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ABSTRACT 

The unique properties of liquid water mainly arise from its hydrogen bond network.                         
The geometry and dynamics of this network play a key role in shaping the                           
characteristics of soft matter, from simple solutions to biosystems. Here we report                       
an anomalous intrinsic fluorescence of HCl and NaOH aqueous solutions at room                       
temperature, that shows important differences in the excitation and emission bands                     
between the two solutes. From ab-initio Time-Dependent Density Functional theory                   
modelling we propose that fluorescence emission could originate from hydrated ion                     
species contained in transient cavities of the bulk solvent. These cavities, which are                         
characterised by a stiff surface, could provide an environment that, trapping the                       
excited state, suppresses the fast non-radiative decay and allows the slower                     
radiative channel to become a possible decay pathway. 

 

Water is a unique solvent for its importance in living organisms, where the                         
interactions of water molecules with ions and biomolecules are at the basis of key                           
processes like protein folding, enzymatic catalysis and energy conversion. In all                     
these processes proton transfer and the structure of the hydration shell around                       
biological molecules  play a fundamental role. 
Water ability to form a hydrogen-bonded network is at the root of many of its                             
peculiar properties, but in spite of being one of the most studied systems, water                           
molecular behaviour is still matter of an intense and multidisciplinary investigation.​1​,​2 

It is well-known that photo-excitation in the presence of solutes can populate                       
the charge-transfer excitation bands, inducing a significant reorganization of the                   
hydrogen-bond system through a process known as excited state hydrogen                   
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bonding dynamics.​3 Generally, the H-bond network facilitates internal conversion                 
(IC) processes,​4​,​5​ however in some cases fluorescence enhancement is observed.​6​,​7 

In the last decade, several studies reported an anomalous fluorescence in                     
aqueous solutions of many proteins and amyloid aggregates in absence of any                       
aromatic residue or π systems.​,​8​,​9 Recently, it has been shown​10 that in amyloid                         
fibrils this anomalous fluorescence is correlated with proton transfer dynamics and                     
with a peculiar double-well shape of the ground state potential energy surface along                         
the H-bond network, a condition that prevents the excited state decay via conic                         
intersection and thus favors fluorescence. The sensitivity of the fibril intrinsic                     
fluorescence to pH changes confirms that this unconventional fluorophore has                   
properties strongly coupled to proton fluctuations. Moreover, the authors show that                     
proton transfer in fibrils involves the compression of the hydrogen bonds, a                       
mechanism analogous to what is seen in other H-bonded systems and, in particular,                         
in water.​11​,​12​,​13 

The nature of the delocalised proton with double well potential has been                         
investigated in water clusters by IR spectroscopy​14,15​,​16 and quantum                 
chemistry.​17​,​18​,​19​,​20 Similar results have been obtained for protons in bulk water using                       
deep inelastic neutron scattering (DINS)​21​,,​22,23 and simulations.​20 In particular, these                   
neutron studies have reported the existence of an anomalous quantum state of                       
protons when the hydrogen-bonded network of water is perturbed, either by                     
nanoconfinement or by the presence of solutes. In this anomalous state, the H-bond                         
potential energy surface acquires a double well character, leading to charge                     
delocalization and proton transfer. In particular, in aqueous solutions of HCl and                       
NaOH at concentrations between 1.6M and 3M, DINS measurements show that                     
some protons assume a coherent bimodal distribution and that the number of                       
protons in coherent distribution is in excess with respect to the number of the                           
impurities added.​21 The authors interpret these data as an indication of a collective                         
and coherent response of water network to the perturbation introduced by the                       
solute molecules that leads to an enhanced number of delocalized protons with                       
double well potential with respect to plain water.  

These neutron studies, reporting the presence of the double-well geometry of                     
the H-bond potential also in aqueous solution, together with the literature results                       
showing the correlation between the double-well geometry of proton potential,                   
proton transfer and the fluorescence of amyloid fibrils led us to hypothesize that a                           
similar intrinsic fluorescence should be observable also in HCl and NaOH water                       
solutions, as long as the number of delocalized protons is sufficient to give a                           
detectable emission intensity. 

In this work, we show for the first time that aqueous solutions of HCl and                             
NaOH are indeed fluorescent in the near UV and blue range, and that the optical                             
response induced by the two solutes is different, suggesting a substantial role of the                           
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excess proton and hydroxide ion in shaping the spectral properties of their                       
solutions. 

