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The two families of fluorescent PET (photoinduced electron transfer) sensors (1-9) show that the effective proton 
density near the surface of several micelle membranes changes over 2-3 orders of magnitude as the microlocation of 
the sensor (with respect to the membrane) is altered via hydrophobic tuning. 

Ion gradients near membranes play a vital role in biological 
energy conversion' and signal processingl-3 and chemical 
catalysis.- We now demonstrate that these ion densities can 
be mapped (for protons near detergent micelles in the first 
instance) by employing two families of fluorescent PET 
sensors with the 'fluorophore-spacer-receptor' forrnat7.8 with 
two additional targetinganchoring moieties of varying hydro- 
phobicity (Fig. 1). These sensors can be anchored at the 
membrane/water interface, with the receptor module protrud- 
ing into the water to an extent which is determined by the 
hydrophobicity of the targeting head and tail groups.9 This 
allows the production of a fluorescence signal from each 
member of the sensor families after sampling the proton 
density near its receptor unit at microlocations of gradually 
varying polarities on a scale between bulk water and the less 
polar micelle interior? in terms of the Hansch hydrophobicity 
constant for the targeting group.10 The proton receptor 
module of each sensor behaves like a periscope on a 
submarine. Fluorescent PET sensors are particularly suited to 
such applications since they measure thermodynamically valid 
ground-state ion-binding constants even during excited-state 
experiments of short time duration with high sensitivity of 
signal detection.8.11 While fluorescent and absorptiometric 
sensors have long been used to study membrane-bounded 
protons,4-13.14 the fine tuning of sensor location to shed light 
on the spatial distribution of protons near the micelle surface 
is virtually unknown. QuinaISa and Kraayenhoflsb reported 
preliminary experiments aimed towards this goal, but these 
differ considerably in approach from our work. Since the 
fluorescent PET sensor principle is quite general,gJ6 it should 
also be possible to visualize other ion gradients near mem- 
branes by the present strategy. Anchoring, targeting and 
steeringorienting of molecular units in ion gradients can also 
be useful for the improvement of ion input-photon output 
logic devices. 17 

Aminomethyl anthracenes are established as fluorescent 
PET sensors for protons.8-16Jg Protonation of the amino 

group blocks an intramolecular PET channel, resulting in the 
'switching on' of fluorescence. The members of the two 
families 1-4 and 5,2,6-9$ are based on this core structure with 
a set of additional units of graded hydrophobicity at the head 
(amine) and tail (anthracene 10-position), respectively. The 
intrinsic hydrophobicity of the anthracene fluorophore would 
also contribute to the retention of these sensors in the micelle 
phase. The fluorescence of these sensors was examined as a 
function of pH (a space-averaged value as measured with a 
macroscopic glass electrode) in three representative micelle 
media of different charge types. Owing to their molecular 
nature, the sensors will respond to the local pH at their 
receptor sites and this information will be reflected in their 
pKa values. Of all the electronic absorption and fluorescence 
emission spectral properties, the fluorescence intensity (or 
quantum yield QF) is unique in showing drastic changes and 
these are well fitted by the equation:I8 

log[(@F,rnax - @F)/(@F - @F,min)] = pH - pKa (l) 
Note that the polarities of micellar microenvironments of 
aromatic probes13 are not low enough to 'switch on' the 
fluorescence of the present sensors in the absence of protona- 
tion to any significant extent except where noted otherwise. 
We have previously shown that extremely low polarities are 
needed to 'switch on' the fluorescence of dialkylaminomethyl 
anthracenes.19 The pKas of the sensors in Table 1 can be 
interpreted once we note and allow for the fact that the 
targetindanchoring substituents at the head and tail will also 
influence their intrinsic acidhase properties. The intrinsic 
acidityhasicity of the sensors (PKa.intrins values) were obtained 
as their pKa values (or those of more soluble model 
compounds as noted in Table 1) in water with 20% (v/v) 
methanol to prevent aggregation. The microenvironmental 
effect on the protons neighbouring the receptor module of a 
given sensor is then given by ApK,, the difference between the 
pKa value for that sensor in a chosen micelle medium and its 
PKa,intrins va1ue.l' AS the receptor module of each sensor will 
be anchored at different locations relative to the micelle 
surface, ApKa should be a smooth function of the hydrophob- 

