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Abstract Unexpected fluorescence enhancement has been
observed during the coaggregation process between naph-
thylethyl lauryl ether (the fluorescence probe) and vitamin
E acetate in aqueous organic binary solutions. Variant ag-
gregators were used to study the influence of structure fea-
tures on the enhancement. The experiments indicate that
a long hydrophobic hydrocarbon chain is of necessity for
coaggregation, and a flat group is crucial for the fluores-
cence enhancement. No enhancement was observed at the
absence of coaggregation. The enhancement was attributed
to the hindrance of rotations and prolonged life time of the
probe by steric hindrance of flat groups in coaggregate. Struc-
ture features of aggregates of variant aggregators have also
been discussed.
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Introduction

Aggregation [1] of electrically neutral organic molecules
which possess at least one long chain with more than eight
carbons in aggregating media driven by hydrophobic inter-
action [1, 2] has aroused widespread attention [2, 3]. Fluo-
rescence analysis is one of the most frequently used methods
for studying the aggregation behaviours of organic molecules
[4–6]. As the concentration increased, the probe molecules
aggregated in the aggregating media due to the hydrophobic

D.-Y. Sang · J. Tian · G.-Z. Ji (�)
Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences,
Shanghai 200032, China
e-mail: jigz@mail.sioc.ac.cn

interaction [1, 2], and the excimer emission appeared. The
aggregation behaviours of organic molecules are evaluated
by plotting the ratio of excimer to monomer emission in-
tensities (Fe/Fm) vs. concentration of fluorescence probes in
aqueous solution [4–6]. For example, an increase in Fe/Fm

means the growth of aggregates [1a], and a decrease in Fe/Fm

implies the possibility of aggregate destabilization [6] or
dilution of fluorophore concentration by aggregators, and
finally a constant and small Fe (relative to Fm) generally in-
dicates that fluorescent probe is in monomeric state at the
absence of aggregate [1].

Although the analysis remains valid for majority of cases,
the fluorescence efficiency of fluorescence probes is suscep-
tible to environment and other factors, for example, enhanced
fluorescence quenching by coaggregation between different
types of aggregators has been reported [7]. On the other hand,
fluorescence can also be enhanced by the photo-induced elec-
tron transfer (PIET) mechanism [8] and by complex inclu-
sion of fluorescent probes into micelles [9] or cyclodextrins
[10]. It has confirmed that aggregation and host-guest inter-
action are competing processes [3b]. However, fluorescence
enhancement caused by coaggregation of long chain organic
aggregators and probes has not been described yet. In this
article, we have made an attempt to understand the effects
of coaggregation on the enhancements of fluorescence, and
the roles of structure features of variant aggregators in the
enhancement were discussed.

Experimental

Materials

Naphthylethyl lauryl ether (1) [11] and benzyl phytyl ether
(4) [12] were synthesized according to literature proedures.
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Fig. 1 Chemical structures of
probes and aggregators
investigated

Naphthalene (2), vitamin E acetate (3), cholesteryl oc-
tanoate (7), and octadecane (8) were commercially avail-
able and were used as received without further purification.
Methanol was of spectrum grade. Water was double distilled
(Fig. 1).

Fluorescence

Unless otherwise emphasized, all fluorescence spectra were
recorded on a Perkin Elmer LS55 luminescence spectrom-
eter at T = 308 K. A given volume of prepared solution
dissolved in methanol was injected into a 2.5 mL of solu-
tion and the mixture was kept for 3 min before irradiation
of the fluorophore moieties. The excitation wavelength for
naphthyl fluorophore was 275 nm with a 15 nm excitation
slit width and a 5 nm emission slit width.

