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Abstract
The aqueous solution properties of five diblock copolymers prepared by sequential anionic copolymerisation (i.e.
E102P37, E104P52, E92P55, E104P60 and E98P73 where E denotes oxyethylene and P denotes oxypropylene) were studied
across a wide range of concentration. The techniques used to study micellisation and micellar properties in dilute
solution were static and dynamic light scattering, surface tension, and eluent gel-permeation chromatography. The
gelation of concentrated solutions was also investigated. As expected, the critical micelle concentration (CMC) was
lowered and the association number of the micelles was increased by an increase in P-block length. In contrast, the
critical gel concentration was unchanged, consistent with the constant E-block length leading to micelles with
essentially identical E-block fringes. Comparison of the CMCs of the diblock copolymers with those of triblock
Em Pn Em copolymers with the same P-block length shows the diblock copolymers to micellise more efficiently. A
similar comparison of the CMCs of the diblock copolymers with those of Em Bn copolymer (B denotes oxybutylene)
shows the hydrophobicity of a P unit to be one-sixth that of a B unit. The possibility is explored of correlating the
limiting association number of a spherical micelle with the hydrophobe block length of its constituent copolymer. Of
the five copolymers, only dilute solutions of E98P73 were predominantly micellar at both room temperature and body
temperature, and this copolymer must be a prime candidate in any consideration of the potential application of Em Pn
copolymers in the solubilisation and controlled release of drugs. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

* Corresponding author.

The self-association of copolymers in solution is
a topic of current interest. Considering
oxyethylene/oxypropylene copolymers (E/P co-
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polymers), for which water is a selective solvent,
most work centres around the commercially available Em Pn Em triblock copolymers (e.g. Pluronic,
BASF; Synperonic PE, ICI C&P). We use E to
denote a hydrophilic oxyethylene unit, OCH2CH2,
and P to denote a hydrophobic oxypropylene
unit, OCH2CH(CH3), the E and P block lengths
being m and n respectively. Recent reviews [1–5]
and papers [6 – 8] carry extensive lists of references. However, there are just four papers reporting substantial work on the association properties
of diblock Em Pn copolymers [9 – 12].
Our interest in the diblock architecture in E/P
systems reflects developments in the use of
aqueous micellar solutions and gels for solubilisation and delivery of sparingly soluble drugs. For a
given chain length and overall composition, the
critical micelle concentration of a diblock copolymer is known to be lower than that of a triblock
copolymer of comparable chain length and overall
composition [10 – 12]. Moreover, and again for
given chain length and overall composition, a
copolymer with diblock architecture has the advantage of forming micelles with larger core volume. This is because the core radius relates to the
full P-block length (Pn ) for a diblock copolymer,
but only half that length (Pn/2) for the two comparable triblock copolymers (Em/2Pn Em/2 and Pn/
2Em Pn/2), the Pn block of the EPE copolymer
being looped in the core [11].
Experimental investigations of the effect of
changing P-block length have been reported for
Em Pn Em triblock copolymers (see for example [1–
8,13,14]), whilst Linse has reported theoretical
investigations touching on this topic [15,16]. The
CMC decreases exponentially as the P-block
length is increased. The effect of an increase of
E-block length is much less pronounced. Commercial Em Pn Em copolymers may show considerable variation in association properties between
batches and among manufacturers [17], and this
has led to some divergences in published results.
As might be expected, similar block-length/
property relationships hold for oxyethylene/oxybutylene
block
copolymers
[E/B
block
copolymers, where B denotes an oxybutylene unit,
OCH2CH(C2H5)] [18,19]. For this system, it has
also been shown that the association number in-

creases monotonically with B block length from a
limiting lower value (e.g. B4 for both Em Bn and
Bn Em Bn copolymers) [19]. These effects are seen
clearly for Em Bn and Bn Em Bn copolymers, but less
so for Em Bn Em copolymers [20].
The present study was aimed at establishing
structure-property relationships for Em Pn diblock
copolymers parallel to those available for Em Bn
diblock copolymers. The diblock copolymers synthesised for this work comprised a series based
nominally on E100, i.e. E104P52, E92P55, E104P60 and
E98P73. Another copolymer, E102P37, which had
been prepared previously in connection with an
investigation of effects of block and chain architecture [11,21] was added to the series. The results
are of benefit to the design of copolymers for use
in drug solubilisation and delivery systems.

