
ABSTRACT: The cyclic voltammetric behaviors at a platinum
electrode of an amphiphilic block copolymer [poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)
(F127)] in aqueous solutions were investigated. The mechanism
of the electrochemical reaction of F127 at a platinum electrode
was deduced. The diffusion coefficients of different-shaped
aggregates formed by F127 were determined on this basis.
The first and second critical micelle concentrations, corre-
sponding to the formation of spherical micelles and the transi-
tion of the spherical to rod-like micelles, were 3.72 × 10−4

mol·L−1 and 1.49 × 10−3 mol·L−1, respectively, which could be
confirmed by the fluorescent anisotropy of pyrene in the F127
aggregates and the morphology of F127 micelles observed by
freeze-fracture transmission electron microscopy. 
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Amphiphilic block copolymers, and in particular poly(eth-
ylene oxide)-block-poly(propylene oxide)-block-poly(ethyl-
ene oxide) (PEO-PPO-PEO) triblock copolymers (commer-
cially available under the trade name Pluronic), can form
different self-assembled structures [spherical micelles (1,2),
rod-like micelles (3), as well as cubic, hexagonal, and lamel-
lar lyotropic liquid crystals (4–7)] under appropriate condi-
tions of copolymer concentration and/or temperature.
Compared with the typical low-molecular-weight surfac-
tants, Pluronic copolymers have superior properties, such
as extremely low critical micelle concentrations (CMC), a
large diversity in molecular characteristics (PPO/PEO ratio,
molecular weight) and microstructures, and, as a result,
rich amphiphilic properties (8) and a very low toxicity (9).
PEO-PPO-PEO block copolymers have widespread indus-
trial applications in biology, medicine, cosmetics, and tex-
tiles (10–12). Therefore, theoretical and practical research
on the properties of Pluronic copolymers in aqueous solu-

tions is arousing increasing interest (13,14). F127 is a typi-
cal amphiphilic triblock copolymer. Surface tension, light-
scattering, small-angle neutron scattering, and nuclear
magnetic resonance studies have been performed to under-
stand its surface activity, interaction with normal surfac-
tants, and the phase behaviors of its ternary systems with
water and some organic compounds (14–19). However, lit-
tle work has been done on the aggregation properties and
micellar structural transitions of this kind of block copoly-
mer by the electrochemical method, even though it is a very
useful tool (20–23). In the present paper, the electrochemi-
cal behaviors of F127 in aqueous solutions are studied, and
the mechanism of the electrochemical reaction of F127 at a
platinum electrode is deduced by controlled-potential
coulometry and in situ ultraviolet-visible (UV-vis) spectrom-
etry. The diffusion coefficients of different-shaped aggre-
gates are determined, and the aggregation properties of
F127 are discussed.

EXPERIMENTAL PROCEDURES

Materials. F127 [HO–(PEO)x(PPO)y(PEO)x–H, x = 97–106,
y = 65–70] was obtained from BASF Co. (Florham Park, NJ).
Pyrene (99%) was obtained from Fluka Co. (Buchs, Switzer-
land), and perchloric acid (HClO4, A.R.) and sodium chlo-
ride (NaCl, A.R.) were from Shanghai Chemicals Co.
(Shanghai, P.R. China). All the chemicals were used as re-
ceived. Water was deionized and distilled.

Determination of the diffusion coefficient. Diffusion coeffi-
cients of different F127 aggregates in aqueous solutions
were determined by cyclic voltammetry according to the
electrochemical reaction of F127. In the three-electrode
configuration, the working electrode was a 213-type plat-
inum electrode (Shanghai Rex Instrument Factory), the
auxiliary electrode was a platinum plate, and the reference
electrode was a saturated calomel electrode (SCE; NaCl sat-
urated, to avoid sedimentation of KClO4). The added
HClO4 (0.10 mol·L−1) had little effect on the micellization
of nonionic surfactant F127 and was used as a supporting
electrolyte. All the solutions were deoxygenated by bub-
bling them with nitrogen gas for 30 min before each mea-
surement. The potential was swept linearly at 25 mV·s−1 be-
tween −0.20 and 1.30 V. The electrochemical experiments
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were conducted with the following apparatus: CHI630 elec-
trochemical detector (CH Instruments Inc., Austin, TX),
HPD-1A bipotentiostat (Yanbian Electrochemical Appara-
tus Co., Jilin, China), and 3086X-Y recorder (Sichuan
Fourth Meters Co., China).

