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ABSTRACT: The steady-state and time-resolved fluorescence and1H NMR spectra of a stilbenesulphonic acid salt,
commonly used as an optical brightening agent, was studied as a function of concentration in aqueous solution. The
aggregates, formed at higher concentrations, were shown to be predominantly dimers with the central stilbene
moieties of the molecules stacked plane-parallel. The equilibrium constant for the dimer formation at 25°C was
obtained from both NMR and fluorescence measurements. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

The salts oftrans-stilbenesulphonic acids are widely used
in industrial applications as fluorescent brightening and
whitening agents. In the following they will be
collectively referred to as optical brightening agents
(OBAs). The optical brightening agents act by absorbing
light in the invisible near-UV region and re-emitting it as
blue fluorescence with high yield. The addition of this
light to the daylight reflected from an object is perceived
as an increase of the brightness1 of the object. The
relative deficiency of blue light in the reflected light from
yellowish objects, e.g. natural fibres, is compensated for
by the addition of the blue fluorescence which is
perceived as an increase of the whiteness1 of the object.

At high loads of OBA, a loss of the desired whitening
effect, perceived as a greyish or a greenish hue, is often
observed. This phenomenon is well known in paper-
making where the quality in this respect is monitored
with brightness measurements.2,3 It has been suggested3

that the greying and greening effects are due to multiple
adsorption of OBAs on the adsorption sites on, for
example, cellulose fibres, i.e. to the formation of bound
OBA aggregates. A similar spectral shift of the
fluorescence spectrum towards longer wavelengths can

be observed upon increasing the concentration of OBA in
aqueous solution. In order to gain insight into the
underlying physical mechanisms of the greying and
greening effects, the properties of OBA in aqueous
solution were studied.

In this paper, the concentration-dependent properties
of a commonly used water-soluble stilbenesulphonic acid
OBA (I ; Fig. 1) were investigated by both fluorescence
and NMR techniques. Considering the above observa-
tions, fluorescence spectroscopy is a natural choice for
the study. Changing the concentration also alters the1H
NMR spectrum ofI primarily by shifting the observed
proton lines from the stilbene moiety. Therefore,1H
NMR spectroscopy was chosen as a second independent
method.

Dye molecules in aqueous solution have been
extensively studied,4–15primarily by absorption spectro-
scopy.4–10The observed spectral changes with increasing
concentration are generally interpreted in terms of the

Figure 1. Structure of the studied stilbene derivative I. The
labels on the aromatic protons, on the right-hand side of the
symmetrical molecule, correspond to the assignment of NMR
peaks in Fig. 4
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self-association of the dye molecules into dimers, trimers
and higher order aggregates.5–15More recently,1H NMR
spectroscopy has been employed to study dye aggrega-
tion.11–15 In previous studies, the aggregation of planar
organic dyes has often been found to follow an isodesmic
model5,8–13(where each step towards higher aggregates
proceeds with the same equilibrium constant), but dimer
formation has also been reported.5–7,9,14,15The results
shown below indicate that the aggregates ofI are
predominantly dimers at the concentrations studied.

EXPERIMENTAL

The stilbene derivativeI , the sodium salt of 4,4'-bis[4-(p-
sulphoanilino)-6-NN-bis(b-hydroxyethyl)amino-1,3,5-
triazin-2-yl]aminotrans-stilbene-2,2'-disulphonic acid,16

MW = 1133, was a complimentary sample from Ciba
Specialty Chemicals. The sample was an amorphous
powder containing 85 wt% ofI , the remainder being
mainly sodium chloride, moisture and minute amounts of
unreactedN,N-bis(b-hydroxyethyl)amine.

Solutions for fluorescence measurements were pre-
pared with deionized water and experiments were carried
out in equilibrium with the atmosphere at 25°C, unless
stated otherwise. Fluorescence spectra were recorded on
a SPEX Fluorolog 212 spectrometer, with photon
counting detection, in front face geometry with 1 mm
quartz cells, with excitation at 350 nm. To avoid
photolytic changes of the sample (due totrans–cis
isomerisation of the stilbene moiety17–20), the excitation
slits were set at 0.1 mm and the emission spectrum was
scanned rapidly. Two consecutive runs gave the same
spectrum within the limits of noise. Time-resolved
fluorescence decays at selected wavelengths were
recorded with a pulsed picosecond Nd:YAG laser system,
with frequency doubling, exciting at 320 nm with 200–

500 ps pulses depending on the adjustment of the
system.21 Adsorption spectra were recorded on a Cary
Model 2400 UV–VIS–NIR spectrometer or a Hewlett-
Packard Model 8453 diode-array spectrophotometer.

