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Abstract

This review gives a brief outline of various micellar properties of triblock polymers such as critical micellization

concentration, critical micellization temperature, and microviscosity. Detailed discussion of the effect of temperature

on micellar properties of various triblock polymer mixtures is given. Applications of triblock polymers in

solubilization as drug delivery agents, as nano drug, for the synthesis of gold nanoparticles, for cobalt

determination, etc. are discussed.
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Review

Characteristic features of triblock polymers

Triblock polymers (TBPs) also known as block copolymers

belong to a class of nonionic surfactants. They are com-

mercially available under the trade names Pluronics (BASF,

Ludwigshafen, Germany), Poloxamers (ICI, London,

England), or Synperonics (ICI) and are highly surface-

active compounds. The block copolymers consist of a

linear hydrophobic polyoxypropylene (PPO) block with

hydrophilic polyoxyethylene (PEO) blocks on each side

with the structure PEO-PPO-PEO. Their hydrophilic-

lipophilic balance (HLB) depends on the PEO-to-PPO

mass ratio [1,2]. The rich polymorphic behavior of Pluronics

is modulated by their HLB [3]. The PEO-PPO-PEO TBPs

are commercially available in a range of molecular weights

and PPO-PEO composition [4]. Greater amount of oxy-

ethylene groups, for instance, implies significant aqueous

solubility. TBPs are the subjects of fundamental as well

as technological research [5-7] that arises from their

ability to form micelles, macro- or micro emulsions, and

several liquid crystalline phases [8-10]. Because of low

toxicity and high biodegradability, these copolymers have

extensive industrial applications in detergency, paint in-

dustries [11], cosmetics, dispersion stabilization, foaming,

lubrication [12,13], and pharmaceutical formulation [14,15].

Other important applications include radiation-damaged

cell repair and treatments, controlled drug delivery, bio-

processing [16], nuclear waste processing [17,18], food

processing, as well as in agricultural formulations [19-21].

Further applications are emulsion [22] and stabilization in

polymerization reaction [23], nanomaterial synthesis [24,25],

and coal processing [26].

Fundamentally, they have tremendous advantages than

conventional neutral polymers due to the presence of

both hydrophilic (i.e., PEO) and hydrophobic predominant

(i.e., PPO) moieties in the same polymer molecule. In

analogy with the low molecular weight surfactants [27],

block copolymers form aggregates of different kinds, de-

pending on the molecular weight, block sizes, solvent

composition, and temperature. The low molecular weight

Pluronics are viscous oils or pastes, and high molecular

weight Pluronics are amorphous solids. The different

types of blocks within the copolymer are usually incom-

patible with one another, and as a consequence, block

copolymers self-assemble in melts and in solutions. They

also show anomalous behavior over a certain range of

temperature, an effect shown, in general, by block copoly-

mers in selective solvents [28,29] which has been found

due to the presence of more hydrophobic component

present as impurity [30,31].
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Micellization

Critical micelle concentration

The parameter of greatest fundamental value is the critical

micellization concentration (CMC), the copolymer con-

centration at which micelles start forming [32]. TBPs are

the nonionic surfactants, which limit the number of

techniques available to measure the CMC in compari-

son to those of ionic surfactants. Also in comparison

with conventional low molecular weight surfactants, there

is some inherent complexity in the micellization of block

copolymers, which depends strongly on their composition

[33-42]. The blocks are not completely monodisperse even

for a copolymer with a narrow distribution of molecular

weight, and accordingly, no sharp CMC/critical micelliza-

tion temperature (CMT) has been observed for block

copolymers. Generally, the CMC spans over a much larger

concentration interval than observed with conventional

surfactants. The CMC is also sensitive to the temperature

which is likely to extend the concentration range over

which the CMC occurs [33]. Various techniques such as

light scattering [33,43], fluorescence spectroscopy [44,45],

NMR [46], specific volume [47,48], and small-angle neu-

tron scattering (SANS) [49,50] have been frequently used

to gain new insight into the aggregation behavior of these

systems. The process of self-association can be induced by

increasing the concentration of TBPs above the CMC and

adjusting the temperature to CMT [30,51-56].

Micellization in TBPs is understood to arise due to

the following reasons [29,57]. As the temperature of a

block copolymer solution is raised, the PPO block pro-

gressively loses its hydration sphere, resulting in greater

interactions between the PPO blocks. On the other hand,

the PEO blocks retain their strong interaction with water;

thus as is common for all amphiphilic molecules, the

differing phase preferences of the blocks drive the copo-

lymers to form micelles. Structural studies [31,58-63]

have shown that the micelles form a hydrophobic core

consisting mainly of weakly hydrated PPO blocks, which

are surrounded by an outer shell known as corona of

almost fully hydrated PEO blocks (Figure 1). There is a

broad temperature range above the CMT where the

micelles coexist in a solution with unimers. Above the

transition region, most of the block copolymer molecules

form micelles [64-71]. The reason that a higher temperature

is needed to form micelles is that the effective PEO-PEO,

PPO-PPO, and PEO-PPO interactions are temperature-

dependent. At some temperature, the effective PPO-PPO

attraction will dominate over the PEO-PEO repulsion, and

micelles will form (Figure 1). CMT of some common tri-

block polymer is listed in Table 1.