 
 

 
 

Figure 1​. A) Excitation and emission spectra of 3M HCl in water. Excitation spectrum with                             
emission centered at 300 nm (blue; R marks the Raman band) and emission spectrum with                             
excitation centered at 220 nm (red). For comparison, the emission spectrum of 3M NaCl                           
with excitation at 220 nm is reported (grey). B) Emission spectra of HCl in water at different                                 
concentrations from 0.0625M to 3M (excitation at 220 nm). Photomultiplier gain: 900V;                       
excitation slit: 5 nm, emission slit: 5 nm. 
 
Figure 2​. A) Excitation and emission spectra of 3M NaOH in water. Excitation spectrum                           
with emission centered at 400 nm (blue), emission spectra with excitation centered at 240                           
nm (red) and 308 nm (green). For comparison, the emission spectrum of 3M NaCl with                             
excitation at 240 nm is reported (grey). Photomultiplier gain: 900V; excitation slit: 5 nm,                           
emission slit: 5 nm. B) Emission spectra of NaOH in water at different concentrations from                             
0.0625M to 3M (excitation at 240 nm). Photomultiplier gain: 950V; excitation slit: 5 nm,                           
emission slit: 10 nm. 
 
 

Figure 1A shows that, upon excitation at 220 nm of a 3M aqueous solution of                             
HCl, a detectable fluorescence emission is observed, with maximum intensity at 300                       
nm. The excitation spectrum, collected with emission centered at 300 nm,presents                     
the higher intensity band at 220 nm and a weaker band at about 270 nm,                             
superimposed to the Raman scattering of water. In the range between 0.065M and                         
3M (Fig.1B) the emission intensity increases with the solute concentration,                   



confirming that this unconventional fluorescence actually arise from the                 
water-solute interaction. The absorption spectra confirmed that the 220 nm and 270                       
nm fluorescence excitation maxima are absorption bands of the HCl solutions (Fig.                       
S1). 
A weaker fluorescence emission was observed for the 3M aqueous solution of                       
NaOH (Fig. 2A) compared to 3M HCl sample . Here the spectra are red shifted with                               
respect to those of HCl, displaying two peaks in the excitation spectrum (blue) at                           
240 nm and 308 nm, and a single band in the emission spectra (red and green) at                                 
either 395 nm or 400 nm when the excitation was at 240 nm and at 308 nm,                                 
respectively. Also in this case, the fluorescence intensity increases with the solute                       
concentration in the range between 0.0625M and 3M (Fig. 2B) and the presence of                           
absorption bands at the same wavelengths of the fluorescence excitation maxima                     
was also observed (Fig.S2). 
To estimate the contribution of Na​+ and Cl​- ions to the observed fluorescence, in                           
Fig.1A and 2A the fluorescence emission spectra of 3M NaCl aqueous solution are                         
also reported for comparison (grey). As can be seen, the fluorescence of NaCl                         
solution, when collected in the same conditions used for HCl and NaOH, has a                           
much lower intensity, indicating that the major contribution to fluorescence comes                     
from protons and OH​-​ ions. 

The observed differences between HCl and NaOH fluorescence spectra                 
suggest that excess proton and hydroxide ion in water induce different geometries                       
and dynamics of the H-bond network. Noteworthy, Grisanti et al.​24 have shown that                         
in amyloid fibrils the shrinking of the hydrogen bond, induced by small changes in                           
the distance between the nitrogen and oxygen atoms sandwiching the proton, can                       
produce major modifications in the potential energy surfaces of the ground and                       
excited states. These modifications lead to significant changes in the optical                     
properties of the system. A similar finding is reported by Hassanali et al.​11 in a                             
computational study on liquid water, where they show that hydronium perturbs the                       
water network in a different way compared with hydroxide ion. 

Differences in the H-bond network in the investigated samples was also                     
confirmed by FTIR analysis of HCl, NaOH and NaCl 1M solutions (Fig. S4).  

To elucidate the possible mechanism of the emission process, we performed                     
a Time-dependent Density Functional Theory (TDDFT) modelling using               
TURBOMOLE suite of programs​25 with B-LYP​26​.​27 functional and triple-ζ plus                   
polarization split valence quality basis set.​28​ ​(see SI for details) 

This investigation on the fluorescence properties of the HCl and NaOH                     
aqueous solution starts from the simulation of the absorption spectra of the                       
Cl​-​(H​2​O)​54​(H​3​O​+​) and Na​+​(H​2​O)​54​(OH​-​) model clusters at TDDFT level. 
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Figure 3​. 1M HCl and NaOH models. For each system are sketched the most stable form with                                 
charged species on the cluster surface and the most stable form with charged species buried in the                                 
cluster (model 8 and 10 for HCl; model 2 and 4 for NaOH; see Table S1 and S2 in SI)   
 

