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An isotopic effect was observed in solutions of self-assembling (SA) amphiphilic block copolymers: it

was found that the micellization enthalpy, temperature and the size of the formed micelles are affected

by replacing H2O by D2O. The SA of solvated block-copolymers (poly(ethylene oxide)–poly(propylene

oxide)–poly(ethylene oxide)) in H2O, D2O and their mixtures was investigated as a function of

temperature. High sensitivity differential scanning calorimetry revealed that the micellization

temperature is reduced, and the enthalpic penalty of the transition and size of the formed micelles

increase when H2O is exchanged by D2O. Molecular theory calculations suggest that the difference in

the hydrogen bond strength of the solvent, H2O or D2O, is the origin of the different structural and

conformational properties of the solvated block copolymers. The differences in the solvent properties

were predicted to modify the solubility and consequently the SA of the polymers in the two solvents, as

experimentally measured. The study provides an insight into the role of hydrogen bonding in systems of

amphiphilic block copolymers, and suggests that in SA polymers small differences in hydrogen-

bonding strength of the solvent may result in observable macroscopic effects.
1. Introduction

The spontaneous self assembly of non-ionic block-copolymers,

such as (poly(ethylene oxide)–poly(propylene oxide)–poly-

(ethylene oxide)), PEOy–PPOx–PEOy (Poloxamers (ICI) or

Pluronics (BASF)) in water into micellar structures, is utilized in

a wide range of applications including detergency, dispersion

stabilization,1 foaming, emulsification,2 formulation of

cosmetics3,4 and inks,5 drug solubilization and controlled

release.6–8

At room temperature and low polymer concentrations, water

acts as selective solvent for the Pluronic block copolymers: It is

a good solvent for PEO,9 and a moderate solvent for PPO. Water

becomes a less good solvent for both PPO and PEO when the

concentration or temperature are increased10 and drives micelli-

zation that is followed by phase separation.11

The solubility of Pluronic in water is attributed to hydrogen

bonding between the hydrogen atoms of water and the ether

oxygen of the polymer backbone.11 The strong dependence of the

solvent quality on temperature is related to the formation and

rupture of the polymer coil hydration shell and of the hydrogen-

bond (HB) network in the bulk solvent. The latter is affected by

the temperature, and at a given temperature micelles form at the

critical micellar concentration (cmc), and at a given (low)
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concentration micellization occurs at the critical micellization

temperature (cmt). The micellar structures consist of a PPO core

and a corona of solvated PEO. It is well known that the dehy-

dration of water from the PPO blocks drives the onset of

micellization, while the variation of the size and geometry of the

micelles with temperature depends mostly on the gradual dehy-

dration of PEO blocks.11,12 A transition from spherical to elon-

gated (rod-like) micelles is observed in micelles formed by

copolymers of intermediate PEO size.13,14 Thus, temperature is

often used as a control parameter for tuning the structure and

size of Pluronic micelles.

The micellization process of PEO–PPO–PEO block copoly-

mers as well as other amphiphilic polymers has been investigated

thoroughly, often by methods that rely on isotopic substitution

of H2O by D2O. In particular, X-ray and neutron-scattering have

utilized D2O so as to achieve favorable contrast in scattering

length density.14,15 Electron spin resonance (ESR) was used to

probe the molecular details in deuterated solutions.16

Thus, an important portion of our current knowledge of this

system, as well as other amphiphilic systems, was derived under

the implicit assumption that the bulk physical chemistry is

unchanged by an isotopic exchange of H2O with D2O. Yet, as has

been demonstrated before,17–19 H/D substitution is not a true

isomorphic replacement, and isotopic effects are found to play

a key role in phenomena which are sensitive to the nuclear

structure or bond polarizability.

