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Abstract

A series of amphiphilic poly(ethylene oxide)-b-poly(n-alkyl glycidyl carbamate)s-b-poly(ethylene oxide) triblock copolymers were synthe-
sized by reaction between poly(ethylene oxide)-b-polyglycidol-b-poly(ethylene oxide) precursor copolymer and four n-alkyl isocyanates: ethyl,
propyl, butyl and pentyl. After dissolution in water at room temperature the copolymers spontaneously form micelles. The critical micellization
concentrations were determined by UV—VIS spectroscopy. The dimensions of the micelles, the aggregation numbers, and in some cases the
micellar shape were determined by dynamic and static light scattering in a relatively broad temperature range. Special attention has been
paid to the influence of the number of the carbon atoms in the alkyl chains, and respectively, the relative hydrophobicity of the middle block
upon the self-association process. Clouding transition was observed for all of the copolymers, the clouding point being dependent upon the

length of the alkyl chain.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The self-assembly of amphiphilic block copolymers in
aqueous media is a predominantly entropy controlled process
which can result in the formation of highly ordered supramo-
lecular structures. In the majority of cases fairly well defined
micelles of different morphology [1], vesicles [2] and liquid
crystalline phases [3] are being formed. Polymeric micelles
are of special interest due to their potential application in
advanced drug delivery systems [4], templates for nano-
porous materials [5], nanoparticles [6] and many others. The
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relationship between block copolymer composition and the
resulting supramolecular aggregates has been thoroughly in-
vestigated during last two decades [7,8]. As a common rule
in most of the systems, the length of the hydrophobic blocks,
or the corresponding hydrophobicity, is one of the most
important factors for the self-association. The length of the
hydrophobic block directly influences important parameters
such as critical micellization concentration (cmc), the aggre-
gation number (N,,), the radius of gyration (R,), the hydrody-
namic radius (Ry,), etc. Block copolymers with longer
hydrophobic blocks exhibit lower critical micellization
concentration, and typically higher aggregation number and
larger dimensions [9]. Special attention has been paid to the
influence of the linear architecture of the block copolymers
(AB, ABA, and BAB), where the letter A usually stands for
the water-soluble moiety, which in many cases is poly(ethyl-
ene oxide) (PEO), and B stands for various hydrophobic
blocks such as polyoxyalkylenes, polystyrene, and many
others [7,9].
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In the simplest case of AB diblock copolymers two basic
types of micellar structures are known to be formed depending
on the relative length of the hydrophobic block. ““Star-like”
micelles having highly swollen shells are formed if the hydro-
philic block is larger than the hydrophobic [10]; in the case of
a short shell-forming block “‘crew-cut” micelles with large
cores were observed [11]. Crew-cut aggregates are also known
to exist in versatile shapes depending on the environmental
conditions as demonstrated by the group of Eisenberg [12].
ABA copolymers can form spherical core-shell micelles which
are similar to diblock copolymers’ micelles [13]. The cmc of
these copolymers depends both upon the length and the nature
of the hydrophobic block: the longer the hydrophobic block,
the lower the cmc. The hydrophobic blocks decrease the
cmce of copolymers in following order of monomeric units of
increasing hydrophobicity: propylene oxide, e-caprolactone,
alkyl chain, butylenes oxide and styrene oxide [8,10,14,15].

The self-organization of the amphiphilic copolymers con-
taining poly(ethylene oxide) block as the hydrophilic sequence
has been extensively studied, because of the numerous poten-
tial and actual applications of PEO due to its biocompatibility,
protein resistance [16], lack of immunogenicity and rapid
clearance from the human body [17]. Many properties were
investigated. Both radius of gyration and hydrodynamic radius
of the micelles formed by these copolymers increase with the
length of PEO block.

It was also observed that the aggregation number and the
hydrodynamic radii of poly(ethylene oxide)-based copolymers
increases with temperature [9,18,19].

Here we report the results of the study of the micellization
of well defined triblock copolymers of poly(ethylene oxide)-b-
poly(n-alkyl glycidyl carbamate)-b-poly(ethylene oxide). The
DP of the PEO blocks is 108 and the DP of the hydrophobic
block is 38 for all copolymers. The molar mass distribution
is narrow (M/M, < 1.03). The only factor changed is the
length of the n-alkyl substituent in the hydrophobic block:
ethyl, n-propyl, n-butyl and n-pentyl were used. This narrow-
ing of structural variables is expected to clarify the influence
of the hydrophobicity upon the association behaviour.