Micelle formation is an extremely temperature-dependent

entropy-driven process resulting in a large decrease in

CMC upon increasing the temperature. This behavior has

led to the wide applicability of CMT as a convenient

micellar parameter. Above the CMT, unimers and micelles

exist in the state of equilibrium with most of the copoly-

mer molecules in the micellar form. The effects of

temperatures on the properties and structure of the

PEO-PPO-PEO copolymer solution have been studied

extensively [59,72]. An interesting property of the aqueous

micellar system is its ability to enhance the solubility in

water of otherwise water-insoluble hydrophobic com-

pounds. This occurs because the core of the micelle

provides a hydrophobic microenvironment suitable for

solubilizing such molecules.

Many of these copolymers associate in aqueous solu-

tion to form spherical micelles [8,59,73], while at higher

concentration, block copolymers can also self-assemble

into lyotropic liquid crystals [54,74,75]. The progressive

growth of the hydrophobic core with increasing temperature

due to the increasing dehydration of PEO blocks in the

corona induces instability in the spherical micellar disper-

sion, leading to the formation of rod-like structures. The

addition of multivalent salts to aqueous copolymer solu-

tions produces a dramatic effect on the transformation of
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Figure 1 Schematic representation of the general structure of

triblock polymer and micelle formation. With respect to the

increase in the concentration and temperature.

Table 1 CMT data 0.1% solution of TBPs

TBPs Concentration (mM) CMT (°C)

L64 0.345 39.5

P65 0.294 46

P84 0.238 37

P85 0.217 37.5

F88 0.088 48.5

P103 0.202 24.5

P104 0.169 27.5

P105 0.154 27

F108 0.068 36
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the copolymer [76]. At low concentration, spherical

micelles form, whereas at high concentration, the for-

mation of hexagonal, cubic, and lamellar liquid crystal-

line phases takes place [58]. The morphology spectrum

runs from micelles (L1), through a cubic array of

micelles (I1), hexagonally packed rods (H1), and cubic

bicontinuous spheres (V1), to lamellae (L3) where phase

inversion takes place, and the inverted morphologies

develop: cubic (V2), reversed hexagonal (H2), cubic

(I2), and reversed micelle (L2) [77,78]. Regular micelles

are formed in polar solvents such as water and alcohols;

thus, the corona has a hydrophilic character. Micelles

formed in nonpolar solvents such as toluene have a

hydrophobic corona and are referred to as ‘reverse.’ Re-

cently, much attention has been devoted to highly asym-

metric block copolymers that form aggregates characterized

by a large core and a thin coronal shell of the soluble block:

the crew-cut systems [79,80]. ‘Crew-cut’ micelle-like aggre-

gates represent a new type of aggregate. They are formed

via the self-assembly of a highly asymmetric amphiphilic

block copolymer, in which the insoluble core-forming

blocks are much longer than the soluble corona-forming

blocks [81,82]. One of the noteworthy phenomena asso-

ciated with crew-cut aggregates is the accessibility of a

wide range of morphologies [79,81,83,84]. These include

spheres, rods, vesicles, lamellae, large compound micelles,

large compound vesicles, a hexagonally packed hollow

hoop structure (the ‘HHH’ structure) [85], onions [86], a

bowl-shaped structure [87], and several others [88,89].

Cloud point and microviscosity

Another parameter of great practical importance of TBPs

in aqueous phase is the cloud point (CP) [73,90,91]. At

higher temperatures well above the CMT, the copolymer

solution becomes opaque because the phase separation

between the polymer and water occurs. The temperature

at which cloudiness appears due to the precipitation is

the CP of TBPs [92,93]. The CP phenomenon in TBPs is

related to the core and corona model of the TBP aggre-

gates. This model suggests that the core of TBP micelles

mainly consists of PPO units while the corona occupies

PEO units. The presence of ether oxygens both in the

PPO as well as PEO units allows some number of water

molecules to be even available in the core. An increase

in the temperature thus dehydrates the TBP micelles

even at optimum temperatures by expelling water mole-

cules, which are weakly associated with ether oxygens

through the electrostatic interactions. At CP, the attractive

interactions between PEO blocks and water molecules are

sufficiently weak that the PEO blocks become completely

dehydrated. It has been observed [94,95] that any factor

which would increase the number of water molecules in

TBP micelles would result in an increase in CP and vice

versa. The TBPs containing a larger PPO block than that

of PEO have higher microviscosity [96-98]. The micro-

viscosity is strongly affected by the PPO block. It appears

that the larger its molecular weight, the more viscous the

micelle interior. Among the two different polymers, the

micelles with a larger PPO block exhibit higher microvis-

coscity. Cloud point of some common triblock polymer

solutions of 1% concentration is cited in Table 2.

Mixed micelles

Like conventional surfactants, TBPs show a clear micelle

formation process which can be best demonstrated by

the change in I1/I3 pyrene ratio versus concentration

plots. Since the anterior of the TBP micelle is consti-

tuted by the predominantly hydrophobic PPO units sur-

rounded by hydrophilic PEO, therefore pyrene can easily

solubilize in the core of the micelle and hence can act as

a fine probe for the micelle formation process. The I1/I3
ratio is sensitive to the microenvironment of pyrene

solubilization, and hence, its variation explains the

micelle formation process. In aqueous TBP solutions

(Figure 2), it usually starts from approximately 1.75

(value in pure water) and decreases to a constant value

around 1.3 where it is solubilized in the TBP micelle. Simi-

lar methods can very well be adopted for the measure-

ments of CMC for the mixed components over the whole

mole fraction range.

