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The strong UV absorption of the bromide in aqueous solution undergoes a remarkable red shift of more than
10 nm induced by the addition of the salts that constitute a saline buffer. The maximum absorption wavelength
of the bromide is displaced from approximately 194 nm in ultrapure water to wavelengths above 200 nm,
depending on the composition of the solution. The bromide spectrum as counterion of the
cetyltrimethylammonium in the surfactant CTAB also shows sensitivity to the aggregation behavior of the
tensioactive, being able to detect intermolecular interactions even at concentrations lower than the critical mi-
celle concentration. And, when the micelles are assembled, the bromide absorption detects the interfacial rear-
rangements caused by the incorporation of ions. To know more about those interfacial features, the pyrene
molecular probe was used, taking advantage of the extensive knowledge of its spectroscopy. Pyrene verifies
the existence of changes in the interfacial organization which confirm that the sensitivity of the bromide spec-
trum is based on the ability of the ion to detect its microenvironment, and therefore reaffirms that its absorption
spectrum can be used as a local sensor. The presentwork encourages the use of bromide as a sensor ion in the UV
region between 190 and 210 nm, which would avoid the introduction of external molecular probes that could
disturb the system.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Interfaces in biological systems are the gateway for molecules and
ions, an unavoidable path for communication. The use ofmodel systems
of interfaces and their study bymeans ofmolecular probes always offers
new information that is worth analyzing to build the puzzle, the global
picture. As simple models, micelles are a preferred study system, since
parameters such as composition, charge, size, among others, can be
widely and simply modulated.

For structural studies it would be ideal to have a spectroscopic sen-
sor not foreign to the system, to gather information without altering
the molecular organization by introducing a probe. Here we show that
bromide can be that sought constituent. This halide, a regular counter-
ion of several tensioactives, has already shown to have particular char-
acteristics from the structural point of view, imparting concrete
adsorption and aggregation properties [1,2]. The absorption spectra of
undissociated molecules of alkali halides have been determined in the
vapor phase, where the bromide shows a strong absorption band near
200 nm [3]. More recently, the absorption of calcium bromide was sug-
gested as analytical methodology for the determination of bromide in
samples [4,5].
.

The results reported here show another aspect that takes advantage
of the strong UV absorption of the bromide ions in aqueous solutions.
Using simple spectrophotometers the remarkable changes in the bro-
mide absorption spectrum can be used to study the relationship of the
halide ion with its counterion and other molecules in solution. In
many cases these absorption of bromide in solution have been ignored
or disregarded. This could have been because the wavelengths of bro-
mide absorption in ultrapure water, centered at about 193 nm, are far
from the range of absorption of many chromophoric groups. This
work shows that, depending on the solution composition, bromide ab-
sorption can displace at 205 nm or even to longer wavelengths, and
with a high molar absorptivity. Moreover, in particular cases where
bromide is the counterion of molecules experiencing self-aggregation,
such as surfactants, the changes in its absorption spectrum acts as a
sensor of aggregation and interaction with other ions or molecules
bound or inserted at the interfacial region, interactively detecting its
microenvironment.

With this purposewe use CTAB, cetyltrimethylammonium bromide,
to find out about the sensitivity of the bromide spectra. CTAB is, in turn,
representative of the quaternary ammonium surfactants, known as
QAS, an extensive family of cationic tensioactives with wide application
in fields such as gene transfection, in analytical separation techniques,
and as antimicrobial agents [6–8]. Whatever the process faced by a
QAS surfactant, the action involves unarguably an interaction at the
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interface level with a leading role of the quaternary ammonium, where
the counterion also plays a significant part in the overall process. As a
witness to these phenomena, the pyrene (Py) molecular probe was
used, taking advantage of the extensive knowledge of its spectroscopy.
Throughout the work we present the parallel results obtained with
both molecules in order to better interpret the changes observed.

2. Experimental

2.1. Chemicals

Hexadecyltrimethylammonium bromide was purchased from
Ciccarelli. Pyrene (Py) was provided by Sigma-Aldrich (99.0% pure). Ul-
trapure water wasMilliQ® grade. All the other reagents were of analyt-
ical grade.