2. Experimental
2.1. Materials

All solvents were purified by standard methods. +-BuOK
97.0% (Aldrich), dibutyltin dilaurate 95% (DBTL) (Aldrich),
n-propyl isocyanate 99.0% (Aldrich), n-butyl isocyanate
98.0% (Aldrich) and n-pentyl isocyanate 98.0% (Acros Or-
ganics) were used as received. Diethylene glycol (Aldrich)
was distilled under reduced pressure prior to use. Ethoxyethyl
glycidyl ether (EEGE) was obtained by reacting 2,3-epoxy-
propanol-1(glycidol) with ethyl vinyl ether according to pro-
cedure described by Fitton et al. [20]. The obtained product
was fractionated under reduced pressure. Fractions of purity
exceeding 99.8% (GC) were used for polymerization. Ethyl-
ene oxide (Aldrich) was kept over CaH, and distilled prior
to polymerization. DMF (POCH Gliwice) was dried over

CaH,, distilled, then dried over P,O5 and distilled again. Ethyl
isocyanate 98.0% (Aldrich) was distilled under nitrogen
atmosphere.

2.2. Synthesis and modification of block copolymers

The synthesis of the precursor block copolymer poly-
(ethylene  oxide)-b-polyglycidol-b-poly(ethylene  oxide)
EO;03G33EO g and its characteristics have been described
in detail in a previous work [21]. First, the triblock copolymer
EO,osEEGE33EOps was obtained by sequential anionic
polymerization of EEGE and EO initiated by potassium
diethyleneglycolate. EO;9gG3gEO 9g block copolymer was
obtained after acidic cleavage of the ethoxyethyl groups
from the EEGE units. After purification by dialysis against
deionised water followed by drying under reduced pressure,
EO;08G33EO19g block copolymer was dissolved in dry DMF
(150 g/L) under nitrogen atmosphere and reacted with ethyl
(Et), n-propyl (Pr), n-butyl (Bu) and n-pentyl (Pn) isocyanate
in presence of DBTL as a catalyst. The molar ratio [glycidol
units]:[n-alkyl isocyanate]:[DBTL] was 1:2:0.02. The reaction
was carried out at 40 °C for 48 h. After the removal of DMF,
the reaction product was dissolved in methylene chloride and
precipitated into diethyl ether cooled to —10 °C. After three
precipitations the product was dried under reduced pressure.
Four copolymers of common composition EO;9osAGC33EO s,
where A stands for ethyl (Et), n-propyl (Pr), n-butyl (Bu), or
n-pentyl (Pn), were obtained.

2.3. Characterization of block copolymers

The 'H NMR spectra were recorded at 25 °C on a Varian
Unity-Inova spectrometer operating at 300 MHz and using
CDCl; as a solvent.

SEC measurements of the copolymers were made on a setup
of four PSS SDV columns of nominal pore sizes 1 x 10°,
1 x 1000, 2 x 100 A, a differential refractive index detector
An-1000 RI WGE DR Bures and a multiangle laser light
scattering (MALLS) detector DAWN EOS from Wyatt Tech-
nologies. THF was used as the eluent at 35 °C with a nominal
flow rate of 1 mL/min. The specific refractive index increment
(dn/dc) of polymer samples in THF was measured at 35 °C
using a An-1000 RI WGE DR Bures differential refractive
index detector. SEC results were put together and evaluated
by ASTRA IV software from Wyatt Technologies.

2.4. Preparation of micellar solutions

Micelles from EO;pgsAGC33EO;gg copolymers were pre-
pared by direct dissolution in deionised water (Hydrolab
HLP5 deionisator) filtered through 0.02 um Whatman
ANOTOP membrane. To achieve a faster equilibration solu-
tions were heated to 60 °C, and then cooled down to room
temperature. An initial stock solution of 20 g/L. was diluted
in order to obtain series of solutions with concentrations
reaching down to 0.01 g/L. To remove possible dust impurities
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the micellar dispersions were filtered through 0.1 pm What-
man PURADISC syringe filters.