Here we present high-sensitivity differential scanning calorim-

etry (HSDSC) measurements and molecular theory calculations

of the self-assembly (SA) of Pluronic in H2O, D2O and mixtures of

these solvents, as a function of temperature and polymer

concentration. We show that SA of Pluronic block-copolymers is

sensitive to the replacement of H2O by D2O, and isotopic

exchange results in a distinguishable micellization behavior.
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The molecular theory applied here has been originally devel-

oped to study the packing and SA of short surfactant aggregates,

and was later generalized to treat polymer layers.20–24 More

recently, the theory has been extended to explicitly include HB

between the polymers and the solvent.25 We show that by taking

into account the difference in HB strength in water as compared

to its deuterated counterpart, one is able to explain the experi-

mental observations of Pluronic SA in the two solvents as well as

in their mixtures. Furthermore, we show the diameter of the

formed micelles depend on the solvent. For mixed solvents we

find that solvent partitioning within the micellar aggregates is not

random. Our ability to calculate the effect of the HB strength on

the solubility and self-assembly of the polymers in the two

solvents provides an insight into the role of HB in the SA of

amphiphilic block copolymers.

2. Materials and methods

Materials

Pluronic triblock copolymers were received as a gift from BASF

AG Germany and used as received. The polymers are listed in

Table 1.

Techniques and methods

High-sensitivity differential scanning calorimetry (HSDSC).

Microcal VP-DSC for HSDSC, at cell volume of 0.5 ml was used.

The reported measurements were carried out at a scan rate of 1 K

min�1, by heating from 280 K to 360 K. The HSDSC instrument

measures the power required to keep the temperature of the

sample and reference cell equal, while raising the temperature of

the system at a constant rate. The output of the instrument is (dq/

dt)p vs. t, where q is the heat and t is time. The output is converted

to the excess heat capacity (Cp) vs. temperature by multiplying

the x axis by the scan rate. Exploratory measurements carried at

different scan rates suggested that the calorimetric data was not

affected by the scan rate. Heating and cooling sequences did not

show hysteresis. To estimate the uncertainties in the measure-

ment, multiple heating and cooling scans were carried out, sug-

gesting an uncertainty of �5% in the calorimetric enthalpy and

0.1 �C in the cmt.

DSC allows the evaluation of thermodynamic properties as

heat capacity and transition temperatures over the scanned

temperature range, thus providing information about the

enthalpy of the micellization process and the micellization onset

temperature. Micellization of Pluronic-type block copolymers is

characterized by the appearance of an asymmetric endothermic

peak. It is well accepted that the peak results from the
Table 1 List of triblock copolymers

Polymer MW
No. of
EO units

No. of
PO units

PEO
(wt%) Product no.

L64 2900 26 30 40 576320
F88 11400 200 40 80 560840
P103 4950 32 56 30 586460
F108 14600 260 60 80 583062
P123 5750 40 70 30 587440
F127 12600 212 70 70 583106
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dehydration of the PPO groups and that the enthalpy of the

transition is proportional to size of the PPO moiety of the

polymer.10,11
Theoretical approach

To interpret the experimental observations, we apply a molecular

theory that has been shown to provide very good quantitative

agreement with experimental observations for the structure and

thermodynamic properties of chain molecules at surfaces, inter-

faces and the self-assembly of short-chain molecules.20–24 In

recent work,25 we have studied the properties of end-tethered

PEO layers with explicit inclusion of HB. In the present work we

generalize the theory to study SA of amphiphilic polymers and

explicitly include HB. In particular we investigate the effect of the

difference in HB strength (between hydrogen and deuterium) on

the SA of polymeric micelles. We present a simplified version of

the theory, with the aim of stressing the novel features due to the

consideration of hydrogen bonds. For more details the reader is

referred to ref. 24–26.

We consider only the case of dilute solutions where the

micellization is well described by the mass action model.27

Namely, we assume an ideal dilute solution of micelles, and the

condition of thermodynamic equilibrium is that the chemical

potential of the polymers is identical whether they are in micelles

or isolated in a homogeneous solution. Thus, the micellar size

distribution within this model is given by XN ¼
N[X1 exp(�bDFN)]N, where DFN ¼ FN � F1 is the difference in

free energy between a polymer isolated in solution and within an

aggregate of size N. The size distribution has to fulfil the

constraint that the total solution concentration of polymers is

given by c ¼
X

i

iXi. We define the cmc as the concentration

where the number of molecules in the form of single chains in

solution is equal to those in micellar aggregates. Namely,

X1 ¼
X
i¼2

iXi. Once cmc is presented as a function of tempera-

ture, the cmt may be deduced by noting the temperature at which

micellization occurs for a given concentration (see Fig. 6 and

discussion thereafter).

