
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Delayed luminescence induced by complex domains in water and in
TEOS aqueous solutions

C. Colleonia, S. Espositob, R. Grassoc, M. Gulinoc,d, F. Musumecic,e,
D. Romelia, G. Rosacea, G. Salesia,f,∗, and A. Scordinoc,e

aDipartimento di Ingegneria e Scienze Applicate, Università di Bergamo, viale Marconi 5, Dalmine, Italy
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eDipartimento di Fisica e Astronomia, Università di Catania, Catania, Italy, and
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Many recent studies on water have conjectured a complex structure composed of hydrogen bonded
low- and high-density domains. In this work the structure of pure water and aqueous solutions
of silica gel (TEOS) has been investigated by using delayed luminescence, which previously have
showed significant increase in aqueous salt solutions where low-density domain formation is expected.
Photon emission shows an Arrhenius trend with an activation energy in water-TEOS solutions larger
than in pure water and salt-water solutions. Moreover, delayed photon emission decay shows an
intrinsic lifetime of about 5µs both in solutions and in pure water that, along with secondary
lifetimes induced by the presence of TEOS, could be related to the formation of different domains.

I. INTRODUCTION

Water is the most abundant substance on Earth and presents a number of anomalous prop-
erties which have been related also to the water’s role in the chemistry of life. In particular
intracellular water has been recognized to behave differently from bulky water, as protein-water
interactions take place at protein surface where properties of water change [1]. The results of
both experimental and theoretical works have indicated as water is not simply a solvent but it
actively engages and interacts with biomolecules in complex and essential ways.

The strangeness of water is a consequence of the extensive three-dimensional hydrogen bond-
ing of water molecules to one another, which is what makes water a liquid rather than a gas
at ordinary temperatures and pressure. In fact, while the molecular movements in liquid water
require constant breaking and reorganization of individual hydrogen bonds on a pico-second
time scale, at any instant, the degree of hydrogen bonding is very high, more than 95%. These
strange properties of water have intrigued generations of scientists and many models [2] have
been proposed to explain peculiar behaviour and anomalies of water. It is evident that liquid
water is not a homogeneous structure at the molecular level, showing a dynamic equilibrium
among changing percentages of assemblages of different oligomers and polymer species (clus-
ters), whose structure is dependent on temperature, pressure and composition. A large debate
on the behavior of water, especially in the supercooled region, is currently underway [3], and
due to the key role of water in biological systems a better comprehension of water structuring
is desirable.

Among the theories proposed to describe water, one model describes the extensive three-
dimensional hydrogen bonded liquid water as consisting of two kind of micro-domains of dif-
ferent densities in dynamical equilibrium [4–11], namely the low-density water (LDW), with
intermolecular hydrogen bonds like that of ordinary hexagonal ice, and the high-density wa-
ter (HDW), with compact bonding similar to ice II. Many of the anomalies of liquid water
are explained invoking a displacement of the LDW/HDW equilibrium. Several measurements
[12–16] support the existence of two distinguishable structures in liquid water, especially in the
supercooled region, even if they are still evident at ambient conditions where most of important
biological processes occur.
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Recent experiments have shown a Debye-like slow relaxation in water, and it has been as-
sociated to structural and/or dynamical inhomogeneities on length scales quite larger than
previously thought (of the order of 0.1 mm) [17]. These observations indicate the possibility
that the distorted hydrogen-bonded structures proposed by [18], that dominates liquid water
at ambient temperature, are connected to chainlike structures with a polymer-like dynamics.
Analogous results have been obtained by spectroscopic measurements [12], showing how a struc-
tural polymorphism of water (quasi-crystalline structures) should exist also in salt solutions,
where water structuring is expected, and in the solute-free zone that water forms in proximity
of various hydrophilic surfaces [12]. This region has a width of 100µm and it is stable for days
once formed.

In order to obtain further information about water structuring we have performed Delayed
Luminescence (DL) measurement on water samples. The term DL refers to the prolonged (from
few µs up to second or minutes) photoinduced ultraweak emission of optical photons from a sam-
ple, afterwards the switching-off of the illumination source. Previously, the comparison of DL
measurements performed on biological systems and solid-state systems had shown a correlation
between the DL signals and the dynamic ordered structures of the samples [19]. In particular
the DL yield, i.e. the total number of photons emitted in the investigated time range, was cor-
related to the spatial dimension and/or to the order of the structures of the samples, while the
time trends gave information on the lifetime of these structures. To explain the characteristics
of the DL signals coming from several very different samples, a theoretical model was proposed,
which connected the DL with the excitation and decay of non-linear coherent localized electron
states (excitons or solitons) in low dimensional macromolecules [20] having chain-like structures
and present in biological cells (i.e. alpha-helical polypeptide proteins, actin filaments, etc). The
luminescence of pure water has been studied and different interpretation of its origin proposed.
Among which the hypothesis that the main source of the red luminescence could be singlet
oxygen [21], which accords to spectroscopic studies on water ice that connected near-UV and
visible luminescence, with a long-lived component, to photoproducts [22]. An alternative view
is to assign the photoluminescence to the presence of gas bubbles in the water: the molecular
interactions occurring in the ionic shell present at the bubble surface could produce collective
electronic effects that could be at the origin of the observed photoluminescence [23].

