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Microstructure of Triton X-100/poly (ethylene glycol) complex investigated
by fluorescence resonance energy transfer
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Abstract

The microstructure of Triton X-100 (TX-100)/poly (ethylene glycol) (PEG) complex has been investigated by fluorescence resonance energy
transfer (FRET), dynamic light scatter (DLS), freeze-fractured transmission electron microscopy (FF-TEM) and 1H NMR technology. The non-
ionic surfactant TX-100 and pyrene are employed as energy donor and acceptor respectively, and the average distance between them is calcu-
lated quantitatively in the systems of TX-100/PEG with different molecular weights (MW). The results of FRET study indicate that the presence
of PEG leads to the separation of donor and acceptor in TX-100 micelle, suggesting that PEG chains insert into TX-100 micelles making the
microstructure of PEG-bound TX-100 aggregates looser than that of free micelles, which is independent of the MW of PEG. However, FF-TEM,
DLS and 1H NMR studies show that the morphology of TX-100/PEG complex depends on the MW of the polymer: PEG with shorter chain
(MW< 2000 Da) insert into and wrap around TX-100 micelles and form sphere-like complex, while that with longer chain (MW> 2000 Da)
would interact with numbers of TX-100 micelles and form coral-shaped clusters. In addition, the effects of temperature and alcohol on the
microstructure of TX-100/PEG complex are studied.
� 2007 Published by Elsevier Ltd.

Keywords: Poly (ethylene glycol); Nonionic surfactant; Microstructure
1. Introduction

The interaction of surfactants with macromolecules has
been extensively studied for the past 50 years. The protein/
surfactant systems were first investigated because of their
biological importance. However, with the appearance of well-
defined synthetic polymers, the research of the interaction of
surfactant with macromolecules has been extended to the
polymer/surfactant interaction as the simultaneous presence
of them is required to achieve ideal dispersion effects which
are relevant to the manufacture of many products including de-
tergents, cosmetics, paints and so on. So far, most of these
studies [1e5] have been focused on nonionic polymers and
ionic surfactants due to their simple structures and interac-
tions, and the configuration of polymer/surfactant complex
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has been accepted as ‘‘string of beads’’ in which the polymer
chain connects micelle-like surfactants by threading through
them.

Systems of nonionic polymer/surfactant possess many
properties superior to those of ionic ones like higher stability,
better biologic compatibility and lower toxicity, and they
have been widely used in material synthesis and biology sim-
ulation [6e11]. But the studies on the interactions of nonionic
polymer/surfactant are rarely seen. Borisov and Halperin [12]
used the concept of polysoap micelles to describe the effect
of bridging interaction between surfactant and polymer, and
suggested that the polymer segments may penetrate into the
micelles. Qiao and Easteal [13] investigated the effect of
polymer chain length and micelle size on the cloud point of
TX-100(aq), and they proposed two possible models to describe
the polymeresurfactant interactions. However, nonionic water
soluble polymers can interact with surfactant aggregates in
many ways: (1) hydrogen bond may drive polymer chains to
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be absorbed on the shell of surfactant micelles; (2) some seg-
ments of polymer may penetrate into hydrophilic groups of
surfactant aggregates driven also by hydrogen bond; (3) poly-
mer chain may also thread through the hydrophobic core of
micelle and form ‘‘string of beads’’ aggregates. However,
present views on the interaction mechanism and models are
controversial. In addition, the penetration of polymer segments
into the micelles will change micelle size, which is critical in
material synthesis and biology simulation, but it is quite hard
to find the change.

Fluorescence resonance energy transfer involves the energy
transferred from an initially excited donor (D) to an acceptor
(A). It can be used to calculate the average distance between
D and A quantitatively, so it is referred to as ‘‘spectroscopic
ruler’’, and it is the critical technique to study the bio-
macromolecules like protein and nucleic acid. Schild [14]
used this technique for the first time to investigate the interac-
tion between polymer and surfactant. Since then, fluorescent
dual-labeling [15e19] and micelle solubilization [20e22]
have been the main techniques to induct energy donor and
acceptor for the study of energy transfer by its sensitivity to
distance to monitor the structure change of polymer/surfactant
complex. However, the process of either fluorescent labeling
or solubilization of fluorophores into surfactant aggregates
may bring slight change of the microstructure of aggregates,
which is a disturbance for structure monitoring. In this study,
the surfactant TX-100 itself is employed as excitation energy
donor, as it contains aromatic moiety, and trifle amount of pyr-
ene is added as an energy acceptor in order to lessen the dis-
turbance mentioned above. The energy transfer efficiency (ET)
from TX-100 to pyrene and the average distance (r) between
phenyl rings of TX-100 and pyrene are calculated quantita-
tively to monitor the size change of the PEG-bond surfactant
aggregates. Besides that, 1H NMR technology is used to illus-
trate the mechanism of the interaction of the nonionic water
soluble polymer PEG with TX-100, and dynamic light scatter
is a useful technique to observe the form, size and distribution
of aggregates in solution, what is more, freeze-fractured trans-
mission microscopy provides us with eyes to ‘‘see’’ the various
configurations of TX-100/PEG complexes with different
polymer molecular weights.