Solutions for NMR measurements were prepared with
D2O (99.9%) purchased from Isotec (Miamisburg, OH,
USA). The solutions were carefully protected from
exposure to light. The1H NMR spectra were obtained
at 25°C on a Bruker AMX-300 spectrometer. To prevent
the comparatively strong water signal from obscuring the
peaks fromI, the former was suppressed using a long,
low-level presaturation pulse. The assignment of the1H
resonances was provided by 2D COSY spectroscopy
(results not shown), which allows all features to be
accounted for. All chemical shifts were referenced to
internal TMS.

RESULTS AND DISCUSSION

Fluorescence

Fluorescence spectra recorded at different concentrations
of I in aqueous solution and from the pure compound,
powder ofI , are shown in Fig. 2. The spectrum at 10ÿ5 M

has a broad maximum at 418 nm and does not change
features on dilution to 10ÿ6 and 10ÿ7 M. It can therefore
be considered as the fluorescence spectrum of the
monomer of I . With increasing concentration the
fluorescence spectra gradually change. In the concentra-
tion range 5� 10ÿ4–1� 10ÿ3 M the spectra are inter-
mediate, and from 5� 10ÿ3 M upwards they are almost
independent of concentration (apart from the effect of the
re-absorption of fluorescence light due to the overlap
between absorption and emission bands). The high-
concentration spectra are strongly shifted towards the
spectrum of solid OBA. We ascribe this shift to
aggregation. Thus, the solution spectrum at 10ÿ2 M in
Fig. 2 predominantly represents aggregates. The greenish
emission from aggregated OBA, the broad maximum at
495 nm, causes the greening effect.

The time dependence of the fluorescence decay at three
selected wavelengths in a 10ÿ3 M solution is presented in
Fig. 3. At this concentration, the spectrum is intermedi-
ate, with both monomers (M) and aggregates (An) of I .
The decays are biphasic and fit to two first-order decays
with lifetimes of 0.5 and 12 ns, respectively. The lifetime
for the fast decay is at the time resolution of the
instrument and is estimated to be 0.5 ns or less. The fast
component dominates at short wavelengths where the
monomer emission is dominant and is strongly reduced at
longer wavelengths where the slow component
dominates. Only the fast decay was present in a 10ÿ5 M

solution where only monomers exist. We therefore
ascribe the fast component to excited monomersM*
and the slow component to excited aggregates.

Before further use of the fluorescence data, it is

Figure 2. Fluorescence spectra of I at selected concentra-
tions in aqueous solution and of the solid. For comparison
the spectra have been normalized to equal areas (this
normalization was chosen owing to a lack of normalizing
parameters for the solid sample)
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important to consider two possible mechanisms for the
formation of excited aggregatesAn*. The first is the direct
excitation of the ground-state aggregate:

An� h� � A�n �1�
and the second is the diffusion-controlled formation of
excimersAn*:

M � h� � M�

M� � Anÿ1 � A�n �2�
To distinguish between the two mechanisms, the excimer
formation rate of pyrene, being a smaller and more
rapidly diffusing molecule thanI , may be taken as an
upper bound for the excimer formation rate ofI by Eqn
(2). Birks et al.22 found that the rate constant for pyrene
excimer formation in degassed hexane at 25°C was
6.7� 109 Mÿ1 sÿ1. The maximum pseudo-first-order
disappearance rate ofM* by reaction (2) in a 10ÿ3 M

solution (as in Fig. 3) would then be 6.7� 106 sÿ1,
corresponding to a half-life of 103 ns. However, the
lifetime for the fluorescence decay ofM* was estimated
experimentally to be of the order of 0.5 ns (i.e. the half-
life is 0.3 ns) and thereforeM* decays to the ground state
before any appreciable formation of excimers by reaction
(2). Hence the slow decay is associated with the direct
excitation of ground-state aggregates by reaction (1) and
the concentrations ofM* and An* are proportional to the
ground-state concentrations ofM andAn, respectively.

