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bstract

The critical micelle temperatures (cmt) of binary mixtures of triblock polymer (TBP) of poly(ethylene oxide) block poly(propylene oxide)
lock poly(ethylene oxide) (L64, P103, P84, P104) with different PPO/PEO ratios were determined employing the fluorescence measurements.
he photophysical properties of pyrene due to its quenching as well as excimer formation in the interior of the mixed TBP micelles were studied
nd explained on the basis of stability of the mixed micelles. It was observed that the mixed micelle formation between the unlike components

f P103 + L64 and P103 + P84 mixtures formed due to the attractive interactions and which raised from the mutual compatible arrangement
mong the unlike TBP monomers in the mixed state so as to minimize the steric hindrances. The results were fully supported by the viscosity
easurements.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Poly(ethylene oxide) block poly(propylene oxide) block
oly(ethylene oxide) (PEO–PPO–PEO) triblock polymers
TBP) are known to have micelle formation with respect to the
ariation of temperature. At a particular temperature where this
icelle formation occurs is known as critical micelle temper-

ture [1–8] (cmt), an analogous term used for this purpose to
hat of critical micelle concentration [4–8] (cmc) where micelle
ormation occurs due to a change in concentration. Although,
ost of the TBP’s also show cmc process quite clearly, the

resence of cmt in such polymers is relatively much clear and
ignificant. At a particular concentration, an increase in the
emperature leads to a sudden dehydration of poly(propylene
xide) (PPO) blocks which have relatively much weaker elec-
rostatic interactions with water molecules in comparison to
hat of poly(ethylene oxide) (PEO). This process drags the PPO

roups away from water and gathered them in the centre of an
ggregate surrounded by more hydrophilic PEO groups. This
eads to a conventional micelle type assembly with predomi-
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cence measurements

antly hydrophilic groups (PEO) arranged at the periphery while
ydrophobic ones (PPO) constitute the core [1–3,9–15]. Such a
ransition is quite significant and occurs within a narrow tem-
erature range.

Several techniques [5,16] have been applied to determine the
mt while pyrene fluorescence spectroscopy is considered to
e more useful due to its much better accuracy. A much lower
yrene concentration (less than 10−6 M) is sufficient to detect
his change which does not influence the overall micelle forma-
ion process.

Though, several studies [5,16–19] have been reported on the
mt for various TBP’s little is known about the mixed cmt behav-
or of binary TBP mixtures. Since TBP’s are categorized in
he category of nonionic polymeric surfactants, therefore, ideal

ixing is generally expected in the TBP–TBP mixed systems.
ecently, we have observed [20] that it is not always true, and

he binary mixtures of TBP’s do lead to a nonideal mixing when
here is a significant difference between their molecular weights
r hydrophobic/hydrophilic (PPO/PEO) ratio. This actually we
valuated from the mixed cmc values. However, cmt of TBP’s

s considered to be having more relevance as far as their shelf
ife under varying temperatures is concerned. This is due to the
act that most of the industrial products in the cosmetic industry
onsist of more than one TBP component where a basic under-
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level capillary viscometer sealed in a glass jacket to circulate
the thermostated water at 45 ◦C. The efflux time was kept long
to minimize the need for applying the kinetic corrections to
the observed data. Each experiment was carried out after giv-
50 M.S. Bakshi et al. / Journal of Photochemistry a

tanding on the nature of their mixed cmt values becomes quite
mportant. At this end, we have selected some TBP binary mix-
ures on the basis of their different PPO/PEO ratios to evaluate
heir mixed cmt behavior.

. Experimental

.1. Materials

The TBP used in this study have the general formula
(–OCH2CH2–)n[–OCH(CH3)CH2–]m(–OCH2CH2–)nOH.
able 1 lists the molecular specifications of various TBP used

n the present study and all the components have been used
ithout further purifications. Pyrene was obtained from Aldrich

nd was used as received. Water was purified by deionization
ollowed by double distillation. All solutions were prepared
y mass within the accuracy of ±0.01 mg. The mole fractions
ere accurate to ±0.0001 units.