2. Experimental

2.1. Preparation
The general method of preparation was as follows. Dry diethylene glycol monomethyl ether
[CH3(OCH2CH2)2OH] was reacted with freshly
cut potassium under dry nitrogen, the mole ratio,
[OH]/[O−K+]: 10, being chosen so as to obtain
a controlled reaction rate. An aliquot was transferred to a weighed dried glass ampoule which
was fitted with a PTFE tap and could be attached
to and detached from a vacuum line as needed.
Ethylene oxide was dried by passing the vapour
through a KOH column followed by stirring over
CaH2 (6 h, 0°C) before being distilled into the
reaction ampoule under vacuum. After shaking,
the ampoule was immersed in a water bath at
successively higher temperatures in the range 40–
65°C, so as to keep the reaction mixture in a
molten state whilst staying within the safety limits
of the glass apparatus. Completion of reaction
was checked by cooling a part of the ampoule and
observing the condensation (if any) of unreacted
monomer. At this point a small quantity of the
homopolymer was removed for characterisation.
To complete the preparation, the ampoule was
thoroughly evacuated (10 − 4 mmHg, 24 h) and
distilling in propylene oxide which had been
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stirred overnight with CaH2. After freezing and
evacuation, the ampoule was heated to 65°C to
melt the poly(oxyethylene) and mix the contents.
Polymerisation was then allowed to proceed at
65°C and finally at 80°C. On completion, the
copolymer was thoroughly evacuated (10 − 4
mmHg, molten state, 24 h) before storage in a
freezer. As required, samples were neutralised by
addition of concentrated HCl and evaporation
(on the vacuum line) of excess acid and water.
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C NMR spectra were recorded by means
of a Varian Unity 500 spectrometer operated
at 125 MHz. Solutions were ca. 20 wt% in
CDCl3. Assignments were taken from previous
work [22]. The integrals of the resonances
from end and chain groups were used to determine average composition (i.e. mole fraction or
weight fraction E) and number-average molar
mass.

2.3. Purity
2.2. Characterisation
Samples were characterised by gel permeation
chromatography (GPC) and 13C NMR spectroscopy. Two GPC systems were used. System A
consisted of three Styragel columns (Waters Associates, nominal porosity from 500 – 104 A, ) eluted
by tetrahydrofuran (THF) at 20°C. The emergence of samples was detected by differential refractometry (Water Associates Model 401).
System B (used for the copolymers) consisted of
three PL-gel columns (Polymer Laboratories, 10
mm bead size, two mixed B and one 500 A, ) eluted
by N,N-dimethylacetamide (DMA) at 65°C, with
emerging copolymer detected by a Knauer HT
differential refractometer. For each system, the
flow rate was 1 cm3 min − 1, samples were injected
via a 100 mm3 loop at a concentration 2 g dm − 3,
and calibration was with poly(oxyethylene) samples of known molar mass. The GPC curves were
analysed (Program GPC1, LabView) to obtain an
estimate of width of the molar mass distribution
in the form of the ratio of mass-average to number-average molar mass (Mw /Mn ).

NMR spectroscopy showed that the Em Pn
copolymers had excess of end groups over
junctions groups, including unsaturated ends.
This is expected when polymerising propylene
oxide, and is caused by the ‘transfer’ reaction,
i.e. by the propagating chain abstracting
hydrogen from the methyl group of the monomer
rather than opening the ring. The result is a
new homopoly(oxypropylene) chain. The effect
is minimised, but not eradicated, by working
at a high mole ratio of OH to O−K+, as described elsewhere [23]. The homopolymer was
removed from the copolymer by extraction
with warm hexane (liquid state) before cooling
to 10°C and separating the crystalline copolymer. This procedure was repeated until the sample
was judged to be free of homopolymer, i.e. within
the limits of determination by NMR spectroscopy.
The molecular characteristics of the purified
copolymers are listed in Table 1. The molar mass
ratios indicate narrow distributions, Mw /Mn =
1.059 0.01.

