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Abstract

The synthesis and photophysical behaviour of a series of 4-aNval&ylphthalimides have been described. The complexation be-
tween-cyclodextrin and the different phthalimides has been studied by steady-state fluorescence. The associatioK cdapstads
strongly on the hydrophobicity of the alkyl substituent, and khealues vary between 115W and 19,000 M. The studied com-
pounds have been used as fluorescent probes to determine the first and second association constants of surf@ctmiedextrin
from competitive binding data. The results are compared with those given by other authors, and limitations of the method are discussed.
4-Amino-N-tert-butylphthalimide is also used as a sensor for following micellar aggregation process of surfactants and autoassociation
of hydrophobically modified polymers. Values of critical micellar concentration (cmc) and critical aggregation concentration (cac) are
determined, and comparison is made with pyrene.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction protein[9]. AP binds toa- and B-cyclodextrins with low
association constants (respectively, 92%vand 208 M1)

A large number of fluorescent dyes are used as probes[2], and the complex formation leads to a change of the
of microenvironments in biological systems or in simpler- AP fluorescence due to the elimination of water molecules
organized systems such as micelles and cyclodextrins.from the surrounding of the probg2,10]. The solvation
Fluorescent electron donor—acceptor molecules displaydynamics of dimethylformamide inside the nanocavity have
large sensitivity of their emission properties to the polarity also been studied with AP as a prdid].
of the medium due to the intramolecular charge transfer ~Cyclodextrins form inclusion complexes with a wide
(ICT) nature of their lowest singlet state; therefore, these variety of hydrophobic and amphiphilic species in wa-
compounds are good candidates as fluorescent probester solutions. Different methods are used to determine
4-Amino-phthalimide (AP) shows such an intramolecu- the association constants: conductimetry, electrochemistry,
lar charge transfer excited state, and stabilization of the microcalorimetry, NMR spectroscopy, absorption and fluo-
ICT state in polar solvents leads to an important Stokes rescence spectroscopies. The last two methods require the
shift of the fluorescence maximuf,2]. The fluorescence  presence of a chromophore, but cyclodextrins, and gener-
properties of AP are even more sensitive to the hydrogenally the guests, do not bear one. In such cases, an external
bonding properties of the solveri®]. Therefore, the solva-  fluorescent probe is used, and the association constants
tochromism and hydrogen bonding interaction have made are obtained by a competitive method. Usual probes (i.e.
AP and AP derivatives interesting probes to follow the mi- 1-anilinonaphthalene-8-sulfonate, (aminostyryl)-1-methyl-
cellar aggregation procef$-6] and the solvation dynamics  pyridinium) carry either a negative or a positive charge,
in micelles[7,8], microemulsion and in the vicinity of a  which hinder their use with a guest having the opposite

charge, due to electrostatic interactions between the probe
"+ Corresponding author. Tek:33 1 49781230; fax:-33 1 49781208,  and the guest. In order to determine by fluorimetric methods
E-mail addresswintgens@glvt-cnrs.fr (V. Wintgens). the association constants of cationic, anionic and neutral
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guests with cyclodextrins using the same probe, one needgive precipitates. All the amino derivatives were purified
a neutral fluorescent probe; AP could be suggested but itsby column chromatography (SO eluant CHCI,). Sev-
association constant with cyclodextrins is too low. One way eral physical properties and abbreviation names of the AP
to enhance the association constant of AP is to increase thelerivatives are reported ifable 1
hydrophobicity of the molecule. In this paper, we present
the properties of several new 4-amihealkylphthalimides, 2.3. Sample preparation
for which the hydrophobicity of the alkyl group leads to
a large enhancement (two orders of magnitude) of the For all the complexation experiments, a stock solution of
association constant witp-cyclodextrin BCD). We also the probe in water (around 2-6 10-°M) is prepared and
report the association constant for the 1:1 and 1:2 com- ysed to make a T M BCD solution in order to have the
plexes formed betweefBCD and different surfactants, same probe concentration; then mixtures of these two solu-
using three AP derivatives as fluorescent probes, and wetions are used to record the fluorescence at diffepedi
discuss the results in comparison with data in the literature, concentrations (Wlth excitation Wa\/e|eng'[h located at the
where different probes have been used depending on thesosbestic point to avoid any optical density variation). For
respective charges of the probe and the surfadtiehi3] the competition experiments, a stock solution of the probe
On the other hand, we show that one of the compounds, with appropriateBCD concentration is prepared and used
4-aminoN-tert-butylphthalimide, is easily used to deter- to make a concentrated solution of the competitor; again
mine the critical micellar concentration (cmc) of various mixtures of these two solutions are used to record the flu-
surfactants, and the critical aggregation concentration (cac)orescence at different competitor concentrations. The same
of hydrophobically modified polymers. The results are procedure with stock solutions is used for the surfactant
compared with those obtained with pyrene as a probe. studies.
For fluorescence quantum yields measurements, solutions
of studied compounds in the different solvents are prepared

2. Experimental with the same optical density (OB 0.1) at 360 nm and
quinine sulphate is used as a referer@e£ 0.55in LSOy
2.1. Materials 1N [18]).