We now return to Fig. 2 and the iso-emissive point at
470 nm found for the normalized solution spectra. It
indicates a transformation between two species, i.e.
monomers and one type of aggregate. Since the
isodesmic model implies the co-existence of consecutive
higher aggregates, a dimerization equilibrium (n = 2) is

supported, that is,

M �M � D �3�
whereM and D represent the monomer and the dimer,
respectively.

Furthermore, the first-order aggregate decay in Fig. 3
provides an additional strong indication for dimer
formation. The decay from the solid (not shown) is
strongly non-exponential and a factor of two slower than
the aggregate decay. Plausibly, the higher the aggregates,
the longer are the fluorescence lifetimes. Thus, a sizeable
aggregate polydispersity would lead to deviations from a
first-order decay, i.e. instead of the decays shown in Fig.
3, linear for about 12 half-lifes, curved decays would be
observed.

Absorption

The adsorption spectrum ofI was blue-shifted upon
increasing the concentration, i.e. on aggregation ofI .
According to the molecular exciton theory,23 this
suggests that the transition dipoles of the molecules in
the dimer are arranged in plane-parallel, sandwich (H-
type) aggregates.

Owing to the efficient light-induced conversion ofI in
solution to the non-fluorescentcis-stilbene isomer,17–20

we did not use absorption measurements further.

Nuclear magnetic resonance

The concentration-dependent distribution ofI between
monomers and dimers can also be conveniently investi-
gated using the observed concentration dependence of the
1H NMR chemical shifts. The1H NMR spectra of the
aromatic protons presented in Fig. 4 for high and low
concentrations show a general upfield shift upon
decreasing the concentration. The shift is largest for
protonsv, s1 and s2 (see Fig. 1 for assignment). The
spectra are of the fast exchange type with no splitting of
the lines between dimers and monomers. Therefore, the
observed chemical shift at a given concentration is the
simple statistical average:

�obs� PD�D � �1ÿ PD��M �4�
where�obs is the observed chemical shift,�M and�D are
the shifts corresponding to the monomer and dimer state,
respectively, andPD is the probability of finding a
molecule in the dimer state. The assumptions behind this
approach are that all investigated samples are sufficiently
dilute that all shift changes are caused by the aggregation
process and not by statistical intermolecular interactions
(clearly satisfied in our system) and that there are unique
chemical shifts corresponding to the monomer and dimer
states. The monomer and dimer shifts probably differ
because of the aromatic shift effects11,13–15,23–25exerted

Figure 3. Fluorescence decays of I in 10ÿ3
M solution at three

selected wavelengths, 400, 420 and 560 nm, from the
bottom upwards. The spectra are normalized to the same
peak intensity. The fast component dominates at short
wavelengths and is strongly reduced (in relation to the slow
component) at 560 nm
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by the ring currents in one molecule of the dimer on the
protons of the other molecule. This also means that the
magnitudes of the concentration-dependent shifts within
the molecule may vary widely, as is observed.

The fact that the�, s1, and s2 protons are strongly
affected, whereasa1 and a2 are only weakly affected,
indicates that the central stilbene moieties of the
aggregating molecules are closer to each other in the
dimer than the outer aniline rings. The planar conforma-
tion of trans-stilbene facilitates such an arrangement,26,27

with the outer aniline rings either tilted or bent away from
each other.

Unfortunately, most peaks in the aromatic region
partly or fully overlap, which prevents us from accurately
determining the concentration dependence of their1H
chemical shifts. Onlys2 ands3 are clearly separated in
the whole concentration range,s2being the most shifted.
Therefore, the concentration dependence of thes2
chemical shift will be used to estimate the equilibrium
constant.

Most observed lines are broader at higher than at lower
concentrations. While this broadening predominantly
may be a dynamic effect (i.e. due to a slower tumbling of
the dimer), the magnitude of the observed broadening for
the line with the strongest concentration dependence of
the chemical shift (i.e.s2) nevertheless provides a
conservative upper limit for the lifetime. Thus, in the
range 2–10 mM where the monomer-to-dimer ratio is
roughly constant (0.3–0.5), the extra broadening of about
10 Hz (with respect to thes2 line in the spectrum at
10ÿ5 M) yields tD < 100ms.28

