. The f value of tzG measured upon
excitation at the absorption maximum was found to decrease
progressively with pH down to 0.003 (Fig. S8H).

Time-resolved fluorescence measurements of tzG at pH –0.6
were then performed at lexc = 320 nm to record the fluorescence
decays of blue-A* and red-A*. The fluorescence decay recorded
close to the emission maximum of blue-A* (400 nm) was fitted
with a single lifetime value of 0.033 ns (Fig. S9A). The decay
recorded at 530 nm, where only red-A* emits, was fitted with a
rise component of 0.037 ns and a 0.192 ns decay component
(Fig. S9B). These data with a common short lifetime appearing
as a rise component for red-A* and a long lifetime only per-
ceived for red-A* are consistent with an excited-state reaction,
which irreversibly converts blue-A* into red-A*.58 In this sce-
nario, the long decay component should correspond to the
lifetime of red-A*, while the short lifetime should correspond to
the sum of the lifetime of blue-A* and the interconversion time
between the two species.

To obtain a more detailed picture of tzG photophysics at
acidic pH, we resorted to QM calculations. The most stable
ground state species at acidic pH is predicted to be tzG-H1–H3+

and not the previously suggested tautomer tzG-H1–H7+ with a
protonated N7 atom,23 which is more than 7 kcal mol�1 less
stable (Table S1). This conclusion is also supported by the com-
puted absorption energies of the different species (Table S2).
tzG-H1–H3+ is predicted to be blue-shifted (4.52 eV) with respect
to the neutral tzG-H1 (4.06 eV) in line with the experimental
observations, while tzG-H1–H7+ is predicted to be red-shifted
(3.66 eV), as it happens for the parent guanosine following N7
protonation. Protonation of N3 leads indeed to an increase of
the HOMO/LUMO energy gap of tzG-H1, due to a larger relative
stabilization of the HOMO. The pKa values calculated by the
M052X (Table S3, pKa = 1.5) or PBE0 (Table S4, pKa = 3.0)
functionals for the deprotonation of tzG-H1–H3+ are also con-
sistent with the experimental pKa value (3.5), while in contrast,
the pKa values were below – 4 for the deprotonation of tzG-H1–
H7+. In addition, the shape of the calculated ESA tzG-H1–H3*+

(Fig. 8, purple line) is similar to the TA spectrum observed

immediately after excitation (Fig. 6B, the 200-fs spectrum in
blue), both displaying two bands with maxima close to 360 nm
and 480 nm. Our computational results thus strongly substanti-
ate our assignment of the A species to tzG-H1–H3+.

In contrast to the ground-state, the most stable protonated
excited state species is tzG-H1–H7*+, which is 411 kcal/mol
more stable than tzG-H1–H3*+ (Table S1) and characterized by a
red-shifted emission (2.81 eV) with respect to that of tzG-H1*
(3.11 eV) (Table S5), allowing us to identify the red-A* species as
tzG-H1–H7*+. Given that tzG-H1–H3*+ emission is predicted to
be blue-shifted relative to tzG-H1* (Table S5), we suggest that
blue-A* is the initially excited tzG-H1–H3*+ species, which
converts into tzG-H1–H7*+, assigned to red-A*. To determine
which of these two species subsequently deprotonates into
tzG-H1*, we calculated their excited-state pKa* values. The
calculated pKa* values were –8.9 and –0.4 for tzG-H1–H3*+

and tzG-H1–H7*+, respectively (Table S6) indicating that only
tzG-H1–H7*+ could deprotonate into tzG-H1* in our experi-
mental pH range. Calculations therefore suggest that the
initially excited tzG-H1–H3*+ species is converted into tzG-H1–
H7*+, which then deprotonates to tzG-H1*. Of note, the pre-
dicted ESA spectra for tzG-H1–H7*+ (Fig. 8A) and tzG-H1*
(Fig. 3C) are similar, with the same absorption maximum,
and similar oscillator strength, which may explain the chal-
lenge in identifying tzG-H1–H7*+ as a putative short-lived
species between tzG-H1–H3*+ and tzG-H1* in TA data. For tzG,
the intramolecular ESPT reaction is likely mediated by solvent
molecules and involves several elementary steps,59 which
makes its accurate computational characterization challenging
and out of the scope of the present study. tzG is not the case of
an ESPT involving two close lying atoms, governed by a
single reaction coordinate, as it happens in several other
molecules,60,61 for which many theoretical studies exist in the
literature.62–66