The different alkyl amines, 4-nitrophthalic acid, 1-octanol 2 4. |nstrumentation
(CsOH), decyltrimethylammonium bromide (DoTAB), do-
decyltrimethylammonium chloride (DTAC), sodium dode- The melting points were determined using a Mel-Temp
cyl sulfate (SDS), tetradecyltrimethylammonium bromide || The NMR spectra were recorded in deuterated chloro-
(TTAB), hexadecyltrimethyl ammonium bromide (CTAB),  form with a Bruker 200 MHz. The absorption and fluores-
Triton X-100 (TX100), pyrene an@-cyclodextrin BCD) cence spectra were, respectively, recorded with a Varian
are used as received either from Aldrich or Fluka. All the Cary 50Bio and a SLM Aminco 8100; the temperature of
solvents used are of spectroscopic grade, and water is ofihe samples was maintained at“Z3using water-jacketed

deionized quality. The dodecyl modified dextran (DMC12)  ce|| holders coupled with a thermocryostat Lauda RM6 bath
was synthesized in the LRP laboratory by an esterification gjrcylating.

reaction between dextran (M= 40,000) and lauroyl chlo-
ride in dimethylformamidg14].

3. Results and discussion
2.2. Synthesis

3.1. Properties in homogeneous media

AP derivatives were prepared in a two-step reaction

(Scheme L 4-Nitrophthalic acid is maintained overnight Measured absorption and emission wavelengths of the dif-
under reflux in acetic acid with an excess of the alkylamine ferent AP derivatives in acetonitrile are reportedlable 1
[15]. The mixture is poured onto water and the obtained The substituents have almost no influence on the spectro-
nitro derivative is collected by filtration. The reduction is scopic properties; only AP-tBut and AP-1Ada show lower
done with stannous chloride in hydrochloric a¢ib,17]. absorption and emission wavelengths. This is attributed to
The mixture is partly neutralized until the amino deriva- a bulky effect of the amino substituents, which reduce the

o) O
CO.H RNH, SnCly
. N—R ——>» N—R
O,N COH  CH,CO,H, reflux  O,N HCI, 50°C  H,N
[e) O

Scheme 1. Reaction scheme.
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Table 1
Physical characteristic of the studied AP derivatives
Substituent (name) Yield Melting point) RMN 220 (nm) Ao (nm) Piivo
CDCl3 CH3CN CHCN CHsCN
Methyl (AP-Me) 0.46 239-240 3.1 (s,3H); 4.3 (s,2H); 365 477 0.55
247 [17] 6.75 (dd,1H);
6.95 (d,1H); 7.5 (d,1H)
n-Propyl (AP-nPr) 0.67 126-127 0.85 (t,3H); 1.6 (m,2H); 366 475 0.56
120 [33] 3.55 (t,2H); 4.3 (s,2H);
6.75 (dd,1H);
6.95 (d,1H); 7.5 (d,1H)
Isobutyl (AP-isBut) 0.72 135-137 0.85 (d,2H); 2.05 (m,1H); 366 474 0.55
3.4 (d,2H); 4.3 (s,2H);
6.8 (dd,1H);
7.0 (d,1H); 7.5 (d,1H)
tert-Butyl (AP-tBut) 0.20 159-160 1.6 (s, 9H); 4.2 (s,2H); 362 467 0.52
6.75(dd,1H);
6.9 (d,1H); 7.45 (d,1H)
Cyclohexyl (AP-cHex) 0.76 190-191 1.25 (m,3H); 1.7 (m,5H); 365 475 0.55

2.1 (m,2H); 4.0 (m,1H);
4.3 (s,2H); 6.75 (dd,1H);
6.95 (d,1H); 7.45 (d,1H)

1-Adamantyl (AP-1Ada) 0.29 193-194 1.65 (m,6H); 2.05 (s,3H); 363 467 0.53
2.4 (d,6H); 4.2 (s,2H);
6.75(dd, 1H);
6.85 (d,1H); 7.45 (d,1H)

planarity of the diimide group. The fluorescence quantum may be quantified by determination of the dipole moment
yield is almost constant for the different derivatives in ace- variation between the ground state and the excited state using
tonitrile. It is comparable to the one of AP, for which values the Lippert—-Mataga equatidi 9,20}

between 0.5%3] and 0.6J1] have been reported in acetoni- 5 )
trile. An important Stokes shift (around 100 nmy is noticed, ,,_ .~ _ 2(pe — 11g) [ e-1 n°-1 } (1)
which is related to a large change in the charge distribution hcad 2¢+1 2n2+1

between the ground and the excited states. This indicates an . .
internal charge transfer excited state. where paps— Vviiuo) is the energy difference between the ab-