Thus, in the limit of ideal solution of micelles all that is

needed to determine micellization and the distribution of sizes

are the differences in the free energy of formation of the

different size aggregates. The latter is obtained from the

molecular theory.

For simplicity, we consider only spherical aggregates, the

extension to other geometries is straightforward but beyond

the scope of the present work. We use spherical coordinates

where r denotes the radial distance from the center of the

micelle. The free energy of a micelle composed of N polymers

is given by eqn (1), where b ¼ 1/kBT is the inverse absolute

temperature.

The first term is the conformational entropy of the chains, with

P(a) being the probability of finding a polymer chain in

conformation a, and the sum running over all the conformations

of the chains. The second term is the distance-dependent trans-

lational (mixing) entropy of the water molecules, with rw(r) being

the density of water at position r. The third term represents the

van der Waals water–PEO, water–PPO and PEO–PPO
This journal is ª The Royal Society of Chemistry 2009
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interactions respectively, where hfi(r)i represents the average

volume fraction of segments of type i (‘eo’ and ‘po’) at distance r

from the center of the micelle, and it is given by

hfiðrÞi ¼
1

VðrÞ
X

a

PðaÞviðr; aÞ (2)

where V(r) is the volume in the layer between r and r + dr and

vi(r;a) is the volume of segments of type i that a polymer in

conformation a occupies between r and r + dr. fw(r) ¼ rw(r)vw is

the volume fraction of water and cj (j ¼ eo–w, po–w and eo–po)

are the strength of the eo–water, po–water and eo–po interac-

tions respectively. The fourth term accounts for the excluded-

volume repulsive interactions between all the molecules, where

p(r) represents the average repulsive interaction field and is

related to the distance-dependent osmotic pressure. The last term

is the free energy of the hydrogen bonds and for the case of H2O

and Pluronic is given by eqn (3).

The derivation of the different terms for inhomogeneous

environments are discussed in ref. 25 and are inspired by the

work of Dormidontova.28,29 Here we point out their origins

considering the possibility of water–water, water–EO and

water–PO hydrogen bonds and taking into account that water

can be a hydrogen bond acceptor and donor while the EO

and PO segments can only be hydrogen bond acceptors. ri(r)
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is the number density of segments of type i and xi(r) denotes

the fraction of segments of type i ¼ w, eo or po, that

participate in hydrogen bond (HB) at position r, and DFi is

the intrinsic free energy of a single hydrogen bond of type i.

The competition between the different types of HB results

from the interplay between the entropy, which tends to

randomize the different types of bonds and the intrinsic free

energy for each HB pair, which favors water–water interac-

tions over water–polymer interactions (see discussion in ref. 25

and 26).

To find the density profile for all the molecular species, the

probability of each of the polymer chain conformations and the

fraction of the different HB with their spatial variation we

minimize the total free energy. This yields for the probability of

chain conformations eqn (4), where V(a,r) is a geometric factor

to account for the available volume at distance r from the center

of the micelle, q is the normalization constant and there are three

different contributions in the Boltzmann factor arising from the

repulsive interactions, the HB and the van der Waals interactions

respectively.

The volume fraction of water from the minimization is given

by eqn (5), while the fraction of HB for the water, EO and PO

segments as a function of the radial distance are given by the

three equations (6).
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The density profiles, probability distribution and fraction of

HB are determined by placing eqns (2), (4), (5) and (6) into the

packing constraints

hfeo(r)i + hfpo(r)i + fw(r) ¼ 1 for all r

which leads to a set of coupled non-linear equations for the

osmotic pressures that are solved self-consistently. Detailed

information describing how the equations are solved, how the

chains are generated and the origin of the parameters set used can

be found in the ESI†. The expressions derived in this section

correspond to a pure solvent, i.e. water or D2O. For the cases of

mixtures of solvents the equations have to be generalized, as is

shown in the ESI. The ESI also includes the choice of parameters

used in all the calculations. However, a proper quantitative

evaluation is difficult to obtain, as systematic solubility studies of

PPO and PEO in water at different conditions, at the relevant

temperature range, are not available. It should be mentioned the

physical insights are not affected as we use the same value of cpo–w

for H2O and D2O. Aiming to investigate the role of the solvent

hydrogen bonds (the reference state), we fix the free energies of

the polymer–solvent hydrogen bond to the value of the PEO–

water case. The strength of the D2O–D2O hydrogen bond is

taken to be 5% stronger than that of the hydrogenated solvent.

