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GENERAL INTRODUCTION

The fluorescent probe, 2-p-toluidinylnaphthalene-6-
sulfonate (TNS) and related compounds have been extensively
used to monitor the conformational changes of proteins and 

1—4biomembranes . This spectroscopic technique which provides 
information on the higher order structures of macromolecules 
is primarily based upon the finding that fluorescent proper­
ties of the Frank-Condon excited state of these compounds

. . . 2are sensitive to the solvent polarity . In general, the
emission maximum of TNS becomes blue shifting with increasing 
quantum yield in lower polarity solvents. By measuring 
solvent polarity dependent changes in the emission spectrum 
as well as other fluorescent properties, including excited 
state lifetime, it is possible to probe the hydrophobic 
region of macromolecules. The method is sensitive and it 
can provide valuable information which can not be easily 
obtained by other methods.

The original purpose of this research work is to use TNS 
to investigate the hydrophobic characteristics of collagen, 
The vertebrate collagen molecule has a molecular weight in 
the vicinty of 300,000 and exists in solution as a rodlike, 
triplet-helical particle approximately 2800$ in length and 
15$ in diameter. It consists of three polypeptide chains 
( °< chains) which may be covalently cross-linked to an extent 
which depends upon the origin and age of the collagen. A 
repeating tripeptide sequence, -Gly-X-Pro-, -Gly-Pro-X- and

1



-Gly-X-Hyp-, is frequently occurring in the primary structure 
cx chains. Part I of this thesis indicates the results of 
using TNS to study the hydrophobic characteristics of the 
triple-—helical structure of collagen molecule.

One conclusion of this investigation was the binding 
force for the interaction of collagen molecule with TNS was 
mainly hydrophobic in nature. This result was not quite in 
agreement with Beyer et al•s suggestion that charge neu­
tralization was required for the binding of TNS with some

5 . . . .antibiotic peptides . Since TNS is an amphiphilic compound,
carrying a negatively charged sulfonate group and an aromatic 
ring system of toluidinylnaphthalene in the molecule, the 
question arises as to the relative importance of the two 
binding forces. To test the critical question, whether TNS 
could bind with negatively charged molecules only by the 
hydrophobic interaction regardless of possible charge repul­
sion, sodium dedecyl sulfate (SDS) was found to be a good 
model. SDS forms micelles at the concentration greater than 
the critical micelle concentration (cmc). The formation of 
the SDS micelle is caused by the hydrophobic interaction 
which is strong enough to compensate for the charge repulsion 
between SDS monomers. Part II of this thesis shows the 
results of the interaction of TNS with SDS micelle in aqueous 
solution of various ionic strengths. The result strongly 
suggests that the toluidinylnaphthalene group of TNS is a 
hydrophobic bonding contributor. Since hydrophobic bond, 
like the ionic interaction, is a nonspecific force, the



result implies that the bonding between TNS with proteins, 
may only involve hydrophobic interaction.

To further investigate the nature of both the sulfonate 
group and aromatic rings of TNS is bonding, the interaction 
of TNS and alkyltrimethylammonium halide (ATAH) with various 
alkyl chain length was examined by using the salt effect.
The results of part III of this thesis show that, although 
ionic interaction seen in the interaction of ATAH monomer- 
TNS complex, there is a hydrophobic interaction between the 
alkyl group of ATAH with the aromatic rings of TNS. Many 
interesting and exciting results have been obtained in this 
study.

The results of Part I provided the stimulus for the 
experiments in Part II and III. The results of these three 
parts are united as a whole to establish that the aromatic 
rings of TNS is a hydrophobic bonding contributor in binding 
with other molecules. The significance of these results 
is that hydrophobic fluorescent probes such as TNS may bind 
with the hydrophobic area of a macromolecule without charge 
neutralization.

I was so deeply attracted by this fundamental molecular 
force problem that I felt tireless in the pursuit of this 
research. Science is a combination of philosophy, challenge 
and enjoyment. I can feel some kind of harmonic beauty in 
this universe from the scientific research presented here.

3
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Abstract

Three kinds of fluorescence enhancement result from 
the interaction of 2-p-toluidinylnaphtha1ene-6-sulfonate 
and calf-skin collagen. They are negatively cooperative, 
independent, and highly cooperative fluorescence enhancement. 
In the independent region at pH 3.7, the binding number is
about 36 moles of 2-p-toluidinylnaphtha1ene-6-sulfonate per

4mole of tropocollagen with a binding constant of 2.Ox 10 
with -a G = -5.7 kcal/mole, and * S = 6 e.u. The pH 

dependence of fluorescence of native collagen shows that the 
deprotonated forms of the and carboxyl groups of aspar­
tic and glutamic acid decrease the intensity, possibly by 
charge repulsion of the negatively charged sulfonate group 
of 2-p-toluidinylnaphthalene-6-sulfonate. The positive 
charge of lysine is found to be unimportment in the inter­
action of 2-p-toluidinylnaphthalene-6-sulfonate with collagen. 
Fluorescence enhancement is caused mainly by the hvdrophobic 
interaction of 2-p-toluidinylnaphthalene-6-sulfonate and 
collagen. Salt bridge formation between basic and acidic 
side chains in very low salt concentration may be detectable 
by 2-p-toluidinylnaphthalene-6-sulfonate fluorescence.

Introduction

The fluorescent probe 2-p-toluidinylnaphthalene-6- 
sulfonate (TNS) and its related substituted derivatives have 
been extensively used to study the conformational changes



1-3 . 3-5of proteins and biomembranes . The compounds are
practically nonfluorescent in water but become highly
fluorescent, with blue shifts in the emission spectra, both
in organic solvent and when bound to certain proteins. The
method is sensitive, and it provides valuable information
concerning the hydrophobic and hydrodynamic properties of
proteins.

Although fluorescent probes, which are noncolvently 
bound to proteins, have been applied to studies of conforma­
tion changes of proteins, the exact binding environment is 
still obscure. Hydrophobic interaction was found to be a 
major contribution to the binding energy, when l-anilino-8-
naphthalene sulfonate (ANS) bound to apomyoglobin and to

6 7apohemoglobin . Recently, Beyer et al. , revealed that
although the hydrophobic environment of the tyrocidine
peptides was essential for enhancing the fluorescence of
TNS, charge neutralization between the sulfonate group of
TNS and a basic group on the peptide was also reguired for

8 9binding. Other studies have shown that only the p -sheet ’ 
of the uncharged form of polylysine resulted in TNS fluores­
cence. Nevertheless, the energy-dependent ANS fluorescence 
changes in submitochondrial particles have been attibuted 
to the pK of charged groups, such as carboxylate anion, at 
a polar-nonpolar interface inside the membrane1^; and, the
electrostatic repulsion between ANS and phospholipid appears

11to be important for ANS binding
12,13Collagen and some related peptides, as rodlike polymers ,

7



have not been investigated with respect to their hydrophobic 
characteristics. The collagen molecule provides a good model 
for studying the binding requirements of TNS to protein since 
the amino acid residue side chains are regularly exposed out­
side of the rigid triple helix peptide backbone. In this 
study, we examine the TNS-collagen binding parameters, ulti­
mately to correlate them with the amino acid sequence of calf-

14-20skin collagen which has been recently determined

Experimental Section

The potassium salt of TNS was purchased from Sigma Chemical
Co. (lot no. 80c-5l30). It was homogeneous, as shown using

7silica gel thin layer chromatography . The salt was stored 
in the dark at 4°C.

The (Pro-Ala-Gly)n (Mr - 12,400) and (Pro-Ser-Gly)n (Mr 
- 18,000) were the gift of Prof. E.R. Blout, Harvard Medical 
School. Poly (L-glutamic acid), with M 50,000 - 80,000, was 
the product of Schwarz/Mann (lot no. Y3117).

The acid-soluble calf-skin collagen was the product of 
Sigma Chemical Co. (lot no. 43C-8212). The collagen was dis­
solved in 0.01N acetic acid (pH 3.7) or diluted HC1 (pH 3.7) 
with stirring for 1 day at 4°C. The solution was centrifugated
at 0°C for 1 hr at 40,000 *g to remove undissolved proteins.

21Using the disc electrophoresis method of Nagai et al. , the 
supernatant was homogeneous. That is, only two bands corres­
ponding to the and /? forms were observed. The collagen

22concentration was determined using the microbiuret reaction

8



It followed Beer's law to the maximum collagen concentration 

of 1.7 mg/ml.
Fluorescence measurements were done on a Perkin-Elmer

Fluorescence Spectrophotometer MPF-2A with both excitation
and emission band widths being set at 4 nm. The temperature
of the sample was maintained at 15°C. Because the absorption
band maximum changed from 350 nm to 383 nm at increasing TNS
concentrat ions and at constant collagen concentrat ion, the
emission spectra were obtained by exiting at the largest
absorption maximum. The excitation spectra were measured at
the emission wavelength 440 nm.

The binding constant for collagen with TNS at the Hill
coefficient C = 1 region was calculated from the following 

23equation :
Collagen _ 1 , 1_________ 1____

xD ~ n nK (1 - x)D
where x is the fraction of the TNS bound, n is the number 
of binding sites, D is the total TNS concentration, and K 
is the statistical association constant. For each TNS con­
centration, x was calculated from the relation:

x _ (Tobs - ITNS)
(Imax - XTNS)

where Io^gis the observed fluorescence intensity of the 
sample; imaxis the fluorescence intensity at infinite collagen 
concentration obtained by plotting vs • 1/ t collagen 3 .

*TNS t îe fluorescence intensity of TNS in free solution.
The enthalpy for the binding between TNS and collagen

9



was calculated according to the following equations

AH  = -R d In K^/d (-—  ) = -R d In IT/d ( )

where KT is the association constant at temperature T; 1^ is 
the relative fluorescence intensity at temperature T. The 
equation was derived with the assumption that KT = cx iT ; ex. 
is a constant which is valid if the quantum yield of fluores­
cence is constant. We assume this to be the case since the 
emission wavelength of maximum intensities and band widths 
of emission spectra did not change when the temperature was 
increased from 6° to 26°C. The circular dichroism spectrum 
of the collagen solution also does not change in this tem­
perature range, suggesting that the number of binding sites 
remain essentially constant.