Results and discussion

Aggregation induced fluorescence enhancement

Aggregation of 1 has been previously evaluated by steady
state fluorescence method with the critical aggregate con-
centration (CAgC) of 2.0 × 10−6 M at T = 308 K in
aqueous methanol mixture solution with a volume fraction
of 0.45 for methanol (ϕ = 0.45) [13]. The probe was in
the aggregated state when the concentration was above the
CAgC ([1] = 5.0 × 0−6 M), and two fluorescence max-
ima near 340 and 380 nm were observed corresponding to
the monomer and the excimer emission, respectively. Upon
addition of 3, both of the emissions were enhanced remark-
ably, as shown in Fig. 2. However, the fluorescence remained
unaffected when naphthalene (2) was selected as the refer-

ence fluorescence probe. Naphthalene does not aggregate
because of the absence of a long hydrophobic hydrocarbon
chain [1]. The difference of influence between 1 (in aggre-
gated state, [1] = 5.0 × 10−6 M) and 2 (in monomeric
state,) by addition of aggregator 3 is depicted in Fig. 3. The
extent of fluorescence enhancement could be described by
fluorescence enhancement factor (FE, FE = F/F0) [14] as
a function of the concentration of aggregators. FE grew lin-
early with concentration of 3 and reached a value of 3 at
[3] = 5.0 × 0−6 M for the monomer emission of 1. The flu-
orescence intensity of 2 was unaffected and the FE remained
constant.

Three plausible reasons might contribute to the phenom-
ena: (1) 3 acted as a deaggregator (destabilizer), and the
aggregates of 1 were deaggregated (destabilized) by 3; (2)
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Fig. 2 Influence of 3 on the emission spectra of 1 (at aggregated
state, CAgC = 2.0 × 10−6M). [1] = 5.0 × 10−6M. [3] (× 10−6M): a,
1.0; b, 2.0; c, 3.0; d, 4.0; e, 5.0; f, 6.0; g, 7.0; h, 8.0; i, 9.0
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Fig. 3 Influence of 3 on the monomer intensities of 1 (in aggre-
gated state, CAgC = 2.0 × 10−6 M) and 2 (in monomeric state).
[1] = 5.0 × 10−6 M

coaggregation as a key step towards deaggregation (by 3)
might have happened; and (3) fluorescence spectrum of 1
was overlapped by fluorescence of 3. If deaggregation has
occurred, intensity of the monomer (Fm) would be greatly
enhanced at the cost of excimer intensity (Fe). This is obvi-
ously contradictory to the observed data and shall be negated.
And if the enhancement was totally due to spectra overlap-
ping, then similar result should be reproducible for 2. But 2
does not aggregate in conventional conditions [1], as shown
in Fig. 3, the fluorescence of 2 was insensitive to the ad-
dition of 3. Thus the third possibility might be overlooked.
Finally, if coaggregation might have occurred, an increase
in Fe should be observable in concurrent with a decrease in
Fm or vice versa, due to dilution of the local concentration
of the fluorophores by aggregators [15].

To further illustrate the enhancement of fluorescence of
the probe, structure features of 3 were brought into con-
sideration. Should the hydrophobic hydrocarbon chain be
responsible for the enhancement, or should the fluorophore
(chromanol group) be the reason? Other molecules (4, 5a, 5b
and 5c) with variant aggregating tendencies were examined.
Aggregator 4 was derived from phytol and used to study
the influence of branch methyl groups on the enhancement.
Aggregators 5a and 5b were analogues of 4 without branch
methyl groups, and 5c was an analogue of 4 with neither
branch methyl groups nor an aromatic group. Fm increased
linearly when these compounds (except 5c) were added to
the solution of 1 (in aggregated state), as shown in Fig. 4.
When 5c was added, the FE (Fm/Fm,0) remained constant.
The aggregators of 5a and 5b enhanced the fluorescence of
1 in a similar way to 4. This observation excluded the branch
methyl groups from possible reasons for the enhancement
as they did not exist in the hydrophobic chains of 5a and
5b. And an aromatic group attached to a long hydrocarbon
chain seemed to be crucial for the enhancement of fluores-

0 2 4 6 8

1.0

1.2

1.4

1.6

Concentration / (10-6 M)

F
m

 / 
F

m
,0

 4
 5a
 5b
 5c

Fig. 4 Quenching effect of 4, 5a, 5b and 5c (analogues of 3) on
monomer intensities of 1 (in aggregated state, CAgC = 2.0 × 10−6 M,
[1] = 5.0 × 10−6 M)

cence. No enhancement was observed in the case of 5c at the
absence of an aromatic group.