n 

water 
membrane 

Fig. 1 Schematic representation of a periscopic ion sensor near a 
membrane/water interface. F, Fluorophore; S, spacer; R, receptor; 
A/Th, head group for anchoringtargeting and A/Tt, tail group for 
anchoring/targeting. 
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Fig. 2 ApK,-log P profiles for 1-9 in various micellar media 

Table 1 Microenvironmental effects on the fluorescence and acidity properties of the periscopic sensors 1-90 

apna-  (?F,maxr 

CTAC TritonX-100 SLS 

1 +0.53 9.2 -3.3 -2.8 +2.3 0.47 0.46 0.45 
2 -1.08 +6.57 6.3 -2.6 -2.1 t-2.6 0.43 0.41 0.41 
3 - 1.43 7.1 -2.5 -1.2 +2.6 0.42 0.36 0.34 
4 - 1 1.57f 8.9g -2.2 -0.2 +1.0 0.41 0.36 0.40 
5 +11.97f 6.3 -2.6 -2.0 +2.2 0.34 0.41 0.37 
6 +2.57f 6.0 -2.6 -2.0 +2.4 0.36 0.21 0.34 
7 +2.10 6.3 -2.6 -1.6 +2.0 0.59 0.59 0.58 
8 -1.2h 6.6 -3.5 -1.1 +0.6 0.68 0.75 0.88 
9 -3.8of 5.1' -0.4 -0.2 +1.6 0.60 0.52 0.45 

IU-o rnol dm-j sensors and model compounds were used in aerated solutions of H20-CH30H (4: 1, vIv) (non-micellar medium), 5.0 x 
rnol dm-3 polyoxyethylene (E 9-10) octyl 

phenol (Triton X-100, neutral micellar medium) and 2.0 X 10-l rnol dm-3 sodium dodecyl sulfate (SLS, anionic micellar medium) in water. The 
c.m.c.s. of CTAC, Triton X-100 and SLS are 1.4 x 2.6 X 10-4 and 8.0 x 10-3 mol dm-3, respectively.l3 In the case of 4 and 12, 2 
X mol dm-3 EDTA was present during fluorescence titrations in order to avoid effects due to trace metal ions. b Logarithm of the 
partition coefficient between octan-1-01 and water. lo ZFpH data obtained from fluorescence titrations gave good linear least-squares 
fits to eqn. (1) with gradient = 0.88-1.15 and average r = 0.99 (average n = 10). The pK, values are reproducible within kO.1 pH unit. 
The only unusually large gradients are encountered with 9 and suggest non- unity activity coefficients. These can arise from the interaction 
between the dicationic form of 9 and cationic micelles. The bis ether 9 can engage in hydrogen bonding with the terminal hydroxy groups of 
Triton X-100. It is notable that 9 possesses two suitable interaction sites for each of these cases. This non-ideal behaviour may increase the 
uncertainty of the corresponding pK,. Similar non-ideal behaviour has been noted during the binding of a,w alkane diammonium cations with 
bis crown ethers.22 d 1-5 could not be employed here owing to their high hydrophobicity and poor solubility. Instead, the corresponding 
9-anthracenyl methyl amines (10, 7, 11, 12 and 7, respectively) were used as reasonable models to obtain pK, values. e Obtained 
by comparison of quantum corrected emission spectra with that of 9,lO diphenyl anthracene in CH30H.23 For these sensors, the spectra position 
and shape is essentially constant and the determination of +F values is therefore simplified. f Calculated value.1° g pK,3 value 
of this tribasic system. h Estimated from values in diethyl ethedwater, isobutyl alcohol/water and relationships between these solvents and 
octan-1-01.2~ i The fluorescence of this dibasic probe is 'switched on' only when both nitrogen atoms are protonated, so fluorescence 
titrations measure pK,1 only. 