P103 + TBPs mixtures

P103 consists of 60 PO units in comparison to 34 EO

units. It makes this TBP predominantly nonpolar. The

variation of mixed CMC values for different mixtures of

P103 is shown in (Figure 3) along with the ideal mixing.

It is usually difficult to determine from the CMC profiles

which mixture shows greater attractive or repulsive

Table 2 Cloud point of 1% solution of TBPs

TBPs Cloud point (°C)

L35 73

F38 >100

L42 37

L43 42

L44 65

L62 32

L63 34

P84 74

P85 85

F127 >100

P123 90

L122 19

L64 58

P103 86
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Figure 2 Critical micelle concentration of different TBPs.
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and (e) P103 + P123 binary mixtures, respectively.
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interactions due to the course of micellization; therefore,

the regular solution theory based on the ideal mixing is

the best way to establish the non-ideal behavior in terms

of parameter ‘β.’ The average of β values over different

mixing ratios for each mixture helps to understand the

fact on how one mixture of intermolecular interactions

is different from other mixtures. Average β values plot-

ted against the PPO/PEO ratio for different mixtures

are shown in (Figure 4). A positive and negative value

respectively indicates the operating repulsive and attract-

ive interactions between the components of the mixtures.

βAvg becomes more negative as PPO/PEO increases and

approaches 1.5. Further increase in the PPO/PEO ratio in-

stantaneously converts βAvg from a negative to a positive

value. Components with lower PPO/PEO ratio (i.e., F127,

P84, and L64) show attractive interactions with P103,

while the component with greater PPO/PEO ratio (i.e.,

P104 and P123) shows unfavorable mixing with P103

which is clearly related to the delicate balance between the

PO and EO units in a mixed state. P103 contains a greater

number of PO (70) units in comparison to EO (38) units

which makes P103 a predominantly hydrophobic polymer.

Thus, in the event of micelle formation with other TBPs,

P103 will prefer to have maximum synergistic mixing with

similar predominantly hydrophobic TBPs such as L64

rather than P104 and P123 with much higher number of

PO units in comparison to EO which will induce steric

effects in the core, resulting in the unfavorable mixing.

Temperature effect on P103 + F127/P123 mixtures

Temperature is another very important parameter which

can drastically affect the microenvironment of the TBP

micelle. PO units show dramatic loss of water or hydration

in comparison to EO units as temperature increases. In

the first combination, the relative difference between the

molecular weights of PPO blocks of P103 and F127 is

much less in comparison to that among PEO blocks. In

the latter case, this difference is more significant for

PPO blocks rather than that of PEO blocks. Hence, we

want to see which combination of these two would pro-

duce greater non-ideal behavior (favorable or unfavor-

able) in their mixed state and also under the effect of

temperature variation.

The mixed CMC values are shown graphically in

Figures 5 and 6 along with the ideal CMC values. The

experimental CMC values for the P103 + F127 mixture

(Figure 5) are lower than the ideal behavior at 25°C, and

this difference decreases as the temperature increases

from 25°C to 40°C. In contrast, the experimental values

are quite close to the ideal ones for the P103 + P123 mix-

ture (Figure 6) at 25°C but become significantly higher

as temperature increases. It means that P103 + F127

shows attractive interactions at 25°C that decrease with

the temperature, while P103 + P123, on the other hand,

behaves almost ideally at 25°C but becomes increasingly

non-ideal as temperatures increases. Since the temperature

variation has a dramatic effect on the hydration of mixed

TBP micelles, therefore, this effect should reflect from the

viscosity measurements. Plots of excess relative viscosity

(Δηr) of both mixtures over the whole mole fraction range

(Figure 7) demonstrate negative deviation at 25°C for

P103 + F127 that decreases as the temperature increases,

while at 40°C, it almost follows the additivity rule. Whereas,

Δηr for P103 + P123 mixtures shows a comparatively

very weak negative deviation at 25°C from an ideal be-

havior that decreases and reverts to a weak positive

deviation as temperature increases.

The negative deviations in Δηr values generally arise

from the decrease in fluidity in the bulk upon mixing

two components. That is happening due to attractive

interactions between the micelles of P103 and F127 in

order to form mixed micelles which enhance the aggre-

gation, and hence, a greater number of aggregates re-

duce fluidity. However, when temperature increases, it

causes dehydration of PO and EO groups which is rela-

tively rapid for the PO group compared to the EO group

and hence leads to instability to the mixed micelles,

That, in turn, reduces the aggregation due to the mixed

micelle formation, and hence, fluidity increases and

approaches the ideal behavior. On the other hand, the

weak negative deviation in P103 + P123 mixtures at 25°C

is again due to increased fluidity, but that reverts to ideal

behavior as temperature increases and even shows positive

deviation at higher temperatures. It means that the dehy-

dration in P103 and P123 micelles happens to such an

extent that both components start showing unfavorable

mixing. It all happens due to the presence of a much lar-

ger number of PO units in both P103 and P123 which

dehydrate rapidly as temperature increases and even

loose solubility in the aqueous phase. This reduces the
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micelle formation in each case, and hence, the system

approaches the ideal behavior as temperature starts in-

creasing but eventually reverts to positive deviations at

a higher temperature due to decreased solubility.