This strategy enables us to overcome the difficulties imposed by

the lack of experimental data, and yet investigate the qualitative

behavior and probe the role of the solvent hydrogen bonds on the

observed behavior of the polymers in water vs. D2O.

3. Results and discussion

Thermal characterization of Pluronic SA from solutions of H2O

and D2O

HSDSC was used to examine the temperature- induced SA of

different Pluronic block copolymers in H2O, D2O, and D2O–

H2O mixtures. As can be seen in the thermograms (Fig. 1),

micellization of Pluronic block copolymers is characterized by

the appearance of an asymmetric endothermic peak. It is well

accepted that the peak results from the dehydration of the PPO

groups, and that the entropic gain by water molecules due to

dehydration of the PPO blocks drives the process.10–12,31,32

Similar behavior is observed for the different block copoly-

mers: when H2O is replaced by D2O the enthalpy of the
5006 | Soft Matter, 2009, 5, 5003–5011
micellization process increases significantly and the onset of

micellization (cmt) is shifted to lower temperatures. The values of

the enthalpy change (DHcal) related to the micellization process

as calculated from integration of Cp vs. T and the cmt of 5

different polymers are summarized in Table 2.

The difference between the measured values of H2O and D2O

solutions are summarized in Table 3.

The data presented in Table 3 suggest that for 1 wt% polymer

solutions the enthalpy of micellization is typically higher by 10–

15% in D2O solutions than in H2O, while a significantly higher

difference (about 30%) is observed in solutions of F88. In all the

measured solutions cmt values are shifted to lower temperatures

in D2O solutions compared to H2O. Here again the shift is

significantly higher for F88, which exhibits the highest difference

in the transition enthalpies between D2O and H2O. The initial

slope is steeper by about 20% than in H2O solutions, indicating

the formation of larger aggregates, and suggesting ‘‘higher

cooperativity’’.30–33
D2O volume fractions. The effect of D2O volume fraction on

the cmt of F88, P123 and F108 (1 wt%) was examined. In Fig. 2

we present the behavior of P123.

We observe that cmt values decrease and the enthalpy of the

transition increases monotonically as the volume fraction of D2O

increase, as presented in Table 4.

The data presented in Fig. 3 indicate that the dependence of

cmt on the volume fraction of D2O is not linear, but rather

saturates with the D2O volume fraction. We relate to this point in

the theoretical section.

An interesting observation is revealed by thermograms of

P123. As can be seen in Fig. 4a, P123 (1 wt%) solutions in pure

water exhibit (in the temperature range 10–70 �C) two thermal

transitions: micelization and a transition from spherical to

elongated micelles (marked by the smaller peak).10 Above a D2O

volume fraction of 0.5 (Fig. 4b, inset) a new peak is visible. The

peak is located at an intermediate temperature located between

the micellization and spherical-to-elongated micelle transitions.

The peak is of a much lower enthalpy than the peak marking the

micellization, but is rather narrow. The shape of the peak may

suggest the appearance of a new morphological transition, yet

DSC does not provide structural information. Such information

may be obtained by scattering techniques.
This journal is ª The Royal Society of Chemistry 2009



Table 3 Differences in the calorimetric parameters of Pluronic micelli-
zation in H2O and D2O as measured by DSC experiments

Polymer Composition DHD2O
/DHH2O

(%) Dcmt Slope ratio a

L64 PEO26, PPO30 1.15 0.8 1.1
P103 PEO32, PPO56 1.1 0.9 1.2
P123 PEO40, PPO70 1.13 0.6 1.2
F88 PEO200, PPO40 1.32 2.6 1.2
F127 PEO212, PPO70 1.18 0.4 1.3

a Slope ratio is defined as the ratio of the maximal slope at the leading
edge of the peak in D2O as compared to H2O.

Fig. 1 DSC thermograms of 1 wt% solutions in water (dashed line) and D2O (solid line): (a) F88, (b) P123, (c) F127, and (d) P103.