Determination of the mechanism of the electrochemical reaction.
The mechanism for the electrochemical reaction of F127 in
aqueous solution at the platinum electrode was deduced by
controlled-potential coulometry, UV-vis spectroelectro-
chemistry, and the measurement of pH. In controlled-po-
tential coulometry, the working electrode was a platinum
gauze, the reference electrode was SCE (NaCl saturated),
and the auxiliary electrode was a platinum plate. The solu-
tion of F127/HClO4/H2O was electrolyzed at a controlled
potential of 1.209 V (vs. SCE) after deoxygenation with bub-
bling nitrogen for 30 min, and the solution of  HClO4/H2O
was electrolyzed at the same controlled potential and the
same condition to eliminate the background current of the
F127/HClO4/H2O system. 

In UV-vis spectroelectrochemistry, the electrolysis cell
was a thin-layer quartz cell (inner dimensions: 1.0 × 0.2 ×
3.0 cm), the working electrode was a platinum gauze, the
auxiliary electrode was a platinum wire, and the reference
electrode was an Ag/AgCl (NaCl saturated) electrode. Dis-
solved oxygen was removed from the solution by bubbling
nitrogen through for 15 min before each measurement.
The incident light was perpendicular to the working elec-
trode, and the in situ UV-vis absorption spectra were
recorded at wavelengths of 230–270 nm using a UV-2501 PC
UV-vis spectrophotometer (Shimadzu Co., Kyoto, Japan).
The electrolysis potentials were controlled in the range of
0.99–1.21 V (vs. Ag/AgCl), and the equilibrium electrolysis
time was 5 min. The pH values were obtained with a pHS-25
pH meter (Shanghai Rex Instruments Factory).

Determination of the steady-state fluorescent anisotropy. The
sample of F127 solution was excited with vertically polarized
light, and the components of the emission intensity I|| and
I⊥, corresponding to the polarized emission parallel and
perpendicular to the direction of the polarized excitation,
respectively, were determined by RF-5301 PC spectrofluo-
rophotometer with polarization accessories (Shimadzu
Co.). Then the steady-state fluorescent anisotropy r was cal-
culated by the following equation (24):

I|| − I⊥
r = –––––––––––––– [1]

I|| + 2I⊥

Pyrene was excited at 335 nm, and the emission was mea-
sured at 383 nm in the experiment.

Determination of the morphology of F127 micelles. The mor-
phology of F127 micelles was directly observed by means of
freeze-fracture transmission electron microscopy (FF-TEM).
A small amount of micelle solution was placed on a 0.1-mm-
thick copper disc. Then the copper disc was rapidly plunged
into liquid nitrogen. The frozen samples were fractured and
replicated in a BAF 400D freeze-etching apparatus (Bal-Tec,

Balzer, Liechtenstein) at a sample temperature of −150°C
and at a pressure of 2 × 10−6 mbar. The fracture plane was
shadowed with platinum at an angle of 45° and with carbon
at an angle of 90°. The replicas of the samples were exam-
ined using a Philips Tecnai-12 transmission electron micro-
scope.

All measurements were carried out at 25 ± 0.1°C.