The succinylation of collagen was done by the method of 
24Klapper and Klotz . Succinic anhydride (0.3 g) was added in 

small increments to 10 cc of collagen (concn 0.85 mg/ml).
The pH of the solution was maintained beti\reen 8-10 by adding 
IN NaOH. The solution was stirred at 0°C for 1 hr. The 
reaction conditions were the same for the control sample of 
collagen except that 0.3 g of sodium succinate solution at 
pH 8 instead of succinic anhydride was added to collagen. 
After the reaction, the succinylated collagen and the control 
were subjected to exhaustive dialysis against distilled water 
at 4°C.

The circular dichroism was measured on a Durrum-Jasco 
spectro-Polarimeter Model J-20.

10



The sample of TNS-treated collagen for study in the elec­
tron microscope was prepared as follows: the TNS-collagen
solution (1.1x10”^M collagen in 0.01M acetic acid with 

-42.7*10 M TNS) was centrifugated after glutaraldehyde fixation 
The pellet was post-fixed with Palade’s fluid and aqueous 
uranyl acetate. After dehydration, the pellet was embedded 
in Maraglas and was stored at 37°C for 1 week before sectioning 
The sect ion was stained in aqueous lead citrate solution for 
5 min. and was observed under a Zeiss EM 95-2 electron micro­
scope. The native collagen (1.1x 10~5M in 0.01 M acetic acid) 
was also studied with the same procedure.

Results

Fluorescence of the Interaction between TNS and Collagen.

The fluorescence and the viscosity changes of TNS at con­
stant collagen concentration is shown in Fig. la. The fluo­
rescence intensity changes seem heterogeneous. Although the
viscosity increased at TNS concentrations greater than

-4 .1.75 x 10 M, the fluorescence intensity increase was not due
to the increase of viscosity since the quantum yield did not
change significantly as the TNS concentration increased.
There is, however, a slight viscosity-induced fluorescence
enhancement. As measured, using TNS-sucrose solutions with
viscosities equivalent to those of TNS-collagen solutions,
the viscosity contribution to fluorescence enhancement never
exceeded 10% of the total enhancement. The effect of TNS on

11



Fig. 1. (a) Fluorescence ( *-*-« ) and viscosity ( )
change as a function of t̂ TNSj . Collagen concen­
tration is 1.1x 10-6M in 0-01 acetic acid, pH 3.7. 
Fluorescence was measured at 15°C.
(b) Hill plot of Fig. la Imax is 800.
(c) Wavelengths of maximum excitation and emission 
of Fig. la.
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collagen fiber formation can be seen by comparing the elec­
tron micrograph of collagen without and with TNS (Fig. 2a 
and 2b, respectively). It is apparent that TNS caused the 
disaggregation of the fiber structure, suggesting that the 
viscosity increase at high TNS concentrations may have been 
caused by hydrodynamic property changes of TNS-bound tropotum
yield was 0.073 ± 0.002 in the entire binding range as cal-

25culated by the Parker and Rees•s method . The Hill plot 
of the Figure la fluorescence enhancement data is given in 
Figure lbj it shows three significantly different kinds of 
fluorescence enhancements. They are negatively cooperative 
enhancement for C = 0.55, independent enhancement for C = 1.0, 
and highly cooperative enhancement for C = 3.3. The three 
kinds of fluorescence enhancements correspond to three regions 
with different degrees of red shifts of the excitation maxima

_5(Fig. lc) as TNS concentrations changed from 0 to 8.8x10 M,
from 1.0 * 10~^M to 1.8 x 10~^M, and from 2.6 * 10~^M to 5 .7 *
-4 10 M.

At the Hill coefficient C = 1.0 region, the binding num­
ber was about 36 moles of TNS per mole of collagen (M =
3.0 * 10~*) with the association constant 2.0 X 10’"^M~1 (Fig. 3). 
The enthalpy of the binding, as calculated from the data in
Fig. 4, was -4 0 kcal/mole. From this ^ H value and the
association constant G = -5.7 kcal/mole, = 6 e.u. was
obtained. The thermodynamic data is very close to that obtained 
for the interaction of polyvinylpyrrolidone with aromatic

16



Fig. 2. Electron micrographs of native collagen (a) 
and TNS-treated collagen (b) ( x 51,250).
The preparative procedure is given in the text.
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Fig. 3. The binding of collagen and TNS in 0.01 acetic 
acid (pH 3.7) at 15°C. Collagen concentration, 
1 . 6 6  x 1 0 “ 5 M.
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Fig. 4. Log trelative fluorescence intensity^ vs. 1/T(°K).
The relative fluorescence at 15°C was taken as 100. 
Collagen concentration: 1.1 * 10"~^M, TNS : 1.5 * 10-^M.
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26compounds in aqueous solution and is similar to the data for 
the interaction of ANS with apomyoglobin6 . The temperature- 
sensitive binding and small entropy gain suggest that the 
fluorescence enhancement was probably due to the hydrophobic 
interaction between TNS and collagen.

The fluorescence polarization as shown in Fig. 5a de­
creased as CTNS1 increased? however, the polarization attained

-4a negative value at (TNS) greater than 1.5 * 10 M. According
27 . .to Weber’s equation of concentration-dependent polarization,

_5which holds to (TNS) = 8.8 * 10 ' M, the limiting polarization
was 0.33 (Fig. 5b). The small value of polarization as shown
in Fig. 5a suggests that the binding sites for TNS in collagen
are not rigid. It is not known whether the decreasing fluo-

28 29rescence polarization ’ was caused by energy transfer of 
close TNS binding sites or by the change of rotation relaxation 
time of collagen. However, polarization was apparently not 
caused by a decreasing lifetime of excited bound TNS since 
the quantum yields were constant.

The binding of TNS with collagen caused not only a red 
shift of the excitation spectra and emission spectra as shown 
in Figure 1c, but it also resulted in a large change of the 
excitation spectra as indicated in Fig. 6 . Thus, at C T N S 3 
less than 2.33 * 10~4M, the intensity of three excitation bands 
at about 280 nm, 335 nm, and 370 nm increased continuously 
as the C TNS J increased. Also at C TNSJ greater than 2.33*

10 ^M, the intensity of the 370 nm band increased as the 
CTNS) increased; however, the intensity of the 3 35 nm decrease
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Fig.5. (a) Polarization (p) vs. ( TNS}. Collagen concentration
is l.ixio in acetic acid (0.01 M, pH 3.7).
(b) (l/p - 1/3) vs. (TNS) of Fig. 4a at ( TNS3 less 
than 0.88 * 10-4M.
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Fig. 6 . The excitation spectra at different TNS concentrations. 
Collagen concentration is 1.1 x 10" M. Fluorescence 
was measured at 15°C in pH 3.7.
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as the CTNS} increased. Seliskar and Brand^ have determined 
that the *-£ transition is the main contribution to the7T.
370 nm and 335 nm absorption band. Our results indicate that 
the assignment of both excitation transitions to be a7r<e-j? 
should be conservative.

Salt Effects on Fluorescence

Fig. 7 shows a sharp drop in fluorescence and a blue shift 
of the maximum emission wavelength at salt concentrations 
between 0 and 0.0125M, thus revealing a marked salt sensitive 
property of the collagen surface which disappears at salt 
concentrations greater than 0.025M. This supports the idea 
that the TNS and collagen interaction is hydroplobic and that 
it could not be eliminated by high ionic strength. No signi­
ficant change of viscosity was found in the salt concentration 
range used, thus ruling out the possibility that the fluores­
cence change was caused by the association of collagen. The 
striking fluorescence decrease at salt concentrations between 
0 and 0.01 M may be the result of increasing internal salt 
bridge formation between adjacent acidic and basic amino acid 
residues in collagen in the lower ionic strength. The increas­
ing salt bridge formation would make the deprotonated and car­
boxyl groups of glutamic acid and aspartic acid less available 
to repel the binding of TNS to collagen with the result of 
increasing of fluorescence at lower ionic strength. The amino 
acid sequence analysis shows that many basic and acidic amino 
acid residues are close to each otherj thus a salt bridge can

28



Fig. 7. The salt effect on fluorescence. Collagen concen­
tration is 1.0 * 10-6M. TNS : 1.5 x10~4M. The pH 
of the solution was 3.7. The fluorescence spectra 
was measured at 15°C.

29



u>
o

Csodium 
halideJ  

M

Relative Fluorescence Intensity

k> &  o> ooo o o o
0=

o

#

o
VW <

9o

*o
ITT

o f»— s) nmoo

W^velcn9th of Maximum Emission



be formed between them and also between residues on different 
chains in the triple helix.

pH dependence of Fluorescence

Collagen structural changes appear to be minimal from
pH 2.4 to 7 since the circular dichroism spectra of colla- 

31—33gen is independent of pH in that range. At pH 1 and 12,
the triple helix of collagen is partially disrupted. These 
data are shown in Fig. 8.

The effect of pH on the binding of TNS with native col­
lagen and heat-denatured collagen, in the absence of salt, 
is given in Fig. 9a and the effect of adding 0.0.125M NaCl 
is shown 9b. The difference of fluorescence dependence at 
pH values below 3 in solutions with and without 0.0125M Naci 
indicates that charge participates in the interaction of 
collagen and TNS below pH 3. The decreasing fluorescence 
intensity below pH 3 in zero ionic strength solution may have 
been caused by the charge repulsion of basic amino acid re­
sidues with the protonated secondary amine of TNS (pK = 1.5)1'1'. 
Such charged repulsion could be reduced in 0.0125M NaCl solu- 
t ion.

