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Abstract
Direct back-face transmission steady-state fluorescence was successfully applied to the study of aggregation of ibuprofen 
and ibuprofenate anion in solution taking advantage of its own fluorescence. The analysis of the experimental data involves 
the use of the differential reabsorption model to account for re-absorption phenomenon and the closed association model 
to describe aggregation. The fluorescence quantum yield of ibuprofenate increases when it aggregates in the presence of 
sodium, but it markedly decreases when 1-butyl-3-methylimidazolium is used as counterion. The proposed methodology 
allows the accurate determination of the critical aggregation concentrations and the mean aggregation numbers. Results were 
supported by complementary techniques such as time-resolved fluorescence, 1H-NMR and small-angle neutron and X-ray 
scattering. The developed technique constitutes a promising strategy to characterize the aggregation of poorly fluorescent 
surfactants that aggregates at high concentrations and hence at high absorbance values, conditions in which the most com-
mon right-angle configuration for fluorescence acquisition is troublesome due to re-absorption.
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1 Introduction

At present, several experimental methods are available to 
characterize molecular aggregation processes of amphiphi-
lic molecules in solution. Without being exhaustive, the list 
includes the measurement of the surface tension [1] and 
the specific conductivity [2] of the surfactant solutions, 
and the acquisition of the absorption [3] and the emission 
[4] spectra of some external probes, to cite only a few. The 
changes in these properties as the concentration increases 
serve to determine several aggregation parameters of inter-
est such as the critical micelle concentration (CMC) and the 
aggregation number (n), whose relevance has been already 
addressed in many publications [5–8].

Perhaps, one of the most extended methods to determine 
CMC is the one related to changes in the fluorescence spec-
trum of pyrene, an external probe that is normally added to 
the systems to be examined [9]. The ratio between the inten-
sities of the first and the third vibrational bands of the dye 
(I1/I3) varies when the probe is exposed to different polari-
ties. As such, a plot of I1/I3 as a function of the surfactant 
concentration yields sigmoidal-shaped curves that serve to 
determine CMC by means of different strategies, depending 
on the ionic or the non-ionic nature of the amphipathic com-
pounds [10]. On the other hand, the fluorescence quenching 
of an external probe caused by an added external quencher 
represents another technique used to determine n [11]. In 
this case, the dye and the quencher are assumed to be located 
inside the aggregate entities, so the observed quenching 
can be properly described by Poisson statistics. Within this 
context, the most extended fluorescence techniques used to 
determine CMC and n require external probes which can 
eventually modify the composition of the systems and hence 
the aggregation parameters to be determined.

In this work, an alternative non-destructive and non-inva-
sive methodology is presented to study the aggregation of 
fluorescent amphiphilic molecules in solution. The proposed 
approach is based on the measurement of the steady-state 
fluorescence of the surfactant molecules in transmission 
geometry by using a short optical path length. In this case, 
the fluorescence signal is obtained from the amphipathic 
fluorescent compound of interest without the addition of any 
external probe. To assess its relevance, the proposed meth-
odology was implemented in the study of ibuprofen (HIbu) 
in ethanolic solution and sodium ibuprofenate (NaIbu) and 
1-butyl-3-methylimidazolium ibuprofenate (BMimIbu) in 
water. HIbu is a non-steroidal anti-inflammatory drug and 
is perhaps the most widely used for treating pain, fever, and 
inflammation. Its sodium salt NaIbu was recently proposed 
as a component in nebulizable solutions for an experimental 
treatment of SARS-CoV-2 disease [12], giving its amphip-
athic characteristics that favor its insertion into the bilayer 

membranes of some pathogens. The ibuprofenate anion 
 (Ibu−) constitutes a poor amphiphilic molecule because its 
aggregation generally occurs in water in a gradual form at 
high concentrations—and consequently at high UV–Vis 
absorbance values—compared with common commercial 
surfactants. The aggregation behavior of this entity repre-
sents a clear example of systems that, at the moment, present 
serious difficulties to be studied by means of direct fluores-
cence experiments acquired in a conventional 90º configu-
ration between the excitation and the detection due to the 
presence of re-absorption.