2. Experimental section

2.1. Materials

Triton X-100 (TX-100, >99%, Sigma) was used as re-
ceived. Pyrene (>99%) was obtained from Sigma and 6.33�
10�4 mol/L pyrene stock solution was prepared in ethanol.
Surfactant solutions with 0.76� 10�6 mol/L pyrene were
made by placing 5 mL of pyrene stock solution in a 5 mL
test tube, evaporating the ethanol, adding appropriate sur-
factant solution, and sonicating for 15 min. Cetylpyridinium
chloride (CPC, >99%) was purchased from Fluka. The
investigated poly (ethylene glycols) (PEGs, MW¼ 400,
1000, 2000, 4000, 6000, 10,000, 20,000) were Aldrich prod-
ucts and the distribution of the MW agreed with a narrow
Possion distribution. n-Propanol, n-butanol, n-pentanol, n-hex-
anol were purchased from Fluka. Doubly distilled water was
used for all the experiments.

2.2. Fluorescence spectroscopy

All fluorescence measurements were taken on a Shimadzu
RF-5301 (Japan) fluorescence spectrophotometer equipped
with a thermostat (�0.5 �C). Solutions were equilibrated for
at least 15 min before the measurement. TX-100 was excited
at 285 nm and pyrene at 338 nm, and the ratio of the fluores-
cence intensity of the first (370 nm, I1) to the third (381 nm, I3)
vibration bands of pyrene is used to probe the polarity of the
microenvironment around pyrene [23].

2.3. UVevis spectroscopy

The UVevis absorption spectras were measured with a
Shimadzu UV-2550 digital spectrophotometer (Japan). Abso-
lute quantum yields ðfD

f Þ were determined as in Ref. [24]
using quinine bisulphate as a standard ðff ¼ 0:55Þ.

2.4. 1H NMR technology

1H NMR experiments performed in this study were carried
out with a Bruker AV-600 NMR spectrometer with a 1H fre-
quency of 600.13 MHz. One hundred and twenty eight times
of accumulations were acquired generally. Water was used
as solvent and D2O (99.5%) was used as an external standard.
Meanwhile, the presaturation method was used to further
suppress the proton signal of the solvent.

2.5. Isothermal titration calorimetry (ITC)

ITC measurements were performed using a VP-ITC titra-
tion microcalorimeter (MicroCal Inc., Northampton, MA)
at 25� 0.1 �C. The removable integrated injection-stirrer
(250 mL) was filled with a concentrated surfactant aqueous
solution (or surfactant solution in 5 wt% PEG(aq)) which was
titrated into the calorimeter vessel initially containing
1.438 mL of pure water (or 5 wt% PEG(aq)) in the sample
cell. Doubly distilled water was filled in the reference cell.
The surfactant was titrated into the sample cell in multiple
steps (5e10 mL) at the constant stirring speed of 502 rpm to
ensure thorough mixing. The duration of each injection was
10 s and the time delay (to allow equilibration) between suc-
cessive injections was 240 s. Raw data were obtained as a
plot of heating rate (mcal s�1) against time (min). These raw
data were then integrated to obtain a plot of observed enthalpy
change per mole of injected TX-100 (DHobs, kJ mol�1) against
TX-100 concentration (mM). All experiments were repeated
twice and the reproducibility was within �2%.

2.6. Dynamic light scatter (DLS)

Measurements were carried out at a scattering angle of 90�

using an ALV 5022 laser light-scattering (LLS) instrument
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equipped with a cylindrical HeeNe laser (model 1145p-3083;
output power¼ 22 mW at l¼ 632.8 nm) in combination with
an ALV SP-86 digital correlator with a sampling time range of
25 nse40 ms. The LLS cell is held in a thermostat index match-
ing vat filled with purified dust-free toluene, with the tempera-
ture controlled with �0.02 �C. All solutions were filtered
through a Millipore filter with a 0.22 mm pore size and thermo-
stated at 25 �C for at least 0.5 h. Experiment duration was
10 min and each experiment was repeated two or more times.
The intensityeintensity time correlation function G(2)(t,q) in
the self-beating mode was measured, where t is the decay time
and q is scattering vector (q¼ (4pn/l0)sin (q/2)). G(2)(t,q) can
be related to the normalized first-order electric field time
correlation function jg(1)(t,q)j via the Siegert relation as [25]