Temperature effect can further be evaluated by com-

puting the regular solution parameter β for each mixture

at α1 = 0.5 (β0.5) (Figure 8). Both mixtures start with

negative β values at 25°C, which become less negative
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with the increase in temperature. The values remain

negative from 25°C to 40°C for P103 + F127, while those

for P103 + P123 change to positive somewhere close to

30°C. Within the framework of the regular solution

theory, the negative β value is explained on the basis of

attractive interactions between the unlike TBP compo-

nents, while the positive value can be due to the un-

favorable mixing. Thus, an increase in the temperature

brings unfavorable mixing among both unlike TBP

components in both kinds of mixed micelles. A greater

dehydration of PO groups in the case of P103 + P123

mixtures with greater number of PO units shows a

stronger temperature effect, and that is why β shifts to

a positive value at a much lower temperature around

30°C. Whereas, this is not happing over the whole

temperature range studied in the case of P103 + F127

mixtures due to the presence of a relatively lesser num-

ber of PO groups. Although mixed micelle formation

between two TBPs is governed by the predominantly

hydrophobic interactions operating between the pre-

dominantly hydrophobic PPO domains of unlike TBPs,

an increase in the temperature reduces their aqueous

phase solubility and adversely affects the hydrophobic

interactions responsible for the mixed micelle forma-

tion. That is why this effect is more prominent in the

case of P103 + P123 mixtures with a larger PPO do-

main in comparison to that of P103 + F127.

Critical micelle temperature

TBPs are known to have micelle formation with respect

to the variation of temperature, and the temperature

where it happens is known as CMT, an analogous term

used for this purpose to that of CMC where micelle for-

mation occurs due to a change in concentration. CMT is

considered to be having more relevance as far as their

shelf life under varying temperatures is concerned be-

cause many industrial products in the cosmetic industry

consist of more than one TBP component. Although,

several studies have reported the CMT, little is known

about the mixed CMT behavior. Experimental CMT

values for some binary mixtures are shown in (Figure 9)

along with the ideal mixing. In most cases, they show

negative deviations from ideal behavior except in the

case of P104 + P103 where the CMT values mainly lie

close to that of the ideal behavior. A negative departure

of CMT values indicates that the mixed micellization is

taking place at lower temperatures and can be explained

on the basis of favorable interactions between the unlike

TBP components, and that shifts the mixed CMT to lower

temperatures. Greater departure accounts for stronger

interactions between the components of P103 + L64/P84

binary mixtures. The close-to-ideal mixing happening in

the case of P104 [(EO)18(PO)58(EO)18] and P103 [(EO)17
(PO)60 (EO)17] is due to the little difference between

the number of PO as well as EO units. This allows the

unlike polymer macromolecule to accommodate in the

mixed state without significant alterations in the overall

hydrophilic or hydrophobic environment. On the con-

trary, this is not the case when L64 [(EO)13 (PO)30 (EO)

13] and P84 [(EO)19 (PO)43 (EO)19] have been taken. In

both these cases, there is a large difference in the PO

units of these polymers compared with that of P103.

Thus, in the event of mixed micelle formation, a larger

PPO block of P103 has to accommodate with the
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shorter PPO block of either L64 or L84 in the core of

the mixed micelle. This ensures the micelle transitions

with greater compatibility among the components in

the mixed state (Figure 9).

Quenching of pyrene by a suitable quencher (Q) such as

hexadecylpyridinium chloride (HPyCl) under steady-state

conditions can also be used to explain these results and

assumed that the fluorescence lifetime of pyrene is longer

than the residence time of the quencher in a micelle. A

suitable [pyrene]/[mixed micelle] and [Q]/[mixed micelle]

ratios ensure the Poisson distribution. The fluorescence

intensity of the first vibronic band of (Figure 10) pyrene

decreases with the increase in [Q] without the appearance

of any new band (not shown). A Stern-Volmer relation-

ship is used to calculate the collisional quenching con-

stant, called the Stern-Volmer constant (KSV) [99-102].

These KSV values for various binary mixtures (Figure 11)

vary nonlinearly with positive deviations from the ideality,

which are predominant in the case of P103 + L64/P84,

thus demonstrating that the quenching is facilitated in

these mixtures. This can be attributed to the presence of a

suitable solubilizing environment provided by the mixed

micelles for an effective quenching to take place. The

quenching is prominent in the L64/P84-rich region of

the mixture which means that the small amount of the

induction of P103 generates a favorable environment for

the solubilization of both the quencher and pyrene. In

the rich region of P103, the much larger micellar core

with predominantly greater amount of PO units will

make the encounters of both the quencher and pyrene

difficult; as a result, quenching decreases.