Table 1
Molecular characteristics of the Em Pn block copolymersa
Copolymer

Mass% E

Mn (g mol−1)

Mw /Mn

Mw (g mol−1)

E102P37
E104P52
E92P55
E104P60
E98P73

68
60
56
57
50

6630
7590
7240
8060
8550

1.04
1.05
1.04
1.06
1.04

6900
7970
7530
8540
8890

a

Mn from NMR spectroscopy, 9 100 g mol−1; Mw /Mn from GPC, 90.01; Mw from NMR and GPC.
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3. Experimental methods

The basis for analysis of SLS was the Rayleigh–Gans-Debye equation in the form:

3.1. Clouding

I− Is = K*cMw

Solutions in the concentration range 1 –10 wt%
were enclosed in small tubes and heated in a water
bath at 1°C min − 1 from 20 to 90°C. Clouding
was observed visually.

where I is intensity of light scattered from solution relative to that from benzene, Is is the corresponding quantity for the solvent, c is the
concentration (in g dm − 3), Mw is the mass-average molar mass of the solute, and:

3.2. Light scattering

K*= (4p 2/NAl 4) (n 2B/RB) (dn/dc)2

Glassware was washed with condensing acetone
vapour before use. Solutions were clarified by
filtering through Millipore Millex filters (triton
free, 0.22 mm porosity, sometimes 0.1 mm porosity) directly into the cleaned scattering cell.
Static light scattering (SLS) intensities were
measured by means of a Malvern PCS100 instrument with vertically polarised incident light of
wavelength l =488 nm supplied by an argon-ion
laser (Coherent Innova 90) operated at 500 mW
or less. The intensity scale was calibrated against
benzene. Dynamic light scattering (DLS) measurements were made under similar conditions by
means of the Malvern instrument described above
combined with a Brookhaven BI 9000 AT digital
correlator. Experiment duration was in the range
5–20 min, and each experiment was repeated two
or more times. In both experiments measurements
were made at scattering angle u =90°. The applicability of these methods to micellar solutions of
the type under investigation has been discussed
recently [18,19,24].
The correlation functions from DLS were
analysed by the constrained regularised CONTIN
method [25] to obtain distributions of decay rates
(G). The decay rates gave distributions of apparent mutual diffusion coefficient [Dapp =G/q 2, q=
(4pn/l)sin(u/2), n = refractive index of solvent]
and hence of apparent hydrodynamic radius
(rh,app, radius of the hydrodynamically-equivalent
hard sphere corresponding to Dapp) via the
Stokes–Einstein equation:
rh,app =kT/(6phDapp)

(1)

where k is the Boltzmann constant and h is the
viscosity of water at temperature T.

(2)

(3)

where NA = Avogadro’s constant, nB and RB =refractive index and Rayleigh ratio of benzene, respectively, and dn/dc is the specific refractive
index increment. Values of the specific refractive
index increment, dn/dc, and its temperature increment were checked by means of an Abbé precision refractometer. The refractive indices of
poly(oxyethylene) and poly(oxypropylene) are
very close, and within the error of determination
(9 0.004 cm3 g − 1), there was no consistent variation of dn/dc across the composition range of the
copolymers. The values obtained were marginally
lower than those used previously for similar copolymers [11] and, after averaging, the following
values were adopted: i.e. 0.135 (25°C); 0.133
(35°C) and 0.131 (45°C) cm3 g − 1. Sources of
other quantities necessary for the calculations
have been given previously [24].
Static light scattering was also used to determine the critical micelle temperatures (CMT) of
aqueous solutions of the copolymers. The intensity of light scattered at 90° from a solution of
given concentration was measured over a range of
temperatures by means of a Sofica PGD 40B
photogoniometer modified for use with a Helium–Neon laser (632.8 nm). Measurements were
made at intervals of 0.5 or 1°C as the temperature
was raised at a rate 5 0.5° min − 1. The CMT of a
solution was defined as that at which the scattering curve left the baseline established at low
temperatures.