In the case of AP-tBut, we studied the effect of polarity sorptlgn and flurc])rescgnc((ja mZXImae(d— Ho) "j‘j.thel differ-
and hydrogen bonding interaction of the solvents on the er)c?h etovveent € ex_(t:lte da}n grgun state |pge|motﬁ1ents,
spectroscopic properties, and results are report@dlite 2 als the Unsager cavily radiusandn are, respeciively, the

Increase of the polarity of aprotic solvents (scaled by the _c:l_lell_ectrlc cmljnstafn; ggc'i&tfhe tLefrgctlve index .?f thg. SOIVent'
Reichardt constanEr(30) in Table 2 leads to a red shift ~ 2King avaiue of.s. orthe nsager cavity radius, as in

of the emission wavelengths, from 451 nm in 1,4-dioxane to Lhe case of ﬁH?l]Bthg gigolle n;]oment ve:criAagon caln roufgglg D
472 nm in acetonitrile. The effect is less important on the he e.;tlmate to be .Th : nht e case of »ava ufe 0 h
absorption maximum than on the emission maximum, which as been reportefd]. The charge transfer occurs from the

suggests an excited state more polar than the ground state"?‘lmIno grgup tq thehdnmlr(]je,har;d thert-butyl .grhoup f's morle
The change in charge distribution following the excitation electron donating than the hydrogen atom; therefore a lower
value for the dipole moment of AP-tBut than for AP is ex-

Table 2 pected. Almost no change of the fluorescence quantum yield
Spectroscopic properties of AP-tBut in different solvents with the polarity is observed in aprotic solvents (average of
0.56) as in the case of AP. In hydroxylated solvents, such

Solvent ET(30 2205 (nm Ao (nm @ .

TEOF e (M) Amax (M) Do as ethanol and water, an important red shffalle 3 of
1,4-Dioxane 36.0 359 451 0.60  the emission wavelength is noticed compared to polar and
Tetrahydrofuran —— 37.5 3635 455 055 aprotic solvents, for instance/!lu9 = 520nm in ethanol
Dichloromethane 40.7 353.5 462 0.62 dafluo — 479 . itril Ith h itril d
Acetone 43.0 364 463 0.52 andato = nm in acetonitrile, although acetonitrile an
Acetonitrile 45.6 362 472 0.52 ethanol have almost the same polarity. On the other hand,
Ethanol 51.9 375 520 0.36 the unexpected large Stokes shift observed in water (nearly
Water 63.1 369.5 569 0.035  200nm) is not attributed to the increase of the solvent po-

aReference34]. larity, but to the hydrogen bonding interaction between the
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Table 3
Spectroscopic properties of AP derivatives in water and in?M BCD solution and values of the association constants B4tBD

Compound  A255 H,0 (nm) 225 3.CD (nm) Alsosbestic () Afuo H,0 (nm) Afluo 3.CD (nm) ®p-cp/Phy0 K (M1

AP-Me 378 379 376 583 539 5.4 115
AP-nPr 378 378 379 583 535 6.9 480
AP-isBut 379 374 379 583 540 5.4 1400
AP-tBut 370 364 372 568 540 3.2 3100
AP-cHex 377 371 391 578 543 4.2 6200
AP-1Ada 365 540 19,000

carbonyl groups of the phthalimide (which act as hydrogen where [Probe], BCD]iee and [CD-P] are, respectively, the
bonding acceptor) and the hydroxylated solvents (which act concentrations of the fluorescence probe, the uncomplexed
as hydrogen bond donor). This interaction is also respon- BCD and the prob@CD complex, the association constants
sible of the decrease of the fluorescence quantum vyield. InK for the different compounds were determiné&a( (A.10)
water, @0 IS almost 20 times less than in the aprotic sol- in Annexe A) and the values are reportediable 3 As ex-
vents. Non-radiative deactivation of the excited state through pected, increase of the bulky character and of the hydropho-
hydrogen bonding3] has been suggested to explain this bicity of the alkyl groups leads to a stronger interaction be-

specific behaviour in protic solvents. tween the probe and the cavity; there is more than a factor of
50 between the association constants of AP-Me (11%)M
3.2. Complexation wittB-cyclodextrin and AP-cHex (6200 M). Such an increase of the associ-

ation constant was reported in the literature for a series of

AP and AP derivatives are sensitive to the solvent polar- alkyl alcohols[21]. We suggest that the part of the molecule
ity; therefore, the change of the spectroscopic properties canlying inside the cavity is the one carrying the alkyl group,
be used to follow encapsulation into cyclodextrin cavities which is the most hydrophobic part. In the case of AP, Sou-
where the interior's polarity is lower than the exterior's one. janya et al[10] have proposed that the amino group with
Complexation of AP witl3CD has been studig@,10] but the phenyl ring lies inside the cavity, and that the imido part
a low association constar€,= 208 M1, was reported. In- stays outside. Our results show the reverse, but increasing
troducing a hydrophobic substituent on the molecule should the hydrophobicity of the imido part may changes the way
favour the complexation and should lead to higher associa-the molecule lies inside the cavity. The 1-adamantyl group is
tion constants. known to well fit theBCD cavity. Even if AP-1Ada is unfor-