It is worth noting that to explain the intrinsic luminescence of water it has also been hy-
pothesized the transmission of the excitation energy over a chain of hydrogen bonds to the
luminescence emission centres, represented by defects in the structure of water [24]. Moreover,
to explain the large time-scale relaxation observed in sub-mm liquid samples, some kind of col-
lective motion in hydrogen-bonded structures has been hypothesised [17]. On the basis of these
considerations the DL phenomenon seems to be a valid experimental tool to usefully investigate
the structure of water. Indeed, previous works [25, 26] have demonstrated a significant increase
in DL signal both from aqueous salt solutions near the room temperature (when, according
to the literature, addition of a solute to water causes a displacement of the HDW/LDW equi-
librium [8, 27, 28]) and from super-cooled bi-distilled water at ambient pressure. Moreover
Arrhenius trend of the total number of emitted photons revealed a similar activation energy
both in aqueous salt solutions and in the super-cooled water, as well as the time trends of
the DL signals suggested the existence of structures unusually long-lasting in time, up to the
microseconds range.

The dynamics of complex systems such as hydrogen-bonding liquids and their mixtures is
nowadays one of most active areas of research. Recent studied have shown how both viscous
liquid and water colloidal solutions (sol-gel TEOS samples, see below) present special dielectric
effects (as e.g. the so-called pipe-effect [29]) due to the presence of spatially extended and long-
lasting structures. The sol-gel process leads to the formation of self-assembled (nano) layers
on the material surface, and this feature is used in the synthesis of new coatings with high
degree of homogeneity at molecular level and outstanding physical-chemical properties. The
sol-gel technique is a versatile synthetic route through which new materials can be obtained
[30]. Recently, sol-gel has been also studied for innovative applications regarding hydrogen
production by water photosplitting [31] and the development of textile materials with flame
retardant [32, 33], self-cleaning [34], water repellency [35] and sensing properties [36, 37], using
microporous silica gel.

In this work we report the results of DL measurements performed on gel samples of TEOS
0.1M. The DL induced by UVA laser light was revealed in the 400-800 nm spectral range. The

Page 2 of 14Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



3

Figure 1: Reaction scheme of the sol-gel process

temporal decay was registered starting 10µs after the illumination pulse. According to the
known effects of aging on the oxidic networks (see M&M) we compared the same sample at
fixed times after preparation during the natural aging of the sample. Measurements were also
performed on changing the temperature from room condition to the supercooled region, where
LDW predominance is foreseen. The temporal trends of the DL decays were modelled both as
discrete sum of exponentials and in terms of compressed hyperbola decay laws. We applied such
regression models to experimental data in order to estimate the main DL decay scale times. We
also inferred the molecular binding activation energy for our water-TEOS samples by means of
Arrhenius plots of the total number of emitted photons.

II. MATERIALS AND METHODS

A. Sols preparation

Tetraethoxysilane [TEOS, namely: Si(OC2H5)4, ≥ 98% sol-gel precursor], hydrochloric acid
(37.0%, catalyst) were purchased from Sigma-Aldrich and used without further purification.
The solvent used was distilled water. Silica sols (0.1M) were synthesized by the sol-gel method
using TEOS as silica precursor. Pure silica sol was prepared via hydrolysis: a mixture containing
2.28 ml of TEOS (0.01 mol), 0.8 ml of HCl (0.1M) and 96.92 ml of distilled water was stirred
at room temperature or heated to reflux for 4 hours and 30 min. The hydrochloric acid was
used to promote the hydrolysis of TEOS and the TEOS:HCl molar ratio was set to 1: 0.008.