3.3. Surface tension
Surface tensions (g) of dilute aqueous solutions
were measured in both Athens and Manchester.
In Athens, surface tensions were measured at
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three or four temperatures in the range 20–50°C
by detachment of a platinum ring using a temperature-controlled (9 0.2°C) surface tensiometer
(Kruss, Model K8600). Copolymer solutions in
deionised and doubly-distilled water were made
by dilution of a stock solution. A new solution
was first equilibrated at the lowest temperature
for 24 h and then g was measured every 30 min
until consistent readings were obtained. Thereafter, the temperature was raised and the procedure repeated. Before using a new solution the
ring was washed successively with dilute HCl and
water. In Manchester, measurements were made
under similar conditions (30°C only) using a
White Electrical Instrument torsion balance; details can be found elsewhere [11]. In both laboratories the accuracy of measurement was ensured
by frequent determination of the surface tension
of pure water.

3.4. Eluent gel permeation chromatography
The eluent gel permeation chromatography
(EGPC) method for determination of CMT and
of the mass fraction of copolymer in micellar
form has been fully described elsewhere [26,27]
and has been applied previously to Em Pn copolymers [11]. In this method, the eluent is an aqueous
solution of a block copolymer, and the micellemolecule equilibrium in the eluent is probed by
injecting a solution of different concentration. It
is necessary that the probe does not significantly
disturb the equilibrium, but this condition is not
difficult to achieve, and it has been established
that variation of the probe concentration over a
wide concentration range has no significant effect
on results [17,27].
The present aqueous GPC system comprised
two columns, each 30 cm long packed with
TSKgel-PW (G4000 and G3000). Detection was
by differential refractometry (GBC, Model
LC1240). The system was calibrated at appropriate temperatures with poly(oxyethylene) standards
covering the molar mass range from 103 to 106 g
mol − 1, and was found to have satisfactory resolution across the required elution volume range.
Eluent, prepared by dissolving copolymer in distilled water followed by filtration, was pumped at
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0.5 cm3 min − 1. Probe solutions, prepared by dissolving the same copolymer in the eluent, were
injected via a 0.1 mm3 loop. The column temperature was controlled (to 90.5°) by means of a
constant-temperature oven (ICI Instruments,
Model TC1900) whilst stepping through the temperature range 25–45°C, allowing several hours at
each temperature for thermal equilibration. The
lowest temperature at which a micelle peak was
detected was accepted as the CMT. Mass fractions of molecules and micelles were obtained
from peak areas determined using the GPC1
software.

3.5. Gelation
Samples of solution (0.5 g) were enclosed in
small tubes (internal diameter ca. 10 mm), and
observed whilst slowly heating (or cooling) the
tube in a water bath within the range 0–85°C.
The heating/cooling rate was 0.5° min − 1. The
change from a mobile to an immobile system (or
vice-versa) was determined by inverting the tube.
The method served to define the sol-gel transition
temperatures to 9 1°C. When checked, the gels
were found to be immobile in the inverted tubes
over time periods of days to weeks. This simple
method of detecting gelation, which is sensitive to
the yield stress of the gel, has been shown to
define the same hard-gel phase boundaries as
other methods, e.g. rheometry and differential
scanning calorimetry [28]. Detection of more fundamental properties (e.g. gel modulus, gel structure) requires use of more searching techniques,
e.g. rheometry [5,28] small-angle X-ray and neutron scattering [6,29–31] possibly combining the
scattering techniques with rheology [29–33].