Here the number of water molecules considered in the model cluster (54 plus the                           
protonated/deprotonated one, thus mimicking 1M solutions, see Fig. 3) have been                     
established to obtain a realistic but compact model of the bulk HCl and NaOH                           
solution in order to reproduce their absorption spectra (see SI for the details of the                             
level of theory adopted). This implies to consider model clusters in which the ionic                           
species are buried in the solvent although higher in energy compared with                       
structures in which the charged ion are placed at the border of the cluster                           
itself.​29​.​30​.​31​.​32 We therefore adopt the ion buried models as reference for TD-DFT                       
computations of the excitation spectra which are reported in Fig. 4.  

 

 
Figure 4​. Computed absorption spectra for the 1M HCl and NaOH models. For each                           
system the simulated spectrum for the most stable form (model 1 with charged species on                             
the cluster surface) and two forms with charged species buried in the cluster are reported                             
(model 8 and 10 for HCl; model 2 and 4 for NaOH; see Table S1 and S2 in SI) 
 

On the basis of the occupied and unoccupied valence MO, the excited state of                           
hydrated HCl or NaOH clusters can be classified in term of charge-transfer-to                       
solvent band (CTTS) in which electron density is transferred from the i) a negative                           
charged ion (Cl​- or OH​-​) to an MO provided by the solvent and by the positively                               
charged ions (H​3​O​+​, Na​+​).​33​,​34​,​35 Regarding HCl model, the first four most intense                       
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absorptions have Cl​-​,O→H ​charge transfer ​character. The H atom primarily involved                   
is a ​dangling ​one on the cluster surface which is also the closest to Cl​-​. In the case                                   
of S​1​, two oxygen atoms on the surface are interested but not the Cl​- anion. For                               
NaOH, the most intense transitions involve the O → Na​+​/H charge transfer (CT),                         
where in most cases one of the oxygen atoms belongs to the hydroxide  ion.  

The fluorescence of the two models is first investigated by geometry                     
relaxation of the S​1 state. These optimizations only evidence a non-radiative decay                       
through conical intersection (CI), and exclude any fluorescence decay. This is not                       
surprising, since the low values of the fluorescence quantum yield (QY, see SI for                           
details) calculated from our spectra suggest that, during the vibrational cooling of                       
the S​1 state, of the two channels – the radiative and the non-radiative one – the                               
latter has the highest probability. 
In detail, for HCl model, the S​1 potential energy surface (PES) relaxation brings first                           
to a scramble of the H-bond network due to the O → H CT in the CTTS band and                                     
successively to an O-H bond elongation of a “​dangling​” H atoms - the H atoms on                               
the cluster surface not fully involved in H-bonding - with the tendency of an O-H                             
homolytic dissociation until a conical intersection with the ground state is reached.                       
This behaviour has been already observed​36 and computations on small clusters                     
have evidenced the formation of the H​3​O radical which relaxes via CI to the ground                             
state and dissociates. A further proof comes from a very recent simulation on the S​1                             
quantum dynamic of H​2​O cluster that showed a mechanism in which the excited                         
water molecule dissociates in a OH radical plus a ​hot ​H atom. This latter                           
successively brings to the formation of the hydrated electron plus H​3​O​+​.​37 A similar                         
result is also obtained for the NaOH model where we observe the formation of the                             
OH radical with the concomitant dissociation of an H atom from the cluster surface                           
at the CI to the ground state. This behaviour is in agreement with what observed for                               
small OH​-​ water cluster.​35​,​38 

To account for fluorescence, we have been inspired by the suggestions that                       
comes from recent literature, according to which water molecules could be able to                         
trap the excited state due to defects in the hydrogen bond network,​39 thus                         
preventing the non-radiative S​1 decay.​37 To simulate this latter situation, we                     
constrained the atoms that belong to the cluster surface and carried out the same                           
S​1 geometry optimization. This approach is in line with a recent paper in which liquid                             
water density heterogeneities​40 are simulated by introducing, in the H-bond                   
network, void regions surrounded by high density patches.​41 For our HCl model, we                         
consider the ion-buried model clusters in which two or three water molecules and                         
the hydronium ion are free to move while for the ion-buried NaOH models, there are                             
either four or five free-to-move water molecules plus the OH​- ion. In all the cases                             
considered, the S​1 geometry optimizations of the constrained structures converge                   
to a local minimum with final values of the emission wavelengths that strongly                         
depend on i) the mobility of the species inside the constrained cage ii) the                           
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involvement in the S​1 transition of the MO that belongs to the species which are free                               
to move.  