Sol-gel processes are based on two steps involving hydrolysis and condensation reactions
starting from (semi-)metal alkoxides. In our study, these steps occur when TEOS, water and
catalyst are mixed together during the synthesis. A schematic representation of the process is
reported in Fig. 1 [38]. Hydrolysis develops by bimolecular nucleophilic substitution involving
pentacoordinate intermediates or transition states [39, 40]. The acid-catalyzed mechanisms are
preceded by rapid deprotonation of alkoxide groups (-OR). The water molecule attacks from
the rear and acquires a partial positive charge while the alkoxide is protonated making alcohol
a better leaving group (Fig. 2). In this way the hydrolysis is rapid and different intermediate
species containing Si-OH groups, which are called silanols, are formed. The hydrolysis products
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Figure 2: Mechanism of acid-catalysed hydrolysis SN2−Si

are more reactive than the un-hydrolysed precursor: consequently, further condensation reac-
tions take place quasi-immediately after the hydrolysation. Condensation reactions between a
hydroxide and an alkoxide leads to M-O-M bonds under release of an alcohol (alkoxolation),
whereas the reaction between two hydroxylated metal species leads to M-O-M bonds under
release of water (oxolation). Chemical aspects play an important role in studying and con-
trolling the sol-gel process. The chemical reactivity of metal alkoxides towards hydrolysis and
condensation depends mainly on electronegativity of the metal atom, its ability to increase
the coordination number, steric hindrance of the alkoxy group, and molecular structure of the
metal alkoxides (monomeric or oligomeric). Additional parameters are the polarity, the dipole
moment, and the acidity of the solvent, while the amount of added water in the hydrolysis
step determines whether the alkoxides are completely hydrolyzed or not and which oligomeric
intermediate species are formed. Acid hydrolysis and condensation result in linear or weakly
branched chains and microporous structures in silica sols, the resulting gelation times being
generally long. On the opposite, uniform particles are easily formed in base catalysis, leading
to a broader distribution of larger pores, which is less favourable for thermal insulation mate-
rials [39]. Regarding TEOS, the condensation may occur between either a silanol and a ethoxy
group or two silanols to form a siloxane bond Si-O-Si by elimination of water or alcohol. When
sufficient interconnected Si-O-Si bonds are realized in a region, they respond cooperatively as
colloidal particles or as a sol [41]. During the aging, the silica species react to form three-
dimensional network and particle of bigger size: consequently, the viscosity of the sol increases.
Nevertheless, the intensity of the viscosity depends strongly on several factors as the concen-
tration of precursor, the presence of solvent (alcohol), the temperature of synthesis; moreover
the viscosity is time dependent [39, 42]. After the sol-gel transition, the solvent phase is slowly
removed from the silica network due to the additional cross-linking reactions of unreacted -OH
and -OR groups. Taking into account what above specified, 9 flasks, each about 200 ml in
volume, of the same 0.1M sol were prepared and sealed at the same time and used later for
DL measurements. More precisely, three flasks a time were used for each aging step. During
aging before DL measurements, the flasks were stored in the dark, under controlled temperature
conditions.

B. Delayed Luminescence measurements

The DL measurements were performed in the time range from 10µs up to 1 s by the ARETUSA
set-up [43]. The sample was illuminated via a bifurcated optical fiber bundle (lot Oriel LLB-
321) by a high-intensity pulsed nitrogen laser (Laserphotonic LN203C, λ = 337 nm, pulse width
5 ns, energy per pulse 100 ± 5µJ). After the switching-off of the laser pulse, the DL signals
were collected by the same fiber and revealed by a photomultiplier in single photon regime
(Hamamatsu R-7206-1/Q). The photomultiplier was inhibited during the sample illumination
by using an especially designed electronic shutter. A Personal Computer implemented with
a multi-channel scaler (Ortec MCS PCI) plug-in card, with a minimum dwell-time of 200 ns,
was devoted to data acquisition. As the light absorption coefficient of water at 337 nm is very
low (< 10−4 cm−1), a large volume of solutions (177 ml) was illuminated. The sample (TEOS
solution prepared as above specified or bidistilled water from Carlo Erba) was placed inside a
cylindrical stainless steel holder kept in a thermal bath (Haake C25) which allowed to reach
temperatures as low as -20oC. The temperature was measured by a diving Pt100 temperature
sensor (TP472 I.0, accuracy ±0.25oC) connected with a thermometer (RTD HD2107.1, Delta
OHM). To improve the signal to noise ratio, the head of the bifurcated optical fiber used for
DL measurements was tilted of 45oC with respect to the water-air interface, so avoiding effect
of internal reflection. Moreover, the fiber was immersed into the solution at the fixed distance
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of 3 mm from solution-air interface.
Measurements at different temperatures were performed on cooling the sample starting from