4. Results and discussion

4.1. Clouding
None of the copolymer solutions clouded over
the concentration and temperature ranges investigated: i.e. 10 wt% solutions up to 90°C and 1, 2
and 5 wt% solutions up to 50°C.
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4.2. Hydrodynamic radius from dynamic light
scattering

E104P52 is less broad, but nevertheless is broader
than those of the other well-micellised copolymers, and this broadening too is attributed to
incomplete micellisation. Because of the intensity
weighting in dynamic light scattering (z-weighting
in this case of small micelles), the method is
poorly adapted to detecting molecules. In fact the
above conclusions were confirmed by EGPC (see
Section 4.3).
Fig. 2 shows the effect of temperature on the
intensity fraction distribution of log(rh,app) for 10
g dm − 3 aqueous solutions of the poorly micellising copolymer E102P37. The distributions narrowed as temperature was raised, consistent with
the negative temperature coefficient of solubility
of the copolymer molecules, hence an increased
driving force for micellisation.
Fig. 3 shows the effect of concentration in a
well-micellised system, i.e. copolymer E98P73 in
aqueous solution at 35°C. The broadened distribution in the more concentrated solution (40 g
dm − 3) is a result of intermicellar interaction. This
is also the origin of the drift to lower values of
rh,app which occurred as concentration was increased. This feature is analysed in more detail

DLS was used to confirm the presence of micelles in aqueous solutions of the copolymers.
Examples of the results are shown in Figs. 1–3,
where they are presented as plots of intensity
fraction against logarithm of apparent hydrodynamic radius, log(rh,app). The single peaks centred
on rh,app = 10 nm or thereabouts are characteristic
of micelles in systems which undergo closed association. The three figures illustrate different aspects of the behaviours of the five systems.
Fig. 1 shows intensity fraction distributions of
log(rh,app) found for 10 g dm − 3 aqueous solutions
of the five copolymers at 35°C, the lowest temperature used to study all the copolymers. The broad
distribution found for E102P37, the copolymer with
the shortest E block, is typical of the response of
the CONTIN analysis to unresolved signals from
a small intensity fraction of unassociated
molecules, and indicates that E102P37 is incompletely associated under the conditions of this
experiment. The distribution found for copolymer

Fig. 2. Dynamic light scattering. Intensity fraction distributions found for a 10 g dm − 3 aqueous solutions of copolymer
E102P37 at the temperatures indicated.

Fig. 1. Dynamic light scattering. Intensity fraction distributions found for 10 g dm − 3 aqueous solutions at 35°C of the
Em Pn copolymers indicated.
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was broad, indicative of incomplete micellisation.
However, the distribution found for a 5 g dm − 3
solution was similar to those found at higher
concentrations.
In Fig. 4 the reciprocal of intensity− average
apparent hydrodynamic radius (calculated by integrating over the intensity distributions of decay
rates) is plotted against concentration for solutions of copolymers E102P37 and E98P73. Through

Fig. 3. Dynamic light scattering. Intensity fraction distributions found for aqueous solutions of copolymer E98P73 at the
concentrations and temperatures indicated.

below. E98P73 was less well micellised in solutions
of low concentration at 25°C. As shown in Fig. 3,
the intensity fraction distribution of log(rh,app)
found for a 2 g dm − 3 copolymer solution at 25°C

Fig. 4. Dynamic light scattering. Concentration dependences
of 1/rh,app for copolymers E102P37 and E98P73 (as indicated). (a)
Shows results for well micellised systems at ( ) 45°C; ()
40°C and ( ) 35°C, while (b) shows results for incompletely
micellised systems at ( ) 35°C and (") 25°C. Results for
solutions of E98P73 at 40°C, which are omitted from (a), are
coincident with those at 45°C.
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Table 2
Hydrodynamic properties of Em Pn copolymer micelles in
aqueous solution: results from dynamic light scatteringa
Copolymer

T (°C)

rh (nm)

D (10−11 m2 s−1)