The decrease of fluorescence intensity at pH above 3 in 
both no salt and 0.0125M NaCl solutions (Fig. 9a and 9b) may 
reflect the charge repulsion between the ionized carboxyl 
groups of glutamic and aspartic acid residues and the negative­
ly charged sulfonate group of TNS. The apparent pK value of 
the carboxyl groups as determined from the curves is about
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Fig. 8 . The pH dependence of ellipticity of calf-skin 
collagen.
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Fig. 9. (a) pH dependence of fluorescence intensity of

TNS binding with native collagen ( «-«—* ) and
_7heat-denatured collagen ( « ♦-* ). Collagen 8.4x10 

M was in HC1 solution (pH 3.7). TNS: 1.5 x10”4M.
The mixture of collagen and TNS was dissolved in 
pH 3.7 HC1 solution and was adjusted to different 
pH values by adding dilute HC1 or NaOH.
(b) pH dependence of fluorescence intensity of 
TNS binding with native collagen in 0.0125M NaCl. 
Collagen: 8.4 xio“7M, TNS: 1.5 xio"4M.
(c) pH dependence of fluorescence intensity of TNS 
binding with control collagen ( »-•-■) and succinylated

_7collagen (*-•—•). Collagen concentration : 5.0 x 10 
TNS: 1.5*10~4M.
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3 .7 + 0.1 in zero ionic strength and 4.2 + 0.1 in the 0.0125M 
NaCl solution. This data strongly suggests that salt bridges 
form between carboxylate and nearby positively charged amino 
acid residues in very low salt concentration solution and 
that they can be detected with the fluorescent probe.

Evidence in support of the contribution of the carboxyl 
group to fluorescence intensity was provided by modified 
collagen studies. The number of acidic groups relative to 
basic groups increases by succinylation of collagen. The 
result of this collagen modification as shown in Fig. 9c was 
a greater TNS fluorescence enhancement as compared to the 
control collagen solution. The pH data suggest not only 
that the binding sites of TNS are dependent upon the carboxyl 
group of collagen, but also that the positive charge of the 
lysine residues is unimportant in fluorescence. It should 
be noted that there was no TNS fluorescence in any solution 
at pH above 6 , including heat-denatured collagen, succinylated 
collagen, and native collagen.

Binding of TNS with synthetic polypeptides

The relative TNS fluorescence values with two collagen­
like polypeptide, (Pro-Ala-Gly)n and (Pro-Ser-Gly)n> and with 
poly(L-glutamic acid) are listed in Table I. The binding of 
TNS with the triple helix form of (Pro-Ala-Gly) resulted in 
a small but definite fluorescence enhancement as compared 
with that of the random coil form. However, in both cases, 
charge neutralization was not important in the binding pro­
cess. On the other hand, an interruption of the hydrophobic
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Table I
Relative Fluorescence of Calf-Skin Collagen and Some Synthetic Peptides

Condition(15°C)

Protein
or

Peptide
Conf ormat ion

Relative
Fluorescence3

CTNSl *410 M
protein
mg/cc

Calf-skin collagen triple helix 
(pH 3.7 HC1 
solution)

160(450 nm) 3.0 0 .20

(Pro-Ala-Gly) triple helix 
(pH 3.7 HC1 
solution)

15(460 nm) 3 .0 0.20

(Pro-Ala-Gly) random coil 
(pH 3.7 HC1 
solution)

5(460 nm) 3.0 0.20

(Pro-Ser-Gly) random coil 
(pH 3.7 HC1 
solution)

0 3.0 0.19

Poly(L-glutamic Acid) -helix 
(pH 4.1 HC1 
solution)

0 1.5 0 .31

Poly(L-glutamic Acid) random coil 
(pH 12) 0 1.5 0.31

a. The value in the bracket is the wavelength of maximum emission.
b. The triple helix ( Pro-Ala-Gly )n (pH 3.7 15“ C) was treated in a 60 C waterboth for 10 

min.



region with a polar residue as in the (Pro-Ser-Gly)n case 
restricted fluorescence altogether; thus, the TNS fluores­
cence may require an extended hydrophobic region at least 
larger than two residues.

8 9It has been found that only the F sheet ' form of 
polylysine and not the &  -helix or random coil forms can cause 
the fluorescence of TNS in aqueous solution. These findings 
may suggest that, in the random coil and cx-helix structures, 
the positively charged side chains of lysine favor binding 
with the sulfonate groups of TNS, yet these structures cannot 
provide a sufficiently hydrophobic space for binding bulky 
aromatic TNS rings. The same interaction may prevail for 
these forms of poly(L-glutamic acid) since neither causes 
TNS fluorescence.

Discussion

Fluorescence and the binding of TNS with collagen.

The thermodynamic data and the observed salt effect 
support the view that the fluorescence which results when 
TNS binds with collagen is caused by hydrophobic interactions. 
Ionic attractive forces appear not to be essential. Thus, the 
binding of TNS with (Pro-Ala-Gly)n , an uncharged molecule, 
except at the terminal residues, resulted in fluorescence en­
hancement. The pH dependence of fluorescence, however, sug­
gests that binding sites of TNS in collagen are near carboxyl 
groups and that when they are negatively charged they repel 
the TNS sulfonate groups and thus limit the fluorescence of
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TNS. These results are in agreement with those of Flanagan 
and Hesketh11, indicating that charge repulsion between TNS 
and the phospholipids eliminate the binding and fluorescence 
of TNS at pH above 4.

7In the cyclic and linear peptide models, Beyer et al. 
found that a positive charge on the peptide was necessary 
for the binding of negatively charged TNS. Flanagan and 
Ainsworth11 showed, however, that if the hydrophobic moiety 
of the fluorescent probe were large enough, for example,
ANS, a stable nonpolar bond could be formed with the sulfo­
nate ion sufficiently excluded from the neutral micelle to 
retain its hydration shell. Adsorption of other ligands, for 
example, DNS (N, N-dimethyl-l-aminonaphthalene-8-sulfonate), 
with a smaller hydrophobic region, could only take place in
the micelle where charge neutrality could be achieved within

34 35the nonpolar medium . Brand et al. , show that 1,5-ANS,
but not 1,5-DNS, could bind to alcohol dehydrogenase, suggest­
ing that the hydrophobic interaction between the aromatic 
moiety of the fluorescent probe and the hydrophobic site of 
the protein plays an important role in binding. It appears 
then that the binding of TNS to protein may not need charge 
neutralization at the binding site since hydrophobic inter­
actions could provide enough force for binding. However, 
charge repulsion between TNS and a negatively charged group 
at or near the hydrophobic site would be expected to restrict 
TNS binding and thus its fluorescence.

The possibility of formation of internal weak salt 
bridges between the adjacent carboxyl groups of aspartic and
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glutamic acid and basic amino acids of tropocollagen is
favored by the finding that the pK value of carboxyl groups
increased from 3.7 ^ 0.1 without salt to 4.2 * 0.1 in 0.0125M
NaCl solution. Such salt bridges would be spatially allowed

17,20according to the partial collagen amino acid sequence 

Heterogeneous binding sites of TNS in collagen.

The heterogeniety of the binding sites of TNS in colla­
gen was reflected in the different Hill coefficients in Fig. 
lb and in the magnitude of the red shifts as affected by 
TNS (Fig. 1c). The binding began at Hill coefficient 
C = 0.55 region followed by the C = 1.0 and C = 3.3 binding 
region. The hydrophobic characteristic decreased in the 
order C = 0 . 5 5  C = 1.0 C = 3.3 as revealed by the longer 
maximum emission of the larger Hill coefficients. In the 
C = 0.55 region a restricted binding site space may cause 
the first bound TNS to limit the following TNS bindings. At 
the C = 3.33 region, which is less hydrophobic, a larger space 
would allow the first TNS to facilitate binding of the next 
TNS possibly by hydrophobic interaction between the aromatic 
ring system of adjacent TNS molecules. The ligand binding 
distance is assumed to be close in the C = 0.55 region since 
the degree of polarization in C = 0.55 was greater than that 
in the C = 3.3. Several cases of cooperative binding have
been reported. Cooperativity has been observed for the

3 6binding of ANS and bovine serum albumin and negative co­
operat ivity has been reported for the binding of ANS and
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. 37human serum prealbumm . The binding of (3-lactoglobulm 
A with hexane, iodobutane, or cyclohexane was negatively 
cooperative while the binding of /3 -lactoglobulin A with
butane and cyclohexane was, respectively, independent and

4. • 38cooperative

Red shifts of the emission and excitation spectra.

It has been shown that the emission and excitation
39spectra of TNS m  nonpolar solvents will undergo blue shift

40and red shift respectively . The result of excitation 
maxium changes shown in Fig. la seems opposite what is ex­
pected. One possible explanation of this anomoly is that 
there is a hydrogen bonding formation between the aninilo 
group of TNS and carboxyl group of aspartic and glutamic 
acids. This hydrogen bonding may stabilize the ground state 
of TNS in the C = 0.55 region of collagen more than that of 
TNS in the other Hill coefficient regions of collagen.
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PART II

Interaction of Sodium Dodecyl Sulfate with the Hydrophobic
*■Fluorescent Probe, 2-p-Toluidinylnaphthalene-6-sulfonate

* This manuscript was published in J. Phys. Chem. 79, 
1935-1939 (1975) with some corrections presented here.
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Abstract

The critical micelle concentration (one) of sodium do- 
decyl sulfate at various NaCl concentrations can be followed 
by the increasing fluorescent intensity of 2-p-toluidinylnaph- 
thalene-6-sulfonate (TNS). The thermodynamic parameters of 
the interaction of TNS and the SDS micelle have been obtained. 
Binding is exothermic and involves a negative entropy change. 
The salt (NaCl) increases the association constant between 
TNS and micelle of SDS by increasing the positive entropy 
change. The results suggest that the binding force between 
TNS and the micelle of SDS is hydrophobic. The nature of 
hydrophobic fluorescent probe binding with proteins is dis­
cussed .