the room condition. Temperature of the coolant was lowered with a rate of about 0.5oC/min.
The DL measurements were performed 20 min after the set temperature of coolant was reached,
to assure thermal equilibrium inside the sample (117 ml in volume), as checked by Pt100. By
using this procedure the minimum achieved temperature before freezing was -7oC in the case
of pure water and -4oC in the case of TEOS aqueous solutions. Due to the low signal, no
reliable spectral analysis of DL signal was performed, so the DL data refer to photons revealed
in the wavelength range from 400 nm up to 800 nm corresponding to the sensitivity range
of the used phototube. Raw data were accumulated in the 50000 acquisition channels of the
multi-channel scaler with a dwell time of 2µs, since at the end of this interval the intensity of
the emitted luminescence reached values comparable with the background data. More precisely
data were analyzed after background subtraction and the temporal decays were truncated when
the net values were not lower than twice the background value. To increase the signal to noise
ratio, the counts of 6000 repetitions (9000 in the case of bi-distilled water samples) of the same
run were added, with a laser repetition rate of 1 Hz. To reduce random noise, a standard
smoothing procedure [44] was used, by sampling the experimental points (channel values) in
such a way that final data resulted equally spaced in a logarithmic time axis. DL intensity
I(t) was expressed as the number of photons recorded within a certain time interval divided to
the time interval and the number of repetitions. Final data are reported as average of three
independent runs performed on different samples of the same type.

C. Modelling Delayed Luminescence Decays

The analysis of time resolved luminescence data are usually used to get information on the
structure and dynamics of the emitting system. The time relaxation of complex systems are
usually described in terms of convolution of a continuous distribution of decay times as follows
[45, 46]:

I(t) =

∫ ∞
0

A(τ)e−t/τdτ (1)

where the distribution function A(τ) is non-negative for all τ > 0 and can be regarded as a
probability density function in the normalized condition I(0) = 1.

We used two different fitting procedures of the experimental data. The first describes the
luminescence decay curve by a sum of a large number of exponentials decays and the pre-
exponential terms represent discrete values of the A(τ) function. The second accords experi-
mental data to the compressed hyperbola curve, largely used from the original work by Becquerel
[47] to describe the time evolution of luminescence after a short illumination [48], and uses the
inverse Laplace transform to get information on the rate constants distribution.

1. Discrete sum of exponential decays

A well-known regression technique is based on a multi-exponential fit [49, 50]:

I(t) = I0

N∑
i=1

aie
−t/τi (2)

where I0 = I(0) and
∑N
i=1 ai = 1. The estimate of the amplitudes ai and the lifetimes τi

appearing in the above equation depends on the number N of discrete terms used in the sum.
We used two different procedures to fit experimental data, both by using Microsoft Excel,
and in particular the Solver function. In the first procedure we inferred a fitting curve with
15 exponentials and performed the non-linear fit by the iteration protocol employed by the
Solver function which is based on the robust and reliable Generalized Reduced Gradient (GRG)
method [51, 52]. To guide the choice of some appropriate initial conditions for amplitudes

Page 5 of 14 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



6

and lifetimes, we used an ordinary iterative reconvolution method, based on the Marquardt
algorithm and implemented in Matlab [53], involving up to four exponentials. In the second
approach the Exponential Series Method (ESM) [50] was implemented in Excel by using again
the Solver tool. The lifetimes were initially fixed with uniform distribution in logarithmic scale
in an appropriate range, and the amplitudes ai were determined by linear regression, with the
constraint that they had to be not negative. We fixed N = 15 values of lifetimes ranging from
10−8 s to 10−2 s. For the optimization of the parameters we applied some different criteria:
minimization of 1) least squares, 2) χ2, 3) modified χ2, 4) mean value between maximum
and minimum absolute deviations. The iterative algorithm implemented in Solver allowed us
to choice one of the above criteria: namely, the one which entailed the minimum difference
between the experimental data and the multi-exponential fit. Actually, we derived the fitting
functions as weighted sums of 15 exponentials by imposing the minimization of the modified
χ2.

2. Compressed hyperbola decay curve

As for a great variety of photophysical phenomena [48, 54], DL temporal trend can be modelled
by a hyperbolic function as [44, 55]:

I(t) =
I0(

1 +
t

t0

)m (3)

where I0, t0 and m can be determined by using a non-linear least square fitting procedure.
Indeed Eq. (3) becomes linear if at fixed t0 value we consider log(I) as a function of log(1+t/t0).
Starting from an initial trial value of t0, an iterative procedure that minimize χ2 can be used
[44]. In terms of rate constants Eq.(1) can be written as:

I(t) = I0

∫ ∞
0

p(γ)e−γtdγ (4)

with
∫∞
0
p(γ)dγ = 1, so that I(t) is the Laplace transform of the distribution function p(γ)

which can be in its turn determined by the inverse Laplace transform of I(t). Such an inversion
can be performed analytically if the observed data can be fitted by the function given by Eq.(3).
Indeed the Becquerel decay law possesses a simple inverse Laplace transform: namely a Gamma
distribution [55] characterized by average rate constant 〈γ〉 = m/t0 and variance σ2 = m/t20.
Actually, it is not always possible to accord the experimental data to a single hyperbolic trend,
especially if a wide temporal interval of the decay is considered [56] and a sum of a few Becquerel
functions, appropriately weighted, could be a powerful fitting function for complex decays [48].
In our case, the data were better fitted by a bimodal function [57] according to the equation

I(t) =
I01(

1 +
t

t01

)m1
+

I02(
1 +

t

t02

)m2
(5)

such that the sum of two Gamma distributions represented the rates distribution function p(γ)
characterized by average rate constant [48]:

〈γ〉 =
1

I01 + I02

(
I01

m1

t01
+ I02

m2

t02

)
(6)

III. RESULTS

The aqueous solutions of TEOS, at concentration 0.1 M, were studied following the natural
ageing under controlled conditions. Actually, the DL measurements were performed 1 week,
6 weeks and 12 weeks after solution preparation, and changing the sample temperature, i.e.,
at 20oC, 8oC, 0oC, −2oC, −4oC, respectively. At each aging time the kinematic viscosity
was determined by a glass capillary viscometer, in order to verify and test the formation of the
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Figure 3: Time trend of the DL signals from 1w -sample (a) and 12w -sample (b) at the highest and lowest
temperatures; (◦) corresponds to Tmax = 20o; (4) corresponts to Tmin = −4o C in (a) and to Tmin = −2o C
in (b). Markers denote average values of three different samples; vertical bars denote the standard deviation at
pre-fixed times of the decay.

silica network (see Sect. 2). No significant differences were observed between 1 week and 6 weeks
samples, both in viscosity and DL response (data not shown). On the contrary, an increase of
about 30% in viscosity characterized the twelve weeks (12w) sample with respect the one week
(1w) sample, as the viscosity value respect to the bidistilled water changed from 1.092± 0.008
to 1.414 ± 0.001. On increasing the viscosity the samples froze at higher temperatures, since
the formation of structures in the liquid favoured the silica networking, so that we were able to
measure the DL of 1w -samples down to −4o C, whilst the 12w -sample were tested only down
to −2o C.

Figure 3 shows the DL temporal trends of the 1w -sample (Fig. 3a) and of the 12w -sample
(Fig.3 b) at the highest and lowest temperatures, respectively, after background subtraction.
The markers denote the average values of measurements corresponding to three different samples
of the same type, while vertical bars refer to one standard deviation. It is evident that the DL
intensity increases on cooling, as previously observed both in aqueous salt solutions and in
bidistilled water [25, 26].
The evaluation of the total number Ncounts of DL counts, in the time windows of the decay,
follows from the experimental intensity data Iexp(t) as:

Ncounts =

∫ tf

ti

Iexp(t)dt (7)

where ti and tf are the initial and final experimental times of the observed decay, respectively.
The experimental data were integrated numerically, and in Fig. 4 we report the logarithm of
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Figure 4: Arrhenius plot of the total number Ncounts of DL emitted photons: (2) 1w -sample, (4) 12w -sample
(the error bars of the average values are smaller than the marker sizes). Straight lines corresponding to the
linear fits are showed as well: 1w -sample (solid line), 12w -sample (dashed line).

Ncounts as a function of the inverse of the temperature for the 1w - and 12w -samples. The
experimental points follow a linear trend, thus denoting an Arrhenius behavior characterized
by a well-defined activation energy ∆E. The linear fit gives ∆E = (22 ± 2) kJ/mol (with
R2 = 0.978) in the case of 1w -sample, and ∆E = (25±2) kJ/mol (with R2 = 0.990) in the case
of 12w -sample.
The temporal analysis of the experimental data was made, as specified in Sect. 2, applying
two different fitting procedures to the time relaxation of complex systems as convolution of
continuum distribution of exponential decays. By using the regression technique based on the
abovementioned multi-exponential fit for any measurement campaign and any experimental
data set we found (see Fig. 5) a very large amplitude for τ ' 5µs, followed by much smaller
ones related to τi ' 2 · 10−4 s and 10−3 s respectively. In Fig. 6 we notice that the experimental
data agree very well with the regression plot obtained with the 15-exponential fit.
Alternatively, by according the data to the compressed hyperbola decay curve Eq. (5), the
fitting parameters I0i, t0i and mi were evaluated as described in Sect 2. Interestingly, we found
minimum reduced-χ2 figures for t01 and t02 equal to about 0.01 and 0.1 ms, respectively. So
we set t01 = 0.01 ms and t02 = 0.1 ms for any sample in every condition (obtaining a reduced
χ2 ≤ 1); the fit parameters are reported in Table I. The average rate constant Eq. (6) of each
decay resulted to be (2.1± 0.1) 105 s−1 and (1.89± 0.04) 105 s−1 for the 1w and 12w samples
respectively. As expected, these rate constants values well agree with the lifetimes obtained with
the multi-exponential fit. The relative errors for m1, m2, I02 are generally quite small (lower
than 3%, 1%, 7%, respectively), while I01 is affected by a larger error (not lower than 35%), even
if a visual inspection of the fitted curve shows a good agreement between theoretical curves and
experimental points. The large error in I01 evaluation is due to the fact that the experimental
points are actually at times longer than t01, which coincides with the first experimental temporal
point: as a consequence the behavior of the decay at shorter times can be only inferred with
a greater uncertainty. To overcome this problem, according to the theoretical trend given by
Eq. (5), we tried to get further information by using the “theoretical points” that are better
resolved: i.e., those related to longer times in