1.1  Experimental section

1.1.1  Reagents

Ibuprofen (HIbu, microcrystalline powder, purity 99.6%) 
was purchased from Parafarm® and used as received. 
Sodium ibuprofenate (NaIbu) was obtained by adding a 
1 M aqueous solution of sodium hydroxide to a solution of 
HIbu in hot acetone. The mixture was cooled and filtered, 
to obtain a white crystalline product. BMimIbu was synthe-
sized as previously reported [13]. 4-Toluenesulfonic acid 
(HTos) monohydrate (Sigma-Aldrich, purity > 98.5%) was 
used as received in water solution as reference for fluores-
cence quantum yield calculation.

1.1.2  Absorption

Absorption spectra were acquired in a Cary 50 Conc 
UV–Vis spectrophotometer (Varian), equipped with a ther-
mostated sample holder. The bandwidth of the excitation slit 
was 1.5 nm. Depending on the optical density of samples, 
quartz cells of different optical path lengths were used. A 
1.0 cm optical path length was used to determine the absorb-
ance of diluted samples to calculate fluorescence quantum 
yields. The more concentrated samples were measured using 
a 0.2 cm optical path length. All measurements were per-
formed at 20.0 ± 0.1 °C.

1.1.3  Steady‑state emission

Steady-state fluorescence spectra were recorded in a PTI 
QuantaMaster 4 CW fluorometer, equipped with a xenon 
short-arc lamp UXL-75XE and a thermostated sample 
holder. Both excitation and emission monochromators have 
gratings of 1200 line/mm, in which 1 mm corresponds to a 
bandwidth of 4 nm. The excitation and emission slits were 
adjusted in all experiments to 0.375 mm, which is equivalent 
to a bandwidth of 1.5 nm. The use of the same bandwidth in 
the absorption and the emission experiments avoids distor-
tions in the Lambert − Beer law. Diluted samples were meas-
ured in right-angle configuration using a quartz cell of 1 cm 
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optical path length. Concentrated highly absorbing sam-
ples were measured in transmission geometry using quartz 
cells of 0.2 cm optical path length to minimize inner-filter 
effects. The commercial spectrofluorometer was adapted to 
a transmission configuration in which the fluorescence was 
collected at 180° with respect to the excitation beam. An 
Asahi™ SP260 filter was interposed between the excitation 
source and the samples to minimize any spurious excitation 
light of higher wavelengths from reaching the sample. The 
blank was subtracted in each spectrum, and the experimental 
data were properly corrected using the emission correction 
function provided by the manufacturer. The observed fluo-
rescence quantum yields were determined at 20.0 ± 0.1 °C 
relative to a reference, according to the following expression:

where L
p, obs

 is the experimental observed fluorescence spec-
tra and fx

(

�0,C
)

 and fx
(

�0,C0

)

 are the absorption factors at 
the excitation wavelength for a sample of concentration C 
and for a diluted sample used as reference, respectively. A 
Φ

F,obs
 value of 0.20 ± 0.02 was obtained for NaIbu in diluted 

conditions by using a 1.5 ×  10–4 M aqueous solution of HTos 
in water as reference ( Φ

F,HTos
 = 0.055 ± 0.015) [14].

1.1.4  Time‑resolved emission

Time-resolved fluorescence decays were recorded in a HOR-
IBA QM-8075 TCSPC fluorometer, equipped with a pulsed 
UV LED 260 nm (DeltaDiode-260) and a thermostated sam-
ple holder. Samples were measured in right-angle configura-
tion using quartz cells of 0.2 cm optical path length.

1.1.5  NMR

1H-NMR spectra were acquired in a Bruker Avance NEO 
500 spectrometer.  D2O was used as solvent.