RESULTS AND DISCUSSION

Cyclic voltammetric behaviors of F127 in aqueous solution. Cyclic
voltammograms of F127 in aqueous solution are presented in
Figure 1. Except for trace a (the control, i.e., F127 is absent),
oxidation peaks for F127 are present at 1.02 V. There are no
corresponding reduction peaks except for an apparent ca-
thodic peak at 0.48 V. We ascribed this cathodic peak to the
reduction of PtO formed after the anodization above 0.7 V
(vs. SCE) or in the pretreatment of the platinum electrode
with hot, dilute HNO3 solution and the H2SO4/K2Cr2O7 so-
lution (25). The oxidation peak potential of F127 shifted
gradually from 1.02 to 1.19 V with the increase in scan rates.
When the scan rate vs is less than or equal to 30 mV·s−1, the
anodic peak current, ia, is proportional to the square root
of the scan rate (before point a in Fig. 2), and when vs is
greater than 30 mV·s−1(after point a in Fig. 2), the ia values
deviate upward from the linear relation. Therefore, it fol-
lows that the electrochemical behavior of F127 at a plat-
inum electrode is a diffusion-controlled irreversible process
at low scan rates and that F127 is adsorbed on the electrode
surface at high scan rates (26). Therefore, a low scan rate
was employed in our study to reduce the adsorption of F127
on the electrode.
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FIG. 1. The cyclic voltammograms of F127 (6.0 × 10−4 mol·L−1) under
different scan rates (vs) at a platinum electrode. vs (mV·s−1): a. 10; b.
15; c. 20; d. 25; e. 30; f. 40; g. 50. SCE, standard calomel electrode.



Mechanism of the electrochemical reaction of F127. The mole-
cular structure of F127 is as follows (Scheme 1):

HO–(CH2CH2O)x–(CHCH2O)y–(CH2CH2O)x−1, x = 97–106, y = 65–70
|

CH3

SCHEME 1

In the usual situation, the alkyl and ether bonds in the F127
molecule are not easily oxidized, whereas the –OH group is
relatively easily oxidized. Since the electrochemical oxida-
tion of F127 at the platinum electrode is irreversible, the
number of electrons transferred in the electrochemical re-
action, n, can be determined through controlled-potential
coulometry (27). The electrolysis current, it, decays expo-
nentially with time according to the following relationship
during the electrolysis (27):

it = i0e−pt [2]

where i0 is the initial current and p is the electrolytic rate
constant. A straight line can be obtained by plotting log it vs.
t, from which the slope p and the intercept i0 are evaluated.
With the assumption that the total quantity of electricity con-
sumed in the electrolysis is Q t , when t → ∞, the value of Q t
at the completion of the electrolysis, Q ∞, is given by (27)

Q ∞ = i0/p = nFVc0 [3]

where n is the number of electrons transferred in the elec-
trode reaction, F is the Faraday constant, V is the total solu-
tion volume, and c0 is the initial concentration of the elec-
troactive substance. From Equation 3, the value of Q ∞ can

be first obtained, then the value of n. In the case of F127,
the log it vs. t curve is shown in Figure 3; the number of elec-
trons transferred in the electrode reaction is n = 2.14 ≈ 2
after the background correction. The initial part of the log
it vs. t curve deviates from the theoretical line, which is simi-
lar to that of the Mn2+ (25) and L-ascorbic acid (28) elec-
trolyzed at a platinum gauze electrode at controlled poten-
tial. This deviation is attributed to the adsorption of a few
F127 molecules on the electrode surface (25).

Figure 4 is the in situ UV absorption spectra of the elec-
trochemical response for the F127 oxidation-reduction sys-
tem. As shown in Figure 4, the reductive state of F127 does
not absorb at 245 nm before electrolysis (Fig. 4, line a),
whereas the oxidation product of F127 absorbs at 245 nm
after electrolysis (Fig. 4, lines b–g). With the potential ris-
ing, the F127 concentration decreases; meanwhile, the con-
centration of the oxidation product increases, and the ab-
sorption intensity at 245 nm goes up gradually to a relatively
stable state (Fig. 4, lines b–g). Furthermore, the absorption
intensity at λmax (245 nm) is rather low, which indicates that
an n → π* transition occurs in the oxidation product, so a
carbonyl group may exist in the oxidation product (29).
From the number of electrons (n ≈ 2) and the UV absorp-
tion spectra, it was inferred that the oxidation product con-
tained an aldehyde group. The pH value of the solution falls
from 1.72 before electrolysis to 1.55 afterward, which sug-
gests the generation of hydrogen ions by the electrode re-
action. Based on the above analysis, a probable electro-
chemical mechanism of the F127 oxidation at the platinum
electrode is deduced as follows:

RCH2CH2OH → RCH2CHO + 2H+ + 2e− [4]
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FIG. 2. The relation of peak current ia with the square root of scan rate
(vs). Concentration of F127 (mol·L−1): 6.0 × 10−4; vs/(mV·s−1): 10–50.