I2th(t) =
I02(

1 +
t

t02

)m2
(8)

Therefore we evaluated numerically the contribution to the total number of emitted photons
Ncounts coming from the shorter decay times emitters (N1) and from the longer decay times
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Figure 5: Pre-exponential amplitudes ai as a function of lifetimes τ in the case of 1w -sample (a) and 12w -sample
(b) at temperatures T = 20oC (◦) and T = 0oC (4).

emitters (N2) as follows

N1 =

∫ tf

ti

[Iexp(t)− I2th(t)] dt (9)

N2 = Ncounts −N1 (10)

In Fig. 7 N1, N2 and Ncounts are reported as a function of the sample temperature for the two
different aging conditions.
The largest contribution to DL intensity comes from the decay of excited states with longer
lifetimes (of the order of milliseconds) N2 which increases on decreasing the sample temper-
ature, while the contribution from shorter lifetimes excited states N1 is quite constant with
temperature, with an increase of about 45% after aging.

The Arrhenius plots ofN2 give an activation energy of ∆E = (24±3) kJ/mol (R2 = 0.976) and
∆E = (31± 2) kJ/mol (R2 = 0.993) for the 1w - and 12w -sample, respectively, to be compared
with the above reported values. The activation energy for N2 almost coincides (within the
error bars) with that for Ncounts for the fresh samples, whilst it is larger for the aged one,
with more pronounced structures. No significant linear correlation of logN1 with inverse of the
temperature was found.

For comparison, in Fig. 8 we report the DL behavior in bi-distilled water as a function of
temperature for which we get an activation energy ∆E = (13 ± 2) kJ/mol (R2 = 0.940).
Actually, the fitting parameters obtained for the DL time decays of pure water gave reasonable
values also for t01 of order of 1µs. Moreover, in agreement with the results obtained, no
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Figure 6: DL signals versus time for 12w-sample at T = 20oC. The fitting curve (solid line) is given by Eq. (2)
with N = 15.

TABLE I: Fitting parameters of the compressed hyperbola decay curve Eq.(5), with t01 = 0.01 ms and

t02 = 0.1 ms (reduced χ2 is ≤ 1).

significant correlation of N1 with temperature was observed, while a poor correlation (R2 =
0.865) of logN2 with temperature (data not shown) gave ∆E = (16± 3) kJ/mol, equal within
the errors to the value for Ncounts.

IV. DISCUSSION

As observed in previous analyses, through DL measurements we are able to investigate complex
structures formed in liquids such as water. Such structures have been easily observed in salt
solutions of water, where the ionic compounds evidently favour domain formation. In particular,
when we expect formation of LDW domains a significant DL signal was found. Moreover,
the increase of DL signal with decreasing temperature (which increases the predominance of
LDW structures) and the concordance of the DL data on varying the temperature with the
phenomenological Arrhenius trend allow us to interpret the activation energy, evaluated from
the slope, as the specific amount of energy required to displace the LDW/HDW equilibrium
due to conversion of LDW into HDW as temperature rises [25, 26]. Here we have observed
a similar dynamics induced by TEOS, where the gelation process leads to the formation of a
three-dimensional silica network which involves alcohol and water elimination according to the
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Figure 7: Total number of emitted photons in the whole decay time Ncounts (•), from shorter decay times
emitters N1 (N) and from longer decay times emitters N2 (◦)as a function of the temperature of the sample. (a)
1w -sample; (b) 12w -sample. Data are the average values of three different experiments (standard deviation are
within marker size).