rnol dm-3 hexadecyl trimethylammonium chloride (CTAC, cationic micellar medium), 5.2 x 

icity (log P )  of the targeting unit. Such Gibbs energy 
relationships with hydrophobic Gibbs energy rather than 
distance as a coordinate are graphic maps of membrane- 
bounded proton densities. The absolute distance from the 
amine receptor to the dynamic and convoluted micelle surface 
is much less accessible. 

Owing to their relatively low polarity, membraneous 
microenvironments are less likely to solvate protonated amine 
receptors. Thus protons are effectively less available at such 
locations of the sensors, resulting in more negative ApKa 
values. Fig. 2 confirms that the effective proton densities near 
neutral Triton X-100 micelles decrease as the interface is 
approached by the amine receptor units of the sensors which 

are driven by the increasing hydrophobicity of the targeting 
groups. Additionally any surface charge on the membrane, 
depending on its sign (negative or positive) and magnitude, 
will electrostatically concentrate or deplete protons causing 
more positive or more negative ApK, values, respectively. 
The ApKa-log P function for Triton X-100 is nicely bracketed 
by those for the SLS and CTAC media. Fig. 2 also shows that 
the nett effect of these dielectric and charge influences 
decrease in magnitude to near zero as the location of the 
amine receptor is gradually shifted towards bulk water and 
away from the micellar interface, confirming the periscope 
action of the sensors. It is notable that a range of tail-group 
hydrophobicities lead t o  virtually constant ApK, values in a 
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given micelle medium. At high enough hydrophobicities, the 
distal tail group has little influence on the microlocation of the 
receptor module in the ion and polarity gradient at the 
micellelwater interface. 

The several outliers on the ApKa-lOg P curves deserve 
comment. They are 9-SLS, 8-CTAC, 4-CTAC and 2-Triton 
sensor-micelle pairs and all display an apparent enhanced 
hydrophobicity due to binding interactions with the micelle 
head groups. The deviation of the first three pairs can be 
attributed to ion pairing20 and the fourth can be ascribed to 
hydrogen bonding of the morpholino oxygen atom of 2 with 
the hydroxy terminii of Triton head groups. 

@F,max for each sensor is expected to be approximately 
constant in each micellar medium and this is generally found 
to be the case. Some of the sensor-micelle pairs where some 
quenching is seen correspond to those where deviations in 
ApKa were found, e.g. 9-SLS and 8-CTAC. The case of 
&Triton is unique as the 10-chloroanthracenyl 9-methylam- 
monium moiety, the most electron-deficient system employed 
in this study, suffers a donor-acceptor interaction from the 
phenoxy moieties of the micelle head groups. @F,,,~,, values are 
uniformly low in all cases, as expected for efficient fluorescent 
PET sensors in microenvironments of sufficiently high polar- 
ity. Two exceptions to this generalization are 2 and 5 in Triton 
X-100 micelles and can be attributed to the hydrogen-bonding 
interaction mentioned above in connection with the deviation 
of ApKa values. This indirectly increases the already high 
oxidation potential of the morpholino nitrogen atom,*' 
causing a retardation of the PET process which originally 
suppressed the fluorescence. 

In conclusion, ApKa-log P profiles of periscopic pH sensors 
provide a window on the distribution of protons near micelle 
surfaces. Extension of this strategy to other ions and mem- 
branes of biological significance should follow. 
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Footnotes 
t See ref. 5 for an overview of theoretical models of micelles with 
varying degrees of water penetration. 
$ The syntheses are straightforward and will be detailed in the full 
paper. 
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