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Abstract

Fluorescence spectra, lifetimes and relative quantum yields of ammonium 1-anilinonaphthalene-8-sulfonate (ANS) were measured in

solid ANS, in mixtures of ANS with Al2O3, SiO2, BaSO4, talcum and in solid complexes with cyclodextrins, cyclphane CP 66 and

cucurbituril. Emission lifetimes ranged from 4.2 in the SiO2±ANS mixture to 20.0 ns in the b-cyclodextrin complex. The highest relative

quantum yields were exhibited by the g-cyclodextrin and the cucurbituril complex. CP 66 complexed ANS in ethanol solution is protected

from oxygen quenching to some extent. In non-polar environments, i.e. in cyclohexane as a solvent as well as in solid paraf®n, an

unexpectedly short ¯uorescence lifetime was measured. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In solution the ¯uorescence of anilinonaphthalene sulfo-

nates, especially of ammonium 1-anilinonaphthalene-8-sul-

fonate (ANS), has been studied thoroughly [1]. The

in¯uence of solvent polarity on the ¯uorescence of ANS

was investigated in mixtures of dioxane and water [2] and in

various alcohols [3]. General features found upon increasing

the solvent polarity were (i) a red shift of ¯uorescence

maxima, (ii) a decrease in ¯uorescence lifetime, and (iii)

a drop of ¯uorescence quantum yield. The emitting state was

shown to be an intramolecular charge transfer (ICT) state.

More recently it was suggested, that strongly red shifted

emissions in such systems may rest on a twisted molecular

geometry in the excited state [4±6]. These twisted intramo-

lecular charge transfer (TICT) states are less likely to be

formed in systems of high viscosity such as polymer

matrices [7] as compared to ¯uid systems. The observed

high sensitivity of ANS to the polarity of the environments

has prompted a frequent use of ANS-derivatives as ¯uor-

escent probes for micropolarities in biological membrane

systems [8]. Also, a strong af®nity to certain macrocyclic

host molecules was described [9,10] and ¯uorescence spec-

tra of ANS complexes with b- and g-CD in aqueous solution

can be found in the literature [11±15]. In particular, com-

plexation by modi®ed b-CDs gives rise to enhanced ANS

¯uorescence in solution [16].

We will show below that the described properties of the

ANS ¯uorescence in solution are not completely paralleled

in solids: we report on the peculiar ¯uorescence behaviour of

ANS in solid supramolecular environments, such as in solid

complexes with a-, b-, and g-cyclodextrin, cyclophane CP

66, and cucurbituril (see Fig. 1). For comparison other (non-

complexing) solid systems were included in this investiga-

tion, i.e. mixtures of ANS with silica gel, aluminium oxide,

barium sulfate and talcum (powdered talc) and a solid matrix

of ANS in paraf®n as a non-polar reference environment. A

few measurements of ANS complexed by macrocycles in

solution complete the study.
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2. Results

The relative ¯uorescence intensities of ANS as a function

of ANS concentration are shown in Fig. 2 (for solid

matrices) and Fig. 3 (for solid complexes with macrocyclic

ligands). Spectral ¯uorimetric data and relative quantum

yields are collected in Table 1. The latter are expressed as s,

the slopes of plots of the ¯uorescence intensity versus the

ANS content in ppm. It can be seen that relative quantum

yields are highest for cucurbituril and g-cyclodextrin com-

plexes. The maxima of excitation and emission spectra vary

in a series order that was not expected when previous

®ndings in solution are compared: the emission maximum

in solid paraf®n is among the most red shifted ones, although

paraf®n provides a non-polar environment; on the contrary,

the spectra of ANS on the polar talcum surface are blue

shifted.

Fig. 1. Chemical structures of macrocyclic ligands used.

Fig. 2. Relative fluorescence intensity �Irel of ANS in solid matrices (^:

BaSO4; *: Al2O3; ~: SiO2) as a function of the ANS concentration.

Fig. 3. Relative fluorescence intensity �Irel of solid complexes of ANS

with different macrocyclic ligands (~: a-cyclodextrin; *: b-cyclodextrin;

^: g-cyclodextrin; &: cucurbuturil) as a function of the ANS concentra-

tion in BaSO4.