2.2. Sample preparation

CTAB solutions were prepared by weighing the appropriate amount
of surfactant and dissolving it in the corresponding water solution with
gentle mixing. Pyrene stock solutionwas prepared by dissolving a small
amount of solid in ethanol checking its concentration by absorbance
using the molar absorption coefficient (ε) 54,000 M−1 cm−1 at
335 nm [9]. Small aliquots of this concentrated stock were added to
the surfactants samples just prior to the absorbance and fluorescence
measurements in a way that the ethanol final ratio to water was always
below 1% v/v. All surfactant solutions and samples were prepared in
plastic (PP) volumetric materials in order to diminish both pyrene and
surfactant adsorption to the glass walls. PBS was prepared such that
the osmolarity results isotonic with biological material (300 mOsm/L);
123.3 mM NaCl, 22.2 mM Na2HPO4, 5.6 mM KH2PO4 in ultrapure
water (milliQ®), final pH 7.4 [10].

2.3. Absorbance and fluorescence measurements

Absorbance spectra were recorded with an Agilent 8453 and PGT60
spectrophotometers, using quartz and suprasil cuvettes with a path
length of 1 cm. A Shimadzu RF1501 spectrofluorometer was used to re-
cord the pyrenefluorescence spectra,with excitation and emission fluo-
rescence slits of 10 nm. The excitation wavelength was 335 nm and the
emissionwavelengths are indicated in the legends of the Figures. All the
experiments were carried out at 22–25 °C.

3. Results and discussion

3.1. Bromide counterion and pyrene: two probes for the polar head region
in micelles

Fig. 1a) shows the drastic change of bromide (CTAB) absorption
spectra when changing from ultrapure deionized water to a biologically
Fig. 1. a) Absorption spectra of bromide and b) fluorescence emission spectra of Py, in CTAB-H2

media (0.9 mM in ultrapure water and 0.5 mM in PBS).
isoosmotic saline buffer (PBS), reflected in a ten nanometers shiftwith a
sharp reduction of bandwidth.

Simultaneously, the part b) in the Figure shows how the fluorescent
probe Py senses the change at the interface: the black curve is the fluo-
rescence spectrumwhen pyrene is associated to CTAB incipientmicelles
in pure water, CTAB-H2O, whereas the blue curve is the one obtained in
phosphate buffer saline, CTAB-PBS. Determination of the CMC in each
media is detailed in the Supplementary material.

Impelled by these contrasts, we first studied changes in the absorp-
tion spectrum of bromide (i.e. CTAB) in different media. A parallel anal-
ysis of the information provided by the pyrene molecular probe allows
us to propose an explanation of the structural changes that give rise to
these remarkable differences. Being bromide herein the counterion of
a surfactant molecule, we must also analyze the system below and
above the critical micelle concentration of CTAB in the respective
solutions.
3.2. Bromide counterion as sensor of other ions in solution

The strong absorption of halide ions in the far UV has been described
earlier [11–13]. As a surfactant with bromide as counterion, the spec-
trum of a CTAB solution in ultrapure water gives a broad band centered
at about 193–194 nm (Fig. 1a, black curve). The broadness of the band is
due to an unresolved splitting of the bromide absorption, being the
wavelengths of each component 191 ± 1 and 198 ± 2 nm [14,15].

The spectra shown in Fig. 1 were recorded in twomedia with differ-
ences in pH and in the content of salts. First it is necessary to find out if
the pH difference between the one of water and that of PBS (7.4) influ-
ences the spectra. The pH of pure water is around 6, depending on tem-
perature and pressure, due to dissolved carbon dioxide and its
corresponding hydration and dissociation equilibrium [16]. We verified
that the absorption spectrum of CTAB obtained in pure water and in
1.5 mM phosphate buffer pH 7.4 remained invariant. Hence, we tested
the absorption of CTAB in aqueous solutions at increasing concentra-
tions of sodium chloride (Fig. 2), since this salt is the most abundant
component of the PBS buffer.

The spectra show a pronounced bathochromic shift of about ten
nanometers and, in addition, a significant decrease in absorbance with
the increase in salt concentration. At concentrations in the range of
10−5 M in PBS, that is, well below the CMC, CTAB spectra show a linear
relationship between the maximum absorption value and the concen-
tration. This allows calculating the molar absorption coefficient to be
5.65 · 103 M−1 cm−1 at 202.5 nm (the maximum absorption wave-
length at those surfactant concentrations). This is almost half the ab-
sorption coefficient previously reported for CTAB in ultrapure water at
194 nm (≈1.15 · 104 M−1 cm−1) [14].