The excimer emission is produced by the collisional

quenching between the excited (Py*) and ground state

(Py) monomers of the fluorescence probe. Thus, the
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Figure 11 Plot of KSV versus αP103/P104/L64. For P103 + L64/P84
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Figure 10 Pyrene emission spectrum at various temperatures

of [P103] = 5.0 × 10−4 mol dm−3. I1, I3, and Iexc are the intensities

of the first, third, and excimer bands of pyrene.
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mechanism of the excimer dimer (D*) formation can be

written in the following way:

Py� þ Py⇌
kEF

kED
D� ð1Þ

Py�→
kMF

Py þ hv ð2Þ

D�
→

kDF
2Py þ hv; ð3Þ

where kEF, kED, kMF, and kDF are the constants of excimer

formation, excimer dissociation, monomer fluorescence,

and dimer fluorescence, respectively. The kinetics of

excimer formation can further be explained under two

sets of experimental conditions, i.e., low-temperature

and high-temperature behaviors within the temperature

range studied herein. At low temperature, Iexc/I1 ratio

can be written as:

Ie

I1
¼

k1EF Py½ �

kMF
exp �WEF=kT

� �

; ð4Þ

where k1EF and WEF are the frequency factor (limiting

value of k1EF as T ∞) and activation energy of excimer

formation, respectively, and k is Boltzmann's constant.

Similarly, at high temperature, the Iexc/I1 ratio is given by:

Ie

I1
¼

kDFk
1
EF Py½ �

k1EDkMF
exp B

kT= �;
�

ð5Þ

where B is the excimer binding energy = WED − WEF, and

k1EF is the frequency factor. Equations 4 and 5 suggest that

ln(Iexc/I1) shows an increase and decrease linearly with

1/T, respectively, at fixed [Py]. Figure 12 shows such a

variation for P104 at different temperatures. Here, an

intersection of two linear lines gives the CMT 26°C.

Hence, the kinetics of pyrene solubilization in TBP

micelles can be analyzed within two different sets of

experimental conditions, one is below and the other

above 26°C. The former gives the activation energy for the

excimer formation (Figure 13), while the latter gives the

binding energy (Figure 14) between Py* and Py.

Figure 13 shows the variation of WEF over the whole

mole fraction range for all mixtures. These values for

P103 + L64/P84 (Figure 13, top) show a positive devi-

ation from the ideal mixing (shown by dotted lines),
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Figure 13 Plot of energy of activation (WEF) of the pyrene probe

for the excimer formation versus αP103/P104/L64. For P103 + L64/P84
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while those for P104 + P103/P84 (Figure 13, middle) re-

main mostly close to the ideal behavior. Figure 13 (bot-

tom) shows negative deviations in WEF values from

ideality for L64 + P104/P84 mixtures. A decrease in the

WEF values at all mole fractions of P103 + L64/P84 can

be attributed to the facilitation of the excimer formation

which is also evident from the higher KSV values for

these mixtures. These results can also be related to

the relative viscosity (ηr) behavior for these mixtures

(Figure 15). A smaller ηr value than the ideal behavior

especially in the P103-poor region of the mixtures shows

the attractive interactions between the components that

might be responsible for lower WEF in comparison to their

pure states. This is further supported by the negative
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deviations in B values from the ideal behavior (Figure 14,

top). The variation in the B values for these mixtures

(Figure 14, middle) fully supports this fact. The ηr of

P104 + P84 mixtures (Figure 15, middle) shows clear

ideal mixing, but the negative deviation in the case of

P104 + P103 is due to unknown reasons. An increase in

the WEF value for L64 + P103/P84 mixtures (Figure 13,

bottom) from their pure components clearly indicates

the reduction in excimer formation. This is again

complimentary with the positive deviations in the B

values from the corresponding ideal mixing (Figure 14,

bottom). Both figures demonstrate that the variation in

WEF and B values is mainly predominant in the L64-poor

regions of both mixtures. The positive deviations in the ηr
(Figure 15, bottom) from the ideal behavior especially in

the L64-poor region further confirm these results.

The variation of all the micellar parameters and photo-

physical properties indicates that the mixed micelles

between the components of P103 + L64 and P103 + P84

mixtures form due to attractive interactions. These inter-

actions arise from the mutual compatible arrangement

among the unlike TBP monomers in the mixed state in

such a way that steric hindrances are minimized. On

the other hand, mixtures of P104 + P103 and P104 + P84

prefer to remain ideal in their mixed state, while the

mixtures of L64 + P104 and L64 + P84 show mainly

unfavorable mixing.

Applications

Solubilization and drug delivery agents

The low solubility in biological fluids displayed by about

50% of the drugs still remains the main limitation in oral,

parenteral, and transdermal administration. To overcome

these drawbacks, inclusion of hydrophobic drugs into

polymeric micelles is one of the most attractive alterna-

tives. Amphiphilic poly(ethylene oxide)-poly(propylene

oxide) block copolymers are thermoresponsive materials

that display unique aggregation properties in aqueous

medium. Due to their ability to form stable micellar sys-

tems in water, these materials are broadly studied as

hydrosolubilizers for poorly water-soluble drugs. This

occurs because the core of the micelle provides a hydro-

phobic microenvironment, suitable for solubilizing such

molecules. The phenomenon of solubilization forms the

basis for many practical applications of amphiphiles.