Addition of various amounts g8CD in aqueous solution  tunately insoluble in water, it can be solubilized in presence
of the studied AP derivatives leads to a weak modification of BCD. Following the increase of its absorption, or of its
of the absorption; but, each series of spectra shows isos-fluorescence, in function gCD concentration allows the
bestic points, which indicate formation of a 1:1 complex. determination of the association constant. A value around
The positions of the absorption maxima and of the isosbestic 19,000 M™® is evaluated; this is the highest association
point located at long wavelength in water and in~im constant of the studied compounds, and this again reflects
BCD solution are given iMable 3 Contrary to the absorp-  the entry of the bulky alkyl substituent in tfBCD cage.
tion, changes of the fluorescence properties in presence of
BCD are marked. A blue shift of the fluorescence spectrum

(around 30-50nm) is observed with the increasg8GD 10
concentration in the aqueous solution. Fluorescence max- = 20k I 08
ima in water and in 10° M BCD solution are also given in = 06
Table 3 Fig. 1 shows the fluorescence spectra of AP-tBut 2 151 0.4
recorded at differefBCD concentrations. The fluorescence g 02
quantum yields in 162 M BCD are higher by a factor of 2 1ok AL N ——
three to seven than in water for the different derivatives. This Z 2 pleoim
clearly indicates that AP derivatives form inclusion com- é 05
plexes withBCD; in the complex, the probe is in a surround- -
ing that is poor in water molecules, and this causes both the 0.0 / | | | |
blue shift of the fluorescence and the increase of its intensity. ‘ 500 600 700 800 900
From the variation of the fluorescence intensity in func- wavelength /nm
tion of BCD concentration (Insert iRig. 1) and on the basis
of the usual equations for a 1:1 complex: Fig. 1. Change on t_he AP-tBut emission sp(_actrum_ on additiopGiD in
water. Insert: variation of the fluorescence intensity measured at 500 nm
Probe+ BCD = CD-P, [CD'P] ( ) in function of BCD concentration; the solid line represents the fit of

experimental datax) using equation A.10.

" [Probe]BCDfree
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3.3. Association constants of non-fluorescent guests with plex, [CD-1], is usually noted as the bondgatyclodextrin,
B-cyclodextrin [BCD]pong- Then, the association constaft of the com-
petitor with BCD is obtained from the slope of the plot
Indirect spectroscopic methods can be used to determinelBCD]hond[BCDlfree in function of [Comp] — [CD]pond
the association constant of a guest (also called competi-(Eq. (B.5)in Annexe B).Fig. 3 shows the plots obtained
tor), which does not have a chromophore, such as alkyl al- for several competitors using AP-tBut as a probe. A straight
cohols, alkyltrimethylammonium and alkylsulphate ions. In line crossing the (0,0) point is obtained for guests with an
this case, one uses a probe that bears a chromophore and aglkyl chain containing less than 12 carbon atoms, and the
sociates wittBCD; by competition between the association Ki values are listed imable 4 they vary between 1.%
of the probe and the guest, one determines the associatiod0°M~1 and 1.4x 10*M~1 for CgOH to DTAC using
constant of the competitor. Most of the used probe are dyesAP-tBut as a probe. There is a relatively good agreement
and exhibit either a positive (ASR3]) or a negative (ANS  with the literature data also reported Table 4 referring
[12]) charge; a charged probe cannot be used with a com-only to fluorimetric determinations (data from other meth-
petitor having the opposite charge due to electrostatic attrac-0ds are available in the cited references). For compounds
tion, which will disturb the measurements. In this work, the with an alkyl chain containing more than 12 carbon atoms,
studied probes are neutral, so they can be used whatever théhe amount of bondeflCD to the competitor is higher than
nature of the guest is. the competitor concentration at the low competitor concen-
In this type of experiment, one usually works at fixed tration: the difference [Comp} — [CD]pond is negative as
concentrations opCD (around 1K) and of the fluorescent ~ shown in the case of TTAB ifrig. 3. This indicates forma-
probe (in this study, between2 10-°M and 5x 10~°M). tion of complexes with different stoichiometries than the
Adding the competitor leads to a decrease of the fluores-presumed 1:1, usually 1:2, but 1:3 and 2:2 have also been
cence intensity of the probe. This decrease is due to complexproposed12].

formation between the competitor ap€D, which results On the basis of th&gs. (2) and (3and the following one
in a depletion of the fre@CD concentration, and therefore for a 1:2 complex between the competitor and Bi@&D:

in the dissociation of the fluorescent proB&D complex. [CD-2]