Introduct ion

It is well know that the quantum yield of fluorescence
of 2-p-toluidinylnaphthalene-6-sulfonate (TNS) and related
compounds, such as l-aninilo-8-naphthalenesulfonate (ANS),
is very much higher in a nonpolar than in a polar solvent.
Also the emission spectrum in a nonpolar solvent is blue

1-3shifted relative to the spectrum m  polar solvents . This 
characteristic is, therefore, widely used to detect protein 
conformational change assuming that the environments of dye 
binding sites change as protein conformation changes. This 
kind of research using fluorescent probes to follow protein 
conformation changes and to study cell membrane phenomena is 
leading to a better understanding of the hydrophobic
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characteristic of proteins and membranes with respect to the 
binding of substrate and inhibitors^’4 .

Although such fluorescent probe research has been exten­
sive, the actual probe binding environment is still obscure, 
and the nature of the binding forces are not well defined.
In 1972, Beyer et al. suggested that, although a hydrophobic 
environment is essential for enhancing the fluorescence of
TNS, charge neutralization is required to provide binding be-

5 . .tween peptide and TNS . The studies on the interaction of
polylysine and TNS show that only the /S-sheet conformation of
polylysine. The form which exists without charges, results

6 7in TNS fluorescence ’ . The negative charge repulsion between
anionic ANS and negative phosphate or carboxylate groups of

8 9phosphatide or of submitochondrial particles is considered
to be critically important for the binding of a dye to a
phospholipid or a biomembrane. The same finding, namely, that
charge repulsion but not charge neutralization is important,
has been revealed in studies of the binding between TNS and 

10collagen
There is extensive evidence indicating that hydrophobic 

interactions, not charge neutralization, provide the binding 
force, including the following. A positively charged deriva­
tive of ANS, N-(1-anilinonaphthalene-4-sulfonyl)-1,6-diamino- 
hexane, has been observed to bind as well as ANS itself to 
heavy chains of human yG immunoglobin1'1'; N-phenyl-1-naphtha­
lene (NPN) without a charge was found to bind more tightly 
to Escherichia coli cell envelope than negatively charged
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1 2ANS ; Brand et al. showed that 1,5-ANS but not N,N-dimethyl-
l-aminonaphthalene-5-sulfonate (DNS) could bind to alcohol
dehydrogenase indicating that the hydrophobic interaction
between the aromatic moiety of the fluorescent probe and the
hydrophobic site of the plays an important role in binding;

14Flanagan and Ainsworth showed that a negative dye can absorb 
to neutral micelles if the nonpolar moiety of the probe is 
sufficiently large, thus ANS, but not DNS or 1-naphthylamine-
5-sulfonate, was absorbed by polyoxyethylene lauryl ether 
micelle. These data indicate that the hydrophobic characteris­
tic of nonpolar moiety determines the binding.

Sodium dodecyl sulfate (SDS) micelles, like proteins, 
provide hydrophobic and charged regions for interaction with 
amphiphilic molecules such as TNS. The formation of the SDS
micelle in aqueous solution is caused by hydrophobic inter- 

15action . TNS molecules could be incorporated into the SDS 
micelle if the hydophobic interactions are not disrupted by 
negative charge repulsions between TNS and SDS. Thus, the 
study of SDS micelles binding with negatively charged TNS 
should contribute to an understanding of TNS-protein binding 
parameters.

In this report, the use of TNS as a probe for detecting 
SDS micelle formation is presented. The thermodynamic para­
meter of the SDS micelle-TNS interaction at various NaCl 
concentrations suggest that hydrophobic forces are principal 
contributors to the binding .
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Experimental Section

Materials. The potassium salt of 2-p-toluidinylnaphthalene-
6-sulfonate was a product of Sigma Chemical Co. (lot no.
80c-5l30) and it was stored in the dark at 5oC. The compound

5was found pure according to the results of TLC . Sodium do- 
decyl sulfate was purchased from Bio-Rad Laboratories, Rich­
mond, Calif., and it was used without further purification. 
Fluorescence measurements. Fluorescence measurement were 
done on a Perkin-Elmer fluorescence spectrophotometer MPF-2A 
equipped with a thermostat cell holder. Both emission and 
excitation slits were set at 4 nm. The emission spectra were 
obtained by exciting at 370 nm. The mixtures of SDS and TNS 
were at first incubated in a thermostat at the desired tem­
perature for at least 0.5 hr. The samples were then trans- 
fered to the cell holder controlled at the same temperature. 
Thermodynamic parameters. The association constant of TNS 
and micelles of SDS was calculated according to eq. 7, 
derived as follows?

KTM + TNS ---1-- * M - TNS (1)n ■«------  n '

where Mn is the micelle of SDS (M is the SDS monomer). is
the association constant at temperature T. Then

M - TNS
^  = — a  (2)1 Mn TNS

If (M l »C.M - TNS) , eq. 3 can be obtained where C TNS. , J = n n total
CTNS] + CMn - TNSj and lMn = r„ )+ _ TNsJ _

n n '
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1 + KT ^Mn total*1 ___ (3)
CMn - T N S j  - Kt £Mn totalJ £TNStotal;» 

At fM]»  cmc*(critical micelle concentration)

£ ̂ n total-^  ̂M/1total (4)
n

substituting (4) into (3) gives

n
(5)

CMn - TNSJ " <TNStotal] KT ^Mtotal^TNStotalJ 

Assume
1 = CMn-TNSj (6)

where I is the fluorescence intensity and T is a coefficient 
which is temperature dependent. Then

n
I * M TNSt0talJ ^ TV MJtotalt™ StotalJ (7)

The enthalpy of the binding was calculated according to 
the following equation:

d In Km4 H  = -R  dTTTrT  (fl)

Results

Critical micelle concentration (cmc)

The micelle formation at SDS concentrations larger than the 
cmc was accompanied by a sharp increase in the fluorescence of
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the added TNS. Figure 1 shows how fluorescence changes with 
SDS micelle formation in water. In agreement with the cmc

1 Ci p
value obtained by other methods without added salt, it was
found that the cmc obtained by this method occurred at an SDS

- 3concentration of 8.0 * 10 M. This value was independent of 
added TNS concentrations. However, at or below a TNS concen- 
tration of 6 * 10 M, micelle formation could not be accurately 
detected by this method (Figure 1). The cmc at various concen­
trations of added salt (NaCl) compared with literature values 
are listed in Table I. It has been established that there is
a linear relation between log cmc and log (cmc + molarity of 

16added salt) . Such a linear relationship is exhibited by a 
plot (Figure 2) of our values of log cmc vs. log (cmc + molarity 
of added salt). The formation of micelles from SDS monomers 
also causes an increase of polarization of fluorescence as shown 
in Figure 3. Salt increases the polarization of fluorescence of
TNS (Figure 3). This suggests that salt may increase the rota-

20 . . . .  tional relaxation time of TNS due to the salt-induced rigidity
of the binding site of TNS in the micelle.

mic*
# If — ------- > 5%, then equation 4 should be changed to

total
. . ,1 = —i_(CM]. , , - cmc) with the result that then total n total

L M o t a l  term of eg 7 s^ould be changed to (^M^otal ~ cmc). The
((M]total “ cmc  ̂ = ^ t o t a l  can be assuraed when total is very 
large, which was the case in the experiments of Figure 5 (a-c),

CmCor when cmc is very small so that the ratio is 7— ■r-----  < 5%.
(M1total
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Figure 1 Critical micelle formation in water. The TNS

concentration ranged from 6.15X10-6 to 
1.23 X 10"4 M.

52



LSDS] 
(M

) 
* 10

Relative Fluorescence Intensity (arbitrary units)

_ * i s 3 G O - ^ a i C T > - s S c a < Do o o o o o o o o  o
Ol

CO

O)
CJ1

oo
cncn

roo



Table I. Comparision of critical micelle concentrations obtained 
■with literature values at 25°C

Ionic
Strength

cmc, M
(Ht. values)

cmc, M 103 
(obsd)

water B.0a , 8 .I3b , 8 .1c 8 .0
0 .033 2.15d, 3.09C 2.25
0.050 2. 3a 1 .55
0.10 1.39° 0 .85
0 . 20 0.94a, 0.83C 0.61
0.40 0.52° 0.50
0.50 0. 5la

a Reference 16. b Reference 17. c Reference 18.
d Reference 19.

Table II. Thermodynamic parameters of binding between SDS
micelle and 
temperatures

TNS at different ionic strengths 
•

and

T emp.
°c

Ionic strength of added salt
0 0.05 0.10

15 A Ga -4.565 -4.687 -5.240
A Ha -7.473 -7.473 -7.473
A Sb -10 .10 -9.049 -7 .753

25 A G3 -4.642 -4.802 -5.237
A Ha -7.473 -7.473 -7.473
A Sb -10.10 -8.963 -7.503

35 A Ga -4.407 -4.734 -5.106
A Ha -7.473 -7.473 -7.473
A Sb -9.946 -8.893 -7.685

a The unit of a G and a H is kcal/mol. 
b The unit is eu.
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Figure 2. The plot of log £cmc(M)3 vs. log £_cmc(M) + 
added salt(M)] at 25°C.
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Figure 3 Polarization of fluorescence emission spectrum 
in water and in 0.1 M NaCl at 25°. HTNS3 =
8.61 X10”5M.
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The binding between TNS and the micelle of SDS. Salt effect 
and temperature effect.