Gð2Þ
�
t;q
�
¼ A

�
1þ b

��gð1Þðt;qÞ2��� ð1Þ

Where A (hhI(0)i2) is the measured baseline. For the broadly
distributed relaxation spectrum, jg(1)(t,q)j is related to a charac-
teristic relaxation time distribution G(t) as

��gð1Þ�t;q���hhEð0;qÞE�ðt;qÞi=hEð0;qÞE�ð0;qÞi
¼
ZN

0

G
�
t
�
e�t=t dt ð2Þ

G(t) can be calculated from the Laplace inversion of the mea-
sured G(2)(t,q) on the basis of Eqs. (1) and (2), and a transla-
tional diffusive coefficient distribution G(D) by G¼Dq2,
where G¼ 1/t, and the hydrodynamic radius distribution by
the StokeseEinstein equation: Rh¼ kBT/6phD, where h, kB,
and T are the solvent viscosity, the Boltzmann constant, and
the absolute temperature, respectively. In this study, the
CONTIN program supplied with the correlator was used.

2.7. Freeze-fractured transmission electron microscopy
(FF-TEM)

For the preparation of replica, a small amount of sample
was placed in a sample cell. Then the cell was swiftly plunged
into liquid nitrogen, and then the frozen samples were frac-
tured and replicated in a freeze-fractured apparatus (Balzers
BAF 400D). Replicas were examined with transmission
electron microscope (TEM, Tecnai 12 Philip, Holland).

The aggregated number of TX-100 micelle was obtained as
in Ref. [26].

The temperature for this experiment was kept at 25�
0.1 �C.

3. Results and discussion

3.1. Energy transfer in TX-100 aqueous solution

Förster [27] proposes that resonance energy transfer occurs
by a dipoleedipole long-range coupling interaction which
depends on certain spectroscopic and geometric properties of
the donoreacceptor pair. According to Förster theory, the
efficiency of energy transfer depends mainly upon the follow-
ing factors [28]: the extent of spectral overlap between the do-
nor emission and acceptor absorption, the quantum yield of the
donor ðfD

f Þ, the relative orientation of the donor and acceptor
transition dipoles, and the distance between them. Fig. 1
shows emission spectrum for TX-100 and absorption spectrum
for pyrene, and there is a large overlap zone. Besides that,
TX-100 has a high value of fD

f (experimental value is 0.235).
So TX-100/pyrene is an appropriate donoreacceptor pair for
Förster energy transfer. It can be seen from Fig. 2 that the rel-
ative fluorescence intensity of TX-100 decreases with the ad-
dition of pyrene and that five emission peaks for pyrene [29]
appear, indicating that part of the energy of excited state
TX-100 molecules is transferred to ground state pyrene
molecules and the emission spectrum of pyrene appears.

Förster theory shows that the energy transfer efficiency (ET)
is in inverse proportion to the sixth power of the distance (r)
between the donor and acceptor [30]:

ET ¼
R6

0

R6
0 þ r6

ð3Þ

ET ¼ 1� F

F0

ð4Þ

Here ET can be obtained by the relative fluorescence intensity
of donor in the absence (F0) and presence (F ) of acceptor by
Eq. (4), and R0 is the Förster radius, i.e. the critical distance at
which the decay rate of donor is equal to the energy transfer
rate from donor to acceptor. R0 is expressed as:
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Fig. 1. Emission spectrum of TX-100(aq) (a) and absorption spectrum of pyrene

in TX-100(aq) (b).
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R6
0 ¼

9000 ðln10ÞK2fD
f

128p5Nn4
J in �A

6 ð5Þ

where k2 is the factor expressing the relative orientation of
donor and acceptor, and k2¼ 2/3 for random orientation as
in fluid solution [30,31], n is refractive index of the medium,
N is Avogadro number, fD

f is quantum yield of the donor in

280 300 320 340 360 380 400
0.0

0.2

0.4

0.6

0.8

1.0
b

a

λ/nm

R
el

at
iv

e 
In

te
ns

ity

Fig. 2. Emission spectrum of TX-100 in the presence (a) and absence (b) of

pyrene.
the absence of acceptor, and J is overlap integral expressed
in units of M�1 cm3, which is calculated by numerical
integration:

J ¼
ZN

0

FD

�
l
�
3A

�
l
�
l4 dl ð6Þ

Here FD(l) is corrected fluorescence intensity of the donor in
the region of l to (lþDl), with the total intensity normalized
to unity, and 3AðlÞ is the extinction coefficient of the acceptor
at l in M�1 cm�1.