2.5. Cloud point measurements

Cloud points of 5 g/L. aqueous copolymer solutions were
determined on a Jasco V-530 UV—VIS spectrophotometer
switched to transmittance regime at constant wavelength of
500 nm. The cuvette compartment was thermostated by Med-
son MTC-P1 thermocontroller with a stability of £0.05 °C.
Cloud points were determined from the maxima of the first
derivative of transmittance against temperature curves.

2.6. Hydrophobic dye solubilization

Aqueous solutions (3 mL) of a block copolymer in the
concentration range from 0.01 to 10 g/ were prepared as
described above. Thirty microlitres of a 0.4 mM solution of
1,6-diphenyl-1,3,5-hexatriene (DPH) in methanol were added
to each of the copolymer solutions. Solutions were incubated
in the dark for 16 h at room temperature. The absorbance
in the range of A=300—500 nm was followed on a Jasco
V-530 UV—VIS spectrophotometer at temperatures of 25
and 40 °C. Before recording the spectra, the samples were
thermostated for 10 min, after which the intensity of the char-
acteristic absorption peak at 356 nm for DPH solubilized in
a hydrophobic domain [14] remained constant.

2.7. Dynamic light scattering

DLS measurements were performed on a Brookhaven
BI-200 goniometer with vertically polarized incident light of
wavelength A =632.8 nm supplied by a helium—neon laser
operated at 75 mW and a Brookhaven BI-9000 AT digital
autocorrelator. Measurements of scattered light from the poly-
mer aqueous solutions were made at angles ¢ from 40° to 140°
to the incident beam in temperature range from 25 to 70 °C.
The autocorrelation functions from DLS were analysed by
the constrained regularized CONTIN method [27] to obtain
distributions of decay rates (I'). The decay rates gave the
apparent diffusion coefficients D = I'/¢*, where g is the mag-
nitude of the scattering vector ¢ = (47n/A)sin*(6/2). The
mean hydrodynamic radii were obtained by the Stokes—
Einstein equation:

where k is the Boltzmann constant, 7 is the viscosity of water
at temperature T and Dy is the diffusion coefficient at infinite
dilution.

2.8. Static light scattering

Static light scattering (SLS) measurements were carried out
on the Brookhaven instrument described above at angles
ranging from 40° to 140° to the incident beam at temperatures
ranging from 25 to 70 °C. The SLS data analyses were

performed by the Zimm plot software provided from Broo-
khaven Instruments using the Rayleigh—Gans—Debye equa-
tion [22]:

Ke 1 +R§qz/ 3

R, M. +24A5¢ (2)

where K =47’n}(dn/ dc)?/NaA* is an optical parameter with
n, being the refractive index of solvent, N, is the Avogadro’s
constant, A is the laser wavelength (632.8 nm); M, is the
weight-average molar mass of the solute, A, is the second
virial coefficient, Ry is the Rayleigh ratio of the polymer solu-
tion at a given angle. The dn/dc values of the aqueous micellar
solutions were determined on a An-1000 RI WGE Dr Bures
differential refractive index detector.

R, values were also determined for single copolymer
concentration of 5 g/ by partial Zimm plots, which are
described by the following equation:

l R2612
[c<1+ 2 3)

where I, is the excess of the scattered light.

3. Results and discussion
3.1. Synthesis and characterization of block copolymers

The quantitative reaction of the primary hydroxyl groups
from the central block of EO¢gG3sEO g precursor copolymer
with ethyl, n-propyl, n-butyl or n-pentyl isocyanates gave the
final poly(ethylene oxide)-b-poly(alkyl glycidyl carbamate)-b-
poly(ethylene oxide) copolymers. The obtained copolymers
differ only by the type of the hydrophobic monomer units,
as shown in Scheme 1.

For each of the EO;ogAGC33EO; g copolymers the degree
of substitution of the central polyglycidol block was near
100% as confirmed by the 'H NMR spectra (Fig. 1).

The molar mass characteristics of the synthesized four
amphiphilic block copolymers are summarized in Table 1.