E102P37b

35
40
45

16
13.5
13.7

2.0
2.60
2.85

E104P52

35
40
45

14.5
15.0
15.4

2.16
2.34
2.54

E92P55

35
40
45

15.3
15.8
15.4

2.05
2.22
2.54

E104P60

35
40
45

16.1
16.3
16.0

1.95
2.16
2.44

E98P73b

25
35
40
45

18
16.8
17.1
16.8

1.4
1.87
2.05
2.33

rh to 9 0.4 nm, D to 9 0.06×10−11 m2 s−1.
Values for micelles of E102P37 at 35°C and E98P73 at 25°C
are approximate; see Fig. 4.
a

b

Eq. (1), 1/rh,app is proportional to Dapph/T, and,
compared with Dapp itself, is compensated for
changes in temperature and solvent viscosity.
Considering first the well micellised systems at the
higher temperatures (Fig. 4a) it is clear that the
apparent hydrodynamic radius is insensitive to
temperature. This effect for micelles of copolymers of this type was first pointed out and explained some years ago; as temperature is
increased an increase in average association number of the micelles compensates the decrease in
swelling of the poly(oxyethylene) fringe [34]. Extrapolation of the results shown in Fig. 4a to zero
copolymer concentration gave values of rh listed
in Table 2. Strictly the extrapolation should be to
the critical micelle concentration, but CMCs are
low at these temperatures (see Section 4.3), and
corrections are insignificant.
Results for incompletely micellised systems are
shown in Fig. 4b. The upturn at low concentration in the plot for copolymer E102P37 in aqueous
solution at 35°C indicates significant micellar dissociation below c: 20 g dm − 3. The upturn in the

plot for copolymer E98P73 in solution at 25°C
(Fig. 4b) is interpreted in the same way, though in
this case micellar dissociation becomes significant
only below c: 5 g dm − 3. Even at these low
temperatures the CMCs are low (B1 g dm − 3, see
Section 4.3) and extrapolation to c= 0 suffices to
determine rh. The necessary construction is shown
in Fig. 4b. Results for all five copolymers are
listed in Table 2: i.e. rh obtained by extrapolation
to c= 0 and the corresponding value of the mutual translational diffusion coefficient (D) via Eq.
(1).
The concentration dependence of apparent mutual diffusion coefficient (in dilute solution) is
usually expressed as follows:
Dapp = D(1+ kdc)

(4)

where the expansion in c is truncated at the
second term. Parameter kd is related to the thermodynamic second virial coefficient, A2, through
the equation [35]:
kd = 2A2Mw − kf − 26

(5)

where kf is the frictional coefficient and 6 is the
partial specific volume of the micelles in solution.
The sign of kd depends mainly on the sign and
size of A2Mw, which is large and positive in this
system (Section 4.4). The sign of A2 depends on
the nature of the intermicellar interaction, i.e. on
the micellar excluded volume [36]. The present
situation (positive kd and A2) is consistent with a
positive excluded volume, i.e. the micelles act as
hard spheres.
Similar concentration dependences of D have
been reported and discussed for a number of
aqueous micellar systems; for example, diblock
Em Bn [18,20,37], cyclo-Bn Em [38], triblock
Em Pn Em [11,39,40], and triblock Em Bn Em
[18,20,38] copolymers. Such behaviour is not surprising, since polymer chains in dilute solution
(coils), including poly(oxyethylene) in water, behave hydrodynamically as non-free-draining coils
with equivalent hard-sphere radii (hydrodynamic
radii) similar to their radii of gyration. Block
copolymer micelles, with their more compact
structures, should mimic hard-sphere behaviour
even more closely. Micellar solutions of triblock
copolymers with the inverse structure, e.g. Pn Em Pn
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or Bn Em Bn, because of the attractive force generated by transient micellar linking, yield negative
values of kd and A2 [11,19,24,41,42].

Table 3
Surface tension and critical micelle concentration for Em Pn
copolymers in aqueous solutiona
Copolymer

T (°C)

4.3. Critical micelle concentration and
temperature

Fig. 5. Surface tension (g) versus log (concentration) for
aqueous solutions at 30°C of the Em Pn copolymers indicated.
For clarity, the plots are displaced on the ordinate scale; actual
values of the surface tension in the plateau region after the
CMC (gcmc) are listed in Table 3.