Figure 4a shows the relative fluorescence enhancement at 
three different TNS concentrations and varying SDS concentra­
tions in water at 25°C. Figure 4b shows a linear relation for 
the reciprocal plot of the intensity and SDS values of Fig.
4a at SDS above 0.0694 M (see eq 7). By extrapolating SDS
to infinity, and I value of each TNS concentration in Fig.J’ max 3
4a is obtained. The results in Fig. 4c show that a linear rela­

tionship exists between m̂ax TNStotal (eq 7). It should
be noted here that one micelle of SDS consists of about 100 

16monomers and micelle size is roughly independent of SDS
21concentrations up to 0.25 M

Since a high solution viscosity may enhance TNS fluores­
cence1, viscosity measurements at various SDS concentrations 
were made and the results are shown in Fig. 4a. The viscosity 
contribution to fluorescence enhancement was determined by 
measuring the TNS fluorescence enhancement in sucrose solutions. 
The result in Fig. 4d indicates that in the concentration range 
of SDS used, the viscosity contributed insignificantly to the 
fluorescent enhancement of TNS.

The plots of 1/SDS vs. 1/1 at three different salt concen­
trations 0, 0.05, and 0.1 M are given in Fig. 5. Fig. 5a-c was 
obtained at 15, 25, and 35°, respectively. The line intercept 

is independent of salt concentration for each temperature, but
the slopes are dependent on both salt concentration and tempera-

5 -1ture. The 04 values are calculated to be 58.14x10 M
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Figure 4. (a) Fluorescence titration (•) and viscosity measure­
ment (*) at various SDS and TNS concentrations, 
temperature 25°C.

(b) The reciprocal plot of Figure 4a (see eq 7).
(c) The I vs. TNS concentration. The I = 's atmax max

various TNS concentrations were obtained by ex­
trapolating the 1/1 vs. 1/lSDS] lines in Figure 4b 
to infinite SDS concentration.

(d) Fluorescence enhancement vs. viscosity. Sucrose
solutions were used. £TNSJ = 1.23 10~4 M.
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Figure 5. (a-c) The plot of l/l vs. 1/ (SDSJ at 15, 25, and 
35°.
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î\
^a',C\

.05
<13

40

CM”1)

6 0



0.010

0.005

0
604020

[sfe] (M_1)



I

I

0.010

0.005

0
6040200

1 (M _1)

co
KO

[SDS]



at 15°, 47.7> 105 M 1 at 25°, and 41.9 * 105 M 1 at 35° and the
plot is shown in Figure 6. Temperature dependent quenching
is a general phenomenon which is caused by greater collisional

22 . . .quenching at higher temperature . No significant wavelength 
shift of the emission spectra can be noted in the test of 
temperature dependent frequency. The wavelength of maximum 
emission is about 455 nm.

The association constant KT can be obtained from the slope 
of Figure 5. In the calculation of according to eq 7,
n = 100 is assumed and the 0<T values at different temperature 
as obtained from the data in Figure 6 are used. As indicated 
in Table II, the association constant increases as the salt 
concentration increases for each temperature. The a h  of 
binding was determined from the van't Hoff plot of association 
constant vs. 1/T (Figure 7). They are listed in Table II and 
some conclusions can be drawn. First, no significant differ­
ence in enthalpy can be seen at different temperatures and 
salt concentrations. The negative value of enthalpy contri­
buted to the negative free energy of binding between TNS and 
micelles of SDS, Second, salt increases the association con­
stant by increasing the entropy. The increase in the magnitude
of the association constant in salt solution is a general phe-

23nomenon if the binding force is hydrophobic
It is well established that micelle formation at the cmc

1  ̂ 2 2 pj
is cooperative ' . In Figure 8, the Hill plot * of binding 
between TNS and the micelle of SDS at 0, 0.05, and 0.1M NaCl
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Figure 6 . The plot of C*T vs. temperature (see eq 6 ).
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Figure 7. The plot of log K vs. 1/ T(°K) .
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Figure 8 . Hill plot of the interaction of TNS with SDS at 
various salt concentrations, at 25°.
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is given. In all cases a biphasic property is observed. The 
Hill coefficients near the critical micelle concentrations are 
greater than 1; the Hill coefficient at SDS concentration higher 
than the cmc is about 1. The results suggest that there is 
cooperative formation of micelles at an SDS concentration near 
the cmc. Moreover, the higher the concentration of added salt, 
the greater cooperativity is observed. At SDS concentrations 
higher than the cmc, the micelle seems to act independently.
The salt also increased the polarization of the TNS fluorescence 
(Figure 3) indicating a salt-induced micelle rigidity.

Discussion

Evidence presented here supports the view that hydrophobic 
interactions contribute to the binding between TNS and the SDS 
micelle. It is based on the finding that salt increases the 
association constant only by decreasing the entropy gain caused 
by the added NaCl was about 2.5 eu when its concentration was 
increased from 0 to 0.1 M at each temperature. The entropy 
increase, being caused by a hydrophobic effect, may results from 
the freeing of water molecules from the solvent shell of the 
nonpolar moiety of TNS and their transfer into the bulky water 
phase which is less ordered than the solvent shell. It is
known that hydrophobic bonds are strengthened by addition of the

23 .electrolyte . This is supported by the solvent studies which
suggest that spectral changes of TNS that accompany binding to
a macromolecule result importantly from the loss of the aqueous
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26solvation characteristics of structural bulky water . The
nagative entropy change for the interaction of SDS micelle with
TNS may have resulted from the fact that the entropy gain

27caused by the loss of so-called "icebergs" around the aroma­
tic residue of TNS is not greater than the entropy loss caused 
by the salt-induced rigidity of the SDS micelle-TNS complex 
(Figure 3).

The themodynamic data obtained for the interaction of TNS
and apomyoglobin were & F = -7.32 kcal/mol, H = -5.06 kcal/mol

28and«iS = 7.71 eu . The values obtained for the interaction of 
TNS and collagen were 4 G  = -5.7 kcal/mol, a H = -4.0 kcal/mol, 
and ̂  S = 6.0 eu^. In these two cases, the enthalpy contributes 
predominately to the binding force. This is in good agreement 
with the enthalpy data which we have obtained for the inter­
action of TNS and the SDS micelle. The main contribution of 

to the binding force may be the result of London disperson 
forces for the binding of TNS to the SDS micelle. However, the 
possibility exists that when the TNS molecule binds to SDS 
molecule, weak, distorted hydrogen bonds, formed between water 
molecules in the iceberg and the TNS anilino group, break and 
become stronger hydrogen bonded I^O molecules in the bulky
water. Camerman and Jensen mentioned the possible existence of

29hydrogen bonding m  the hydrated crystal of TNS
The charge repulsion of a negatively charged fluorescent 

probe at the binding site of a macromolecule may be critical 
for the binding if the hydrophobic characteristic of the binding 
site is not sufficiently large or if steric hindrance, created
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by negatively charged groups, exists in the binding site.
In the interaction of TNS with the SDS micelle, however, charge
repulsion is overcome since there is a suitable hydrophobic

15binding environment for TNS. Tanford has described the 
possible formation of these kinds of mixed micelles.

It has been demonstrated that a fluorescent probe-protein
1 0 3 0 3 2  833complex ’ ~ or a fluorescent probe-membrane complex ’

shows substantial fluorescence enhancement in acidic solution. 
Two aspects of this have been given in the literature. First, 
when proteins are denatured in acidic medium, there is an in­
crease in the value of the dissociation constants and there are 
a greater number of binding sites and/or there is an increase
in fluorescent quantum yield of the bound probe. For example,

.32 .30the ANS-haptoglobin or TNS-chymotrypsm complex show these
effects. Second, the decreased charge repulsion between nega­
tively charged fluorescent probes with collagen1^ and with 

8phospholipid resulted in fluorescence enhancement when the pH 
was changed from pH 6 to 3. Neither observation requires 
charge neutralization for the binding of negatively charged 
fluorescence probes with macromolecules.

Salt-induced regidity of a SDS micelle may be due to 
decreasing the charge repulsion of SDS monomers in the micelle. 
This may cause more efficient packing of SDS monomers in the 
micelle.

14 ,Flanagan and Ainsworth concluded that anionic ANS could 
not bind to the SDS micelle because of charge repulsion. We
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find that the ANS concentration used in their experiments 
are too low (1x10-^M) to detect micelle formation. Also, 
ionic strength is critical variable for the cmc value. We 
were not able to confirm their observation that 0.05% w/v SDS, 
in a solution to which no salt had been added, was the critical 
micelle concentration.
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PART III

Salt Effect on the Interaction of the Hydrophobic
Fluorescent Probe, 2-p-toluidinylnaphthalene-6-sulfonate
with Some Quaternary Ammonium Ions. Hydrophobic Interact ion

*vs. Charge Neutralization .

* . . .  . .This manuscript is submitted to publication.



Abstract

The salt effect (NaCl) was used to investigate the nature 
of the interaction of 2-p-toluidinylnaphthalene-6-sulfonate 
(TNS) with nonyltrimethylammonium bromide (NTAB), decyltri- 
methylammonium bromide (DTAB), dodecyltrimethylammonium chlo­
ride (DoTAC), hexadecyltrimethylammonium chloride (HTAC), and 
octadecyltrimethylammonium (OTAC) respectively. Three distin­
guishable Kinds of emission spectra corresponding to the DoTAC

Fmicelle-TNS complex ( A max - 443 nm, depending on the salt
Fconcentration), the DoTAC oligomer-TNS complex (A max = 437 nm) 

and the precipitate of the DoTAC monomers-TNS complex (A max = 
418 nm) were observed. Similar results were obtained for the 
binding of HTAC or OTAC with TNS. Although an NTAB micelle- 
TNS formed, this was not the case for the NTAB monomer. The 
conclusion that the toluidinylnaphthalene ring is a potentially 
hydrophobic bonding contributor in the interaction of TNS with 
these alkyltrimethylammonium halide ions (ATAH) is based upon 
(1) the complex formation of TNS with ATAH monomer which is 
dependent on the alkyl chain length of ATAH; (2) an increase 
of the association constants of DoTAC micelle-TNS complex with 
a corresponding blue shift of emission spectrum and an increa­
sing quantum yield at high salt concentration; (3) a salt in­
duced increase in the cooperative binding interaction factor 
for the DoTAC oligomer-TNS complex. Evidence for both hydro- 
phobic interaction and charge neutralization was found in the 
DoTAC monomer and DTAB monomer-TNS complex in low ionic
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strength. The possible configurations of TNS in various 
complexes are discusse.