Finally, TA spectroscopy showed the formation of a long-
lived photoproduct absorbing around 350 nm (the NDAS in
Fig. 6C), via a channel parallel to (and not subsequent to) the
formation of tzG-H1* from which emission is observed on the
4.6 ns time scale at pH 2. A likely candidate for the photo-
product could be the triplet electronic state of tzG-H1–H3+. This
attribution is consistent with the predicted strong spin–orbit
coupling that can efficiently produce a triplet state from tzG-
H1–H3*+ (Table S7). Moreover, the computed absorption of the
lowest energy triplet electronic state of tzG-H1–H3+ (Fig. 8B)
shows a maximum at 310 nm, consistent with the experimental
maximum at 350 nm, given the absence of vibrational effects
and the errors inherent in our calculations. We therefore
suggest that the long-lived photoproduct is the triplet state
resulting from an intersystem crossing of the initially excited
tzG-H1–H3*+ species.

3.3. tzG in basic solutions

As the second pKa value of tzG is 8.55,23 we characterized the
basic form (B) of tzG and explored the possible excited-state
deprotonation reactions at pH 12. The absorption spectrum of
tzG at pH 12 shows a maximum at 350 nm (Fig. 9A), which is

Fig. 8 (A) Computed ESA for the excited state minima of the most stable
tzG acidic tautomers. PCM/TD-M052X/6-31+G(d,p) calculations. Stick
transitions broadened with a Gaussian with FWHM = 0.25 eV. (B) Com-
puted absorption spectrum of the lowest energy triplet electronic state of
tzG-H1–H3+. PCM/M052X/6-31+G(d,p) calculations on tzG�6H2O.
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4 nm red-shifted as compared to tzG-H1, and an extinction
coefficient e350 = 5670 M�1cm�1. The excitation spectra recorded
at different emission wavelengths demonstrate a small but signi-
ficant red-shift at increasing emission wavelengths, indicating
inhomogeneity of tzG in the ground state (Fig. 9B). The emission
spectra excited at lexc o 390 nm show a main emission band with
a maximum at 458 nm, which is 4 nm blue-shifted as compared to
tzG-H1 (Fig. 9A). However, for lexc Z 390 nm a gradual red-shift in
the emission spectra was observed. The same behavior was
observed at pH 10 and 11 (data not shown). These spectral shifts
suggest that at least two B isomers (B1 and B2) with shifted
absorption and emission properties populate the ground state.
Since the emission spectrum starts to shift only at the very red
edge of the absorption spectrum (Fig. 9A), the blue-shifted B1
species appears to be the dominant one. Due to the marginal
contribution of B2, we could only determine the f value of B1,
which was found to be 0.05 (Fig. S10).

Time-resolved fluorescence decays, triggered by excitation at
370 nm and recorded over the emission spectrum (Fig. S11A),
were optimally fitted using a three-component decay function
(Fig. S11 B and C). Including a negative component did not
improve the w2 value or distribution of residuals, suggesting
the absence of excited-state reaction in the ps-ns time scale of

TCSPC. The DAS revealed that tzG emission is largely domi-
nated by the intermediate lifetime (t2 = 0.94 ns), whose emis-
sion nearly overlaps with the steady-state emission and can
therefore be attributed to the B1 isomer (Fig. S11D). The DAS of
the short-lived lifetime (t1 = 0.33 ns) and the long-lived lifetime
(t3 = 9.81 ns) are respectively, blue- and red-shifted compared to
the DAS of the major species. Since the DAS of t3 matches
reasonably well with the red-shifted emission spectrum
recorded at high excitation wavelength (Fig. S11D inset), we
attribute the 9.81 ns lifetime to the minor B2 isomer.