Table 2 DHcal and cmt of Pluronic micellization in H2O and D2O in 1
wt% solutions of Pluronic block copolymers

Polymer

H2O D2O

Area/kcal mol�1 �C�1 cmt/�C Area/kcal mol�1 �C�1 cmt/�C

L64 42.0 32.1 48.4 31.3
P103 84.6 22.6 95.5 21.7
P123 97.9 18.9 111.7 18.3
F88 41.6 41.3 55.1 38.7
F127 73.3 27.2 86.4 26.8

Fig. 2 DSC thermograms of 1 wt% P123 in pure D2O (-) H2O (C) and

an equi-volume mixture of 0.5 D2O (:).

Table 4 DHcal and cmt of different D2O volume fractions for P123 and
F88 (1 wt%) solutions

D2O volume fraction

1 wt% P123 1 wt% F88

Area/kcal mol-1 cmt/�C Area/kcal mol-1 cmt/�C

1 111.4 18.3 55.4 38.7
0.9 105.5 18.4 50.7 39.7
0.5 98.8 18.8 42.4 40.7
0.1 93.4 18.9 39.5 41.2
0 98.2 18.9 41.9 41.3
Molecular theory. In the following we present a detailed

theoretical description of Pluronic SA in D2O vs. H2O. Before

presenting the results it is important to emphasize that the aim of

the theoretical calculations is not to provide a quantitative

description of the experimental observations, but rather to gain

a fundamental molecular understanding of how differences in the

HB strength between H2O and D2O lead to observed differences

in the aggregation behavior of the polymers. A quantitative

comparison is not attempted as values of the interaction
This journal is ª The Royal Society of Chemistry 2009
parameters that are required as input are not well known, as is

the case for example for the strength of the HB between PPO and

water. Thus, rather than fitting the parameters, we show that 5%

differences in HB strength between H2O and D2O (keeping all

the other interactions identical), qualitatively explain the exper-

imental observations.
Soft Matter, 2009, 5, 5003–5011 | 5007



Fig. 3 cmt as a function of D2O volume fraction for (a) 1 wt% P123 and (b) 1 wt% F88.

Fig. 4 DSC thermograms of 1 wt% P123 (a) in pure H2O and (b) in

solutions of 5 different D2O volume fractions. Inset: (1) pure H2O, (2) 0.1

D2O, (3) 0.5 D2O, (4) 0.9 D2O, (5) pure D2O.
The SA in the dilute regime is completely determined by the

free energy of micellization. Namely, the free energy per molecule

as a function of the number of molecules in the aggregate. This is

shown in Fig. 5 for P103 in three different solvents, pure H2O,

pure D2O and an equimolar mixture. The free energy shown

corresponds to the difference between that of a polymer chain of

aggregate N and that of an isolated polymer molecule in the

solvent. Before analyzing the differences between the three cases
Fig. 5 The free energy difference between a polymer in an aggregate of

size Npol and an isolated polymer in solution for model Pluronic P103 as

a function of the size of the aggregate for three different solvents, as

marked in the figure, at T ¼ 25 �C. Note that for H2O and the mixed

solvent the curve is flat for small Npol, since the polymer prefers the

isolated state to small aggregates.
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it is important to understand that the micellization, i.e. the cmc,

is determined by the free energy difference between a single chain

and the minimum of the curve that represents the free energy

gained by a molecule in an aggregate. This difference is typically

a few times the thermal energy (kBT) per molecule, and therefore

micelles are highly favored. The size distribution however, as is

shown below, depends on the free energy differences around the

minimum and therefore the difference between sizes is deter-

mined by small fractions of kBT per molecule (see ref. 22 for

a thorough discussion of this effect).

The free energies presented in Fig. 5 show the dramatic effect

of the solvent on the free energy of aggregation. Micellization is

a much more favored process in D2O as compared to H2O, on the

order of 6 kBT per Pluronic molecule at the presented tempera-

ture. This effect is due exclusively to the differences in the

strength of the hydrogen bonding between water and its

deuterated counterpart. Solvation of polymer molecules forces

some of the solvent molecules to form HB with the polymer

chain. Each of these bonds results in a free energy penalty for the

solvent molecules, and as the number of solvent–polymer HB

increases, so does the free energy cost. As we show below, the

number of HB formed between Pluronic aggregates and D2O is

smaller than with H2O molecules, and thus the micellization

results in a lower loss of HB for D2O, resulting in a much larger

free energy of micellization, i.e. a larger difference between the

free energy per molecule of a single chain as compared to the free

energy per molecule in the aggregate.