Table 1

Maxima of excitation, �a, and fluorescence spectra, �e lifetimes and

relative quantum yields, s, (slopes of intensity vs. dye content plots) of 1-

anilinonaphthalene-8-sulfonate (ANS) in various solid mixtures and in

solid complexes of cyclodextrins (CD) and cucurbituril (CB) and in fluid

systems

Mixture or complex �a (nm) �e (nm) s (ppmÿ1)

Solid mixtures

ANS pure 414 486 ±

SiO2/ANS 416 471 2.5

Al2O3/ANS 411 467 3.4a

BaSO4/ANS 415 483 0.9

Talcum/ANS 404 458 ±

Paraffin/ANS 413 478 ±

Solid complexes

a-CD/ANS 402 481 1.56

b-CD/ANS 395 465 0.43

g-CD/ANS 394 461 6.47

CP 66/ANS 438 480 ±

CB/ANS 386 470 6.47

Fluid solutions

ANS in ethanol 402 468 ±

ANS in H2O (pH 6.8) ± 535b ±

a-CD/ANS in H2O ± 509b ±

b-CD/ANS in H2O ± 495b ±

CP 66/ANS in ethanol 400 500 ±

ANS in cyclohexane 403 460 ±

a Initial slope.
b From ref. [11].
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Due to these discrepancies we became interested in the

¯uorescence lifetimes which are comprised in Table 2.

Again, the value in paraf®n is unexpectedly among the

shortest ones and does not deviate much from those of

the solid mixtures and of pure solid ANS. The solid com-

plexes show considerably longer lifetimes throughout,

which, in contrast to the mixtures, turned out to depend

on the individual sample. In order to prove possible protec-

tion of ANS from oxygen quenching by the macrocyclic

complex ligands we measured evacuated complexes, too.

However, the lifetimes shortened rather than increased after

removing the air (in contrast to the solid mixtures). There-

fore, protection from oxygen quenching cannot be the only

reason for the observed prolonged lifetimes in the solid

complexes.

For comparison, we performed a few analogous measure-

ments in ¯uid solutions which are included in the tables. Dye

concentrations did not exceed 10ÿ5 M in these experiments.

The lifetime in argon saturated ethanol (16.8 ns) agrees

fairly well with the published value (18.1 ns [3]). Comparing

values in aerated and argon saturated solvents we can obtain

oxygen quenching constants kq according to

k � k0 � kq�O2� (1)

where k � 1/� and k0 � 1/�0; the index 0 refers to oxygen-

free solutions. Values for kq are in the range of

1010 dm3 molÿ1 sÿ1 as expected for nearly diffusion con-

trolled oxygen quenching [17].

3. Discussion

3.1. Fluid systems

In previous work on ANS ¯uorescence non-polar solvents

like cyclohexane were not investigated, probably for reasons

of solubility. The decrease of lifetime as compared to

ethanol observed here is unexpected on the basis of the

rule that lifetimes increase with decreasing polarity of the

solvent [1±3]. Possibly, the non-dissociated ANS is solubi-

lized in cyclohexane giving rise to a molecular geometry

differing from that of the anion in ethanol and other protic

solvents. Also, an aggregation of ANS in non-polar solvents

may occur. In other systems uncommon ¯uorescence prop-

erties ascribed to the formation of aggregates were already

reported [18], particularly in two TICT-state forming sys-

tems [19,20]. The reduced oxygen quenching constant for

ANS in ethanol in the presence of CP 66 (Table 2) indicates

complexation and some protection of excited ANS from

oxygen.

3.2. Solid systems

Upon evacuation a decrease of lifetimes was observed in

the solid CP 66 complex as well as in most of the other solid

complexes. This counterintuitive observation can be ratio-

nalized when the evacuation process is considered in detail.

Obviously, the evacuation of cells containing the solid

complexes seems to remove not only air (i.e oxygen and

nitrogen) but also remnants of solvent molecules (left from

preparation procedures) and adsorbed water (from air

humidity) from the solids investigated. Since by that the

nearest environments of the dye change, lifetimes can be

affected. From a previous investigation it is already known

that removing coadsorbed molecules may give rise to quan-

tum yield variations: the ¯uorescence of anthracene

adsorbed on SiO2 is quenched not only by photochemical

quenchers like oxygen but also in the presence of coad-

sorbed argon which does not quench in homogeneous

systems [21]. A sensitivity of ANS lifetimes to slightly

different sites of the dye molecules is also indicated by

the fact that lifetimes differ for individual aerated samples

(while results from identical samples are satisfactorily

reproducible). These differences may result from two dis-

tinct origins: (i) it is known that different charges of cucur-

bituril, although prepared in the same way, may contain

various amounts of water [22±24]; (ii) although all com-

plexes were prepared in a 1 : 1 stoichiometry, the amount of

actually complexed ANS in cyclodextrins or cucurbituril

may be distinct for individual preparations. Future investi-

gations, therefore, will concentrate on the preparation of

more uniform solid complex samples.

Table 2

Lifetimes � (aerated) and �0 (evacuated solid samples or argon saturated

solutions, respectively), and oxygen quenching constant kq of ANS in solid

mixtures and complexes and in fluid systems

Mixture, complex,

solution

Sample

no.