Fig. 2 shows the variation of AP-tBut fluorescence inten- CD-1+BCD = CD-2 Ky = —————"—— (4)

sity in function of the concentration of different competi- [CD-1I[BCD]ree
tors. From the fluorescence intensity measurements, and orwhere [CD-2] is the concentration competiR@D complex
the basis of both th&qg. (2)and the following one fora 1:1  with a 1:2 stoichiometry (Annexe C), tH&, andK, asso-

complex between the competitor apE@D: ciation constants can be obtained by nonlinear least-squares
[CD-1] regression analysis of the plot of the total competitor con-
Comp+BCD=CD-1;, Ki= ComolBCDI (3) centration, [Compy:, versus [CDgee (EQ. (C.10)in Annexe
[Comp][BCD]free C). Fig. 4 shows the case of TTAB and the obtairt€dand
where [Comp], BCDJee and [CD-1] are, respectively, the K2 values for the different competitors with three different
concentrations of the competitor, the uncomplexg@D probes are listed iffable 4
and the competitofCD complex, BCD]iee and [CD-1] Before further comments on theg and K, data, we

can be obtained at each competitor concentration (seewould like to point out that the choice of the probe is
Annexe B). The concentration of the competigeD com-

20F
10 E 15
E ‘.0 . (é)_
g 08~ 6 * e ‘;'o
2 ax * . § 10
Foe ¥x ° ‘. )
° ’n o . . (é)_
= ] E o o . —_—
5
204 M B o
‘GC_)‘ Ah -] B x x o y
£ 0.2+ 0 | | | 5
0.0 0.5 1.0 1.5  2.0x10
0.0k . ' . ' L [Compliet- [BCDlsong /M
00 05 10 15 20 25x10

[Comp]i/M Fig. 3. Variation of the ratio fCDloond[BCDliree in function of the
difference ([Comp}: — [BCDlhong) at 5 x 10*M BCD concentration
Fig. 2. Variation of AP-tBut fluorescence intensity measured at 500 nm and with AP-tBut as a probe forgOH (@), DoTABr (O), DTAC (x),
in function of the competitor concentratio®j CgOH; (O) DoTAB; (x) TTAB (H); the solid lines represent the fits of experimental data using
DTAC; (LJ) SDS; @) TTAB; (A) CTAB. equation B5.
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Table 4
K1 andK; values of the studied surfactants determined in the different experimental conditions
Probe B-CD] (M) CgOH DoTAB SDS DTAC TTAB CTAB
AP-isBut 1073 K1 1920 5100 13,200 59,000 b_
K2 b 230 550 780 1200
AP-tBut 5 x 104 Kq2 1750 4500 18,600 14,500 b_ b
K1 1750 4500 17,800 14,500 47,000 117,000
Ko b 165 640 310 1100 590
AP-cHex 2x 1074 K1 4900 15,000 43,000 87,000
K b 620 1500 1700
Literature K1 163C¢ 377C¢ 25,600 22,106 44,006 59,806
K <16° 69-200¢ 52 118 390

aDetermined from plots such as thoseFaf). 3 otherwiseK; and K, are determined from plots as thoseFRif. 4.

bNo reliable data, see text.
¢ Referenceg13].
d Referencd12].

indeed crucial for this competition method. Since one usu-
ally works with aBCD concentration around K/ then the

BCD concentration will depend on the chosen probe and

will be as high a¥ is weak. On the other hand, for the same
competitor, experiments done with a higi€&€D concentra-
tion in the solution will favour formation of complexes with
stoichiometry higher than 1:1, and mainly at low competitor
concentrations. This is shown kig. 5where BCD]pong is
higher than [DTAC] at the low DTAC concentrations and es-
pecially for [BCD] = 1 x 10~3M with AP-isBut as probe.
Complexes with stoichiometries higher than 1:1 are formed,
and the experimental conditions are favourable Kgrde-
termination (AP-isBut as probe anfi¢D] = 1 x 10~3M).

At the reverse, working with a lowgBCD concentration
(AP-cHex as probe an®3D] = 2 x 10-*M) is suitable
for Ky determination. To get reliabke; andK» data, it could

be necessary to do experiments with different probes.

In the case of @OH, no reliable value can be obtained
for K2 even by using the general equation C.10. The alkyl
chain is not long enough to give 1:2 complexes. An aver-
age value of 1836 100 M1 is deduced foK; from the

o))
o
=)
X
a
o
I

500 -
400 [~
300 -
200 -

100 —

x |

6
500x10

OH ] ] I |
0 100 200 300

[BCD]f ree ™

Fig. 4. Plot of TTAB concentration vs. [CRde at 5 x 104M BCD
concentration and with AP-tBut as probe; the solid line represents the fit
of experimental datax) using equation C.10.

measurements with two different probes. These results are
in good agreement with the literature data.

In the case of DoTABr, SDS and DTAB, averal§e val-
ues of 4800+ 300M~1, 18,200+ 400M~! and 14,200
+ 800M~1 are obtained from the experiments done with
the three different probes. They are in the same range as
the reported ones; this is not the case for data obtained for
K2, which are higher by almost one order of magnitude.
One of the reasons may be due to our more accurate deter-
minations. We always took into account the concentration
of the probeBCD complex, [CD-P], to calculate [Cidng;
this is not done in the cited papers and this could induce
errors, sinceKy is determined mainly by the experimental
data at low competitor concentration when [CD-P] is not
neglected.