.2. Sample preparation

Stock solutions of different pure TBPs have been made
n pure water by keeping the total concentration of each
BP = 5 × 10−4 mol dm−3. The change in the concentration has
rastic effect on the cmt of TBP. For instance, increase in the
oncentration leads to a large decrease in cmt [5]. We prefer
o keep the TBP concentration constant so that concentration
ffect can be eliminated and only temperature effect could be
tudied. These stock solutions were then mixed in different
roportions to make binary combinations covering whole mix-
ng range. The mole fractions of each component of various
uch binary mixtures have been expressed only on the solute
asis.

.3. Methods

.3.1. Fluorescence measurements
A constant amount of pyrene (2.0 × 10−5 mol dm−3) has

een maintained in all solutions. Fluorescence spectra of pyrene
ere obtained using Hitachi F-2500 fluorescence spectropho-

ometer, at an excitation wavelength of 334 nm. The intensities
1 and I3 were measured at the wavelengths corresponding to

he first and third vibronic bands located at ca. 373 and 384 nm,
hile Iexc is measured at 470 nm. The ratios I1/I3 of pyrene

s a function temperature were used to directly determine the
mt. The desired temperature was maintained by circulating the

able 1
olecular characteristics of PEO–PPO–PEO triblock polymers

BP General formula Hydrophobic/
hydrophilic ratio

MW

64 (EO)13(PO)30(EO)13 1.52 2900
103 (EO)17(PO)60(EO)17 2.32 4950
84 (EO)19(PO)43(EO)19 1.49 4200
104 (EO)18(PO)58(EO)18 2.12 5900

F
[
I
V
V
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hermostated water by using Julabo F25 thermostat within the
ncertainties of ±0.01 ◦C.

.3.2. Viscosity measurements
The efflux times of binary mixtures of TBP solutions have

een determined with the help of Ubbelohde type suspended
ig. 1. (a) Pyrene emission spectrum at various temperatures of
P103] = 5 × 10−4 mol dm−3: [1] 20.7 ◦C, [2] 22.8 ◦C, [3] 25.1 ◦C, where I1,

3, and Iexc are the intensities of first, third, and excimer bands of pyrene. (b)
ariation of the pyrene intensity I1/I3 ratio with temperature for pure P103. (c)
ariation of the pyrene intensity Iexe/I1 ratio with temperature for pure P103.
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ng the long-time thermal stability. Good reproducibility can be
btained by properly cleaning the viscometer with concentrated
hromic acid each time before starting a set of experiments to
void the formation of air bubbles in the viscometer. From the
atio of efflux times of the test solution, t, to that of the reference
olution, t0, i.e. water, the relative viscosity can be calculated,

r = t/t0, by ignoring the density corrections for the dilute solu-
ions.

The ηr of various mole fractions of each binary mixture have
een determined over the whole mixing range.

l
e
t
o

ig. 2. Plot of cmtexc, cmt (◦C) vs. αP103,P104,L64: (a) P103 + L64, (b) P103 + P84, (c) P
otobiology A: Chemistry 186 (2007) 349–356 351

. Results and discussion

Fig. 1(a) shows the typical pyrene emission spectrum of
P103] = 5.0 × 10−4 mol dm−3 at various temperatures. The ini-
ial five peaks represent the five vibronic bands of pyrene emis-
ion spectrum in the range of 350–420 nm, while a structure

ess broad band with maximum around 470 nm indicates the
xcimer formation. One can see that as the temperature increases
he intensity ratio of I1/I3 band decreases whereas the intensity
f excimer band increases. The former bands are due to the