Fig. 3A shows the effects of TX-100 concentration on its
relative fluorescence intensity in the absence (b) and presence
(a) of pyrene. It is clearly seen that the fluorescence signal of
TX-100 increases with its concentration at first, and then de-
creases with the concentration further increased, which is typ-
ical of an inner filter effect due to strong absorption of more
exciting radiation for a more concentrated solution [32,33].
Besides that, comparing line a with b we can find that the fluo-
rescence intensity of TX-100 in the presence of pyrene is
lower than that in the absence of pyrene, which is the result
of energy transfer between TX-100 and pyrene.

The energy transfer efficiency (ET) calculated by Eq. (2)
shows a linear rise with the increase of the surfactant concen-
tration (Fig. 3B), and the highest value is obtained when the
surfactant concentration reaches 0.43 mmol/L, and from there
onward, the efficiency value decreases with the concentration
of TX-100 in an exponential fashion. With the increase of the
surfactant concentration, more micelles may form spontane-
ously and hence, more pyrene molecules are incorporated
into TX-100 micelles, so the value of r decreases resulting
in a sharp increase of ET. However, more and more micelles
are formed with the concentration of TX-100 further
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Fig. 3. Normalized fluorescence intensity of TX-100 in the presence (a) and absence (b) of pyrene (A), and the energy transfer efficiency (ET) between TX-100

and pyrene (B) as a function of TX-100 concentration.
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increased, so the ratio of micelles incorporated with pyrene
molecules to the total micelle decreases because the concen-
tration of pyrene is limited [33]. Besides, the inner filter effect,
which is a competition process with fluorescence resonance
energy transfer, is enhanced with increasing amount of
TX-100 micelles in solution. So we can conclude that micelle
formation facilitates energy transfer between TX-100 and pyr-
ene, but the inner filter effect of TX-100 micelles may be the
dominant process when the concentration of surfactant reaches
a certain value. According to Förster theory, we can safely
assume that the value of r is smallest when the ET reaches
highest. For TX-100/pyrene pairs, J of TX-100 emission and
pyrene absorption spectrum is calculated, and the value is
in the order of 10�13 M�1 cm3, which agrees with Ref. [28].
And the smallest value of r calculated is 66.8 Å.

3.2. Energy transfer in TX-100/PEG(aq) system

The energy transfer efficiency curves obtained by adding
PEG400 and PEG20000, respectively, to TX-100/pyrene aque-
ous solution, containing micelles, are shown in Fig. 4. The
efficiency decreases sharply with PEG concentration until
a relative constant value is reached. The decrease of ET can
be attributed to the enlargement of micelle size, and it has rel-
evance to the size of micelle. So the aggregation behavior of
TX-100 influenced by PEGs is investigated firstly by measure-
ment of critical micelle concentration (cmc) and aggregate
number. The determination of cmc by isothermal titration cal-
orimetry is described in Ref. [35]. The first-order derivative of
the curve of enthalpy versus surfactant concentration displays
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Fig. 4. Energy transfer efficiency (ET) in TX-100/PEG(aq) system as a function

of PEG concentration, [TX-100]¼ 0.40 mmol/L.
an extremum (Fig. 5) which corresponds to cmc. The cmc
value of TX-100 in the presence of 5 wt% PEG is about
0.41 mM which is almost identical to that of the pure surfac-
tant (0.33 mM), and it is in agreement with the observation of
previous studies on a different nonionic polymer and nonionic
surfactant [36,37]. And the aggregate number of TX-100 in the
presence of PEG is measured and listed in Table 1. From Table
1 we can see that PEGs do not change the aggregate number of
TX-100. So we can safely conclude that the aggregation be-
havior of TX-100 is not influenced by the addition of PEG.
This confirms that some of the PEG segments penetrate into
TX-100 micelles resulting in the structure looseness of the
aggregates is the main factor for the microstructure change
of TX-100 micelles. So the average distance between phenyl
rings of TX-100 and pyrene solubilized in TX-100 micelle
is enlarged, and ET between them is reduced. As the number
of micelles determined by surfactant concentration is kept
constant, the number of PEG segments penetrating into TX-
100 micelles may reach a maximum. So from there on, the
inner structure change of the complex becomes independent
of PEG concentration, i.e. the interaction between TX-100
micelle and PEG is saturated. Comparing curves a and b in
Fig. 4, smaller saturated concentration of PEG400 is found,
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Fig. 5. The first-order derivative of the curve of enthalpy versus TX-100

concentration. [PEG]¼ 5 wt%.