(»CHfCHz—oH CHZfCH*O~)—(>CH27CH2*O+ + 38 A-NCO
108 ! 38 108
GH

OH

fCHZ*CHszH CHszH*OH CH;CHZ*O%*
108 | 38 108
GHa

A = alkyl group = Et, Pr, Bu, Pn

Scheme 1. Synthesis of EO;0sAGC33EO,og amphiphilic block copolymers.
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Fig. 1. '"H NMR spectra of (a) EO;ogEtGC33EO g, (b) EO;0gPrGC33EO g, (¢) EO9sBuGC33EO g, and (d) EO;ogPnGC33EO ¢ amphiphilic block copolymers

(300 MHz, CDCly).

The results for the precursor are also included. The peaks ob-
tained from the SEC analysis were narrow and symmetrical.
Only a small tail at the low molar mass region of the chro-
matograms was observed for the starting EO;pgG3sEO;g
and the obtained amphiphilic block copolymers. In no case
it made more than 5% of the total yield. As discussed
previously [21] the low molecular impurities represent PEO-
rich fractions, and therefore they are not of importance for
self-association process of the block copolymers.

Molar masses of the obtained copolymers were determined
from M, of the starting block and copolymer composi-
tion measured by '"H NMR (2nd column in Table 1). They
are in good agreement with the masses measured with

Table 1
Composition and molar masses of EO;pgAGC33EO;0g and EO;03G33EO10g
precursor

Sample M, M, M /M, dn/dc
(calc.) (SEC—MALLS) (SEC—MALLS) (in THF)
EO,0sGlssEO 0  — 13400 1.03 0.050
EO,sEtGC33EO 95 15500 15000 1.02 0.069
EO,psPrGC;33EO ;05 15200 15000 1.03 0.060
EO,0sBUGC3sEO 05 15700 16000 1.02 0.058
EO,0sPnGC53EO 0 16200 16500 1.02 0.053

? From the molar mass of unsubstituted triblock copolymer and degree of
substitution detected by 'H NMR.
® SEC—MALLS measurements were done in DMF/LiBr [21].

SEC—MALLS (to ensure accuracy, the refractive index incre-
ments for each copolymer were determined independently).
The architecture of the studied copolymers, and the degrees
of polymerization of the hydrophobic and the hydrophilic
blocks of EOQ;psAGC;gEQ g are the same as of the commer-
cially available amphiphilic block copolymer of EO and
propylene oxide Pluronic F88 [23,24].

3.2. Cloud point measurements

All of the synthesized block copolymers exhibited clouding
of their water solutions due to the lower critical solution
temperature. Measurements of the clouding temperature
were performed for 5 g/L solutions of copolymers in water,
at concentrations higher than cmc values of the copolymers,
thus favouring the intermolecular interactions of the macro-
molecules. Cloud point data are presented in Table 2. As
shown in Fig. 2(a) the cloud point transitions were sharp and

Table 2
Cloud point and cmc of EO;93AGC33EO (g block copolymers

Composition Tp (°C) Cmc at 25°C (g/L) Xeme X 10° (mol fr.)
EO;sEtGC353EQ o35 86.4 2.5 3.00
EO]OSPI'GC38EOI()3 81.5 1.8 2.00
EO,0sBuGC3EO s 71.5 1.0 1.08
EO|03PHGC38EO|03 61.9 0.6 0.62

* For 5 g/L solutions.
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Fig. 2. (a) Transmittance of 5 g/ aqueous solutions of the block copolymers at 500

carbons in the alkyl side group.

depended almost linearly on the length of the alkyl group in
the alkyl glycidyl carbamate units (Fig. 2(b)) — the longer
the alkyl group, the lower the cloud points observed. Provided
that the longer alkyl groups give higher hydrophobicity of the
macromolecules, this tendency is in line with the other find-
ings for polyether amphiphilic block copolymer systems [9].