Introduction

The fluorescent probe, 2-p-toluidinylnaphthalene-6-sulfo- 
nate (TNS)^^, and related N-substituted aminonaphthalene- 
sulfonate compounds, have been extensively used to monitor pro­
tein conformational change and to examine biomembrane struc- 

l — ltures . The usefulness of the probe compound is based upon 
the fact that its fluorescence quantum yield increases as the 
solvent polarity decreases with an accompanying blue shift of 
its emission spectrum4. These and other fluorescent properties, 
such as fluorescent polarization and exited state lifetime, pro­
vide information concerning the polarity and the microviscosity 
of macromolecules at the fluorescent probe binding site.

The binding forces involved in the interaction between
these amphiphilic compounds and macromolecules is not well 

o *| odefined *' . The critical question is whether the sulfonate 
group or hydrophobic residue of TNS plays a decisive role in the 
binding.

(1) Abbreviation used: TNS, 2-p-toluidinylnaphthalene-6-
sulfonate; NTAB, nonyltrimethylammonium bromide; DTAB, 
decyltrimethylammonium bromide; DoTAC, dodecyltrimethylam- 
monium chloride; HTAC, hexadecyltrimethylammonium chloride; 
OTAC, octadecyltrimethylammonium chloride; ATAH, alkyl-
trimethylammonium halide; I„, relative fluorescence inten-

F . . .sity; , emission wavelength of maximum intensity;
exitation wavelength of maximum intensity.
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Recent evidence indicates that no charge interaction occurs
in the binding of O-iodobenzoic acid, o-iodoaniline etc. and
the hydrophobic cavity of concanavaline A and that benzene

. 5ring binds to the hydrophobic cavity of the protein . In
general, the evidence supports the hypothesis that charge
neutralization is not an obligatory requirement for the binding
of the probe to macromolecules or to micelle structures. Brand
et al. showed that l-anilinonaphthalene-5-sulfonate (1, 5-
ANS), but not N, N-dimethyl-l-aminonaphthalene-5-sulfonate

6 .(DNS) could bind to alcohol dehydrogenase indicating that the 
hydrophobic interaction between the aromatic moiety of fluores­
cent probe and the hydrophobic residue of protein plays an im­
portant role in binding. The studies on the interaction of poly­
lysine and TNS show that only the /3-sheet conformation of poly­
lysine, the form which has no charges, results in TNS fluores­
cence^’1? The incorporation of 2-(N-methylanilino)-naphtha-
lene-6-sulfonate (MNS) into the negatively charged phospholipid

11 . layers' , and of TNS into micelles of sodium dodecyl sulfonate
12 .(SDS) has been found, regardless of possible charge repulsion

which could limit the hydrophobic interaction between these
fluorescent probes and the amphiph.ilic macromolecules. On the
other hand, Beyer et al. suggested that, although a hydrophobic
environment is essential for enchancing the fluorescence of TNS,
charge neutralization is required to provide binding between

8some peptides and TNS .

Solvent effect studies suggest that spectral changes of 
TNS that accompany binding to a macromolecule result importantly
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from the loss of the aqueous solvation characteristics of
13 .structural bulky water . Salt increases the association

constant between TNS and SDS micelle by increasing the posi­
tive entropy change (a hydrophobic effect) which suggests 
that the loss of bulky water around the aromatic rings of TNS 
may contribute to the driving force for the TNS binding with 
SDS micelle12.

In a further attempt to elucidate the relative contribu­
tion of hydrophobic and ionic interactions, we have examined 
the nature of TNS binding with alkyltrimethylammonium halide 
(ATAH)^1} This has been achieved by studying the effect of 
neutral salt (MaCl) on the interaction. It is known that
neutral electrolyte weakens the salt linkages but strengthens

14the hydrophobic interaction . The results presented here 
show that the aromatic system of TNS contributes to the hydro- 
phobic interaction with the quaternary ammonium ions.

Experimental Section

Materials: The potassium salt of 2-p-tolu.idinylnaphthalene-6- 
sulfonate was a product of Sigma Chemical Co.(lot no. 80c-5130) 
and it was stored in the dark at 5°C. The compound was found

r\

pure on TLC. Dodecyltrimethylammonium chloride (DoTAC) and 
octadecyltrimethylammonium chloride (OTAC) was the product of 
Armour Industrial Chemical Co. The nonyltrimethylammonium 
bromide (NTAB), decyltrimethylammonium bromide (DTAB), and 
hexadecyltrimethylammonium chloride (HTAC) was purchased from
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Eastman Kodak Co. .
Fluorescence measurements: Fluorescence measurements were per­
formed on a Perkin-Elmer fluorescence spectrophotometer MPF-2A 
equipped with a thermostated cell holder. Both emission and 
excitation slits were set at 4 nm. The excitation wavelength 
was calibrated with the differential spectrum using a Cary 17 
spectrophotometer with TNS in water as reference. The sample 
was excited at the longest wavelength of maximum intensity of 
differential spectra. The emission spectrum of anthracene 
obtained on this instrument is in agreement with known correct­
ed spectrum of anthracene in respect to relative fluorescence 
intensity and emission maxima which occur at 445, 421, 397 and 
376 nra^.

The ATAH monomers-TNS complex precipitate was isolated by 
filtration through paper, air dried and then the paper was 
attached to a triangle mirror supplied with the instrument.
This allows for the fluorescence measurement of a small quantity

_5of solid sample (-'lO g) .
The quantum yield was calculated from the equation1^:

Area- .. -2.3A E..
^ 2  = ̂ 1 ( Area,  ̂ -2.3A ) ( E? *

1 1 - G 2 2
15where the quantum yield of anthracene m  ethanol 0.30 was 

used as4>̂ , the integrated areas under the emission curves of 
sample and anthracene solution are Area2 and Area^ respectively. 
Pi-2 and A^ are the absorbance corresponding to sample and anthra­
cene respectively. The relative energies of excitation of the

87



sample and anthracene solution are given as and .
The calculations of association constants; The association
constant for the binding of TNS with micelle of DoTAC was

12calculated according to equation 1 :

1 1 . n
I -X- - ° V T N S total] ° V TNStota:i? < M total crac)KT (1)

where I is total fluorescence intensiites of sample and I* 
is the fluorescence intensities caused by the complex of DoTAC 
monomer and TNS. c* is temperature dependent coefficient of 
the following relation;

Ip = Oc T C Mn - TNS J

n is the number of monomer molecules which compose one micelle
17and is taken as 65 m  the calculation of K . The monomer

and micelle of DoTAC was expressed as M and respectively.
cmc is the critical micelle concentration.

It was found in this work that the binding between DoTAC
monomer with TNS at DoTAC concentrations smaller than cmc is

18 19cooperative. The Hill coefficient, C ’ , is calculated from
the following equation 2;

log( — --£——— — ) _ q logLMJ + log K" (2)
max

20K" of eq. 2 can be normalized into two factors , one is the 
intrinsic association constant which is the first binding 
of M to TNS, and the other is the average interaction factor 
F for the successive bindings of M to M-TNS complex:

a
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1/ T F  = K1 >< Fa (3>
can be obtained at the lower end of the CM]region 

where the Hill coefficient is equal to 1. The F can be
a

obtained by substituting K" and into eq. 3.

Results

Binding of dodecyltrimethylammonium chloride (DoTAC) with TMS» 

The solid lines of Figure l(a-e) show the TNS fluores-
Pcence intensity and X change as the DoTAC and the addedmax

NaCl concentrations are varied. The fluorescence intensity 
reached a maximum at low DoTAC concentrations, then it de­
creased to a minimum with slightly increasing DoTAC concentra­
tion. As the fluorescence intensity decreased from the maxi­
mum, there was a corresponding red shift in the emission spec­
trum. A further increase in the DoTAC concentration increased 
the fluorescence intensity only slightly. The concentration 
of DoTAC at the transition point of the red shift was assigned 
as the cmc as shown in Figure 1 (a-e). The cmc values in water, 
0.05, 0.20, 0.50 and 1.0 F NaCl were 2.1a10'2M, 0.84 * 10_2M, 
0.40X10_2M, 0.24x10-2M and 0.11* 10~2M respectively. The
values are in agreement with those obtained by the method of

. . 17light scattering and conductivity .
These data show that the degree of red shift is inversely 

dependent on salt concentration and the effect is asserted on 
the DoTAC micelle-TNS complex. The association constants at 
various salt concentrations for the complex are listed on Table I
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Figure 1. The relative fluorescence intensity (Ip) and 
emission wavelength of maximum intensity ( 
of TNS at various n-dodecyltrimethylammonium 
chloride concentration in different NaCl concen­
trations. The solid line ( •--• and ^ A )
was obtained by measuring within 1 minute the 
emission spectra of solution when TNS was mixed
with DoTAC. The dotted line ( •..) was obtained
by measuring the TNS-DoTAC solutions after 24 hrs. 
TNS: 9.6*10""^M. The temperature is 25°C.
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Table I. Association constants of DoTAC micelle-TNS
complex(K) and DoTAC monomer-TNS complexCK^)

Added NaCl 
cone. (F)

K (M 1) ( x 10 3) 
n25 C

(M-1)
14°C

0.05 1.0 18 ± 3
0.20 2.0 10 i 3
0.50 2.3 1 5 + 3
1.00 2.9
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Table II. Emission wavelength of maximum intensity ( A," ), excitation
Iu c iX*EXwavelength of maximum intensity (A ) and quantum yield of

ulclX

ATAH micelle-TNS complex.