Table 1

Micellar aggregation number (N ) of TX-100 and the microenvironment of pyr-

ene (I1/I3) in the systems of TX-100/PEG with different molecular weighta

MPEG

H2O 400 1000 2000 6000 10,000 20,000

N 35.8 37.4 38.2 37.5 37.7 37.0 38.4

I1/I3 1.381 1.429 1.431 1.428 1.431 1.432 1.443

a [TX-100]¼ 0.7 mmol/L; [PEG]¼ 5 wt%.
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which is an evidence that shorter chain of the polymer is more
efficient for structure change. The reason is that even the
weight percents of the aqueous solution of PEGs with different
MW are the same, the PEG(aq) with lower MW contains more
amount of polymer chains, and hence more amount of hydro-
gen bonds which are at the end of the chain and easy to pen-
etrate into micelles.

1H NMR technology is used to determine whether or not
the polymer chains thread through the hydrophobic core of
TX-100 micelles and form ‘‘string of beads’’ complex. The
1H NMR spectrum of TX-100 and the effect of PEGs with dif-
ferent MW on the 1H chemical shifts of TX-100 are given in
Fig. 6 and Table 2, respectively. PEG is a kind of linear poly-
mer composed of repeated EO units, and threading through the
hydrophobic core of TX-100 micelles possibly will change the
microenvironment of the protons there, because the polarity of
PEG molecular is much stronger than the alkyl chain of TX-
100 molecule, and this may result in a chemical shift of pro-
tons of TX-100 hydrophobic moiety in 1H NMR spectrum.
However, from Table 2 we can find that the chemical shifts
of the protons of alkyl chains (H1 and H3) only undergo neg-
ligible downfield shifts with the addition of PEGs, which indi-
cate that PEG chains do not thread through the micelle cores
of TX-100. However, the protons H4, H5 and H6 close to
the phenoxy group exhibit significant chemical shifts. This in-
dicates that the hydrophilic segments of PEG penetrated into
the hydrophilic groups of TX-100 micelles make the amount
of water combined by hydrogen bond inside the micelle in-
creases and deteriorates the shield of protons of H4eH6. For
the solution of TX-100 micelles, negligible downfield shifts
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Fig. 6. 1H NMR spectrum of TX-100 in water, [TX-100]¼ 0.70 mmol/L.

Table 2

Chemical shift variations (DdH) of protons of TX-100 molecule in the system

of TX-100/5 wt% PEG with different molecular weighta

MPEG DdH1 DdH3 DdH2 DdH4 DdH5 DdH6

400 0.008 0.014 0.021 0.023 0.034 0.024

2000 0.010 0.016 0.025 0.025 0.042 0.030

6000 0.009 0.015 0.022 0.023 0.041 0.030

10,000 0.006 0.013 0.022 0.023 0.040 0.027

20,000 0.009 0.016 0.023 0.023 0.042 0.027

20,000 0.010 0.007 0.023 �0.002 �0.007 �0.002

a The concentration of TX-100 is 0.1 mmol/L for the last row and 0.7 mmol/L

for the others.
of H1 and H3 can be attributed to the adsorption of TX-100
moieties on PEG chains. Because as shown in the last row
of Table 2, the same extent of chemical shift is observed in
dilute TX-100 aqueous solution with concentration lower
than cmc.

To study the effect of the MW of PEG on the microstructure
of PEG-bond aggregates of TX-100, the concentration of PEG
is kept at 5 wt% to make sure that the interaction between
PEG and TX-100 is saturated. Fig. 7 shows that the addition
of PEG makes ET decrease, which is independent of the
MW of PEG, and the highest value of ET still exists in the
systems of TX-100/PEG, but the concentration of TX-100
corresponding to the highest ET shifts from 0.43 mmol/L to
0.70 mmol/L. From the above discussion, we have known
that the decrease of ET with the addition of PEG is attributed
to the penetration of polymer segments into TX-100 micelles
and hence the enlargement of micelle size. Table 3 lists all the
energy transfer parameters calculated in TX-100/PEG(aq) sys-
tem relevant to the MW of PEG. The average distance between
donor and acceptor increases from 72.5 Å to about 82 Å with
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Fig. 7. Energy transfer efficiency (ET) versus the concentration of TX-100

in the systems of TX-100/5 wt% PEG(aq) with different molecular weight.

Table 3

Energy transfer parameters in TX-100/PEG(aq) systema

MPEG FD N J� 1013 R0/Å ET r/Å

No PEG 0.281 1.33 7.06 58 0.162 72.5

400 0.269 1.34 6.86 56 0.109 79.0

1000 0.271 1.34 7.06 57 0.105 81.7

2000 0.270 1.34 7.19 57 0.105 81.8

6000 0.270 1.34 7.06 57 0.099 82.5

10,000 0.270 1.34 6.99 57 0.104 81.7

20,000 0.272 1.34 7.27 57 0.104 82.3

a [TX-100]¼ 0.7 mmol/L; [PEG]¼ 5 wt%.
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the addition of PEG. So we can safely deduce that the average
radius of PEG-bond aggregates is 1.13 times larger than the
free micelles.