The TA data recorded for tzG at pH 12 upon excitation with
lpump = 370 nm are displayed in Fig. 10. The multiexponential
global fit revealed a broad ESA with lmax = 410 nm, overlapped
with a weaker SE (dip around 480 nm) characterized by a
0.93 ns lifetime (green DAS in Fig. 10B), in excellent agreement
with the dominant decay component (t2= 0.94 ns) observed
with TSCPC. The 0.93 ns DAS is therefore assigned to the TA
signature of the B1* species. The 5.8 ps DAS shape (blue DAS in
Fig. 10B) is typical for SE red-shift induced by vibrational or
solvent relaxation on this time scale. It should be mentioned
that the minor short-lived (200 ps) and long-lived (8.5 ns)
components seen in TCSPC are not observed with the less
sensitive TA technique.

Fig. 9 Absorption, emission and excitation spectra of tzG in NaOH pH 12.0. (A) Absorption spectrum of tzG (black line) and normalized emission spectra
recorded at different excitation wavelengths. (B) Normalized excitation spectra recorded at different emission wavelengths. The arrow shows the red shift
at higher emission wavelengths. [tzG] = 17.33 mM.

Fig. 10 TA spectroscopic experimental data of tzG at pH 12, lpump = 370 nm. (A) The 2D map represents the TA signal (DA, color scale) as a function of
the pump–probe delay and the probe wavelengths. (B) DAS resulting from the global fit of panel A. Only two time scales are required to reproduce the
evolution of the tzG spectral signatures. The quality of the fits of the data in panel A is illustrated in Fig. S1D.
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QM calculations revealed that the most stable species at
high pH is tzG�, the deprotonated form of tzG-H1 at its N1
position (Table S1). In line with the experimental data, its
predicted emission spectrum is similar to that of tzG-H1
(Table S2), so that it likely corresponds to the major B1 isomer.
This assignment is strengthened by the good match of (i) the
pKa values for the deprotonation of tzG-H1 to tzG� calculated by
M052X (Table S3, pKa = 7.3) or PBE0 (Table S4, pKa = 9.7)
functionals with the experimental pKa value (8.55) and (ii) the
computed ESA of tzG� (Fig. 11) with the 0.93 ns experimental
DAS (Fig. 10B), considering that the contribution of SE is not
included in the calculated ESA.

4. Discussion

We used a combination of steady-state and time-resolved fluo-
rescence spectroscopy, as well as transient absorption spectro-
scopy, and QM calculations to decipher the photophysics of tzG,
a promising fluorescent analogue of G, as a function of pH.
At neutral pH, tzG exists as a ground-state equilibrating mixture
of a highly emissive tzG-H1 tautomer (t = 9 ns) and a weakly
emissive tzG-H3 tautomer (t = 84 ps) (Scheme 1). With the
exception of solvent and intramolecular vibrational relaxations,
classically observed with polar fluorophores, no excited-state
reaction as well as no conversion between tzG-H1 and tzG-H3

were observed in the measured time window (100 fs–100 ns).
Based on the strong singlet/triplet spin–orbit coupling (SOC) in
tzG-H3,39 we tentatively assign the long-lived species revealed by
TA spectroscopy at pH 7 upon 300 nm excitation (N DAS in
Fig. 3B) to the triplet T1 state of tzG-H3. At pH 12, the tzG-H1
tautomer was found to deprotonate in the ground state to
produce tzG� (Scheme 1). This deprotonated form was largely
dominant at pH 4 10, being characterized by a 4 nm blue-
shifted emission maximum and a much shorter fluorescence
lifetime (0.94 ns), as compared to tzG-H1. As in neutral pH, with
the exception of vibrational or solvent relaxation, no ultrafast
excited-state dynamics could be observed.

At acidic pH, a much more complex picture was observed
with at least two different excited-state reactions. Based on the
experimental data and QM calculations, Scheme 2 describes
tzG’s proposed photophysics at acidic pH. Both the time-
resolved data at pH –0.6 (Fig. S9) and the large difference in
stability between the two excited-state forms (Table S1) suggest
that the back conversion of tzG-H1–H7*+ into tzG-H1–H3*+ is
unlikely. In this model, kH1–H3, kH1–H7, kH1 and kH3 are the
inverse of the fluorescence lifetimes of tzG-H1–H3*+, tzG-H1–H7*+,
tzG-H1* and tzG-H3*, respectively, while k1 describes the conver-
sion from tzG-H1–H3*+ to tzG-H1–H7*+. k+ and k� are the rate
constants governing respectively, the protonation of tzG-H1* into
tzG-H1–H7*+ and its back reaction in the excited state.