3.3. Cmc measurements

Critical micellization concentrations of the EO;pzAG-
C33EO; 93 copolymers were determined by the hydrophobic
dye (DPH) solubilization method, which is based on the ability
of DPH molecules to absorb light only when placed in hydro-
phobic domains, i.e. micelle cores [14]. The measurements
were performed at different temperatures. Cmc values were
obtained as shown in Fig. 3. Similar to recently investigated
block copolymers of EO and ethyl glycidyl carbamate [21],
the cmc values of EO;ogAGC33EO (g did not change signifi-
cantly with temperature. Results obtained at 25 °C are summa-
rized in Table 2. The cmc values decreased with increasing the

0.30 | ® EO10sEtGC33EO g
O EO,pgPrGC33EO 108
E 0.25 - ¥ EO40gBUGC3EO; g
8 ' V EO;0gPNGC36EO g
]
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@
o
g
S 0.15
S
o
2
2 010 -
I
o
Q0051 v ° /
000 T T T T T T T T T T M |

0.1 1 10
Concentration [g/L]

Fig. 3. Cmc curves for copolymers EO;0sAGC33EO g obtained at 25 °C.

P. Dimitrov et al. | Polymer 48 (2007) 1866—1874

(b)

90

85

Cloud point [°C]
(2] ~ ~ [02)
[3)] o [6)] o

[
o
1

55 T T T T
2 3 4 5

Number of carbons in alkyl chain

nm versus temperature; (b) cloud point temperature as a function of number of

hydrophobicity of the central block with respect to the increas-
ing length of the n-alkyl groups.

3.4. Dynamic light scattering

Dynamic light scattering from micellar aqueous solutions
was performed in the angular region from 40° to 140°. The
hydrodynamic radii (R},) of the copolymer micelles were deter-
mined at different temperatures using Eq. (1) and D, values
obtained after extrapolation of diffusion coefficients for dif-
ferent concentrations to zero concentration. An example is
given in Fig. 4.

The distributions of the intensity of the light scattered from
the obtained micelles were monomodal from 25 to 60 °C
except for EOQ;ogEtGC33EO gg. As it was shown previously
[21] at 25 °C aqueous solutions of EO;osEtGC33EO og dis-
played bimodal distribution. Micelles of R}, equal to 3.6 nm
coexist with much larger loose aggregates of non-micellar
structure. The formation of large aggregates was explained
to be caused by hydrogen bonding engaging water molecules
and carbamate groups of central copolymer blocks [21]. With
increasing the temperature the large aggregates disappear and
the system becomes populated with micelles of larger hydro-
dynamic radii (Table 3). For the investigated copolymers the
hydrophobicity of the chain is controlled and increases with
the length of the n-alkyl chain of the carbamate groups. The
increased hydrophobicity of the central blocks in the case of
Pr, Bu and Pn seemed to prevent the formation of large aggre-
gates. In these cases the hydrophobic effect is clearly control-
ling the system and the formation of hydrogen bonds appears
to be less favourable process.

The temperature does not influence significantly the Ry
values of EO;o3AGC33EOpg micelles (Fig. 5(a) and Table
3). Micelles of EO;ogEtGC33EO g slightly increase their Ry
from 3.6nm at 25°C to 74nm at 60°C. Micelles of
EO;0sPrGCs3EO g3 were the most stable compared to the
other homologs, having R;, of 8—9nm in the whole
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Fig. 4. (a) Relaxation rate (I') as a function of sin®(0/2) for 5 g/L aqueous solution of EO10gBuGC33EO, g at 25 (hollow circles), and at 40 °C (black circles); (b)
concentration dependence of apparent diffusion coefficients for EO;ogBuGC33EO, g micelles at 25 °C (hollow circles) and at 40 °C (black circles). The lines
through the points are linear fits.

temperature interval. As best seen in Fig. 5(a), Ry, of the last
two and most hydrophobic homologs, EO;ysBuGC;3EO (g
and EO;ogPnGC33EO g, tend to decrease very slightly with
increasing temperature. The hydrodynamic radii of the
EO,0sAGC53EO g micelles regularly increased with the in-
creasing number of carbons in the pendant n-alkyl groups

from the middle block (Fig. 5(b) and Table 3).