Interestingly, the same effect explains why the minimal free

energy corresponds to larger aggregates for D2O as compared to

H2O and the solvent mixtures. Furthermore, we find (Fig. 5) that

the free energy as a function of the micellar size in the equimolar

mixture of the solvents is not the average of the values in the pure

solvents. This implies that the micellization process involves non-

ideal mixing, or a non random partitioning of the solvent in the

micelles as compared to the bulk. This point is further discussed

below. Note that for H2O and the mixed solvent the curve flat-

tens (Fig. 5) for the smallest aggregation numbers (small Npol),

suggesting that the polymer prefers to be dissolved as individual

molecules rather than form small aggregates. This is another

demonstration of the difference in quality of solvent for the three

cases.

From the dependence of the free energy on the aggregate size

for each temperature, we can obtain the cmc as a function of

temperature. We define the cmc as the concentration where the
This journal is ª The Royal Society of Chemistry 2009



Fig. 7 Distribution of the aggregation number in H2O (solid line), D2O

(dashed line) and an equimolar mixture (dot-dashed line). The calcula-

tions correspond to a total polymer volume fraction of 0.1 and temper-

ature T ¼ 40 �C for Pluronic P103.

Fig. 8 Calculated constant-pressure heat capacities as a function of

temperature for Pluronic L64 for aggregates of aggregation number Npol

¼ 20.

Fig. 6 Predicted cmc for P103 as a function of temperature in H2O, in an

equimolar mixture, and in D2O. The cmt is the temperature of micelli-

zation for a fixed polymer concentration.
number of polymer chains that are dissolved as individual chains

equals the number of aggregated polymers. Fig. 6 shows the cmc

as a function of temperature for the two pure solvents and their

equimolar mixture. In the three cases as the temperature

increases the cmc decreases showing the reduction of solubility of

both PEO and PPO with increasing temperature. The variation

of the critical micellar concentration with temperature is close to

exponential but not exactly. This is due to the non-trivial

dependence of the free energy of micellization on temperature.

Interestingly, the three curves are not exactly parallel to each

other, demonstrating that HB effects are not simply additive as

has been discussed for the different free energy curves of Fig. 5

and observed experimentally (Fig. 3).

The predicted cmc values are two orders of magnitude lower in

D2O than in H2O. We see that the predicted trends of the

aggregation are similar to those measured experimentally (Tables

2–4). This again is a direct manifestation of the fact that the

D2O–D2O HB is stronger than that of water. Note that a differ-

ence of 5% in the strength of the HB results in a (predicted)

change of 5 to 10 �C in the cmt.

Fig. 7 presents the distribution of aggregates size in pure H2O,

D2O and a symmetric mixture. We find that for a specific

concentration above cmc (at constant temperature) both the

aggregation number (comprising a single micelle) and the volume

fraction of micelles are higher in D2O than in H2O. This
This journal is ª The Royal Society of Chemistry 2009
observation is in good agreement with the steeper slope of D2O

solutions, measured in the DSC experiments (Figs. 1 and 2, Table

3). Again this phenomenon can be attributed to the gain in the

number of hydrogen bonds among solvent molecules that results

from aggregation of a larger number of molecules into micelles.

Fig. 8 displays the constant-pressure heat capacities calculated

from the theory. The heat capacity is obtained from Cp ¼ T(dS/

dT)p where the entropy is obtained by differentiation of the free

energy expression derived above with respect to the temperature.

These results can be compared with the Cp values measured in

the DSC experiments. Clearly, the predicted curves show the

same trends observed experimentally: The peak in the Cp shifts to

lower temperatures for D2O as compared to the equimolar

mixture and pure water. At this point it is important to empha-

size that the predicted differences between the solvents in the

transition temperatures are much larger than the measured

experimentally, as discussed below.