In the case of TTAB, thd; value is much higher with
AP-isBut as probe than with the two others. This is due to
the lack of accuracy on these data; the experimental condi-
tions are not optimized for such a determination and the sit-
uation is reverse foK, (see before). We reasonably suggest
average data of 45,008 2000 M1 for K; using AP-tBut

-3
1.0x10" F
. .
s 4
0.8 s
2
£ 06
a
Q o 0 0 000
S 04 °
02 *%xx XX
0.0 ] ] ] ] R
1.0 15 2.5x10°
[DTAC] /M

Fig. 5. Plot of BCD]pond VS. [DTAC] in the case of AP-isBut@®) with
[BCD] = 1 x 10-3M, AP-tBut (O) with [BCD] = 5 x 10~4M, AP-cHex
(x) with [BCD] = 2 x 1074 M.
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Table 5
Spectroscopic properties and equilibrium constants of AP-tBut in different surfactants, and values of the surfactants cmc
Surfactant Concentration (M) Ao (nm) @surfactantdeau cmc (M) Keq (M71)
Measured Literature
DTAC 0.10 536 43 0.020 0.020 14,000
SDS 0.07 537 4.3 0.0075 0.0080 29,000
CTAB 0.08 528 6.2 0.0008 0.00092 38,000
TX100 0.13 523 7.1 0.00026 0.00026 59,000
aReferencq35].
b Referencg23].

and AP-cHex as probes, and 950150 M~ for K3 using
AP-isBut and AP-tBut as probes.
The case of CTAB is even trickier. With AP-isBut,ka

formation of SDS, CTAB, and TX100. Its binding constants
to the micelles were reported, they are of the same order of
magnitude, 3400-5600M, for these different surfactants.
value around 135& 150 M1 is obtained withK; varying By quenching studies, it has also been deduced that AP is
between 1.1x 10-°M and 4x 10° M~1; this shows that if ~ localized at the micelle—water interface. AP derivatives with
K2 can be determined using AP-isBut as probe, no reliable long fatty acids were also used as profe§]. Due to their
K, data can be deduced. On the other hand kthand K> properties similar to those of AP, our AP derivatives can
values obtained with the two other probes differ largely; one also be used to study micelle formation. We report here the
reason is the formation of complexes with stoichiometries results obtained with AP-tBut.
other than 1:1 and 1:2 as suggested by Park and Bdjg In aqueous solutions of surfactants at concentration larger
In this case, it is almost impossible to get relialle and than cmc, AP-tBut shows a blue shift (29-45 nm) of its flu-
K> data if there are more than two stoichiometries for the orescence maximum compared to the value of 569 nm in
complexes. Even if other equilibrium equations were added water. The localization of the probe in a less polar surround-
to fit the experimental results, this would lead to more un- ing is responsible for the fluorescence blue shift and for the
known parameters and loss of reliability. One should notice intensity increaseTable 5reports fluorescence maxima at
thatK, data for CTAB is close to T0M~1, a value slightly specified surfactant concentrations, with the ratio of fluores-
higher than those previously reported. cence quantum yields in surfactant and in water solutions.
The fluorescence intensity is almost constant at low surfac-
tant concentrations (probe in water solution) and suddenly
increases when the micelles are formed (probe inside the
Aggregation of surfactant molecules into micelles can be micelles). This sharp variation of the fluorescence intensity
followed by fluorescence using a probe that responds differ- With the surfactant concentration allows the determination
ently to solvents’ polarity. It has been reported that AP shows of the cmc valueFig. 6areports the case of SDS, and the
a sharp change of its spectroscopic properties around thevalues obtained for the different surfactants are reported in

3.4. Behaviour in micellar environment

critical micellar concentratiof#]. An important blue shift is

Table 5 A good agreement is noticed between our results and
observed and the fluorescence intensity strongly increasesthe literature data; this confirms the potentiality of AP-tBut
As AP is a neutral probe, it has been used to study micellesas a fluorescent probe to follow micelle formation.
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Fig. 6. (a) Variation of AP-tBut fluorescence intensity measured at 500 nm in function of SDS concentration.

intensity (x) measured at 500 nm and of thgl ratio of pyrene @) in function of DMC12 concentration.