However, another factor may contribute to the donore
acceptor separation besides the enlargement of micelle size:
the addition of PEGs brings about the variation of the micro-
environment of the micelles, from pure water to aqueous poly-
mer solution since the polymer segments are less hydrophilic
than water as described by Qiao and Easteal [13] and will
drive the solubilized pyrene to move to the outer side of
TX-100 micelles. The ratio of the relative fluorescence inten-
sity of the first (I1) to that of the third (I3) vibration peak of
pyrene is often used to probe its microenvironment polarity.
And the I1/I3 value rises corresponding to the increase of the
polarity of the microenvironment. For pyrene solubilized in
TX-100 micelles, the movement of pyrene toward the polar
hydrophilic layer of TX-100 micelles can be verified by the
increase of the value of I1/I3 caused by the addition of PEG
(Table 1). So we can conclude that the size of PEG-bond
TX-100 aggregate is less than 1.13 times larger than that of
free micelle. And the microstructure change of TX-100 aggre-
gates is independent of the MW of PEG, which can be verified
by the effect of the MW of PEG on the microenvironment
polarity of pyrene (Table 1) and chemical shift of protons of
TX-100 (Table 2).

The cloud point study by Qiao and Easteal [13] shows two
different interaction models between PEG and TX-100, and
they propose that the structure of TX-100/PEG complex
should be different from free micelles of surfactant. In the
present study, the DLS experiments are done to shed light
on the formation and size of PEG/TX-100 complex influenced
by the MW of the polymer. Fig. 8 shows the intensity-
weighted hydrodynamic radius distributions for TX-100/PEG
with different molecular weights. Unimodal diffusion is
observed for pure TX-100 solution and the average hydro-
dynamic radius hRhi locates at about 4.80 nm which is in
agreement with the value reported by Mya et al. [36]. But
when PEG is added to the TX-100 solution, the DLS
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Fig. 8. Normalized hydrodynamic radius (Rh) distributions of TX-100/5 wt%

PEG with different molecular weight, [TX-100]¼ 12 mmol/L.
correlation functions become bimodal, i.e. the initial narrow
peak splits into two peaks corresponding to fast and slow
modal, respectively. The hRhi value of the fast modal in the
presence of PEG is much more less than that of TX-100 mi-
celles, and almost the same with the size of isolated PEG
coil and increases with the MW of PEG (Table 4). This result
suggests that the fast modal corresponds to isolated PEG coil
[38]. The hRhi of slow modal in the presence of PEG is larger
than that of free TX-100 micelles (Table 4), which indicates
the formation of TX-100/PEG complex by the penetration of
PEG into TX-100 micelle and is in accordance with the result
of the FRET (Table 3). In addition, the hRhi value of the slow
modal increases with the MW of PEG, and it is even more than
two times of free micelles for the system of TX-100/PEG with
higher MW of PEG, which indicates the formation of multimi-
cellar complex. Taking the system of TX-100/PEG20000 for
an example, the polymer has about 454 CH2eCH2eO mono-
mers and the chain contour length is about 82 nm (monomer
length about 0.18 nm) [39], but the circumference of free
TX-100 micelle is only about 30 nm (radius about 4.8 nm).
Thus, we can assume that the chain of PEG20000 can wrap ef-
fectively about the surface of approximately three micelles, re-
sulting that the hRhi of complex is three times of free micelles
(Table 4).

The configuration of TX-100/PEG complex is demon-
strated in Fig. 9 using freeze-fractured transmission micros-
copy. For PEGs with MW less than 2000 Da, most of the
complexes of TX-100/PEG take on sphere structure and dis-
tribute uniformly in solution (Fig. 9B and C) just as the free
TX-100 micelles (Fig. 9A). However, when MW is larger
than 2000 Da, PEG chains interact with more than one TX-
100 aggregates simultaneously, making micelles get close to
each other and forming coral-shaped clusters (Fig. 9DeG).
This is in accordance with the results of DLS shown in
Fig. 8. The results of FRET and 1H NMR show that some seg-
ments of the polymer chain penetrate into the hydrophilic
groups of TX-100 aggregates or absorb on the surface of mi-
celles, and the others remain in bulk solution forming strong
hydrogen bond with water. The interaction models of the com-
plex of TX-100/PEG are shown in Fig. 10. It should be noted
that the concepts of lower molecular weight and the higher
molecular weight PEGs are relative to the size of the micelles

Table 4

The hydrodynamic radius hRhi of PEG(aq) and the system of TX-100/PEG(aq)

with different molecular weighta

MPEG PEG(aq)
b TX-100/PEG

Rh/nm Rh/nm (fast) Rh/nm (slow)