The most important applications of PEO-PPO-based

copolymers in the pharmaceutical technology field are

for attaining improved solubility, stability, release, and

bioavailability of drugs [103]. Hydrophobic Pluronic

block copolymers (PBC) form lamellar aggregates with a

higher solubilization capacity than spherical micelles

formed by hydrophilic PBC. However, they also have a

larger size and low stability. To overcome these limita-

tions, Kabanov et al. [104] prepared binary mixtures

from hydrophobic PBC (L121, L101, L81, and L61) and

hydrophilic PBC (F127, P105, F87, P85, and F68). In

most cases, PBC mixtures were not stable, revealing for-

mation of large aggregates and phase separation within

1 to 2 days. However, stable aqueous dispersions of

the particles were obtained upon (1) sonication of the

PBC mixtures for 1 or 2 min or (2) heating at 70°C

for 30 min. It was observed that among all combina-

tions, L121/F127 mixtures (1:1% weight ratio) formed

stable dispersions with a small particle size. The solu-

bilizing capacity of this system was examined using a

model water-insoluble dye, Sudan (III). Mixed L121/F127

aggregates exhibited approximately tenfold higher solubi-

lization capacity compared to that of F127 micelles. Thus,

stable aqueous dispersions of nanoscale size were prepared

from mixtures of hydrophobic and hydrophilic PBC by

using the external input of energy. The prepared mixed

aggregates can efficiently incorporate hydrophobic com-

pounds. To enhance stability of micelles in the blood

stream upon dilution, Pluronic L121 micelles were cross-

linked through their hydrophilic shells [105]. To form the

cross-links, the end hydroxyl groups of Pluronic L121 were

first chemically converted to aldehydes and then bridged

via Schiff bases. This greatly reduced the CMC of the

micelles and enhanced the micelle stability. A series of

studies used Pluronic P105 micelles for the delivery of

Dox into solid tumors in mice [106-109]. In these stud-

ies, the localized ultrasonic irradiation of the tumor

was applied upon accumulation of the micelles in the

tumor interstitium to facilitate the drug release into

the tumor cells [108]. Furthermore, the ultrasound-

enhanced intracellular uptake of Dox administered with

the Pluronic P105 micelles was demonstrated in vitro

[106]. It was suggested that the enhanced uptake was

caused by either micelle disintegration that released free

Dox or cell membrane perturbations that facilitated the

cellular uptake of the micelles as a whole. Overall, micellar

delivery combined with ultrasonic irradiation resulted in a

substantial decrease of the tumor growth rates compared

to a positive control.

Nano drug delivery

Polymer nanomaterials have sparked a considerable

interest as vehicles used for diagnostic and therapeutic

agents; research in nanomedicine has not only become

a frontier movement but is also a revolutionizing drug

delivery field. A common approach for building a drug

delivery system is to incorporate the drug within the

nanocarrier that results in increased solubility, metabolic

stability, and improved circulation time. The recent devel-

opments indicate that select polymer nanomaterials can

implement more than only inert carrier functions by being

biological response modifiers. The Pluronic block copoly-

mers cause various functional alterations in cells. The key
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attribute for the biological activity of Pluronics is their

ability to incorporate into membranes followed by subse-

quent translocation into the cells and affecting various

cellular functions, such as mitochondrial respiration, ATP

synthesis, activity of drug efflux transporters, apoptotic

signal transduction, and gene expression. As a result,

Pluronics cause drastic sensitization of MDR tumors to

various anticancer agents, enhance drug transport across

the blood-brain and intestinal barriers, and cause tran-

scriptional activation of gene expression both in vitro and

in vivo. Pluronics have a broad spectrum of biological

response-modifying activities which make it one of the

most potent drug targeting systems available, resulting in

a remarkable impact on the emergent field of nanomedi-

cine. Incorporation of low molecular mass drugs into

Pluronic micelles can increase drug solubility and drug

stability and can improve drug pharmacokinetics and bio-

distribution. Polymeric micelles were utilized for delivery

of CNS drugs across the blood-brain barrier [110,111],

oral delivery of drugs [112-114], and tumor-specific deliv-

ery of antineoplastic agents [115-117]. For example, neuro-

leptic drug-loaded Pluronic P85 micelles were targeted to

the brain by conjugating the micelles with neurospecific

antibodies or insulin as targeting moieties [118]. An im-

provement of oral bioavailability of a poorly water-soluble

phytoestrogen, genistein, was achieved by incorporation of

this drug into Pluronic F127 micelles [117]. Pluronic block

copolymers were also reported to significantly enhance the

bioavailability of various antibacterial and antifungal drugs

and to enhance the activity of these drugs with respect to

many microorganisms [119-122]. Lee et al. [123] developed

a binary mixing system with two Pluronics, L121/P123, as

a nanosized drug delivery carrier. The lamellar-forming

Pluronic L121 (0.1 wt.%) was incorporated with Pluronic

P123 to produce nanosized dispersions (in the case of 0.1

and 0.5 wt.% P123) with high stability due to Pluronic

P123 and high solubilization capacity due to Pluronic

L121. The binary systems were spherical and less than 200

nm in diameter, with high thermodynamic stability (at least

2 weeks) in aqueous solution. The CMC of the binary sys-

tem was located in the middle of the CMC of each poly-

mer. In particular, the solubilization capacity of the binary

system (0.1/0.1 wt.%) was higher than mono-systems of

P123. The main advantage of binary systems is overcoming

limitations of mono-systems to allow tailored mixing of

block copolymers with different physicochemical charac-

teristics. Kadam et al. [124] investigated the effect of the

molecular characteristics of EO-PO triblock copolymers

Pluronic P103 (EO17PO60PEO17), P123 (EO19PO69EO19),

and F127 (EO100PO65EO100) on micellar behavior and

solubilization of a diuretic drug, hydrochlorothiazide (HCT).