104 + P103, (d) P104 + P84, (e) L64 + P104 and (f) L64 + P84 binary mixtures.
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onomeric nature of pyrene and decrease in their intensity ratio
emonstrates the solubilization of pyrene monomeric species in
nonpolar environment, the strength of nonpolar environment

ncreases with the increase in temperature. At this stage, there
re more than one pyrene species in the confined hydrophobic
nvironment and which leads to an interaction between excited
nd ground state pyrene species thereby resulting in the excimer
ormation. Such a switchover from monomer to excimer forma-
ion is clearly visible in Fig. 1(a) and is indicated by a decrease
n the intensity ratio of monomer pyrene emission spectrum and
ncrease in the intensity of excimer formation. Thus, a plot of
1/I3 versus temperature (Fig. 1(b)) will indicate a change in the
olarity of the medium in which it is solubilized. Simultaneously,
nother plot of Iexc/I3 (Fig. 1(c)) suggests the amount of excimer
ormation. One would see that I1/I3 value initially decreases with
n increase in temperature before reaching to a constant value.
t low temperature, there are no well defined micelles in the

queous phase and pyrene predominantly remains in the aqueous
hase. Further increase in the temperature sets in the micelle for-
ation process which triggers the simultaneous solubilization of

yrene in the micelles which results in an instant fall in the I1/I3
atio. The temperature where this phenomenon occurs is known
s the cmt. Since this facilitates the solubilization of more pyrene
pecies and thus leads to the excimer formation. The Iexc/I3 plot
ikewise shows an instant increase which passes through a strong

aximum. The temperature at which the maximum appears fur-
her corresponds to cmt and is represented by cmtexc. The cmt
nd cmtexc values thus determined (Fig. 1) have been graphi-
ally shown in Fig. 2, while the values for pure components
ave been listed in Table 2 and compared with literature values.
ig. 2 shows that both cmt and cmtexc values vary nonlinearly
ver the whole mole fraction range when two TBP components
re mixed in different proportions. The ideal behavior can be
etermined simply from the additivity rule when there are no
nteractions between the components in the mixed state and the

icelles are expected to be predominantly monodisperse:

mt(ideal) = α1cmt1 + (1 − α1)cmt2 (1)

here cmt1, cmt2, and α1, (1 − α1) are the values of pure 1 and 2
omponents. The cmt(ideal) values thus calculated have also been
lotted in Fig. 2 as dotted line for corresponding mixtures.
All frames of Fig. 2 show that the experimental cmt values
or various binary mixtures mostly show negative deviations
rom ideality except in the case of P104 + P103 where the cmt
alues mainly lie close to that of ideal behavior. A negative

able 2
alues of cmt and cmtexc (◦C) of different triblock polymers at 5.0 ×
0−4 mol dm−3 concentration

BP cmt cmtexc Average Literature values (conc.)

64 41.0 41.0 41.0 39.5 [5] (3.45)a

103 22.0 22.0 22.0 22.5 [5] (5.05)a

84 34.0 32.1 33.0 33.5 [5] (5.95)a

104 26.0 26.0 26.0 25.5 [5] (4.24)a

a Represents the corresponding concentration value (×10−4 mol dm−3) of
ach TBP.
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ig. 3. Plot of I0/I at the first vibronic band vs. [Q] for pure P104, P103 and

P104 = 0.8 in P104 + P103 binary mixture at 45 ◦C.

eparture of the cmt value from the corresponding ideal behavior
ndicates the fact that the mixed micellization is taking place
t lower concentration. In other words such a situation can be
xplained on the basis of greater hydrophobicity attained by
he mixed micelle which derives the mixed micellization at low
oncentration. Similar qualitative behavior has been observed
rom the variation of cmtexc values.

From the variation of the plots of Fig. 2 one can therefore
educe that mainly strong interactions are present between the
omponents of P103 + L64/P84 binary mixtures, while weak
nteractions are observed among rest of the binary mixtures.