1.1.6  Small‑angle neutron scattering (SANS)

SANS measurements were performed at the time-of-flight 
V16 instrument at the BER-II reactor located in the Helm-
holtz-Zentrum Berlin (HZB, Germany). Sample-to-detector 
distances were 1.7 m and 11.2 m, and a polychromatic beam 
of cold neutron (wavelength 1.78–3.75 Å and 1.56–9.22 Å, 
respectively) was used covering a q-range from 0.005 to 
0.5 Å−1. Sample aperture was 10 mm diameter. Quartz 
cuvettes (Hellma Analytics) of 1 mm optical path length 
were used as sample holders. Temperature was kept at 25 °C 
during measurements. Scattering data was corrected for 
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sample transmission, background and empty cuvette, and 
intensity was normalized using a  H2O standard. To obtain 
the 1D scattering intensity, I(q), integration in the range of 
the momentum transfer q was made, where q = 4π⁄λ sin(θ) 
and 2θ is the scattering angle.

1.1.7  Small‑angle X‑ray scattering (SAXS)

SAXS measurements were carried out using a XEUSS 2.0 
(from XENOCS, France) instrument at Laboratorio de Cris-
talografía Aplicada (Argentina). 2D scattering patterns were 
registered with a 2D photon counting pixel X-ray detector 
Pilatus 200 k (DECTRIS, Switzerland). Sample-to-detector 
distance was 540 mm, incident X-ray beam wavelength was 
λ = 1.5419 Å (Cu–Kα1,2 emission source), and beam size 
at the sample was 1000 × 1000 μm2. Sample holders suit-
able for liquids at room temperature were used and meas-
ures were made in transmission mode. SAXS patterns were 
acquired for 150 min. 1D reduced data, I(q), was obtained 
by 360° radial integration of the 2D scattering corrected 
patterns. Since beam size at the sample was small, smearing 
effects were not taken into account.

2  Results and discussion

2.1  Ibuprofen in ethanolic solution

Figure 1a shows a schematic representation of the optical 
arrangement achieved in a commercial spectrofluorometer 
to acquire the fluorescence signal. The convergence lenses 
and the short optical path-length of 2 mm are both necessary 
conditions to attain small irradiation and collection volumes 
in order to minimize re-absorption and re-emission effects 
[15]. Convenient short pass or band pass filters must be 
placed between the excitation monochromator and the sam-
ple holder to avoid that spurious light of large wavelengths 
reaches the sample.

The normalized absorption and emission spectra of a 
7 ×  10–3 M ethanolic HIbu solution are presented in Fig. 1b. 
It is observed an overlap between the red side of the absorp-
tion spectrum and the blue side of the emission spectrum 
that may cause re-absorption when the concentration—and 
hence the absorbance—increases [16]. Indeed, the observed 
fluorescence quantum yield relative to diluted condi-
tions, ΦF,obs

/

Φ0
F,obs

 , shows a decrease as the concentration 
increases from 7 ×  10–3 M to 0.3 M as depicted in Fig. 1c. 
The calculated fluorescence quantum yield using the Dif-
ferential Reabsorption Model, ΦF,DRM [15], (see section a in 
the SM for details) shows a similar trend to the experimental 
ones in the entire concentration range, indicating that the 
observed behavior can be accurately described by the 
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re-absorption phenomena. Furthermore, the experimental 
fluorescence spectra are accurately reproduced by the DRM 
as observed in Fig. 1d. The invariance of the molecular fluo-
rescence quantum yield of the probe as the concentration 
increases is also confirmed in the Fig.  1e, in which a 
Stern–Volmer graph—obtained by plotting ΦF,DRM

/

ΦF,obs 
as a function of the concentration—shows a zero slope. 
These results, in addition to the invariance in the shape of 
the absorption spectra with the concentration (data not 
shown) strongly support the absence of molecular aggrega-
tion in the system, at least from a spectroscopic point of 
view.

2.2  Sodium ibuprofenate in aqueous solution

NaIbu in water shows a different behavior than HIbu in etha-
nol. Figure 2a shows that ΦF,obs > ΦF,DRM for concentrations 
higher than 0.18 M, a value previously reported as the criti-
cal aggregation concentration (CAC) by other authors [17]. 
This observation indicates that a phenomenon different from 
reabsorption is present in the system above this concentra-
tion. To evaluate the origin of this enhanced fluorescence 
signal, some aspects must be discussed: (a) the detection of 