The CMTs and size for empty as well as drug-loaded

micelles are reported. The CMTs and micelle size

depended on the hydrophobicity and molecular weight of

the copolymer; a decrease in CMT and increase in size

were observed on solubilization. The solubilization of

the drug HCT in the block copolymer nanoaggregates

at different temperatures (28°C, 37°C, 45°C) and pH

(3.7, 5.0, 6.7) and in the presence of added salt (NaCl)

was monitored by using UV-vis spectroscopy, and solu-

bility data were used to calculate the solubilization char-

acteristics: micelle-water partition coefficient (P) and

thermodynamic parameters of solubilization viz. Gibbs

free energy (ΔGs°), enthalpy (ΔHs°), and entropy (ΔSs°).

It is observed that the solubility of the drug in the co-

polymer increases with the trend: P103 > P123 > F127.

The solubilized drug decreased the cloud point (CP) of

copolymers. Results showed that the drug solubility

increases in the presence of salt but significantly enhances

with the increase in the temperature and at a lower pH in

which the drug remains in the nonionized form.

Synthesis of gold nanoparticles

Gold nanoparticles are a great deal of recent interest in

the context of emerging nanotechnology applications. At

the nanoscale, they exhibit unique quantum and surface

properties, different from those of atoms as well as bulk

materials [125-128]. Depending on the applications they

are being synthesized for, they can be synthesized in

many different ways. One of the easiest and convenient

ways is the chemical reduction method which involves

the use of four basic materials, namely, solvent, metal

salt, reducing agent, and stabilizing agent [129-131]. Re-

cently, the use of block copolymers for the synthesis of

gold nanoparticles is found to have many advantages; for

example, a block copolymer not only plays the dual role

of reductant and stabilizer but also provides an econom-

ical and environmentally benign way for the synthesis of

gold nanoparticles [132-134]. The hydrophobic blocks

of the block copolymers (PPO) form the core of these

micellar aggregates, whereas the hydrophilic ones (PEO),

with the surrounding water molecules, form the corona.

The block copolymers can be used to produce metal

nanoparticles because of their ability to reduce metal ions.

On mixing the aqueous solution of metal (e.g., gold) salt

and block copolymers, these polymeric nanostructured

matrixes engulf the ionic metal precursors, which after

subsequent reduction form nanoparticles. Self-assembly of

a block copolymer in this method is utilized to control the

synthesis of gold nanoparticles [135]. The formation of

gold nanoparticles from AuCl4
− comprises three main

steps: reduction of AuCl4
− ions by the block copolymers in

the solution and formation of gold clusters, adsorption of

block copolymers on gold clusters and reduction of AuCl4
−

ions on the surfaces of these gold clusters, and growth of

gold particles in steps and finally its stabilization by block

copolymers [136]. The role of block copolymers in the

synthesis (formation rate, yield, stability, shape, and size of
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nanoparticles) varies with their molecular weight, PEO/

PPO block length, polymer concentration, and temperature

[137-139]. The formation of high-concentration gold nano-

particles at room temperature is reported in the block

copolymer-mediated synthesis where the nanoparticles

have been synthesized from hydrogen tetrachloroaureate

(III) hydrate (HAuCl4.3H2O) using block copolymer P85

(EO26PO39EO26) in aqueous solution [140]. The formation

of gold nanoparticles in these systems has been character-

ized using UV-visible spectroscopy and SANS. It showed

that the presence of an additional reductant (trisodium cit-

rate) can enhance nanoparticle concentration by manyfold,

which does not work in the absence of either of these (add-

itional reductant and block copolymer). Bakshi et al. [141]

used aqueous micellar solutions of F68 (PEO78-PPO30-

PEO78) and P103 (PEO17-PPO60-PEO17) triblock polymers

to synthesize gold (Au) nanoparticles at different tempera-

tures. They observed that all reactions were carried out

with the PEO-PPO-PEO micellar surface cavities present

at the micelle-solution interface and were precisely con-

trolled by the micellar assemblies. Marked differences

were detected when predominantly hydrophilic F68 and

hydrophobic P103 micelles were employed to conduct the

reactions, and the presence of well-defined predominantly

hydrophobic micelles with a compact micelle-solution

interfacial arrangement of surface cavities ultimately con-

trolled the reaction.