FIG. 3. The relation of log it with t for F127 under electrolysis at a plat-
inum electrode. E = 1.209 V (vs. SCE). For abbreviation see Figure 1.



where

R = HO–(CH2CH2O)x–(CHCH2O)y–(CH2CH2O)x−1
|

CH3

This is in accordance with the electrode reaction of 1,4-bu-
tanediol (HOH2C–CH2CH2–CH2OH) at a platinum elec-
trode, where 4-hydroxy butanal (OHC–CH2CH2–CH2OH)
is the main product (30).

Diffusion coefficient of F127/H2O system. For a totally irre-
versible reaction, the relation of the diffusion coefficient D
(cm2·s−1) with the peak current is given by Equation 5,

ia = (2.99 × 105)n(αnα)1/2Ac*D1/2vs
1/2 [5]

where ia is the anodic oxidation peak current at 25°C(A), n is
the electron number for the electrode reaction (n ≈ 2), α is
the charge transfer coefficient, nα is electron number for the
rate-controlling step, A is the area of the electrode (cm2), c∗
is the bulk concentration of the solution (mol·cm−3), and vs
is the scan rate (V·s−1). The value of αnα is given by Equa-
tion 6 (27),

αnα = 47.7/(Ea − Ea/2) [6]

where Ea is the anodic peak potential (mV), and Ea/2 is the
half-peak potential where the current is at half the peak

value (mV). The diffusion coefficients of the F127/H2O sys-
tem are calculated by combining Equations 5 and 6.

The diffusion coefficients determined are the apparent
ones, which consist of two parts,

D = f Dfree + (1 − f)Dmic [7]

where f = Cfree/Ctotal, and Cfree and Ctotal are the concentra-
tions of free and total F127, respectively. Dfree and Dmic are
the diffusion coefficients of F127 in the free and micellar
states, respectively. The variation of diffusion coefficient D
of F127 as a function of its concentration can reflect the
transition of the microstructure of F127 aggregates. Similar
studies have been reported using cyclic voltammetry on low-
molecular-weight surfactants (20–23).

Figure 5 shows the relation of diffusion coefficients to
F127 concentrations in a F127/H2O system: D decreases
with increasing F127 concentration and shows different
trends in different concentration regions. The concentra-
tions corresponding to the two intersection points are 3.72
× 10−4 and 1.49 × 10−3 mol·L−1. The concentration at the
first intersection point is very close to the CMC values ob-
tained by the surface tension method (2.88 × 10−4 mol·L−1)
(15) and dye solubilization method (5.55 × 10−4 mol·L−1)
(2). According to the earlier determination of the first and
second CMC for cetyl trimethylammonium bromide,
sodium dodecyl sulfate, and Triton X-100 by cyclic voltam-
metry (20,21), the first intersection point in Figure 5, or
3.72 × 10−4 mol·L−1, is the first CMC, and the second one,
1.49 × 10−3 mol·L−1, should be the second CMC, namely, the
concentration at which the spherical micelles transform
into rod-like micelles. The first CMC obtained is in good
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FIG. 5. The relation of log D with log c in the F127/H2O system. D,
diffusion.

FIG. 4. The in situ UV absorption spectra for the F127 solution under
controlled-potential electrolysis. Concentration of F127 (mol·L−1): 7.9
× 10−4; of HClO4 (mol·L−1): 0.10. E in V (vs. Ag/AgCl): a, not elec-
trolyzed; b, 0.99; c, 1.07; d, 1.12; e, 1.15; f, 1.18; g, 1.21.



agreement with the results in previous reports, but the sec-
ond CMC of F127 has not been addressed so far in the liter-
ature.

It is obvious from Figure 5 that when the F127 concen-
tration is below the first CMC, F127 molecules exist as
monomers in various coiling forms, and the diffusion coef-
ficient is greater. When the F127 concentration is above the
first CMC, the F127 molecules exist as spherical micelles
(3,31), and the micellar volume is greater than that of
monomers. As a result, the spherical micelles diffuse more
slowly, and D becomes smaller. And when the F127 concen-
tration exceeds the second CMC, the micelles take on a rod-
like structure (3), with even greater volume, and diffuse
more slowly. Therefore, D becomes even smaller in compar-
ison with that of spherical micelles.