3.5. Static light scattering

SLS measurements were performed for EO;p3sAGC33EO g
at copolymer concentrations above the cmc values at several
temperatures where the distribution of the particle sizes

Table 3

Dynamic and static light scattering data for EO;o3AGC;33EO;ps aqueous
micellar systems at different temperatures

Sample T (°C) Ry, (nm) R, (nm) R,/Ry,
EO,sEtGC33EO 05 25 3.6* <15 -
40 53 <15 -
50 6.8 <15 -
60 74 <15 -
EO;0sPrGC53EO g 25 8.4 <15 -
40 8.6 <15 -
50 8.7 <15 -
60 8.7 <15 -
EO,0sBuGC33EO g 25 10.7 <15
40 9.8 15.7 1.60
50 9.2 16.7 1.82
60 9.2 17.5 1.90
70 10.2 16.0 1.60
EO,0sPnGC33EO g 25 13.9 323 2.32
40 12.5 339 2.71
50 11.6 29.3 2.53
60 12.6 259 2.05

# Only for the micellar population. For EOosEtGC33EQ g3 aqueous solution
aggregates of R, =74 nm were observed [21].

observed by DLS was monomodal. The R, of EO;osAG-
C33EO; g block copolymer micelles was obtained at 25 and
40 °C either from Zimm plots (an example for EO,ysPnG-
C33EO g is shown in Fig. 6(a)) or from partial Zimm plots
(Eq. (3)) for 5 g/L solution at higher temperatures as shown
for EO,opsPnGC33EO og (Fig. 6(b)). For all copolymers the
corresponding weight-average molar masses of the micelles,
]l71$w, and the radii of gyration, R, for structures of
R, > 15nm, were obtained. For the calculation of molar
masses at different temperatures the dn/dc values measured
at 35 °C were used. It was previously shown [21] that for
polyether-based block copolymers dn/dc values change only
slightly with temperature and therefore the obtained molar
masses were believed to be consistent and close to the real
ones.

The values of micelle sizes obtained from SLS and DLS
measurements are presented in Table 3.

The weight-average aggregation number N,,, of the
micelles was obtained from the following relationship:

Nagg = M?C /M:/m (4)

where ]\_/I&m is the weight-average molar mass of the unimers
(Table 1).

SLS results are summarized in Table 4.

With the increasing number of the carbon atoms in the
n-alkyl chain, which also increases the hydrophobicity of the
copolymers, N,,, of the copolymers increased. As seen
in Table 4 N,,, of the first three entries tend to increase
with temperature, which is most profoundly seen for
EOlogPI'GC38E0108. EOlogEtGC38E0108 is the most hydro-
philic from the studied copolymers, and as previously shown
[21] its ability to self-associate is low. An elevated temperature
is required in order to yield only one type of aggregates
and therefore to achieve a system suitable for the correct
SLS measurements. For the most hydrophobic copolymer
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Fig. 5. (a) Temperature dependence of R}, for EO;0sAGC33EO; g micelles in aqueous solutions (5 g/L); (b) Ry, at 40 °C as a function of number of carbons in

alkyl chain.

EO,0sPnGC33EO o3 the molar masses of micelles and their
aggregation numbers decrease at 40 °C. There are several
possibilities for the temperature-induced change of N,g,.
Previously, it was shown [21] that N,g, can change as a result
of a reorganization within the micellar system leading to
changes in the number of micelles which correspond to
increasing or decreasing of the N,,, values, respectively.
Sometimes the change of N,,, can be accompanied by the
change of the actual shape of the micelles.

The ratio R,/Ry, provides information about the particle den-
sity and shape [25,26]. Typically R4/R;, for spherical micelle
with swollen shell equals to 1.3. R /Ry, values from 1.6 to 2
can indicate a presence of elongated [27] or thread-like [28]
micelles. Values above 2 are typical for rod-like micelles
[28]. R /R, data for EO;p3AGC33EQO ¢3 are presented in
Table 3.

(a)

8.0x1077

6.0x107

Kc/ARg [mol/g]

4.0x107 -

T
0.0 0.5 1.0
sin?[6/2] + 8¢

In the temperature interval from 40 to 70 °C the Ry/Ry
values of micelles of EO,ypsBuGC33EQO,pg are in the range
1.6—1.9 (except for 25 °C, see above), which most likely
corresponds to an elongated shape.