No PEG e e 4.80

400 0.42 0.46 5.90

1000 0.65 0.99 6.69

2000 0.91 1.32 7.65

4000 1.29 1.57 8.44

6000 1.58 2.27 10.95

10,000 2.00 2.43 11.76

20,000 2.90 2.90 16.06

a [TX-100]¼ 12 mmol/L; [PEG]¼ 5 wt%.
b The values are calculated by equations in Ref. [38].
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Fig. 9. FF-TEM of the system of TX-100/0.8 wt% PEG(aq) with polymer molecular weight: (A) no PEG, (B) 400, (C) 1000, (D) 2000, (E) 4000, (F) 6000, and

(G) 10,000. [TX-100]¼ 12 mmol/L. Scale bars: (AeD): 100 nm, (EeF): 200 nm, (G): 500 nm.
with which they will interact. In TX-100/PEG2000(aq) solution,
two kinds of configuration are both observed, which indicates
that 2000 Da is the critical MW of PEG for TX-100 micelles
which are in good agreement with cloud point studies in the
literature [13]. In addition, the size of the aggregates measured
by FF-TEM is larger than the result of DLS because the frozen
samples gilded with platinum make the replica much larger,
but the morphology and relative size inflected by FF-TEM are
in agreement with the result of DLS.
3.3. Effect of temperature on energy transfer

To explore the effect of temperature on the energy transfer,
we pay attention to the systems in the presence of PEG400 and
PEG20000, respectively, which are the highest and lowest
MW of the polymer studied. The concentration of PEG is fixed
at 5 wt% and that of surfactant changes. The value of ET de-
creases when the temperature rises from 25 �C to 50 �C
(Fig. 11) and this can be ascribed to thermal quenching which
Fig. 10. Illustration of TX-100/PEG complex with lower PEG molecular weight (MW< 2000 Da) (A) and higher PEG molecular weight (MW> 2000 Da) (B).
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Fig. 11. Energy transfer efficiency (ET) in the systems of (A) TX-100 aqueous solution, (B) TX-100/5 wt% PEG400(aq), and (C) TX-100/5 wt% PEG20000(aq) at

298 K (B) and 333 K (D).
is a competition process with energy transfer, i.e. the moving
rate of particles in solution rises with increasing temperature,
and hence, more of the excited TX-100 monomers and aggre-
gates lose their energy through collision with each other. And
the size of TX-100 micelles may get larger with the increase
of aggregation number as reported in previous studies [32],
causing the separation of donor and acceptor.

An interesting feature of Fig. 11 is that the reduction of ET

with temperature is much more obvious for the systems in the
presence of PEGs than in the absence of them. The maximum
value of ET and the corresponding value of r of all the three
systems at 25 �C and 50 �C, respectively, are calculated and
listed in Table 5. For the three systems concerned, the value
of r increases by 1.1 Å for TX-100/pyrene(aq), and 4 Å or so
for TX-100/PEG(aq) when the temperature rises from 25 �C
to 50 �C, which is an evidence that more segments of the poly-
mer penetrate into the surfactant aggregates with increasing
temperature, resulting in enlargement of TX-100 micelle and
hence the increased value of r. This suggests that the interac-
tion between polymer and surfactant aggregate has been en-
hanced with rising temperature as the dehydration of EO
chains of TX-100 is enhanced with rising temperature and
more hydrophilic moieties of TX-100 molecules are relaxed
and interact with PEG chains. In addition, the effect of

Table 5

Energy transfer efficiency (ET) and donoreacceptor separation (r) in TX-100/

PEG(aq) system at 298 K and 333 Ka

Solution T/K ET r/Å

No PEG 298 0.203 66.8

333 0.187 67.9

PEG400 298 0.101 80.1

333 0.078 84.0

PEG20000 298 0.099 83.1

333 0.075 87.4

a [TX-100]¼ 0.7 mmol/L; [PEG]¼ 5 wt%.
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temperature on TX-100ePEG interaction is independent of
the polymer chain length because the segment penetrating
into micelles, which is determined mainly by polymer concen-
tration, reaches saturation.

3.4. Effect of alcohol on energy transfer

Aliphatic alcohols with different chain lengths, often used
as co-surfactants, can change the structure and stability of sur-
factant aggregates. Here the fluorescence resonance energy
transfer is used to explore the effect of unbranched aliphatic
alcohols on the microstructure of TX-100/PEG complex.
The effects of alcohols with different carbon numbers ranging
from 3 to 6 on the ET of TX-100/pyrene in the presence and
absence of PEG are shown in Fig. 12. From Fig. 12 we can
see that propanol has negligible effect on ET for its higher hy-
drophilicity, and the others with longer chains reduce the value
of ET. This is in accordance with the result that the alcohols
with longer hydrocarbon chain are relatively more easily sol-
ubilized in the micelle phase [40,41], enlarging the micelle
size and driving the hydrophobic pyrene into the inside of
the micelle core, increasing the average distance r, so the value
of ET decreases.