Fig. 9 displays the density profiles of the PPO (left panel) and

PEO (right panel) moieties as a function of the distance from the

center of the micelle for the three different solvents. The

temperature and the number of the polymer molecules is fixed.

The profiles clearly display the important role of HB in the

structure of the micelles. Fig. 9 shows that micelles in D2O are

very compact, with minimal penetration of the solvent into the

hydrophobic (PPO) core. Furthermore, as can be seen at

distances around r z 3 nm the interface between the hydro-

phobic core and the solvent is much sharper when D2O is the

solvent. This is another manifestation of the fact that the relative

quality of the solvent is determined by the strength of the

solvent–solvent HB. As D2O is the lower-quality solvent, a more

compact structure emerges. Interestingly, the PEO block is very

similar in the equimolar mixture of solvents and the H2O case.

To complete the analysis of the structure of the micelles,

Fig. 10 shows all the density profiles for a micelle in an equimolar

mixture of solvents. The shapes of the PPO and PEO blocks are

similar to those presented in Fig. 9. The interesting part is that

the solvent does not partition randomly when in contact with the

polymer. The profiles clearly show that water preferably resides

in the vicinity of the polymer. In other words, the free energy cost

of polymer solvation by water is lower than polymer solvation by

D2O. Again this is due to the fact that in this way the system
Soft Matter, 2009, 5, 5003–5011 | 5009



Fig. 10 Calculated density profiles of a micelle in an equimolar mixture

of solvents. The calculations correspond to Pluronic P103 with aggre-

gation number Npol ¼ 20 and T ¼ 25 �C.

Fig. 9 Calculated density profiles of PPO (left panel) and PEO (right panel) as a function of the distance from the micelle center for H2O (solid line),

D2O (dashed line) and an equimolar mixture (dot-dashed line). The calculations correspond to Pluronic P103 with aggregation number Npol ¼ 20 and

T ¼ 25 �C.
gains a larger number of the more favorable D2O–D2O HBs.

This is clearly observed in Fig. 11 where the fraction of HBs as

a function of the distance from the center of the micelles is

shown. The fraction of propylene oxide deuterium HBs is lower

than that of the polymer and hydrogen (Fig. 11B) in the

hydrophobic core of the micelle, while the water–water HBs are

larger than the D2O–D2O HBs. The fraction of HBs between the

two types of solvent, though, is inverted in the bulk solution,

where there is a larger fraction of D–D HBs than H–H HBs.

The HB behavior observed in Fig. 11 results from the best

compromise between the preference of D2O to form hydrogen

bonds with itself and the entropy of mixing. By segregating the

poorer solvent into the solution the system finds its optimal state.
Fig. 11 The fraction of solvent–solvent (A) and polymer–solvent (B) hydrog

conditions are the same as in Fig. 10.
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5. Conclusions

Experimental observations reveal that the SA of amphiphilic

block copolymers is significantly affected by an isotopic

exchange of the solvent. Replacement of H2O by D2O affects the

micellization temperature, enthalpy, and size of the formed

micelles. Molecular theory calculations indicate that the differ-

ence in HB between H2O–H2O and D2O–D2O are the origin of

the observed phenomena. The calculations demonstrate that

small differences in the strength of HB are enough to induce

a large change in the free energy of solvation of the polymers, and

consequentially (i) lower the cmt of the triblock copolymers in

D2O, (ii) induce a more compact structure and a larger aggre-

gation number and (iii) shift the size distribution to higher values.

A qualitative description would suggest that as the solvent–

solvent hydrogen bonding becomes stronger (while the strength

of the polymer solvent HB is retained), the solvent becomes

poorer for the chain molecules. It is important to emphasize,

however, that the solvent quality here is not determined by van

der Waals interactions but rather by the competitive nature of

the HBs between two solvent molecules compared to a solvent

and a polymer.

The study provides an insight into the role of hydrogen

bonding in systems of amphiphilic block copolymers, and

suggests that in SA polymers small differences in hydrogen

bonding strength of the solvent may result in observable

macroscopic effects. These observations suggest that the

common assumption that isotopic replacement does not alter

significantly the thermodynamics of the system should be re-

examined.
en bonds as a function of the distance from the center of the micelle. The
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