Added NaCl 
conc. (F)

NTAB DoTAC HT AC OTAC
a f a exmax ' max 4>

F
A max

EX
max 4>

p

^max
EX

Amax 4>
F

^max a exmax

water 446 371 0.140 446 371 0.140 444 371 0.150 442 371 0.185
0.01 440 372 0.26 2
0.05 446 371 0.140 445 371 0.150 442 371 0.185
0.20 445 371 0.140 444 371 0.177 440 371 0.233 437 373 0.470
0.50 445 371 0.145 442 372 0.185
1.00 445 371 0.150 441 372 0.190

•kwavelength unit is nm.



and the wavelength of the emission maximum and quantum yields
are shown in Table II. As, expected, the magnitude of the
association constants is inversely related to that of the red
shift. It is well established that the TNS emission spectrum

4has a blue shift m  the nonpolar solvents . Thus a decreasing 
red shift with increasing salt concentration suggests that 
hydrophobic bonding participates in the interaction of DoTAC 
micelle with TNS and that it becomes stronger with increasing
salt concentration. In addition, salt also increased the po-

Ftential for the micelle formation, since the curves inITla.2C

the Figure 1 (a-e) shows that the range of DoTAC for micelle
formation decreased with increasing salt concentration.

FThe X max = 437 nm was cuased by non-micellular complexmg
r?of DoTAC monomer and TNS. This complex A ̂  will form a pre-

Fcipitate with its emission spectrum shifting to X = 418 nm. 
The melting point of the precipitate was 225-230°C(uncorr.).
The precipitate, which formed about two minutes after mixing
of TNS and DoTAC monomer solution, was not caused by a salting

Fout effect of NaCl on TNS, since the emission spectrum (A nicîc
F= 437 nm) in water (Figure le) still existed with X

in the precipitate.
Double reciprocal plots of fluorescence intensity at the

emission maximum A f = 437 nm vs. DoTAC concentration in threemax
added NaCl concentration (0.05, 0.2 and 0.5 F) are shown in 
Figure 2(a-e) at three temperatures 14, 19, 25°C. The plots 
are nonlinear and appear to be parabolas. The Hill plots of 
these data given in Figure 2(d-f) (see eq. 2). The Hill
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Figure 2 Double reciprocal plots of 1/I„ vs. l/(DoTAC) atr
25°, 19° and 14° (a-c). And the Hill plots (d-f) 
of Figure 2(a-c). TNS: 9.6 *10-  ̂ M.
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coefficients at the half maximum fluorescence intensity region 
are about 2.3, 2.1 and 1.7 at these three temperatures for 0.5, 
0.2 and 0.05 F NaCl respectively. The Hill coefficients 
suggest that the binding of DoTAC monomer with TNS is highly 
cooperative and that at least 3 DoTAC could bind with one TNS.
The Hill plot in Figure 3 extends the data seen in Figure 2f 
to the lower DoTAC concentration range, which is the region 
where the Hill coefficient is equal to one. The association 
constants in this region (C = 1), which is assumed to correspond 
to the DoTAC monomer-TNS complex, was estimated to be (18 + 3)M 1 
in 0.05 F NaCl, (10 ± 3)M-1 in 0.2 F NaCl, and (15 ± 3)M-1 in 
0.5 F NaCl (Table I and solid line of Figure 4). "The associa­
tion constant for DoTAC monomer-TNS complex decreases with in­
creasing salt concentration to reach a minimum value. Further 
increase in the NaCl concentration increased the association 
constants (solid line of Figure 4).

Assuming that the association constant in zero ionic
strength for the DoTAC monomer-TNS complex is 25M ^, based on
the extrapolation of solid line of Figure 4, and that the charge
neutralization is the only force to provide the linkage between
TNS and DoTAC monomer, the theoretical association constants
( )  at various ionic strengths can be calculated from eq. 4

, , 21which is obtained according to Debye-Huckel limiting law :
TNS + M 

C TNS - M l

+
TNS - M

K and
th — f( L TNS - M )

[TNS-)( M+ )
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Figure 3. Hill plot of Figure 2f at lower DoTAC concentration. 
The temperature is 14°C.
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where Q. is the activity of the ion specie. Then

log = log + 1 .OR JJT at 14°C (4)

«As mentioned above, K = 25M was assumed at ju = 0. 
Therefore, the theoretical K.̂ values at various ionic strength 
can be calculated. This result is shown as the dotted line of 
Figure 4. Since the Debye-Huckel limiting law is useful only 
at very low ionic strength solution, thus, the line only ex­
presses the minimum theoretical association constants at various 
ionic strengths. The solid line in Figure 4 shows a minimum 

value, this suggests that both charge neutralization and 
hydrophobic interaction participate in the DoTAC monomer-TNS 
complex. The greater the ionic strength, the greater contribu­
tion of the hydrophobic interaction and the smaller the ionic 
interaction. At 0.5 F NaCl, the theoretical ionic interaction 
for the DoTAC monomer-TNS complex should be very small, the 
complex is formed only by hydrophobic interactions. Even at 
very low ionic strength, the hydrophobic bond still contributes 
to the total binding free energy. This was also supported by 
the finding that the DoTAC monomer-TNS interaction in water 
still causes fluorescence, indicating that the aromatic rings 
of TNS should be surrounded by hydrophobic residue of other 
molecule, namely the dodecyl group of DoTAC.

The interaction factor F̂  (eg. 3) is calculated to be 70,
cl

75, 30 for 0.5, 0.2 and 0.05 F NaCl solutions respectively at 
the half maximum fluorescence intensity area. The F values,3
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Figure 4 Observed association constants (------- ) and
theoretical association constants ( ----- — )
of DoTAC monomer-TNS complex. Temperature: 14°C.
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which indicate the relative binding efficiency for cooperative 
interaction, suggest that NaCl increased the binding constant 
for the successive binding of the DoTAC monomer to the DotAC 
monomer-TNS complex. Although the first DoTAC binding with 
TNS involves both hydrophobic interactions and charge neutrali­
zation, the values of F at different ionic strength clearly

cl

suggest that the charge neutralization contribution to the 
polymeric complexes, that is, DoTAC dimer-TNS and DoTAC trimer- 
TNS etc., should be very small since NaCl increases the inter­
action factor.

The ratio of I values (eq. 2) at 25, 19 and 14°C was nicix

found to be 1 : 1.17 : 1.33. The same temperature dependent
quenching phenomenon for T value in the SDS micelle-TNS com-

12plex has been noticed . This general phenomenon is caused by 
more solvent collision quenching with the excited state of TNS 
at higher temperature.

Binding of nonyltrimethylammonium bromide (NTAB) with TNS.

The fluorescent titration curves of TNS as a function of 
the NTAB concentration in 1.0, 0.5, 0.05 F NaCl and water are 
shown in Figure 5 (a-e). The TNS concentration used is 9.6 
lo ^M, which is the same concentration used in the study of the 
interaction of DoTAC with TNS. The micelle formation was accom­
panied with fluorescent enhancement and a blue shift of the 
emission wavelength. The NTAB concentration at the onset of 
fluorescence enhancement was assigned as the cmc. The cmc values 
are 1.2 U 0 _1M, 0.98 X10-1M, 0.80 x 10_1M, 0.46 * 10-1M and 0.30 *
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Figure 5 The relationship of I„ and vs. NTAB concen-* F max
tration. See legend of Figure 1.
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10-1M in water, 0.05, 0.20, 0.50 and 1.0 F NaCl respectively.
A strikingly similar fluorescence enhancement phenomenon was
previously found for the interaction of TNS with SDS. In that
case there was no significant binding between SDS monomer and
TNS. The result shows that no sinificant complex formation
between NTAB monomer and TNS was found at the TNS concentration 

6used (9.6*10~ M). However, at the same concentration, the 
complex formation between DoTAC monomer and TNS was observed.
It is, then obvious that the complex formation between ATAH^1  ̂
monomer and TNS is alkyl chain length dependent.

The salt effect on the quantum yield and wavelength of 
emission spectrum of the NTAB micelle-TNS complex is shown in 
Table II. The salt effect on the NTAB micelle-TNS complex is 
similar to that on the DoTAC micelle-TNS complex, i.e., salt 
increased the quantum yield and caused a blue shift of TNS 
fluorescence. These results suggest that the environment 
surronding TNS in the NTAB micelle-TNS should be hydrophobic 
in nature.

The possible contribution of viscosity and salt (NaCl) to 
fluorescence enhancement and emission wavelength was examined 
by two controlling experiments. First, various concentrations 
of sucrose solution were prepared to match the viscosity of NTAB 
solution which has = 1.43 cp at 0.43 M. The fluorescence 
enhancement of TNS in those sucrose solutions was found less 
than 2/o of the total fluorescence enhancement caused by the 
NTAB solution. Second, the emission spectra in 40% ethanol 
solution with no added NaCl and 1 F NaCl was measured separately.
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It was found that no significant fluorescence enhancement and
Femission wavelength shift (A.„_„ = 454 nm) caused by addedIHclX

NaCl occurred.
Finally, it should be noted here that TNS forms an inso­

luble complex (m.p. 20 2-20 3 °C, uncorr.; A*L„ = 425 nm) withmax
NTAB monomer at high TNS concentrations. However, no complex
formation between TNS and NTAB monomer is observed in the TNS

-6concentration of 9.6 * 10 M which we used in the experiment.

Binding of decyltrimethylammonium bromide (DTAB) with TNS.