R,/Ry, ratios of micelles from EO,osPnGC33EO o5 are larger
than 2 within the whole investigated temperature interval. The
lowest values of R,/Ry, for EO;0gPnGC33EO o3 are observed at
60 °C, which is just before the cloud point and at such condi-
tions the aggregates tend to become more compact.

The temperature dependence of Ry/Ry ratios for the
micelles of EO]()gBUGC38E0108 and EOlogpnGC3gE0108
micelles is presented in Fig. 7. It is clearly seen that the
micelles from EO;¢pgBuGC;33EO,(g are of more stable shape,
while EO;ogPnGC33EO o3 micelles exhibit pronounced
changes in their Ry/R;, ratio, which has its maximum of 2.71
at 40 °C.

b
( )8.0x10'7—
- 7
% 6.0x10
4.0x107 T T
0.0 3.0x10* 6.0x10™*
q? [nm?]

Fig. 6. (a) Zimm plot for EO;ogPnGC33EO;pg at 25 °C; (b) partial Zimm plot for 5 g/L micellar dispersion of EO;osPnGC3;3EO; (g at 50 °C.
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Table 4
Molar mass M,, and aggregation number N, for the EO;ogAGC33EO g
micelles

Sample M My© Noge M€ Nage
25°C 25°C  40°C 40°C
EO;0sEtGC3EO 05 15500  — na. 42000 3
EO;sPrGC3EOQ 05 15200 264000 17 311000 20
EO;0sBuGC3EO 05 15700 649000 41 825000 53
EO;0sPnGC3EO 03 16200 2150000 132 1650000 102

3.0 ¥ EO,,sBUGC45EO 5
¥ EO,0gPNGC4EO; 05
2.5
2.0
o3
[
>
IS,
15
s
/7
/
1.0
7= —
20 30 40 50 60 70

Temperature [°C]

Fig. 7. R/Ry, versus temperature for EO;ogBuGC33EO o5 (black triangles) and
EO,0sPnGC33EO g (hollow triangles).

It was not possible to determine the R, values for micelles
from EOl()gEtGC:),gEOl()g and EOmgPrGC38E0103, as at all of
the investigated temperatures the radii of gyration were
smaller than 15 nm, which is the lower limit of the static light
scattering measurements (isotropic scatterer). Nevertheless the
most probable shape of the micelles from the latter two co-
polymers is expected to be spherical, mostly due to the low
N values (Table 4).

Light scattering techniques are not powerful enough to
ultimately confirm the micellar size distribution and the exact
shape within a given system. Other methods, in particular
cryo-TEM, should be used in parallel for this purpose.
However, the combination of SLS and DLS and the respective
R,/Ry, values yields at least a descriptive information about the
average shape of the studied micelles.

4. Conclusions

The length of n-alkyl chain incorporated into glycidyl units
of EO;p3sAGC33EO g block copolymers plays an important
role in their self-association behaviour in aqueous media. Re-
sults of the study of new and well defined EO;,gAGC33EO g
amphiphilic block copolymers possessing the same backbone,
and differing only by the n-alkyl group in the alkyl glycidyl
carbamate units in the middle block show that the hydro-
phobicity of incorporated compounds is the dominant factor
on the cloud point values, cmc values, hydrodynamic radii,

radii of gyration, molar masses of micelles and their aggrega-
tion numbers. The increasing number of carbons in alkyl chain
of the central hydrophobic block (increased hydrophobicity)
causes a decrease in the observed cloud point temperature
and in the cmc value. In the case of hydrodynamic radii,
radii of gyration, molar masses of micelles and their aggre-
gation numbers, determined using dynamic and static light
scattering technique, the influence of the length of alkyl chain
present in middle block of EO;ogAGC3;3EO (g copolymers is
opposite — with increasing number of carbons in alkyl chain
the values of all these parameters increased.

The relative hydrophobicity of EOpsAGC33EO ;g copoly-
mers plays an important role in the composition—supra-
molecular morphology relationship. Micelles from the first
two hOInOlOgS EO]ogEtGC38EO|Og and EO]()gPI'GC38EO]08
are presumably of spherical shape due to the low aggregation
numbers observed. More hydrophobic copolymers EO;4sBuG-
C33EO;0g and EO;ogPnGC33EO pg seem to aggregate into
elongated and rod-like micellar structures.
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