Mesomorphous behavior

Numerous investigations of the behavior of PEO-PPO-PEO

triblock copolymers in aqueous solutions and the adsorp-

tion of these copolymers at solid-liquid interfaces were

carried out in the past decades [31,52,142]. Also, since the

aggregated structure of PEO-PPO-PEO triblock copoly-

mers is controlled depending on temperature, concen-

tration, and the addition of additives, they have been

used as structure-directing organic materials for the

synthesis of inorganic materials with a controlled size,

shape and structure. Bagshaw et al. prepared mesopor-

ous silica molecular sieves using nonionic polyethylene

oxide surfactants in a neutral condition [143]. The

hydrogen bonding between the hydrophilic part of poly-

mers and the inorganic precursor followed by molecular

rearrangement involving the amphiphilic nature of

polymers was the key factor for the preparation of this

material. Zhao et al. reported on the synthesis of meso-

porous silica structures using nonionic alkyl poly(oxy-

ethylene) surfactants and poly(alkylene oxide) block

copolymers in an acid media, which included cubic,

three-dimensional hexagonal, two-dimensional hexagonal,

and lamellar mesostructures [144]. Kim et al. developed

an economical and simple method for the preparation

of sub-micrometer hematite particles with a narrow size

distribution and an isotropic shape. To obtain hematite

particles, the ferric ion solution was aged at an elevated

temperature in the presence of poly(ethylene oxide)-

block-poly(propylene oxide)-block-poly(ethylene oxide)

(PEO-PPO-PEO) triblock copolymer EO20PO70EO20

(P123). The resulting particles also show a disordered

mesoporous structure and retain their shape after calcina-

tions [145]. Huang et al. synthesized a series of highly

ordered mesoporous carbonaceous frameworks with di-

verse symmetries by using phenolic resols as a carbon

precursor and mixed amphiphilic surfactants of poly

(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene

oxide) (PEO-PPO-PEO) and reverse PPO-PEO-PPO as

templates by the strategy of evaporation-induced organic-

organic self-assembly [146]. The blends of block copoly-

mers can interact with resol precursors and tend to self-

assemble into cross-linking micellar structures during

the solvent evaporation process, which provides a suit-

able template for the construction of mesostructures.

An understanding of the organic-organic self-assembly

behavior in the mixed amphiphilic surfactant system

would pave the way for the synthesis of mesoporous

materials with controllable structures.

Other applications

Cobalt determination

da Silva et al. [147] proposed a new method for Co(II)

determination based on the use of the triblock copolymer

as micellar medium instead of chloroform. The proposed

strategy is environmental friendly because the copolymer

is biodegradable and nontoxic. The method is based on

the formation of a cobalt-1-nitroso-2-naphthol complex

in the micellar triblock copolymer compound solution

constituted by PEO and PPO. Experimental conditions

such as pH, the molecular weight, and the PEO/PPO

ratio of the triblock copolymer were optimized. Results

obtained for cobalt determination in vitamins with

this novel method showed excellent agreement with

those obtained using atomic absorption spectrometry.

Boundary lubrication

Lubricants most commonly used in textile manufacturing

are composed of fatty acids, mineral oils, ethoxylated acids,

and silicones. Poly(oxyethylene)-poly(oxypropylene)-poly

(oxyethylene) (PEO-PPO-PEO; Pluronic) triblock copoly-

mers have been of great interest as lubricants due to

their numerous advantages, including good solubility in

water and organic solvents, compatibility with most

surfactants, and availability as electrolyte-free material.

The molecular weight and the PEO/PPO ratio of these

surfactants can be adjusted to tailor their properties as

lubricants, texturizers, softeners, emulsifiers, dispersers,

and antistatic and wetting agents. Pluronic copolymers

have high wetting and spreading ability, allowing them

to form uniform coatings on textiles that can result in
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low friction, antistatic properties, dye-leveling improve-

ment, and easy cleaning. Li et al. [148] studied lubrica-

tion behavior of an aqueous solution of PEO-PPO-PEO

symmetric triblock copolymer on thin films of polypro-

pylene (PP), polyethylene (PE), and cellulose. It was

observed that the friction coefficient on PP and PE was

reduced after adsorption from the PEO-PPO-PEO aque-

ous solution, while the opposite effect was observed for

cellulose surfaces. XPS was used to verify the presence of

the lubricant on the polymeric substrates and to evaluate

its removal by water washing. The lubricant layer was

easily removed with water from the PP and cellulose

surfaces, while a durable layer was found on PE.

As membrane material for intermediate-temperature DMFCs

Triblock copolymer/Nafion blend membranes (DuPont,

Wilmington, DE, USA) facilitate proton conduction in dir-

ect methanol fuel cells (DMFCs) at intermediate tempera-

tures. Hu et al. [149] investigated the interaction between

the two polymer components by FT-IR spectroscopy. The

blend membranes show higher proton conductivity than

recast Nafion under partially anhydrous conditions. Pro-

tons can be transported with the assistance of an ether

chain under such conditions at elevated temperature. In

addition, the membranes exhibit more favorable methanol

permeability and selectivity. This kind of blend membrane

shows somewhat better performance in DMFC com-

pared to bare recast Nafion at intermediate temperature

(≥120°C). This helps to design membrane materials with

enhanced proton conductivity under conditions typical

of intermediate-temperature DMFCs.

Conclusions
Mixed micelle parameters of different TBPs mixtures are

discussed. It has been observed that synergistic mixing is

governed by the compatibility between the different blocks

of PEO units of different TBPs. A large difference between

the PPO and PEO blocks of different polymers leads to

the unfavorable mixing. These findings help us to further

explore the industrial applications of such TBPs.
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