To verify the transition from spherical to rod-like mi-
celles, the steady-state fluorescent anisotropy of pyrene
probe in F127 solution was measured, as shown in Figure 6.
Under the conditions of given temperature (293.15 K) and
fluorescent probe (32), the fluorescent anisotropy reflects
the microviscosity of the microenvironment where the probe
molecules are located, provides information on the micellar
size and microstructure and correlates well with the CMC of
surfactants. Komaromy-Hiller and Wandruszka (32) proved
that the maximum fluorescent anisotropy of the probe cor-
responds to the CMC of a dilute solution of Triton X-114,
which is a nonionic surfactant having the same ethylene
oxide groups as F127. As shown in Figure 6, the fluorescent
anisotropy appears to exhibit two maxima with increasing
F127 concentration, the corresponding concentrations
being 3.98 × 10−4 and 1.42 × 10−3 mol·L−1, which is very con-

sistent with the first and second CMC in Figure 5. When the
F127 concentration approaches the first CMC, the PPO
blocks in the F127 molecule tend to coil compactly, so the
rotation of the probe molecule is inhibited, and as a result,
the fluorescent anisotropy rises. This agrees with the chang-
ing tendency of the fluorescent polarization degree of the
probe, 2-(4′-N,N-dimethylamino)-3-methoxyflavone, in mi-
celles formed by structurally similar PEO-PPO-PEO triblock
copolymer when its concentration is close to the CMC (33).
When the F127 concentration reaches the first CMC, the
probe molecule is located in the hydrophobic core formed
by coiling PPO blocks (34), so the fluorescent anisotropy
reaches the maximum. When the F127 concentration is
above the first CMC, the micellar volume becomes greater
with increasing F127 concentration. This provides more dif-
fusion freedom for the solubilized probe molecule; there-
fore, the fluorescent anisotropy falls, which is similar to the
case of the nonionic surfactant Triton X-114 after the forma-
tion of micelles (32). The number of micelles increases as
the F127 concentration increases further (34). Since no re-
markable change occurs in the microenvironment of the
probe, there is no considerable variation in its fluorescent
anisotropy. When the F127 concentration equals the second
CMC, the F127 molecules form rod-like micelles driven by
the hydrophobic interaction: The PPO blocks form the hy-
drophobic core along a certain direction, and the PEO
blocks form the hydrophilic corona around the PPO core.
This is similar to the formation of rod-like micelles of the di-
block copolymer poly(ferrocenyldimethylsilane-b-dimethyl-
siloxane) (35). The degree of compactness of PPO blocks
rises to a maximum again after the formation of rod-like mi-
celles, and the fluorescent anisotropy of pyrene reaches a
maximum again. Thereafter, with increasing F127 concen-
tration, the aggregation number and the volume of the rod-
like micelles increase further, so the diffusion freedom of
the probe molecule increases again, and the fluorescent
anisotropy falls. The results from Figure 6 confirm the valid-
ity of the first and second CMC of F127 as determined by
cyclic voltammetry.

The transition from spherical to rod-like micelles was fur-
ther proved by FF-TEM. As can be seen from Figure 7A,
when the F127 concentration (4.00 × 10−4 mol·L−1) is just
above the first CMC, F127 form spherical micelles and the
micellar size is from 15 to 35 nm. When the F127 concen-
tration (1.70 × 10−3 mol·L−1) is above the second CMC,
F127 forms rod-like micelles with a diameter of about 35 nm
(Fig. 7B). In addition, Figure 7B also indicates that rod-like
and spherical micelles coexist when the F127 concentration
is just above the second CMC. Therefore, the results of FF-
TEM confirm the formation of rod-like micelles.
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FIG. 6. The relation of the fluorescent anisotropy of pyrene in an
F127/H2O system with F127 concentration.
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FIG. 7. Freeze-fracture electron micrographs of F127 micelles. Con-
centration of F127 (mol·L−1): A, 4.00 × 10−4; B, 1.70 × 10−3. The scale
bar is 200 nm.
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