No fluorescence enhancement is observed
at the absence of aggregation

Since all the abovementioned cases of fluorescence enhance-
ment were correlated with aggregation, it was of interest
to study what would be at the absence of aggregation.
Generally, neither flat molecules without a side chain nor
chained molecules shorter than eight hydrocarbon moieties
would aggregate [1–12]. There would be no coaggregation
if molecules that can not aggregate are added into a solution
of a fluorescence probe (in aggregated state) or if molecules
with aggregating power are put into a solution of a fluo-
rescence probe without aggregating power [1]. Naphthalene
(2), for example, could not aggregate [1] and was selected
as the reference fluorescence probe in contrast to 1. As an
analogue of 3 without a hydrophobic tail, aggregator 6 could
not aggregate, too. Indeed, all these mismatched groups led
to quenched fluorescence of probes. Figure 5 showed the
fluorescence quenching of 1 by 6 and of 2 by 3 and 4. The
quenching processes obeyed the Stern–Volmer law, indicat-
ing that a hydrophobic chain is crucial for the enhancement.

With a long tail, 3 remarkably enhanced the fluorescence
of 1. And without the long tail, 6 decreased the fluores-
cence of 1. Although both 3 and 4 could enhance the fluore-
scence of 1 which coaggregate with the probe 1 readily, there
are no effects on the fluorescence of 2. The major difference
between 1 and 2 is that 1 has a long hydorcarbon chain at-
tached to the naphthyl moiety which facilitates aggregation
while flat molecules without a tail like 2 do not aggregate.
These results strongly demonstrate that the above observed
fluorescence enhancement was closely related to coaggrega-
tion between aggregators and probes.
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Fig. 5 Fluorescence quenching effect at the absence of coaggregation.
Fluorescence of 1 (in aggregated state, CAgC = 2.0 × 10−6 M) was
quenched by 6 (a); and fluorescence of 2 (in monomeric state) was
quenched by 3 (b) and 4 (c) in accordance to the Stern-Volmer law.
[1] = 5.0 × 10−6 M, [2] = 5.0 × 10−6 M, excitation slit = 15 nm,
emission slit = 5 nm, excitation wavelength = 275 nm

Some aggregators without aryl groups also could enhance
fluorescence of the probe

All the aggregators (3, 4, 5a, and 5b) showing strong
influence on fluorescence of 1 have an aryl moiety at-
tached to a long hydrocarbon chain despite the existence of
branch methyl groups. Two aggregators without aryl groups,
cholesteryl palmitate (7) and octadecane (8), were selected
to study the relation between an aryl group and the enhance-
ment. For consideration of solubility, the study was carried
out in aqueous dimethylsulfoxide (ϕ = 0.45) and aqueous
dioxane (ϕ = 0.40) mixture solutions at T = 298 K re-
spectively. As shown in Fig. 6, addition of 7 in aqueous
dimethylsulfoxide solution resulted in remarkable enhance-
ment in both monomer intensity and excimer intensity of
the probe. However, an experiment carried out in dioxane
water mixture solution showed that an increase in excimer
intensity at the cost of monomer emission has occurred, in-
dicating the occurrence of aggregation between cholesteryl
palmitate 7 and 1 (in monomeric state, [1] = 5.0 × 10−6 M,
CAgC = 5.3 × 0−6 M) in aqueous dioxane solution
(ϕ = 0.40), as shown in Fig. 7. We have investigated the
structural features of aggregates formed by 7 [12] and found
that 7 could reduce the microscopic polarity of aggregates
formed by dodecyl 1-pyrenylmethyl ether. Since aggrega-
tion between 7 and 1 in aqueous dioxane mixture solution
has been observed, the polarity of the aggregate might not
be a reason for the fluorescence enhancement. In effect, de-
creasing the volume fraction of dioxane to 0.20 led to re-
marked fluorescence enhancement. Also aggregate has been
generally accepted as a paralleled assembly of long chain
aggregators [1a, 12], which implied that structure features
of aggregates are dependent upon the aggregating powers
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Fig. 6 Influence of 7 on fluorescence emission of 1 (in aggregated
state, CAgC < 0.5 × 10−6 M) in aqueous dimethylsulfoxide solu-
tion (ϕ = 0.45). [1] = 5.0 × 10−6 M), T = 298 K, excitation
slit = 15 nm, emission slit = 3 nm, excitation wavelength = 275 nm.
[7] ( × 10−6 M): a, 0.0; b, 2.0; c, 4.0; d, 6.0; e, 8.0; f, 10.0