To recover the full set of rate constants, the system of
differential equations (eqn (S1)–(S4) in the SI) was solved
numerically to globally fit the TCSPC decays recorded at lem =
430 nm and 500 nm in the pH range 0–4 (Fig. 12A). The kH1 and
kH3 values were fixed respectively, at 0.1 ns�1 and 11.9 ns�1

from the inverse of the fluorescence lifetimes of tzG-H1* and
tzG-H3* measured at pH 7.39 From the fit, we obtained the rate
constant values given in Fig. 12C. The k+ value (37.2 L mol�1 ns�1)
is close to the value of the corresponding diffusion-controlled rate
constant (50 L mol�1 ns�1) previously reported for other photo-
induced proton transfer reactions.58 Moreover, the k+ and k�
values were found to properly fit the pH dependence of tzG-H1
quantum yield in the range �0.6 to 2 (Fig. S8I) and were used to
calculate pKa* = �log(k�/k+) = 0.50, which governs the deprotona-
tion of tzG-H1–H7*+ into tzG-H1* in the excited state. This pKa*
value is significantly smaller than the ground-state pKa value
(3.5),23 in agreement with the predictions made by QM calcula-
tions (Table S6, pKa* = –0.4). In line with our aforementioned
expectations for an irreversible conversion of tzG-H1–H3*+ into
tzG-H1–H7*+, the fitted kH1–H7 value (5.7 ns�1) is well consistent
with the 190 ps lifetime measured for tzG-H1–H7 at pH –0.6
(Fig. S9B), while the sum k1 + kH1–H3 = 38.7 ns�1 is in good
agreement with the 33 ps short-lived lifetime measured at pH
�0.6 (Fig. S9) and the 49 ps lifetime measured from the TA data of
tzG at pH 2 (Fig. 6C).

The obtained rate constant values (Fig. 12C) were further
cross-checked by using them to recalculate the quantum yields
at each pH value (eqn (S6)). The recalculated values were found
to be in excellent agreement with the experimental f values
measured at an excitation wavelength of 320 nm (Fig. 12D).
Altogether, our data give high confidence in the proposed

Fig. 11 Computed ESA for the excited state minima of the most stable tzG
tautomers in basic conditions. PCM/TD-M052X/6-31+G(d,p) calculations.
Stick transitions broadened with a Gaussian with FWHM = 0.25 eV.

Scheme 1 Proposed model to describe tzG photophysics at neutral and
basic pH.
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Scheme 2 and highlight the importance of the proton transfer
reactions in governing the photophysics of tzG at acidic pHs.

From TA data, a long-lived photoproduct was inferred and
putatively attributed to tzG-H1–H3+ triplet state. The spin–orbit
coupling of tzG-H1–H3+ triplet state is of the same magnitude
as that for tzG-H3 (Table S7), for which ISC was predicted to be a
major non-radiative pathway, explaining its low quantum
yield39 and probably the NDAS observed at pH 7 upon excita-
tion at 300 nm (Fig. 3B). Of note, strong spin–orbit coupling
was also computed for tzG-H1–H7*+, but with a triplet state high
in energy, making ISC from this species less likely.

Altogether, our results demonstrate tzG sensitive response to
pH changes in a wide pH range. Because of the shift between
the pKa and pKa* values, and the differences in the spectra and

quantum yields of the different species involved at acid pH,
monitoring the quantum yield and absorption maximum of
tzG allows the pH value to be determined over a very wide pH
range (0–5) (Fig. 13). Moreover, the spectral shift and difference
in brightness between the neutral tzG-H1 and the basic tzG�

also allow sensitive measurements of pH values in a more
limited basic pH range (8–10).

5. Conclusion

In this work, the photophysical study of tzG as a function of pH
revealed that at acidic pH the protonated acidic tzG-H1–H3+

species, which is the only species observed in the ground state

Scheme 2 Proposed model to describe tzG photophysics at acidic pH. The dotted box shows the species involved at the most acidic pH (–0.6).