the re-emitted light could be considered in principle negli-
gible, due to the low excitation and collection volumes used 
for the measurements; (b) the presence of scattering light 
and the eventual detection of emission coming from ground-
state dimers and excimers could be discarded if the shape of 
the absorption and fluorescence spectra do not change with 
concentration. A careful inspection of the Fig. 2b reveals a 
slight increment of the intensity at the red side of the fluo-
rescence spectra of concentrated samples compared with the 
diluted ones. This minor change cannot be entirely repro-
duced by scaling the shape of the molecular spectra of the 
NaIbu using the Equation a.2 included in the supporting 
material. It may be caused by either re-emission or scattering 
or by excimer formation (ground-state dimers are discarded 
due to the invariance of the shape of the absorption spec-
tra, data not shown) and, at this stage, it is not possible to 
assess the precise nature of this shifted signal. However, the 
difference between the experimental spectra of the concen-
trated solutions and the scaled molecular NaIbu spectrum 
is, at most, 3%, a magnitude which is of the same order 
of the uncertainties associated to the fluorescence quantum 
yield measurements. All these arguments lead to suggest 
that the major part of the increment of the fluorescence 

Fig. 1  a Scheme of the back-face transmission configuration used for 
fluorescence acquisition. b Normalized absorption and emission spec-
tra of a 7 ×  10–3 M ethanolic solution of HIbu. c Observed (blue dots) 
and DRM calculated (red line) fluorescence quantum yields of HIbu 
in ethanol, relative to diluted conditions, as a function of concentra-

tion. d Observed (black lines) and DRM calculated (red line and dots) 
fluorescence spectra of two ethanolic HIbu solutions: 7 ×  10–3 and 
0.3 M. e Stern–Volmer plot for the observed (black dots) and the cal-
culated data (red line), the last one assuming ΦF,obs = Φ0

F,obs



1641Photochemical & Photobiological Sciences (2022) 21:1637–1645 

1 3

intensity after the CAC can be rationalized by assuming an 
enhancement in the molecular fluorescence quantum yield 
of  Ibu− when it takes part of the aggregates. In this respect, 
it was previously reported that the encapsulation of  Ibu− in 
cyclodextrins causes an enhancement in its fluorescence 
intensity due to a partial constrain of the isobutyl chain 
mobility [18].

The trend of the experimental data observed in Fig. 2c 
can be described by considering two different contributions 
to the total fluorescence as follows (see section c in the SM 
for details):

where ΦF,ibu and ΦF,Agg are the molecular fluorescence 
quantum yield of the ibuprofenate anion free in solution 

(2)
ΦF,DRM

ΦF,Obs

=

(

[Ibu−]

C0

(

1 −
ΦF,Agg

ΦF,Ibu

)

+
ΦF,Agg

ΦF,Ibu

)−1

and taking part of the aggregate, respectively, and [Ibu−] is 
the concentration of the ibuprofenate anion free in solution. 
The [Ibu−] was successfully obtained applying an iterative 
processes to solve the equations of the closed association 
model (CAM, see section b in the SM for details):

where m and n are the number of counterions and ibupro-
fenate anions that take part of the aggregate, respectively, 
[

X+
]

 is the counterion concentration, 
[

Agg
]

 is the concentra-
tion of the aggregates of the form X

m
Ibu(m−n)

n
 and KAgg is 

the aggregation constant. The model has four parameters to 
be adjusted: n, m,ΦF,Agg

/

ΦF,Ibu and KAgg . The results shown 
in Fig. 2c provide evidence of the accuracy of the model 
in reproducing the experimental data. The criterion used to 

(3)

mX+ + nIbu− ⇄ Agg KAgg =

[

Agg
]

[

X+
]m
[Ibu−]n

X+ =
{

Na+;BMIm+
}

Fig. 2  a Observed (blue dots) and differential reabsorption model 
calculated (DRM, red line) fluorescence quantum yields relative to 
diluted conditions of NaIbu in water for different concentrations. b 
Observed (black line) and DRM calculated (red line and dots) fluo-
rescence spectra of 7 ×  10–3 and 0.47 M aqueous solutions of NaIbu. 
c Observed (black dots) and calculated using the closed associa-
tion model (CAM, red line) Stern–Volmer plots. d χ2 as a function 