(b) Variation of AP-tBut fluorescence
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An estimation of the equilibrium constantseq, for the obtained. There is a fairly good agreement between the cac
association of AP-tBut with the surfactants micelle was done values determined with the two different probes. However,

using the method suggested by Almgiea]: the sharper transition zone obtained with AP-tBut makes it
I —Io a better probe for cac determination. Moreover, AP-tBut,
T I =14 (KeqM] ) (5) compared to pyrene, presents the advantage to be easily sol-

ubilized in water solution and samples do not need to be
wherel ., lg andl are, respectively, the relative fluorescence equilibrated for days.
intensities when all the probe molecules are inside the mi-
celles, in the water or both inside the micelles and in water,
[M] is the micelle concentration and is equal to ([su] 4. Conclusion
cmc)N, where [surf] andN are, respectively, the surfactant
concentration and the aggregation number of the micelle (we In this work, we have shown that substitution of the AP
usedN values of 60, 62, 60 and 143, respectively, for DTAC, nitrogen by different alkyl substituents does not modify
SDS, CTAB and TX10(Q23]). The obtained values are re- the ICT nature of the excited state but strongly increases
ported inTable 5 they vary between 1.4 10*M~' and 5.9 the hydrophobicity of the compounds. Therefore, these AP
x 10*M~1. These data are almost one order of magnitude derivatives are promising new fluorescent probes. They
higher than those obtained for A®]. This difference is at-  form 1:1 complexes witls-cyclodextrin, with values of the
tributed to the higher hydrophobicity of AP-tBut compared association constants covering two orders of magnitude.
to AP; this hydrophobicity of AP-tBut is a determining fac- The neutral character of these probes allows determin-
tor, since it is responsible of the high equilibrium constants ing the association constants of 1:1 and 1:2 complexes
with surfactants and of the high association constant with formed between cationic, anionic or neutral surfactants and
BCD. B-cyclodextrin. It also appears that the choice of the fluo-
Hydrophobically modified polymers usually form hy- rescence probe is a determining factor to get reliable data
drophobic microdomains when their concentration in- in the competition method. Nevertheless, the method is not
creases. Formation of these microdomains can be observedpplicable if complexes with more than two stoichiome-
using fluorescent compounds, which have spectroscopictries are formed, which is the case of surfactants with an
properties depending on the medium. One of these is pyrene alkyl chain containing more than 16 carbon atoms. We have
which shows variation of the ratio of the first and third also demonstrated that 4-amihbtert-butylphthalimide is

emission bandd;/I3, depending on its surroundifg4,25] a good sensor of microenvironments and that critical mi-
Pyrene properties have been largely used to determine cmcellar concentration of surfactants and critical aggregation
and aggregation number of surfactaf®6] and of hy- concentration of hydrophobically modified polymers are

drophobically modified polymer27]. Some water-soluble  easily obtained with this sensor.
dyes, which also respond to the formation of hydrophobic
microdomains, have been propod428,29] .
The spectroscopic properties of AP-tBut allow the detec- Appendix A
tion of hydrophobic microdomains formation. The dextran
polymer used in this study owns dodecyl groups (substi- Fora1:1 complex formation between the probe RG®,
tution degree around 4%); these hydrophobic groups leadone can write in addition t&q. (2}

to the formation of polymeric micellesig. 6breports the [Probeo; = [Probe]+ [CD-P] (A1)
fluorescence intensity variation of AP-tBut in function of
DMC12 concentration. A strong variation of the intensity is [BCD]tot = [BCDlfree + [CD-P] (A2)

observed at about 1 g/L; this concentration is defined as the\ynere [Probe}; and BCDJit are, respectively, the total
critical aggregation concentration corresponding to the on- cqncentration of probe an@iCD. In absence oBCD, the
set of microdomains formatiof28]. At this concentration, jnitial fluorescence intensity, is proportional to [Probel;
the_fluorescence probe is mclud_ed in the hydrophobic dp— and in presence of a large exces3@D, the fluorescence
mains. By comparison, an experiment has been done usingntensity reaches the limiting valug, where all the probe
the ratiol1/I3 of pyrene solutions. At low polymer concen-  molecules are complexed. #prope and Pep-p are, respec-

trations, the pyrene is located in water as khiés ratio has  tjyely, the fluorescence quantum yield of the probe and of
the same value as in water, around 1.9. With the increase ofipe 1:1 complex, one can write:

the polymer concentratioiy/l3 stays constant until 0.01 g/L
and then decreases over more than two decades of concenl® Pprobd Probelot (A-3)
tration. The transition zone is much broader than the one j_, « ®cp-p[Probel (A.4)
observed with surfactants, as it is usually observed with am-
phiphilic copolymers. The cac value is taken at the crossing
point between the tangential at the inflexion point and the
tangential at the end of the curf@9]; avalue around 1 g/Lis I o @propdProbe]+ @cp-p[CD-P] (A.5)

After eachBCD addition, the measured fluorescence inten-
sity | is proportional to:
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Using the different equations leads to:

I —1

[CD-P] = ﬁ [Probd (A.6)
I —

[PrObe]Z ﬁ [PrOthot . (A?)