Figure 8: Arrhenius plot of the total numbers Ncounts of DL photons emitted by bi-distilled water. Markers
represent average values whose standard deviations are inside the marker size. The line represent fit according
to an Arrhenius trend (R2 = 0.940).
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chemical reaction reported in Fig. 1.
The total number of photons collected from aqueous solutions of TEOS shows, again, an

Arrhenius behaviour, but with a larger activation energy, both with respect to pure water and
to salt-water solutions [25, 26]. In particular, the activation energy of about 13 kJ/mol for
bi-distilled water increases up to about 25 kJ/mol for 12w water-TEOS solutions. Photolumi-
nescence of TEOS-based xerogel or films has been observed both in the visible and in the blue
range [58–61], usually after annealing process at high temperatures. The luminescence proper-
ties can be adjusted by changing the reaction medium, water content, pH of the starting reaction
solution, as well as by introduction of organic groups in the gel network and subsequent heat
treatment [59, 61]. In addition, the study of the emission intensity as a function of H2O/TEOS
ratio R [59] showed a drastic decrease at R = 10, that corresponds to the molar concentration
of the sample used in our experiments. Actually, the low level of the signals we registered,
as well as the response with temperature, allowed us to assume that in our case DL changes
comes from water structuring favored by the oxidic network. The energy value above reported,
typically required for breaking and completely separating hydrogen bonds, results to depend
quite appreciably on the solution aging, which directly affects the number of photon-sensitive
domains created in the gelation process. Moreover, the increasing value of the activation energy
with aging for the long-lasting excited states N2 (up to 31 kJ/mol for 12w water-TEOS solu-
tions) could be related to the formation of larger clusters of water molecules, promoted by the
gelation process. Actually, a similar increasing in the binding energy per molecule and in the
fragmentation energy with increasing the water cluster size has been predicted in a recent ab
initio calculation studying the stability of water clusters [62]. Interestingly the same percentage
increase (about 29%) with aging occurs both in ∆E (for N2) and in viscosity.

However, the most striking results come from the lifetime analysis of the luminescence decays.
Indeed, we have found that, independently from temperature and aging conditions, in the DL
lifetime spectrum the maximum amplitude A comes from domains endowed with a lifetime τ0
of about 5µs. This likely refers to a true physical property of water domains, since the same
lifetime is observed both in bi-distilled water (data not shown), in salt solution [25] and in silica
gel solutions (see Fig. 5).

Moreover, information about the interaction of TEOS with water can be gained from the
measurements of the DL amplitude A for water domains with lifetime τ0: A in fact depends
significantly on the aging conditions of the sample, decreases with increasing aging, and moves
to a slight longer lifetime. Accordingly, the average rate constant (Eq.(6) and Table I) decreases
with aging.

In addition, the lifetime analysis evidences different lifetimes τi, much higher than the intrinsic
value τ0, although with subdominant DL activities (ai � A) that could be related to the
formation of different domains that contribute to the long-lasting excited states N2. Contrary to
the above intrinsic feature, such secondary lifetimes are driven by the presence of the substance
dissolved in water (i.e. TEOS), and depend on the temperature of the sample, as well as
on the aging conditions, thus denoting a characteristic property of the solute rather than of
water. Quite intriguingly, we see that a large aging of TEOS solution, which increases silica
networking with consequent water elimination, nevertheless induces a large DL from water
domains even with a lesser effective content of water molecules. We can infer that the larger
presence of formed silicates strongly favours the aggregation of the remaining water molecules
in structured domains, thus compensating the diminution of water content and even increasing
the number of DL-sensitive aggregates.

Summarizing, the measurements reported in this work not only prove the existence of in-
trinsic DL for water, thus allowing us to estimate its lifetime, but also provide new important
information about structure and dynamics of water domains, including the aggregation strength
measured by the Arrhenius activation energy and the intensity and features of solute-water in-
teraction. We are well-aware that the spectral analysis of the DL emission should be conducted
because it can give important information on the structure of water, also in order to see if
there are spectral differences between the components with shorter and longer lifetimes. In this
respect an experimental study to increase the performance of our DL measurement set-up is in
progress.
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[23] P. Vallée, J. Lafait, P. Mentré, M-O. Monod and Y. Thomas J. Chem. Phys. 122 (2005) 114513
[24] V.I. Lobyshev, R.E. Shikhlinskaya and B.D. Ryzhikov, J. Mol. Liq. 82 (1999) 73
[25] M. Gulino, R. Grasso, L. Lanzan, A. Scordino, A. Triglia, S. Tudisco and F. Musumeci, Chem.