Since the alcohols with carbon numbers of 4e6 have al-
most the same effect on ET, n-C5H11OH is chosen for further
investigation. Fig. 13 shows the effect of the concentration of
n-C5H11OH on ET of TX-100/pyrene system in the presence
and absence of PEG. From the discussion in Section 3.2 we
have known that the reduction of ET with the addition of PEG
is mainly due to the complex formation of TX-100/PEG.
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Fig. 12. The effects of normal alcohol carbon numbers (Cn) on the energy

transfer efficiency (ET) in the systems of (a) TX-100 aqueous solution, (b)

TX-100/PEG400(aq), and (c) TX-100/PEG20000(aq), [PEG]¼ 5 wt%, [n-

CnH2nþ1OH]¼ 0.32 wt%, [TX-100]¼ 0.7 mmol/L.
However, for the system that contains alcohols, PEG may
change the distribution ratio of alcohol in micelle phase and
water phase, which would possibly change its effect on
micelle size and affect the energy transfer efficiency. So the
effect of PEG on the distribution coefficients (Kx) of
n-C5H11OH in micelle phase, together with the transfer Gibbs
free energy (DGt) from water phase to micelle phase, is mea-
sured using the method mentioned in the literature [42] and
listed in Table 6. From Table 6 we can find that DGt< 0,
which is in accordance with the literature [34], indicating
that the transfer of pentanol from water to micelle phase is
spontaneous. The slight decrease of Kx and the increase of
DGt, suggest that PEG with higher MW may hinder the solu-
bilization of alcohol in micelle phase, i.e. the higher MW of
PEG, the less amount of alcohol may locate in micelle phase,
and hence the slighter size change of surfactant aggregates
with the addition of alcohol. However, comparing lines
b and c, we can find that the energy transfer efficiency is
almost independent of MW of PEG, which indicates that the
effect of TX-100/PEG complex formation is dominant in
structure change of the surfactant aggregates, and this is in
agreement with the discussion in the above paragraph.
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Fig. 13. The energy transfer efficiency (ET) from TX-100 to pyrene in the

absence (a) and presence of PEG400 (b) and PEG20000 (c) as a function of

n-C5H11OH concentration, [TX-100]¼ 0.7 mmol/L, [PEG]¼ 5 wt%.

Table 6

Distribution coefficients (Kx) and the transfer Gibbs energy (DGt) of

n-C5H11OH in TX-100/PEG(aq) systema

MPEG

No PEG 400 4000 10,000

Kx 228.5 220.0 182.4 168.6

DGt/(kJ/mol) �13.46 �13.36 �12.90 �12.70

a [TX-100]¼ 0.7 mmol/L; [PEG]¼ 5 wt%.
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On the basis of Fig. 13, in which the decreased value of
ET as a result of PEG addition is independent of alcohol con-
centration (comparing lines b and c with line a), we can con-
clude that alcohols do not affect TX-100/PEG complex
formation. On the other hand, the decreasing trend of ET

within all the alcohol concentrations studied is almost the
same no matter with or without PEG, which indicates that
the addition of PEG does not affect the solubilization of al-
cohols in surfactant aggregates, i.e. the formation of TX-100/
PEG complex does not hinder the solubilization behavior of
micelles. In addition, the decrease of ET with the rising alco-
hol concentration can be attributed to the increasing amount
of alcohol molecules located in the micelle phase and results
in the inward movement of pyrene in TX-100 micelles,
which can be verified by the polarity dropping as shown in
Fig. 14.

4. Conclusion

PEG does not thread through TX-100 micelles but is ab-
sorbed on the surface or penetrate into the hydrophilic layer
of TX-100 micelles and forms TX-100/PEG complex with
two configurations: the sphere-like structure for shorter chains
of PEG (MW< 2000) and the coral-like clusters for longer
chains of PEG (MW> 2000). The formation of TX-100/
PEG complex enlarges the micelle size, which is independent
of the MW of PEG when their interaction is saturated, i.e. the
microstructure of PEG-bond aggregates of TX-100, no matter
with sphere-like or coral-like configurations, is the same.
In addition, rising temperature facilitates the formation of
complex, while alcohols do not affect the formation.
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Fig. 14. The microenvironment of pyrene (I1/I3) in TX-100/n-C5H11OH system

versus the concentration of n-C5H11OH, [TX-100]¼ 0.7 mmol/L.
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