.1. Quenching process

The above results can further be explained on the basis of
uenching of pyrene by a suitable quencher (Q) such as hexade-
ylpyridinium chloride (HPyCl) under steady state conditions.
t is being assumed that the fluorescence lifetime of pyrene is
onger than the residence time of the quencher in a micelle. A
uitable [pyrene]/[mixed micelle] and [Q]/[mixed micelle] ratios
nsure the Poisson distribution. The fluorescence intensity of
he first vibronic band of pyrene decreases with the increase in
Q] without the appearance of any new band (not shown). A
tern–Volmer relationship can be used to explain the collision
uenching under the steady state conditions [21–24]:

I0

I
= 1 + KSV[Q] (2)

here I0 and I are the fluorescence intensities without and with
uencher, respectively, and KSV is the collisional quenching con-
tant, called the Stern–Volmer constant. A linear variation of I0/I
ersus [Q] (Fig. 3) will provide the value of KSV for all pure and

ixed components. These KSV values thus obtained have been

lotted in Fig. 4 for various binary mixtures.
Fig. 4 shows that KSV value varies nonlinearly with posi-

ive deviations from the ideality, which are predominant in the
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I1
= EF

kMF
exp −

kT
(6)

where k1
EF and WEF are the frequency factor (limiting value

of kEF as T → ∞) and activation energy of excimer formation,
ig. 4. Plot of KSV vs. αP103/P104/L64: (a) P103 + L64/P84 binary mixtures, (b)
104 + P103/P84 binary mixtures and (c) L64 + P104/P84 binary mixtures.

ase of P103 + L64/P84 thus demonstrating that the quenching
s facilitated in these mixtures. This can be attributed to the
resence of suitable hydrophobic environment provided by the
ixed micelles for the favorable solublization of pyrene where

ffective quenching takes place. Thus, the origin of stronger
nteraction in P103 + L64/P84 in comparison to rest of the mix-

ures might be arising from a large difference in the cmt values
f two components and could be responsible for the attractive
nteractions between the components in the mixed state. A close F
otobiology A: Chemistry 186 (2007) 349–356 353

nspection of Fig. 2(a) and (b) indicates that binary mixtures of
103 + L64/P84 have large difference in the cmt values of the
ure components which might generate a large unequal dehy-
ration of the respective micelles under the effect of temperature
ariation. Such unequal dehydration may cause rearrangement
f the triblock polymer monomers in the mixed state in such a
ay so that some of the ethylene oxide groups remain in contact
ith water, thus generating required stability while maintaining
stronger hydrophobic environment.

.2. Kinetics of excimer formation

The excimer emission is produced by the collosional quench-
ng between the excited (Py*) and ground state (Py) monomers
f the fluorescence probe. Thus, the mechanism of the excimer
imer (D*) formation can be written in the following way:

y∗ + Py
kEF�
kED

D∗ (3)

y∗ kMF−→Py + hν (4)

∗ kDF−→2Py + hν (5)

here kEF, kED, kMF, and kDF are the constants of excimer for-
ation, excimer dissociation, monomer fluorescence, and dimer
uorescence, respectively. Apart from this, there are other non-
adioactive decays of Py* and D* which have been not shown
ere. The detailed analysis of this kinetic process has been
eported by Briks et al. [25–27]. For simplification two sets of
xperimental conditions, i.e. low temperature and high tempera-
ure behaviors within the temperature range studied herein have
een discussed. At low temperature Iexc/I1 ratio can be written
s

Iexc k1 [Py]
[

WEF
]

ig. 5. Plot of ln(Iexc/I1) vs. 1/T for pure P104 at [P104] = 5.0 × 10−4 mol dm−3.
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at fixed [Py]. Fig. 5 shows such a variation for P104 at different
temperatures. Here too, an interaction of two linear lines gives
the cmt equal to 26 ◦C. Hence, the kinetics of pyrene solubiliza-
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espectively, and k is Boltzmann’s constant. Similarly, at high
emperature, the Iexc/I1 ratio is given by

Iexc = kDFk1
EF[Py]

1 exp

[
B

]
(7)
I1 kEDkMF kT

here B is the excimer binding energy = WED − WEF and k1
EF

s the frequency factor. Eqs. (6) and (7) suggest that a plot of

ig. 6. Plot of energy of activation (WEF) of the pyrene probe for the
xcimer formation vs. αP103/P104/L64 of (a) P103 + L64/P84 binary mixtures,
b) P104 + P103/P84 binary mixture and (c) L64 + P104/P84 binary mixtures.