� /ns �0/ns kq (1010 dm3

molÿ1 sÿ1)

Solid mixtures

ANS pure 4.5 � 0.4 5.1 � 0.4 ±

SiO2/ANS 4.2 � 0.4 5.6 � 0.5 ±

Al2O3/ANS 4.5 � 0.4 6.1 � 0.5 ±

BaSO4/ANS 4.4 � 0.4 ± ±

Talkum/ANS 4.4 � 0.4 ± ±

Paraffin/ANS 4.2 � 0.4 ± ±

Solid complexes

a-CD/ANS 1 10.6 � 0.8 ± ±

2 8.6 � 0.8 8.0 � 0.7 ±

b-CD/ANS 1 8.2 � 0.7 ± ±

2 20.0 � 1.2 14.9 � 1.1 ±

g-CD/ANS 1 9.6 � 1.0 ± ±

2 12.1 � 1.1 14.3 � 1.2 ±

CP 66/ANS 1 12.9 � 1.0 ± ±

2 10.6 � 0.9 9.6 � 0.9 ±

CB/ANS 1 14.5 � 1.4 ± ±

2 10.9 � 0.8 10.3 � 0.8 ±

Solutions

ANS in ethanol 12.5�0.5 16.8 � 0.5 1.0 � 0.2

ANS/CP 66 in ethanol 12.9�0.7 14.6 � 0.6 0.5 � 0.2

ANS in cyclohexane 7.1�0.4 10.0 � 0.5 2.0 � 0.2

Standard deviations for 3±6 repeated measurements of identical samples

are given.
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3.3. Solution versus solid systems

In solution (except for cyclohexane, see above) short

lifetimes and red shifted emissions prevailed in polar sol-

vents and could be ascribed to a TICT emission state.

Twisting of the aniline moiety of ANS can be expected to

be restricted in the solid. In solution the absorption maxima

do not depend much on solvent polarity (see Table 1 and

[1±3]) indicating that twisting of the anilino group occurs in

the excited state, while in some of the solids the observed

shifts of excitation spectra indicate differing geometries

already in the ground state, depending on the adsorption

or complexation site.

4. Experimental

The following chemicals were of the highest purity

commercially available. They were used without further

puri®cation: ammonium 8-anilinonaphthalene-1-sulfonate

(ANS, Fluka), Al2O3 (ICN), SiO2 (Kieselgel 60, Merck),

BaSO4 (Merck), tetramethylammonium hydroxide (Fluka),

talcum (Fluka), ethanol (Merck), cyclohexane (Merck), a-

cyclodextrin (a-CD, Merck), b-cyclodextrin (b-CD,

Wacker), and g-cyclodextrin (g-CD, Merck). The macrocyc-

lic ligand cucurbituril (CB) was synthesized and puri®ed as

described in the literature [22]. The cyclophane CP 66 was a

gift from Prof. H.-J. Schneider, SaarbruÈcken; its preparation

has been described elsewhere [10].

4.1. Preparation of solid samples

The desired mixtures of ANS and SiO2, Al2O3, BaSO4

and talcum were weighed and mortared to a ®ne powder.

Solutions of ANS in molten paraf®n were prepared at 608C
and allowed to cool to room temperature. They form a waxy

solid thereafter. Solid complexes of ANS with different

ligands were prepared from solutions containing ligand

and ANS (1 : 1 ratio) by slow evaporation of the solvent.

Due to the fact that the ligand cucurbituril is only soluble in

acidic aqueous solution the complex formed in this solution

was precipitated by changing the pH value using tetramethyl-

ammonium hydroxide.

Fluorescence and excitation spectra taken from the front

surfaces of the samples were recorded using a ¯uorescence

spectrometer (LS-3B, Perkin-Elmer). The relative ¯uores-

cence intensities of solid samples with all macrocyclic

ligands were too high to be measured directly. Therefore,

the concentration of the ANS-complexes was reduced to the

100 ppm-level by mixing with BaSO4 (see ®gures).

Fluorescence lifetimes were derived from ¯uorescence

decay curves (not spectrally resolved) measured after exci-

tation by 337 nm 0.5 ns pulses of a N2-Laser (Lambda

Physik, Model K50 PS). Decay curves were recorded on

a Hewlett Packard Model 54502A digital oscilloscope

employing an Avalanche photodiode (Opto Electronics,

Model PD 30). This apparatus was successfully employed

in the investigation of other solid systems [25,26]. The

¯uorescence decay followed ®rst-order kinetics throughout

(a few percent deviation from ®rst-order kinetics cannot be

detected within the accuracy limits) indicating a quite

narrow site distribution of absorbed ANS in the individual

samples. Oxygen free samples were prepared by evacuating

the solids at 0.05 mbar for 0.5 h at room temperature or by

saturating ¯uid samples with argon.

5. Conclusions

Fluorescence spectra and lifetimes of ANS in solid envir-

onments vary in a way re¯ecting the spatial situation of the

dye and its immediate surrounding rather than the polarity of

the environment. For possible applications exploiting ¯uor-

escence of solids it may be important that quantum yields

can be signi®cantly enhanced in the presence of g-cyclo-

dextrin and of cucurbituril as compared to other solid

systems.
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