Equilibrium constant

The equilibrium constantK for the dimer formation

according to reaction (3) is given by

K � x

�cÿ 2x�2 �5�

where c is the total concentration ofI and x is the
concentration of dimers at equilibrium. Solving forx in
terms ofK andc, using Eqn (4) andPD = 2x/c (since there
are two molecules in each dimer), the expected con-
centration dependence of the chemical shift is given by

�obs� �D � ��D ÿ �M � �1ÿ
����������������
8Kc� 1
p �
4Kc

�6�
Since the fluorescence measurements show that a 10ÿ5 M

solution contains only monomers, the chemical shift ofs2
in the monomer state may be fixed at�M� 7.54. A fit of
the observed concentration dependence of thes2chemi-
cal shift, usingK and�D as free parameters, is shown in
Fig. 5. The equilibrium constant obtained isK = 725�
97Mÿ1. Using thisK and Eqn (5), 77% of the molecules
should participate in dimers at 10ÿ2 M. We note that a fit
to an isodesmic model of aggregation (under the
unsubstantiated extra assumption that the chemical shifts
are independent of aggregate size) is equally fair, so the
dimer formation could not have been safely established
based solely on the chemical shift data.

A similar analysis was used to estimate the equilibrium
constant from the fluorescence data at five wavelengths,
420, 490, 530, 550 and 570 nm, by substituting the
normalized (to unit of absorbed light) intensities for the
chemical shifts in Eqn (6). The average value obtained of
K = (1.2� 0.5)� 103 Mÿ1 agrees (within error limits)

Figure 5. The ®t to Eqn (6) of the observed concentration
dependence of the chemical shift of s2. The accuracy of the
experimental chemical shifts is �0.002 ppm, with the
exception of the three lowest concentrations, where it is
�0.004 ppm

Figure 4. 1H NMR spectra of I dissolved in D2O. The upper
spectrum is from an 8� 10ÿ3

M solution (recorded with
eight scans) and the lower spectrum is from a 2� 10ÿ4

M

solution (512 scans). The chemical shifts of s1, s2, and � (see
Fig. 1) are strongly concentration dependent, whereas those
of s3, a1, and a2 are only weakly so
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with the value obtained by NMR spectroscopy. When
comparing the equilibrium constants from fluorescence
and NMR measurements one should note thatK may
differ in H2O and D2O, respectively.10 The errors of the
individual fluorescence estimates are large and compar-
able to the scatter of the equilibrium constants obtained
using different wavelengths.

Even though the fit in Fig. 5 is fairly good, the
experimental points clearly level off more quickly than
the theoretical expression in Eqn (6). However, an
implicit assumption is thatK is independent of the total
concentrationc. Since one of the main obstacles to the
dimer formation ofI must be the electrostatic repulsion
between the sulphonate groups,K should depend on the
ionic strength. SinceI itself is a salt and since the
remainder of the sample is mainly sodium chloride, the
ionic strength (and consequentlyK) should increase with
increasing total concentration, thus producing the
observed experimental trend [i.e. a faster levelling-off
than expected from Eqn (6)]. (Note that the ionic strength
at the lowest and the highest concentration ofI differs by
a factor of 103) Further studies at higher constant ionic
strengths should clear up this point.

CONCLUSIONS

The observed changes in the fluorescence and1H NMR
spectra upon increasing the concentration ofI in aqueous
solution are interpreted in terms of self-association into
dimers at the concentrations studied. The formation of
dimers is strongly supported by the iso-emissive point in
Fig. 2, and also the biphasic fluorescence decay in Fig. 3,
where the slow component clearly is unimodal. Dimer
formation of I is also consistent with the concentration
dependence of the NMR line shifts and the approximate
agreement of the equilibrium constants evaluated at
different wavelengths (Fig. 2).

The equilibrium constants for dimer formation in D2O
and H2O, obtained from the1H NMR and fluorescence
measurements, are 725� 97 and (1.2� 0.5)� 103 Mÿ1,
respectively. The largest chemical shifts, due to the
aromatic ring currents of the other molecule in the dimer,
are observed for the protonss1, s2, and�, indicating that
the stilbene moieties are close. This is in line with the
plane-parallel stacking of the chromophores suggested by
the application of the exciton model to the concentration-
induced blue shift in the absorption spectra ofI . The
fluorescence and NMR data limit (from below and from
above, respectively) the lifetime of a dimer to 10ÿ8

s< tD < 10ÿ4 s in the concentration range 2–10 nM.
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