In the inset the spectra are shown normalized in order to compare
with the spectra of CTAB in water and PBS previously shown in
Fig. 1a; the similarity with that obtained in a 0.12 M NaCl solution
O (black curve) and CTAB-PBS (blue curve), at their respective CMC concentrations in each



Fig. 2. Absorption spectra of a CTAB solution in: a-in ultrapure water (0.12 mM, upper
curve), and after successive additions of aliquots of a NaCl solution to get in b, c and d
NaCl concentrations of 0.052, 0.09 and 0.12 M, respectively. Inset: the spectra in pure
water and in 0.12 M NaCl solution are normalized to show the similarity with the
spectra in Fig. 1a.
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suggests that the sodium chloride content in the PBS is the main source
of the change.

It has been proposed that the sensitivity of the halide spectra origi-
nates in the influence of the dipole layers of the solvent molecules ori-
ented around the ion. For example, in the case of iodide, previous
studies showed that the low frequency peak of the first electronic ab-
sorption band changes markedly when the solvent or the temperature
change. However, the absorption spectra of iodide do not change with
the addition of sodium chloride, unlike the noticeable changes we ob-
tained here with bromide [17].
3.3. Bromide as a sensor of aggregation

The sensitivity of the bromide to itsmicroenvironment is not limited
to the presence of salts in the solution. Even leaving themedium invari-
ant, we observed changes in CTAB spectra simply by increasing its con-
centration, at a constant temperature. First, the CMC of CTAB in PBSwas
found to be 0.5 mM, using the Py fluorescent probe by a procedure de-
tailed in the Supplementarymaterial. Fig. 3 depicts the evolution of bro-
mide absorption spectra in PBS at increasing CTAB concentrations. The
progressive shift to wavelengths above 203 nm is noticeable; however,
Fig. 3. Absorbance spectra of CTAB in PBS. From bottom to top CTAB concentrations are:
0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55 and 0.6 mM. The curves are shown in duplicate of
different samples, to highlight the reproducibility. Inset: plot of the area under the
curves between 210 and 230 nm, (region where the absorbance is less than 1) vs CTAB
concentration. The two straight lines intercept at a value of 0.46 mM of CTAB.
given the high absorptivity, the exact values at the maxima of absor-
bance should be confirmed with shorter optical paths.

By integrating the area under the curve of each spectrum between
210 and 230 nm (a region where the absorbance is less than 1) we
can construct the graph displayed in the inset. The plot of the areas as
a function of CTAB concentration shows a change in the slope at about
0.46 mM CTAB, estimated from the intersection of two straight lines.
This value is very similar to that found by means of Py fluorescence.
Therefore, Fig. 3 is convincing evidence that the bromide absorption
spectra are capable of detecting the aggregation of CTAB molecules to
formmicelles. Later in Section 3.6wewill return to this topic with addi-
tional studies in this regard.

3.4. Parallel spectroscopic studies with pyrene at the CTAB interface

Given the vast knowledge of pyrene spectroscopy, this molecular
probe was used under conditions equivalent to those studied with bro-
mide, in order to elucidate the structural features that give rise to the
observed spectroscopic changes.

Fig. 1b shows that the fluorescent probe pyrene, when interacting
with CTAB, also evidences a striking difference between the spectra
displayed in pure water and in PBS. Given that Py interacts at the inter-
face level, its absorption and fluorescence spectrawere analyzed in sim-
ilar conditions to those assayedwith bromide, to gainmore information
on the system.

One distinctive characteristic of Py, an electron-rich polyaromatic
hydrocarbon, is its excimer fluorescence in the cyano-green region of
the spectrum (470–500 nm), which has been documented to be maxi-
mum at the CMC of a surfactant [18,19]. Indeed, the excimer signal at
480 nm is prominent at the CMC in CTAB-PBS samples, whereas it can
hardly be observed in CTAB-H2O. Taking into account that the excimer
formation is directly related to the number of probe molecules in the
micelle (called occupation number, Nocc), the assay was repeated for
a wide range of Py concentrations, as shown in the Fig. 4.

From the spectra of Fig. 4, the characteristic I3/I1 ratio for the analysis
of the information given by the Py is calculated as described in the Sup-
plementarymaterial. Also, the absorption spectra of same sampleswere
analyzed simultaneously, to obtain asmuch information as possible; the
results are shown in Fig. 5. The values of I3/I1 proved to be independent
of the concentration of Py, either in PBS or in water and for concentra-
tions of CTAB below, at or above the CMC in both media.