If one may consider [CQ}; » [CD-P], the usual Benesi—
Hildebrandt equation is obtaingd1]:

I1—1p _
[BCD}ot

If K> 1000 M1, this approximation is not valuable and one
gets:

K(Iw — o) — K(I — Io) (A.8)

[CD-PJ? — [CD-P]([Probelot 4 [BCDltot + 1/K)

+ [Probejo[ BCDJiot = 0 (A.9)
from which one derives the following relatidB82]:
1= o+ 59 (1probels + [BCDIor +
-~ ((arobek + [CDber + )
—4[Probejot + [BCD]tot>0'5> (A.10)

K is obtained by a nonlinear least-squares analysis of the

plots, fluorescence intensity versy®CD concentration,

keepingl. as a floating parameter; an example of such a

fit is given in the insert ofig. 1

Appendix B

When a competitor is added to a solution of probe and [BCDlbona= [BCDJtot —

BCD, one can write in addition t&gs. (2) and (3)

[BCDlot = [BCDlree + [CD-P] + [CD-1] (B.1)

[Complot = [Comp]+ [CD-1] (B.2)

where [Compy is the total concentration of competitor.
FromEgs. (3), (A.6) and (A.7)[CD]see is expressed in
function of the fluorescence intensities:
[CD-A (-1
K[Prob§ K(I — 1)

[BCD]free = (B-3)

[CD-1], noted as BCD]pong, is also expressed in function
of the fluorescence intensities

[BCD]bond: [BCD]tot - [BCD]free - [CD'P]

_ (I — Io)
- [BCD]tOt - m
I -1
- (iw—_(;()))[Probe}ot (B.4)
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Then one gets:

[CD-1 _ [BCD]pong _ K1[Comp]

[BCD]free - [BCD]free
= K1([Complot — [BCD]bond

In most reported studies, [CD-P] is neglectedn (B.4)
However, if K > 1000 M1, [CD-P] cannot be neglected,
especially at low concentration of competitor. In this work,
[BCDlhong has always been calculated using equation
B.4. Plot of the ratio fCD]pond[BCDliree in function of
([Complot — [BCD]wond) leads toK; obtained as the slope
of the straight line (se€ig. 2.

(B.5)

Appendix C

If the competitor gives witfBCD a mixture of 1:1 (CD-1)
and 1:2 (CD-2) complexes, one can write in addition to

Egs. (2)-(4)

[BCDltot = [BCDlfree + [CD-P] + [CD-1] + 2[CD-2]

(C.1)
[Complet = [Comp]+ [CD-1] 4 [CD-2] (C.2)
Then
[Comp}ot = [Comp] + K1[Comp][BCD]tree
+ K2(K1[Comp][BCD]free)[BCDlsree (C.3)

[Complot = [COMP](L + K1[BCDlree + K1K2[BCDI20)
(C.49)

[BCD]free - [CD'P]

=[CD-1] + 2[CD-2] (C.5)

[BCDlbond = [COMP](K1[BCDlfree + 2K1 K2[BCDIZce)
(C.6)

One obtains:

1+ K1[BCDlgree + K1K2[BCDJZ,
K1[BCDlfree + 2K1K2[BCD]f2ree
(C.7)

[Comp]tot = [BCD]bonu

[Comp]tot = ([BCD]tot - [BCD]free - [CD'P])
1+ K1[BCDlfree + KlKZ[BCD]eree

5 (C.8)
K1[BCDlfree + 2K1K2[BCDf e

Expressing [CD-P] in function ofyCD]sec leads to a re-
lation where [Comp}: depends only onCD]fee, Which
is obtained from the variation of fluorescence intensity; ex-
ample of such fit is given ifrig. 4.
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[CD-P]= K([Probe]ot — [CD-P)[BCDliree [13] J.W. Park, K.H. Park, J. Inclusion Phenom. Mol. Recognit. Chem.
KIProbel«[BCD 17 (1994) 277-290.
_K JoBCDliree (C.9)  [14] C. Amiel, C. David, E. Renard, B. Sebille, Polym. Prepr. 40 (1999)
1+ K[BCDlfree 207.
[15] L.R. Caswell, M. Guevara, L.D. Corley, A.V. Martinez, T. Hollis,
K. Largess, D.L. Thornley, Synthesis (1992) 823.
[Complot = ([CD]iot—[BCD] _ K{Probejo{ BCDlfree [16] L.F. Levy, H. Stephen, J. Chem. Soc. (1931) 79-82.
Plot tot free 1 .
+ K[BCDlfree [17] W. Flitsch, Chem. Ber. 94 (1961) 2494-2501.
2 [18] W.H. Melhuish, J. Phys. Chem. 65 (1961) 229.
1+ K1[BCDltree + K1K2[BCDlfec [19] E. Lippert, Z. Naturforsch. 10a (1955) 541-545.
K1[BCDlfree + 2K1K2[BCD]f2ree [20] N. Mataga, Y. Kaify, M. Koizumi, Bull. Chem. Soc. Jap. 28 (1955)
690-691.

(C.10) [21] Y. Matsui, K. Mochida, Bull. Chem. Soc. Jap. 52 (1979) 2808.

[22] M. Almgren, F. Griesser, J.K. Thomas, J. Am. Chem. Soc. 101
(1979) 279-291.
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