Fig. 12 Global fit of the TCSPC decay curves at pH 0, 1, 2, 3 and 4 using the system of differential eqn (S1)–(S4) associated to the model defined in
Scheme 2. (A) The decays were excited at lexc = 320 nm and recorded at lem = 430 nm and 500 nm. The black solid lines describe the fitted curves to the
experimental data (squares). (B) Distribution of residuals and w2 value. (C) Values of the rate constants used for the global fit of the decays in panel A with
eqn (S1)–(S4). (D) Comparison of f values calculated by eqn (S6) with the experimental f values measured by steady-state experiments. The measured
values are expressed as means � standard errors for 3 experiments.
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at pHr1, rapidly converts to the more stable species tzG-H1–
H7*+ in the excited state. The tzG-H1–H3*+ and tzG-H1–H7*+

species have well separated emission bands but low quantum
yields (f B 0.002–0.006) and the ratio of their emission bands
is kinetically driven. Subsequently, a second excited-state reac-
tion can occur, where tzG-H1–H7*+ deprotonates into the bright
tzG-H1* species (f = 0.36, t = 9.0 ns) with a pKa* value of 0.50,
shifted by nearly three pH units as compared to the ground-
state pKa. These unique properties make tzG a suitable candi-
date for use as a sensitive pH sensor across a wide range of
acidic pH values (0–5).

Comparison with thG revealed several similarities but also
significant differences. At acidic pH, the stable ground-state
species of tzG and thG are similarly protonated at both N1 and
N3 atoms. However, due to the absence of N7 atom, thG-H1–
H3*+ converts into thG-H1*31 through a different intermediate
thG-H1-OH*+.31 The latter, being characterized by a lifetime of
800 ps, appears significantly brighter than the tzG-H1–H7*+

intermediate (190 ps), but their pKa* values are comparable
(1.0 vs. 0.5). The very low quantum yield of tzG-H3 as compared
to thG-H3 is a distinctive advantage of tzG in the analysis of the
photophysical properties.39 Indeed, as for both nucleosides, the
spectra of the H3 tautomer and the weakly emissive acidic
species largely overlap, the emission properties of the acidic
species can only be characterized for tzG. Consequently, while
we had to assume the values of several parameters in the
photophysical model of thG, we have been able to determine
all of them for tzG. Finally, at basic pHs, deprotonation of
thG-H1 into thG� does not lead to any change in quantum yield
and lifetime,31 which prevented thG from being used as a pH
sensor at basic pH, unlike tzG. Interestingly, the shape of the
dependence of tzG f as a function of pH (Fig. 13) is analogous

to that of the 2-aminopurine ribonucleoside.11 However, the
latter showed a considerably steeper fluorescence change at
acidic pH, allowing it to explore a much narrower pH range
(pH 3–5) than tzG. Moreover, the high pKa value (12.0) of
2-aminopurine at basic pH limits its use as a pH sensor in
the basic pH range.

Together with our previous study on the spectroscopic
properties of tzG at neutral pH,39 the current study provides a
comprehensive and in depth study of the photophysical proper-
ties of tzG in its free ribonucleoside form. This study constitutes
a solid basis for discussing the photophysics of tzG included
in oligonucleotides, as well as the spectroscopic changes of
tzG-labelled oligonucleotides resulting from conformational
changes and interaction with proteins. For a large number of
applications with tzG-labelled oligonucleotides, the insensitivity
of tzG fluorescence in the pH range 5–8 (Fig. 13) will be an asset,
since any change in fluorescence could be directly interpreted
in terms of conformational changes or interactions, without a
bias due to a pH effect. By itself, the sensitivity of the free
nucleoside to pH values below 5 is of limited interest in
biological systems, where such low pH values are exceptional.
In contrast, protonation of tzG and its accompanying fluores-
cence changes might be profitably used for specific cases of
protein interactions with tzG-labelled oligonucleotides. Indeed,
variations in local electrostatic environment caused by the
presence of ionizable groups (such as amino, carboxyl, and
phosphate groups) in combination with exclusion of water
molecules from the interior of proteins and from nucleic
acid/protein binding interfaces may significantly shift the pKa