Below the CMC the I3/I1 ratio has the same value both in CTAB-H2O
and CTAB- PBS. Along increasing CTAB concentration in pure water
the I3/I1 increases in total only 2%, whereas in CTAB-PBS the changes
are noticeable, with increases of 10% and 23% at and above the CMC, re-
spectively, in comparison with the average value obtained below the
CMC. Hence, themagnitude of the change in the I3/I1 ratio is another no-
ticeable difference between CTAB-H2O and CTAB-PBS.

The absorption spectra of the samples whose fluorescence spectra
are shown in Fig. 4 were recorded and analyzed. Some aspects worth
to be highlighted are plotted in Fig. 5b. The absorption of Py in CTAB-
PBS is much higher than in CTAB-H2O at and above the CMC, as
shown in the graph of absorption maxima versus the concentration of
Py. The maximum absorption wavelength, initially at 335 nm below
CMC in both media, remains unchanged in CTAB-H2O but shifts to
337–338 nm in CTAB-PBS at and above the CMC. The invariance of Py
spectra for concentrations at and above the CMC in CTAB-H2O is re-
markable, and appears to come from samples in the absence of micelles.
The inset highlights the differences of pyrene absorption bands in CTAB-
H2O andCTAB-PBS above the CMC. The information givenby these stud-
ies suggest, taking also into account the previously described I3/I1 ratios,
that Py remains in the outermost region of the interface in the samples
of CTAB-H2O, without being able to enter the region of the palisade,
experiencing a greater aggregation due to its restricted location.

A more extensive and detailed analysis is developed in the Supple-
mentary material.



Fig. 4. Fluorescence emission spectra of increasing Py concentrations from 0.24 to 1.96 μM in a) CTAB-H2O and b) CTAB-PBS at their respective CMC concentrations in eachmedia (0.9mM
in water and 0.5 mM in PBS).
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3.5. Relationship between bromide and pyrene spectra

In CTAB solutions in the absence of salts an intimate interaction be-
tween bromide and CTA+ is likely. According to preceding studies, some
extent of ionic association as a solvent-shared ion pairs can be expected
in pure water [20,21]. The addition of salt would weaken this ion-
association and, by modifying the solvation layer of bromide, induces
the shift from the broadband centered at 194 nm to a narrower band
above 200 nm.

The formation of micelles undoubtedly generates an additional
change in the microenvironment of the bromide. Some bromides may
remain closely associatedwith their CTA+ counterion, but given the ste-
ric hindrance, there must be a redistribution of bromides between the
Stern and diffuse layers. This would induce the changes in the absorp-
tion which allows the determination of the CMC by integrating the
area under the spectra through the transition.

This analysis about the origin of the observed changes in bromide
spectra is coherent with the information given by the molecular
probe pyrene. It has been reported that the electron-deficient
cetyltrymethylammonium ion (CTA+) selectively deactivates the
Fig. 5. a) Comparison of the I3/I1 ratios of Py in CTAB-H2O and CTAB-PBS samples for surfactant
mean±SDof the eight Py concentrations assayed for each surfactant concentration. b)Graphso
of same samples. Inset: comparison of the lowest energy band of the absorption spectra of pyr
fluorescence of the Py excimer by dynamic quenching [22]. This
quenching was early mentioned by Almgren et al. and Lianos et al.,
who found that quaternary ammonium compounds interact with a cer-
tain affinity with Py, inhibiting the fluorescence of its excimer [20,21].
Moreover, in the particular case of CTAB in water, it was proposed
that CTA+ and pyrene form a weak complex, to which bromide is at-
tached, forming an ion-pair [23]. A sign of this close CTA+-Py interaction
in pure water is the almost invariant I3/I1 ratio in CTAB-H2O shown in
Fig. 2. Recently, studies with other QAS also reported similar trends of
anomalous I3/I1 ratios [24].

The change in the interfacial arrangement introduced by the PBS is
what the scheme in Fig. 6 is intended to describe: when introducing the
buffer salts, the bromide counterions and the pyrene are partially
released from their close association with CTA+. The bromide redistrib-
utes (the binding changes), the pyrene moves to a less polar microenvi-
ronment in the palisade region, and the excimer recovers fluorescence
intensity.