of solvents [1a], and a stronger aggregating media leads to
aggregates in better order than the structures of aggregates
formed by the same aggregators in lower aggregating me-
dia. In fact, Jiang has related the degree of aggregation of a
particular aggregator to the solvent aggregating power of a
particular aquiorgano solvent media [1, 3b].

The postulation was further strengthened by the fact that
aggregation of 8 and 1 resulted in no fluorescence enhance-
ment (data not shown) even in strong aggregating media
(ϕ = 0.45 aqueous methanol). Interestingly, there was no en-
hancement in the case of 5c, too. These two aggregators were
in lack of a bulky flat group (an aryl group or a cholesteryl
group, for example). Long chain molecules with a flat moiety
such as porphin [16] might tend to generate stack-like aggre-
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Fig. 7 Influence of 7 on fluorescence emission of 1 (in monomeric
state, CAgC = 5.3 × 10−6 M) in aqueous dioxane solution (ϕ = 0.40).
[1] = 5.0 × 10−6 M, T = 298 K, excitation slit = 15 nm, emission
slit = 5 nm, excitation wavelength = 275 nm. [7] ( × 10−6 M): a, 0.0;
b, 2.0; c, 4.0; d, 6.0; e, 8.0; f, 10.0

Springer



J Fluoresc (2006) 16:749–753 753

gates, which might restrict the rotation [10b] of fluorophores
accommodated in aggregates and prolong its lifetime and as
a result, enhance its fluorescence efficacy. Jiang reported that
cholesteryl caprylate prolonged the lifetime of monomer of
hexadecyl 2-naphthoate from τ 0 = 10.3 ns to τ = 13.6 ns
and cholesteryl laurate to τ = 13.5 ns [17]. Long chain
molecules without a flat moiety, on the other hand, coils
randomly around the probe and the aggregates they formed
might be different from those with a flat group [12].

Conclusion

In summary, we have demonstrated a phenomenon of fluo-
rescence enhancement induced by coaggregation driven by
hydrophobic interaction [1, 2] in aquiorgano solutions. No
fluorescence enhancement was observed at the absence of
coaggregation, but coaggregation alone does not necessarily
lead to fluorescence enhancement. As to linear aggregators
such as 5c and 8, only coaggregation with the probe (1) was
observed at the absence of fluorescence enhancement. Ag-
gregator 7 coaggregated with 1 in less aggregating media,
but enhanced the fluorescence in strong aggregating media.
The enhancement was attributed to the hindrance of rota-
tions [10b] and prolonged life time [17] of the probe by
steric hindrance of flat groups in coaggregate [12]. Long
chain molecules without a flat moiety could not provide
the hindrance and as a result no fluorescence enhancement
was recorded. The present study also indicated that coaggre-
gates of aggregators with flat moieties (with the fluorescence
probe) were different from those formed by linear molecules.
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