The fluorescent titrations were performed at TNS concen­
tration of 9.6*10~6M in 1.0 F NaCl (Figure 6a) and water (Figure 
6b) respectively. The result shown in Figure 6a indicates that 
there is no detectable complex formation between TNS and DTAB 
monomer. This phenomenon is similar to that of the interaction 
of TNS with NTAB monomer (Figure 5). On the contrary, the titra­
tion curve of Figure 6b is similar to that of the interaction 
of TNS with DoTAC (Figure l(a-e)), i.e. there is a complex for­
mation between TNS with DoTAC monomer in water. These results 
suggest that both hydrophobic bonding and ionic interaction 
participate in the formation of the DTAB monomers-TNS complex in 
water which is prevented in 1.0 F NaCl. It may be that the ionic 
interaction of the complex is completely eliminated in high NaCl 
concentration and that the hydrophobic interaction is not suffi­
ciently increased to maintain the complex in high NaCl concentra­
tion. It is interesting to note that decyl group of DPAB monomer 
is shorter by two methylene groups than the dodecyl group of DoTAC.
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Figure 6 FThe relationship of I„ and vs. DTAB^ F max
concentration. See legend of Figure 1.
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This will decrease the hydrophobic bonding between TNS and 
DTAB monomer. Thus, the added salt can only cause a small 
incremental hydrophobic bonding increase in the complex forma­
tion of DTAB monomers with TNS. In contrast, the added salt 
effectively increased hydrophobic bonding in the DoTAC monomer- 
TNS complex such that the limiting effect of added salt on charge 
neutralization can be completely compensated for. The results 
shown in Figure 6 also indicate that there is a DTAB micelle- 
TNS complex in water or in 1.0 F NaCl solution. The m.p. of 
the isolated precipitate crystal of DTAB monomers-TNS complex is
209 - 210°C and has a A  f = 425 nm.max

Binding of hexadecyltrimethylammonium chloride (HTAC) and 
octadecyltrimethylammonium chloride (OTAC) with TNS.

The plots of fluorescence enhancement vs. the quaternary 
ammonium ion concentration (solid lines of Figure 7 (a-c) for 
HTAC and Figure 8 (a-c) for OTAC) are essentially similar to 
those of the DoTAC-TNS interaction (Figure 1 (a-e) ). They dif­
fer from the NTAB-TNS interaction in that the monomers of DoTAC, 
HTAC and OTAC can bind with TNS respectively, but there is no 
detectable complex formation between TNS and monomer of NTAB

—  ftat the TNS concentration of 9.6 X 10 M. The HTAC monomer-TNS
interaction and OTAC monomer-TNS interaction resulted in the
rapid precipitation of the complex. Thus the measured wavelength
of maximum intensity of fluorescence (Figure 7(a,b), Fig. 8(a-c)

. . . Fshowed no difimte A  for the OTAC monomers-TNS or OTAC
U lc lX

monomers-TNS complexes.
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Figure 7. The relationship of I0 and A F vs, HTACc F max
concentration. See legend of Figure 1.
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FFigure 8. The relationship of I„ and A  _  vs. OTAC3 ^ F max
concentration. See legend of Figure 1.

121



», 
X 

p 
A

/ad



( m u  V
<V*O

<9*

123 > H

©

oo oo

9T̂
C 

X/e
4 (

M)



4o

ao

v-i

IT/©

OTAC x/04 (M)



The melting points of the precipitates of HTAC monomers-
TNS complex and OTAC monomers-TNS complex are 210-225°C and
175-185°C respectively. Both precipitates show = 398 nm.max

The values of the HTAC micelle-TNS complex (Figurenicix
7) and the OTAC micelle-TNS complex (Figure 8) are also salt 
concentration dependent. The higher the salt concentration, 
the more blue shift of the emission spectrum and the higher 
quantum yield (Table II).

The environment of bound TNS in its complexes with micelle or 
monomer of ATAH^1 ^.

F ~FXThe A  and A  for ATAH micelle-TNS complexes aremax max ^
shown in Table II. It can be concluded, in general, the

p  EXsmaller the A  value (blue shifting), the larger the A,max max
value (red shifting). Also the magnitude of A ^ ax change is

EXgreater than the corresponding change of A max» It has been
shown that the emission and excitation spectra of TNS in non-

4 . 22polar solvents will undergo blue shift and red shift res­
pectively. The results suggest that the polarity of TNS in 
the ATAH micelle-TNS complex of shorter ATAH alkyl group is 
larger than that of TNS in the complex of longer ATAH alkyl 
group. Because the emission spectrum of the ATAH micelle-TNS 
complex, the hydrophobicity of TNS in the former complex should 
be smaller than that of TNS in the latter complex.
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Discussions

Hydrophobic interaction vs. charge neutralization.

The length of the ATAH alkyl group seems to be important 
for the interaction of ATAH monomer with TNS since no signifi­
cant complex formation was found between NTAB monomer and TNS.
A complex did form between TNS and the longer chain monomers, 
DoTAC, HTAC or OTAC. Salt increased the interaction of DoTAC 
oligomer-TNS complex as reflected by the fact that both the 
interaction factor (F ) and Hill coefficient (C) were larger

a

at higher salt concentrations. Salt also increased the asso­
ciation constant for the DoTAC micelle-TNS complex (Table I).

12The same results were seen for the SDS micelle-TNS complex 
Thus, hydrophobic bonding is of primary important in the com­
plex formation. That is, the aromatic residues of TNS are 
probably surrounded by hydrophobic alkyl group of ATAH.

Evidence indicating that charge neutralization exists in 
the DoTAC monomer-TNS complex at low ionic strength is pro­
vided in the association constant decrease from (18 i 3)M_1 
to (10 ir 3) M-1 for the ionic strength range of 0.05 to 0.2 F. 
However, hydrophobic bonding still exists in the DdPAC monomer- 
TNS complex because a further increase of ionic strength to
0.5F increased the association constant to (15 ± 3) M 
Similarly, both hydrophobic interactions and ionic interaction 
also participate in the complex formation between TNS and DTAB 
monomer.

The fluorescent characteristics of the TNS in the ATAH
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micelle-TNS complex (Table II) also indicates that aromatic 
rings of TNS should bind with the hydrophobic alkyl group.
Here, the blue shift of the TNS emission spectra and the 
red shift of the TNS excitation spectra occurred at the 
higher NaCl concentrations.

An examination of CPK molecular moles of TNS and of ATAH 
molecules shows that the length of the TNS aromatic rings is 
almost equal to that of the extended dodecyl group of DoTAC 
(Fig. 9). The nonyl group of NTAB then, is too short to cover 
the aromatic rings of TNS with the consequence that there is 
no complex formation of NTAB monomer at low TNS concentrations. 
The pairing between aromatic rings of TNS with the ATAH alkyl 
group may be indicated by the melting points of the ATAH 
monomers-TNS complex precipates. The melting points of the 
complexes for the NTAB monomer, DTAB monomer, DoTAC monomer, 
HTAC monomer, OTAC monomer were 202-203, 209-210, 225-230, 210- 
227, 175-185°C respectively. This suggests that the crystal 
lattice of the DoTAC monomers-TNS complex is the most compactly 
packed. And that, in general those alkyl groups of ATAH which 
are longer or shorter, will decrease the m.p. of the crystal 
lattice formed with TNS. This is in agreement with CPK model 
measurement, which shown that the length of aromatic rings 
of TNS is almost equal to that of dodecyl group of DoTAC.

In conclusion, the configuration of ATAH monomer-TNS com­
plex should consist of both ionic interaction and hydrophobic 
interaction. Such a configuration of the DoTAC monomer-TNS 
complex is complex I of Figure 10. Because salt increases the
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Fig. 9. The CPK molecular models of TNS and DoTAC molecules
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association constant of DoTAC micelle-TNS complex and the 
interaction factor (F ) of DoTAC oligomer-TNS complex, theci
hydrophobic interaction should participate in these two 
complex formation and the charge neutralization should be a 
minor force in the complex.

The cooperative binding of DoTAC monomer to TNS.

Figure 10 summaries the results of the cooperative 
binding between DoTAC monomer with TNS to form the DoTAC 
oligomer-TNS complex. The first binding of DoTAC monomer 
to TNS to form DoTAC monomer-TNS complex (complex I of Figure 
10) involves both hydrophobic interactions and charge neutra­
lization. The subsequent binding of DoTAC monomer to complex 
I was highly cooperative and the complex formed is DoTAC 
oligomer-TNS complex (complex II of Figure 10). The coopera- 
tivity was increased by salt.

Comparison of the hydrophobicity of TNS in the environment of 
the ATAH micelle-TNS complex and the ATAH oligomer-TNS or the 
ATAH monomer-TNS complex.

It was found that the emission spectrum of the ATAH micel­
le-TNS complex is red shifted compared to that of the complex 
of TNS xtfith the ATAH monomer. This seems to be opposite to what 
is expected. It is generally accepted that the hydrophobicity 
of the core of the micelle of quaternary ammonium ions should 
be greater than that of the monomers, and that the emission 
spectra in the lower polar solvents are blue shifted. A
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Figure 10. The configurations of DoTAC monomer-TNS complex (I), 
DoTAC oligomer-TNS complex (11^, II2’ I:[x̂  and 
DoTAC micelle-TNS complex (III) at the binding 
site of TNS in micelle.
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possible explanation of this anomoly has been provided by
Burton and Minch's investigation of the interaction of aromatic

23compounds with quaternary ammonium ions . Their results sug­
gest that the 7t system of the benzene ring of benzoate or 
phenylacetate, etc. interacts with the partially positive 
N-methyl proton. The entire aromatic ring does not locate in 
the core of the micelle but rather it locates in the positively 
charged head region of the quaternary ammonium ion. This 
suggests that, in the case of ATAH micelle-TNS complex, part 
of the aromatic rings of TNS may be in the location of the 
Stern layer of the micelle with some part of the aromatic rings 
interacting with the positively charged head of the quaternary 
ammonium ion (Complex III of Figure 10). This model could 
explain the observation that the hydrophobic environment of 
TNS in the micelle is more polar than that of TNS in the complex 
of TNS with ATAH monomers which has a parallel arrangement of 
alkyl group and the toluidinylnaphthalene ring with a charge 
interaction between the sulfonate group and the quaternary 
ammonium ion to provide a more hydrophobic environment for 
TNS (complex I of Figure 10).
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