Another test supporting the interpretation of pyrene excimer
dequenching by the addition of salts is described in the Supplementary
material.
concentrations below, at and above the CMC in eachmedium. Ratios are expressed as the
f the absorption at themaximumabsorptionwavelength as a function of Py concentrations
ene in CTAB-H2O (black dashed line) and in CTAB-PBS (blue full line).



Fig. 6. Schemeof the interfacial arrangement of thepolar head region of theCTABand its bromide counterion before and after the addition of the buffer. The red spheres represent Br−, blue
Na+, brown Cl−. Above, in the center, the bromide absorption spectra in pure water (black line) and in PBS (blue line) are shown. Below, the fluorescence spectra of different
concentrations of pyrene in CTAB at the CMC in pure water (left) and in PBS (right), and the proposed location of pyrene in each medium is drawn. In water, Py remains in the outer
region of the interface, while relocates in the region of the palisade after the addition of buffer.
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3.6. Additional information given by bromide absorption spectra

Regarding the change in thebromide spectra observed for increasing
concentrations of CTAB in PBS (see Fig. 3), it is worth drawing attention
to the information given by these bathochromic shifts. Well below the
CMC the spectrum is centered at about 202 nm and progressively
moves above 205 nm as the concentration approaches and exceeds
the value of the CMC. Given the high bromide absorbance in PBS, we al-
ternatively studied CTAB's CMC in more concentrated saline solutions
(NaCl 0.5 and 1 M). As previously shown in Fig. 2, increasing salt con-
centrations significantly decrease the absorbance, thus allowing the
analysis of the spectral shifts in more detail.

Fig. 7 shows the progressive shift of CTAB absorption spectra in a
0.5 M NaCl solution. The plot of the spectral areas vs CTAB concentra-
tions tracks down the CMC at around 0.13mM. An analogous procedure
but in a 1 M NaCl solution locates the CMC at CTAB 0.04 mM.

The inset shows how evolves the value of the maximum absorption
wavelength (λmax

Abs ) during themonomer-micelle transition. Both for the
Fig. 7. Absorption spectra of CTAB increasing concentrations in aqueous 0.5 M NaCl
solution. Increasing CTAB concentrations in NaCl 0.5 M are: 0.043, 0.082, 0.135, 0.16,
0.186, 0.198, 0.211, 0.223 and 0.235. Inset: graph of the maximum absorption
wavelength (λmax

Abs ) as a function of CTAB concentration in NaCl solutions 0.5 M (red
squares) and 1 M (blue diamonds). The arrows points the CTAB CMC determined in
each medium
CTAB in 0.5MNaCl solution and for the 1M solution of the salt, the λmax
Abs

shifts to the red with increasing surfactant concentration, remaining in-
variant in a narrow range before returning to move further to the red.
The onset of that first plateau coincides in both cases with the value of
the CMC in the respective media. The pattern observed for CTAB in
PBS is similar.

Our interpretation is that the sensitivity of bromide absorption is
such that the spectrum begins to detect other surfactant molecules
evenbelow the CMC,which is not unexpected given thehigh concentra-
tion of salt, which can promote that the long hydrocarbon chains of the
CTAB aggregate at a certain pre-CMC concentration. Once the micelles
began to assemble, the microenvironment of the bromide remains in-
variant until a given additional increase in the concentration of CTAB af-
fects the packing of surfactant in the micelle, which alters the
interaction of the bromide with neighboring molecules and probably
also its degree of binding to its CTA+ counterion. This is an additional as-
pect of the bromide spectrum to be exploited in different situations.
3.7. Perspectives

A wide range of applications arises from the high sensitivity of the
absorption spectrum of bromide. The studies may be extended to
other surfactants or biomolecules containing bromide as counterion.
Given the high absorptivity of the bromide, its spectra can be detected
well at very low concentrations; therefore it can sense aggregation phe-
nomena at the micromolar level. The binding of bromide as a counter
ion could be sensitive to the insertion of foreign molecules in its micro-
environment or to the changes induced by chemical reactions, either in
a micelle or in other biologically relevant interfaces.
4. Conclusions

The remarkable sensitivity to the absorption spectra of bromide in
aqueous is shown here for the first time. Spectral shifts that can reach
10–15 nm can be achieved at different concentrations and solution
compositions; the microenvironment also modifies the molar extinc-
tion coefficient. The spectra can, in addition, be affected by aggregation
processes of themolecules carrying bromide as counterion. These prop-
erties can be largely exploited in future research both in homogeneous
and heterogeneous systems.
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