of the  Ibu− aggregation number, n, and ΦF,Agg

/

ΦF,Ibu . e Equilibrium 
concentrations of  Na+ (red),  Ibu− (blue) and Agg (black) as a func-
tion of NaIbu concentration, calculated from CAM for n = 6, m = 3 
and KAgg =  104. f Fluorescence decays (λex = 260  nm, λem = 290  nm) 
of two different aqueous solutions of NaIbu: 7 ×  10–3  M (red dots) 
and 0.42 M (blue dots). The black dots correspond to the instrument 
response function (IRF)
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obtain the most acceptable fitting involves the minimiza-
tion of the χ2 parameter. As such, Fig. 2d shows that the 
values of n and ΦF,Agg

/

ΦF,Ibu that minimize χ2 are 6 and 
1.46, respectively which, in turn, correspond to m = 3 and 
KAgg =  104. The speciation diagram obtained with these 
parameters is presented in Fig. 2e. It is observed that [Ibu−] 
remains fairly constant above the CAC value. Time-resolved 
experiments confirm the proposed interpretation. The fluo-
rescence decay of NaIbu solutions below the CAC presents 
a mono-exponential behavior with τIbu

− = 7.50 ± 0.01 ns, 
whereas above the CAC it shows a bi-exponential behavior 
with τIbu

− = 7.4 ± 0.4 ns and τAgg = 12.6 ± 0.2 ns, as observed 
in Fig. 2f. This feature confirms that two different popula-
tions of emitting  Ibu− in the system: one corresponding to 
the free monomer in solution and a second one to molecules 
forming part of the aggregates. In addition, the ratio τAgg/
τIbu

− = 1.7 ± 0.1 agrees reasonably well with the value of 
1.46 obtained for ΦF,Agg

/

ΦF,Ibu from the modeling of the flu-
orescence steady-state data, supporting the idea of changes 
in the non-radiative constant of the fluorophore.

Although there is a minimum in χ2 that serves 
to determine the four parameters of interest, the fit-
ting can be described by the interval of param-
eter’s values that comprise a χ2 standard deviation: 
n = (6–20), ΦF,Agg

/

ΦF,Ibu = (1.37–1.50), m = (3–13) and 
KAgg =  (103–107). As such, although it is not possible to 
determine which set of parameters is better to describe the 
system, it is possible to rule out, with a certainty of 90%, a 
value of n = 40. This result contrasts with aggregation num-
bers previously reported of 40 [17], 44 [19], and 48 [20] by 
other authors for the same system. A possible source of the 
observed differences may be due to the fact that all these 
authors utilize external fluorescent probes for their determi-
nations which, in turn, can cause changes in the aggregation 
number, as mentioned above.

To support the results obtained from direct fluorescence 
experiments, the aggregate entities in concentrated NaIbu 
solutions were also studied by nuclear magnetic resonance 

Fig. 3  a SANS pattern of a 0.2 M solution of NaIbu in  D2O  (black 
triangles). The red solid line represents the Guinier-Porod model for 
spheres of hidrofobic diameter  dH of 1.3 ± 0.5 nm. b SAXS pattern 
of a 0.47 M aqueous solutions of NaIbu (black circles). The red solid 

line represents a core-shell model for spheres of hidrofobic diameter 
 dH of 1.12 ± 0.01 nm and an external diameter d of 3.82 ± 0.04 nm . 
c Variation of the 1H-NMR signals of NaIbu in  D2O as a function of 
the concentration. d Scheme of the NaIbu aggregate
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(NMR) and small-angle neutron and X-ray scattering (SANS 
and SAXS, respectively). Figure 3a shows the SANS pattern 
of a 0.2 M solution of NaIbu in  D2O. The results reveal the 
presence of spherical objects of 1.3 ± 0.5 nm of diameter 
attributed to the aggregation of ca. 7 hydrophobic tails of 
ibuprofenate anions. In contrast, Fig. 3b shows the SAXS 
pattern of a 0.47 M solution of NaIbu in water that is com-
patible with a core–shell-like object with a spherical center 
of 1.12 ± 0.01 nm of diameter (hydrophobic center) and an 
external spherical region of 1.35 ± 0.01 nm of thickness cor-
responding to hydrophilic heads and counterions (see sec-
tion d in the SM for details). Figure 3c shows that the most 
affected 1H-NMR signals at higher concentrations are those 
corresponding to the hydrogen atoms of the isobutyl chain 
(see section e in the SM for details). This result supports 
the hypothesis of the presence of a hydrophobic center in 
which the isobutyl chain mobility is restricted. In addition, 
it also reinforces the hypothesis of the de-activation of the 
non-radiative pathway associated with the isobutyl chain 