F
v
b
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n I /I increases and decreases linearly with 1/T, respectively,
ig. 7. Plot of binding energy (B) of the pyrene probe for the excimer formation
s. αP103/P104/L64 of (a) P103 + L64/P84 binary mixtures, (b) P104 + P103/P84
inary mixture and (c) L64 + P104/P84 binary mixtures.
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ion in TBP micelles can be analysed within two different sets
f experimental conditions, i.e. below and above 26 ◦C. The for-
er gives the activation energy (WEF) for excimer formation by

yrene while the latter gives the binding energy (B) of excimer
ormation. Both values thus obtained for various pure and mixed

BP mixtures have been plotted in Figs. 6 and 7.

Fig. 6 shows the variation of WEF over the whole mole frac-
ion range for all mixtures. These values for P103 + L64/P84
Fig. 6(a)) show a positive deviation from the ideal mix-

ig. 8. Plot of ηr vs. αP103/P104/L64: (a) P103 + L64/P84 binary mixtures, (b)
104 + P103/P84 binary mixtures and (c) L64 + P104/P84 binary mixtures.
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ng (shown by dotted lines), while those for P104 + P103/P84
Fig. 6(b)) remain mostly close to ideal behavior. Fig. 6(c)
hows negative deviations in WEF values from ideality for
64 + P104/P84 mixtures. A decrease in the WEF values at all
ole fractions of P103 + L64/P84 in Fig. 6(c) can be attributed

o the facilitation of the excimer formation which is also evi-
ent from the higher KSV values (Fig. 4(a)) for these mixtures.
hese results can also be related to the relative viscosity (ηr)
ehavior for these mixtures (Fig. 8(a)). A smaller ηr value than
deal behavior especially in the P103 poor region of the mix-
ures show the attractive interactions between the components
nd that might be responsible for lower WEF in comparison to
heir pure states. This is further supported by the negative devia-
ions in B values from the ideal behavior (Fig. 7(a)). A closeness
etween the WEF and corresponding ideal behavior (Fig. 6(b))
or P104 + P103/P84 mixtures further confirm the presence of
redominantly ideal behavior. The variation in the B values for
hese mixtures (Fig. 7(b)) fully supports this fact. The ηr of
104 + P84 mixtures (Fig. 8(b)) shows clear ideal mixing but the
egative deviation in the case of P104 + P103 is due to unknown
easons. An increase in the WEF value for L64 + P103/P84 mix-
ures (Fig. 6(c)) from their pure components clearly indicates
he reduction in excimer formation. This is again complimentary
ith the positive deviations in the B values from the correspond-

ng ideal mixing (Fig. 7(c)). Both figures (i.e. Figs. 6(c) and 7(c))
emonstrate that the variation in WEF and B values mainly pre-
ominant in the L64 poor regions of both mixtures. The positive
eviation in the ηr (Fig. 8(c)) from ideal behavior especially in
he L64 poor region further confirm these results.

. Conclusions

The variation of all micellar parameters and photophysical
roperties indicate that the mixed micelles between the com-
onents of P103 + L64 and P103 + P84 mixtures form due to
ttractive interactions. These interactions arise from the mutual
ompatible arrangement among the unlike TBP monomers in
he mixed state in such a way so that steric hindrances are mini-

ized. We believe that the large difference among the cmt values
f individual components proves to be favorable for their stable
ixed micelles.
On the other hand, mixtures of P104 + P103 and P104 + P84

refer to remain ideal in their mixed state, while the mixtures of
64 + P104 and L64 + P84 show mainly unfavorable mixing.
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