Phys. Lett. 497 (2010) 99
[26] F. Musumeci, R. Grasso, L. Lanzan, A. Scordino, A. Triglia, S. Tudisco and M. Gulino, J. Biol.

Phys. 38 (2012) 181
[27] N.V. Nucci and J.M. Vanderkooi, J. Mol. Liq. 143 (2008) 160
[28] M. Sedlak, J. Phys. Chem. B110 (2006) 13976
[29] V. Capano, S. Esposito and G. Salesi, Eur. Phys. J. Appl. Phys. 62 (2013) 31103
[30] S. Sakka, Sol-Gel Science and Technology. Topics and Fundamental Research and Applications

(Kluwer Academic Publishers; Norwell 2003)
[31] R.R. Bhosale, R.V. Shende and J.A. Puszynski, Int. J. Hydrogen Energy 37 (2012) 2924
[32] G. Brancatelli, C. Colleoni, M.R. Massafra and G. Rosace, Polym. Degrad. Stabil. 96 (2011) 483
[33] J. Alongi, C. Colleoni, G. Rosace and G. Malucelli, Cellulose 20 (2013) 525
[34] C. Colleoni, M.R. Massafra and G. Rosace, Surf Coat Tech 207 (2012) 79
[35] C. Colleoni, E. Guido, V. Migani and G. Rosace, J. Industrial Textile, in press (2013) DOI:

10.1177/1528083713516664
[36] M. Caldara, C. Colleoni, E. Guido, V. Re and G. Rosace, Sensor Actuat. Chem. B171 (2012) 1013
[37] L. Van der Schueren, K. De Clerck, G.Brancatelli, G.Rosace, E. Van Damme and W. De Vos,

Sensor. Actuat. Chem. B162 (2012) 27
[38] J. Alongi, M. Ciobanu and G. Malucelli , Cellulose 18 (2011) 167
[39] C.J. Brinker, J. Non-Cryst. Sol. 100 (1988) 31
[40] C.J. Brinker and G.W. Seherer, Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing

(Academic Press, San Diego; USA, 1990)
[41] A.M. Buckley and M. Greenblatt, J. Chem. Educ. 71 (1994) 599
[42] L.L. Hench and J.K. West, Chem. Rev. 90 (1990) 33
[43] S. Tudisco, F. Musumeci, A. Scordino and G. Privitera, Rev. Sci. Instrum. 74 (2003) 4485

Page 13 of 14 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



14

[44] A. Scordino, A. Triglia, F. Musumeci, F. Grasso and Z. Rajfur, J. Photochem. Photobiol. Biol.
B32 (1996) 11

[45] H. Frauenfelder, P.G. Wolynes and R.H. Austin, Rev. Mod. Phys. 71 (1999) S419
[46] M.N. Berberan-Santos and B. Valeur, J. Lumin. 126 (2007) 263
[47] E. Becquerel, La lumire: ses causes et ses effets (1867) 1 (Firmin Didot, Paris)
[48] M.N. Berberan-Santos, E.N. Bodunov and B. Valeur, Chem. Phys. 317 (2005) 57
[49] D.R. James and W.R. Ware, Recovery of underlying distributions of lifetimes from fluorescence

decay data (Photochemistry Unit, Department of chemistry, The University of Western Ontario;
Canada, 1986)

[50] T.J.F. Branco, A.M. Botelho do Rogo, I.F. Machado and L.F. Vieira Ferreira, J Phys Chem B109
(2005) , 15958

[51] L.S. Lasdon, A.D. Waren, A. Jain and M. Ratner, ACM Trans. Mathematical Software 4 (1978)
34

[52] S. Smith and L. Lasdon, ORSA J. Comput. 4 (1992) 2
[53] H.B. Nielsen, A Matlab toolbox for optimization and data fitting (DTU Informatics, IMM Technical

University of Denmark; 2010)
[54] L. Whitehead , R. Whitehead , B. Valeur and M.N. Berberan-Santos, Am. J. Phys. 77 (2009) 173
[55] F. Musumeci, L.A. Applegate, G. Privitera, A. Scordino, S. Tudisco and H.J. Niggli, J. Photochem.

Photobiol. Biol. B79 (2005) 93
[56] F. Musumeci, G. Privitera, A. Scordino, S. Tudisco , C. Lo Presti, L.A. Applegate and H.J. Niggli,

Appl. Phys. Lett. 86 (2005) 153902
[57] F. Librizzi, C. Viappiani, S. Abbruzzetti and R. Cordone, J. Chem. Phys. 116 (2002) 1193
[58] J. Garcia M., M.A. Mondragdn , C. Tkllez S., A. Campero and V.M. Castanõ, Materials Chemistry
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