values of amino acid side chains and nucleobase residues.67–69

In the case of tzG-labelled oligonucleotides, the positively
charged acidic form tzG-H1–H3+ is expected to be stabilized
by the negatively charged phosphates, leading to an increase of
its pKa to a value closer to physiological pH values. Therefore,
conformational changes or interaction with specific protein
domains, such as nucleotide binding pockets, could potentially
impact this pKa value. This will in turn lead to a change in
tzG protonation and fluorescence properties, therefore provid-
ing an additional channel of information on the system. At the
same time, the negatively charged basic form thG� will likely be
disfavored in nucleic acids for the same reasons, implying that
tzG deprotonation will occur at even higher pH, extending
above pH 8 the range in which tzG is pH insensitive. In
addition, given that proton transfer reactions have been exten-
sively reported for G residues in nucleic acids, where they play a
major role in the photophysical properties of the natural
nucleosides and in the promotion of mutations in DNA
sequences,70–73 the current study should also be instrumental
to monitor and interpret excited-state proton transfer reactions
in tzG-labelled sequences.
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basic pH range was found to be similar to the pKa (8.55) in the ground
state, in line with the absence of ESPT reaction at basic pH. In the acidic
region, we obtained an apparent pKa* value of 2.1, which differs from the
pKa* value (0.5) calculated from the k+/k� ratio, due to the direct excitation
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Abbreviations

DAS Decay-associated spectra
ESA Excited state absorption
ESPT Excited-state proton transfer
FNA Fluorescent nucleoside analogue
FWHM Full width at half maximum
QS Quinine sulfate
f Fluorescence quantum yield
WL White light
GVD Group velocity dispersion
GSB Ground state bleach
IRF Instrumental response function
ISC Intersystem crossing
PCM Polarizable continuum model
QM Quantum mechanical calculations
TA Transient absorption spectroscopy
TCSPC Time-correlated single photon counting
TD-DFT Time-dependent extension of Density Functional

Theory
thG Thienoguanosine
tzG Isothiazologuanosine
SE Stimulated emission
SOC Spin–orbit coupling.
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J. Léonard, Y. Tor, R. Improta and Y. Mély, Phys. Chem.
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J. Photochem. Photobiol., A, 2024, 446, 115075.

40 D. F. Eaton, Pure Appl. Chem., 1988, 60, 1107–1114.
41 S. Preus, a|e - UV-Vis-IR Spectral Software 1.2, https://www.

fluortools.com, 2013.
42 B. Valeur and M. N. Berberan-Santos, Molecular fluorescence:

principles and applications, John Wiley & Sons, 2012, pp. 53–74.
43 P.-A. Muller, Fluorescence Quantum Yields (QY) and Lifetimes

(t) for Alexa Fluor Dyes—Table 1.5, https://www.thermo
fisher.com/fr/fr/home/references/molecular-probes-the-
handbook/tables/fluorescence-quantum-yields-and-life
times-for-alexa-fluor-dyes.html.

44 D. A. Barrow and B. R. Lentz, Chem. Phys. Lett., 1984, 104,
163–167.

45 S. Preus, DecayFit 1.3, https://www.fluortools.com, 2013.
46 D. A. Smith, G. McKenzie, A. C. Jones and T. A. Smith,

Methods Appl. Fluoresc., 2017, 5, 042001.
47 J. R. Lakowicz, Principles of fluorescence spectroscopy,

Springer, Boston, 2006, 581.
48 G. H. Golub and V. Pereyra, SIAM J. Numer. Anal., 1973, 10,

413–432.
49 D. P. O’Leary and B. W. Rust, Comput. Optim. Appl., 2013, 54,

579–593.
50 Y. Zhao and D. G. Truhlar, Acc. Chem. Res., 2008, 41,

157–167.
51 Y. Zhao, N. E. Schultz and D. G. Truhlar, J. Chem. Theory

Comput., 2006, 2, 364–382.
52 C. Zuluaga, V. A. Spata and S. Matsika, J. Chem. Theory

Comput., 2021, 17, 376–387.
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