In the case of the HCl models, the differences between emission and                       
absorption wavelengths (Δλ) range from 3 to 671 nm (see SI), where the                         
corresponding experimental value is 80 nm. For Δλ > 10 nm the proton hopping                           
from the H​3​O​+ ion to an unconstrained water is observed (see figure 5). Large Δλ                             
values occur when unconstrained species have more free space in the cage to                         
move. It is interesting that, when these HCl model constrained structures are further                         
re-optimized on the S​0 PES, the proton does or does not return to the water                             
molecule to which it was initially bound, depending on the relative stability of the                           
two isomers on S​0​.  

  

 

Figure 5​. Scheme of the S​1 geometry optimization of the constrained most stable                         
ion-buried 1M HCl model structure. In stick&ball are represented the unconstrained                     
molecules at the center of the cluster. Starting from the ground state minimum geometry,                           
upon TDDFT S​1 ​geometry optimization we observe the H​+ hopping to the nearest neighbor                           
unconstrained H​2​O molecule to the hydronium ion. The further optimization on the S​0 PES                           
can converges to a new local minimum or to the initial geometry.  

 

In the case of the NaOH buried-ion models, we observe i) the rearrangement                         
of the OH​- H-bond network with the loss of one interaction; ii) the motion of the Na​+                                 
ion from its S​0 equilibrium position as effect of CT. The final Δλ ranges from 5 to 529                                   
nm (experimental Δλ equal to 92 nm). As for HCl models, small Δλ are obtained                             



when unconstrained moieties are not involved in the S​1 mono-electronic transition                     
or when they have more space to move upon vibrational relaxation.  

Here we would like to underline that the values obtained for the excitation                         
energies are not an estimate of the fluorescence emission wavelengths but suggest                       
that the hypotheses of a transient geometry of the systems, in which the vibrational                           
relaxation is somewhat hindered preventing the non-radiative decay, could underlie                   
the fluorescence properties of HCl and NaOH solutions. From our modelling, we can                         
estimate a value of about 500 Å​3 for the volume of our clusters, which, in the                               
distribution reported by Ansari et al.​41 belongs to the very small percentage of voids                           
larger than 100 Å​3 ​and is in agreement with the tetrahedral-like patches observed by                           
X ray scattering.​42 This last point suggests that the low QY of our fluorescence could                             
be due to the low number of these fluorescence-active clusters. 

In conclusion, in this paper we have reported for the first time an anomalous                           
unexpected fluorescence emission from HCl and NaOH aqueous solutions at room                     
temperature in the 0.0625-3M concentration range that increases with increasing                   
solute concentration. For HCl, the emission band is centered at 300 nm (QY =                           
0.016), while for NaOH the emission is red-shifted to 400 nm (QY = 0.005). The                             
comparison with the fluorescence spectrum of 3M NaCl solution suggests that the                       
prevalent contribution to emission in HCl and NaOH solutions comes from H​3​O​+ and                         
OH​- ions. The proposed TDDFT modelling on HCl and NaOH 1M model clusters                         
does not account for this fluorescence, but shows the usual non-radiative decay of                         
the S​1 state through homolytic hydrogen atom dissociation. To create the conditions                       
that lead to fluorescence emission, we have therefore constrained the atoms that                       
belong to the cluster surface, thus preventing hydrogen abstraction and the                     
non-radiative decay by lengthening the lifetime of the transient S​1 state enough to                         
allow emission. We have found that this constrained vibrational cooling of S​1 not                         
only promotes fluorescence emission, but also H​+ hopping in the HCl model, and a                           
less specific HB network reorganization in the NaOH model. The structural motif                       
identified by our constrained TDDFT geometry optimizations is a transient domain in                       
the bulk solvent with a relatively rigid surface that delimitates a region containing                         
the ion species and a few water molecules. Inside these cavities, the H-bond                         
network connecting water molecules and ions is more flexible than that of the                         
surface, but not enough to allow hydrogen abstraction.  

Our data, together with TDDFT modelling, suggest that the unexpected                   
fluorescence observed in HCl and NaOH aqueous solutions could arise from the                       
transient formation of local mesoscopic domains, in which a particular and more                       
rigid H-bonding network is established. In these domains, the CTTS excited state                       
energy is dissipated by radiative transitions, mimicking a fluorophore with spectral                     
characteristics that depend upon the added solute. This intriguing property of water                       
solutions challenges the current view of the H-bond network architecture and                     
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dynamics in liquids, and hopefully opens new perspectives in the study of proton                         
transfer in CTTS phenomena. 
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