mobility which, in turn, would explain the enhancement of 
the molecular ΦF and the τ of the probe when it takes part of 
the aggregate. Figure 3d shows a schematic representation 
of the NaIbu aggregates that encompasses all these results.

2.3  1‑Butyl‑3‑methylimidazolium ibuprofenate 
in aqueous solution

The last system examined comprises BMimIbu in water. 
Figure 4a shows a marked decrease of ΦF as the concen-
tration of BMimIbu increases that cannot be explained by 
re-absorption. The quenching of ibuprofenate fluorescence 
in this case is caused by the imidazolium cations, as previ-
ously reported for similar systems [21]. Figure 4b shows 
that the quenching phenomenon proceeds without changes in 
the shape of the emission spectrum. The Stern–Volmer plot 
(Fig. 4c) shows an almost linear behavior of ΦF,DRM

/

ΦF,obs 
at lower concentrations reaching a plateau at higher con-
centrations. These results can be accurately described by a 
model that assumes that the fluorescence of  Ibu− is totally 
quenched by  BMim+ in the aggregates and is collisional 
quenched by the same species in solution, according to:

Fig. 4  a Observed (blue dots) and DRM-calculated (red line) 
ΦF,obs

/

Φ0
F,obs

 , for BMImIbu in water as a function of concentration. b 
Observed (black line) and DRM-calculated (red line and dots) fluo-

rescence spectra of 2 ×  10–3 and 0.30 M. c Observed (black dots) and 
calculated using the CAM for aggregation (red line) Stern–Volmer 
plots. d SANS patterns of BMImIbu in  D2O for different concentra-
tions. e Scheme of the BMImIbu aggregate
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where the  BMim+ concentration in solution was obtained 
from the CAM (Eq. 3) by an iterative process (see section c in 
the SM for details). The model has also four parameters to be 
adjusted: n, m, KAgg and kSV . The optimized values obtained 
are: n = 8, m = 6, KAgg = 6 ×  1012 and kSV = 31.4  M−1. Con-
sidering a fluorescence lifetime for  Ibu− in water of 7.5 ns, 
the quenching constant kq =

kSV

�
 ~ 4 ×  109   M−1   s−1 would 

suggest a diffusional process in water solution. SANS pat-
terns (Fig. 4d) evidence the presence of spherical objects of 
2.8 ± 0.3 nm of diameter in solutions of BMImIbu above the 
CAC of 0.075 M [13]. The number of these objects increases 
with concentration although their size remains similar, at 
least for the concentration range studied. The volume of the 
aggregate entities is in good agreement with the aggrega-
tion numbers calculated from the CAM and those previously 
reported from molecular dynamics simulations [22]. Fig-
ure 4e shows a schematic representation of the BMImIbu 
aggregates. The interaction of the isobutyl chains is sup-
ported by the 1H-NMR spectra provided previously [22], 
which are quite similar to that reported for NaIbu.

3  Conclusions

This study demonstrates that the back-face transmission 
steady-state fluorescence acquisition is a promising strategy 
to study the aggregation process of fluorescent amphiphi-
lic molecules with low aggregation number and high CAC 
values. There are few examples in literature focused on the 
use of front-face geometry to determine the CMC of some 
non-ionic fluorescent surfactants such as Triton X-100, Tri-
ton X-114, and TritonX-165 [23, 24]. However, the CMC 
values of such compounds are lower than 1 µM for which 
the absorbance is not so high and the effects of re-absorption 
on the fluorescence spectra are minimal. The strategy pre-
sented, although limited to fluorescent molecules, allows the 
characterization of the aggregation of amphiphilic molecules 
without the need of external probes.
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