CMC (g dm−3) gcmc (mN m−1)
(a)

E102P37

Plots of surface tension against logarithm of
concentration for aqueous solutions of four of the
copolymers at 30°C are shown in Fig. 5. For
clarity the plots are displaced on the ordinate
scale. The curvature almost certainly relates to the
widened distribution of P-block lengths within the
copolymers, caused by the ‘transfer’ reaction
which occurs in the anionic polymerisation of
propylene oxide [23,43]. The surface tension is
sensitive to adsorption at the air/water interface
of the most surface active molecules in the distribution [44] and to the onset of association at any
level, including pre-micellar open molecular association [45], whereas the light scattering and
EGPC methods depend directly on the formation
of large micelles. Under these circumstances, best
results are obtained by defining the CMC as the
concentration at which the surface tension reaches
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E104P52

E92P55

20
30
40
50

63
6.2
0.15
0.034

20
30
40
50

28
0.84
0.065
0.013

20
30
40

18
1.4
0.06

E104P60

30

E98P73

20
30
40

1.3
0.11
0.010

(b)

4.0

0.99

36.7
34.7
34.5
34.0
36.9
36.1
35.5
35.3

0.90

37.2
35.1
34.9

0.49

37.0

0.10

37.5
36.5
36.1

a
(a) Athens laboratory (b) Manchester laboratory. Estimated uncertainties; in CMC, 9 30%; in gcmc, 91%.

its steady value (indicative of a full surface monolayer) rather than as at the point of intersection of
two straight lines.
Values of the CMC, defined to 9 0.2 in
log (CMC), obtained for all five copolymers are
listed in Table 3. Agreement between results from
the two laboratories is satisfactory. Also listed in
Table 3 is the surface tension at the CMC (gcmc).
Unlike the CMC itself, this quantity is rather
insensitive to P-block length and temperature.
The similar slopes of the surface-tension/log(c)
plots below the CMC indicate similar areas per
molecule in the surface monolayer. However, because of the curvature it was not thought useful to
analyse these results quantitatively via the Gibbs
Adsorption Isotherm [46].
Plots of light scattering intensity against temperature obtained for aqueous solutions of copolymer E104P60 are shown in Fig. 6. The limited
intensity range seen in Fig. 6 for the solution of
highest concentration (50 g dm − 3) is a consequence of destructive interference from neighbouring scattering centres. Similar results were
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Fig. 6. Static light scattering intensity difference relative to
that from benzene (I –Is) versus temperature for aqueous solutions of copolymer E104P60 of the concentrations indicated.
For clarity, the plots are displaced on the ordinate.

obtained for other concentrations and other copolymers. Critical micelle temperatures, defined to
within 0.5°C by the points at which the scattering
curves left their baselines, are listed in Table 4.
EGPC curves obtained for 5 g dm − 3 aqueous
solutions of copolymers E104P60 and E98P73 are
shown in Fig. 7. The temperatures illustrated are
26 and 38°C (approximating room and body temperature). Peaks assigned to molecules (at elution
volume V:17 cm − 3) and micelles (V : 11 cm − 3)
are indicated. With a differential refractive index
Table 4
Critical micelle temperatures (°C) of Em Pn copolymers in
aqueous solution: results from static light scatteringa
c (g dm−3)

E102P37

E104P52

100
50
20
10
5
2.5
2
1
0.5

22
24.5
27.5
29.5
30.5

21
24
25

a

33

26.5
29.5
32.5

Temperatures to 91°C.

E92P55

E104P60

19.5
20.5
23.5
26
26.5
27.5

17.5
19.5
23.5
24.5
25
26
26

E98P73

Fig. 7. EGPC curves for 5 g dm − 3 aqueous solutions of
copolymers E104P60 and E98P73 at 26 and 38°C (as indicated).
The probe concentration was 0.2 g dm − 3 excess over the
eluent.

detector the signal in EGPC is proportional to
mass concentration; hence the signal from
molecules is equally weighted on a mass basis
with that from micelles. This gives EGPC a
marked advantage over dynamic light scattering,
where molecules are poorly represented in the
intensity distribution. The mass fractions of micelles obtained from EGPC for the copolymer
solutions at the two temperatures are listed in
Table 5. As can be seen, the copolymers fall into
two classes:

Table 5
Mass fractions of E100Pn copolymers micellar form in 5 g
dm−3 aqueous solution at 26 and 38°C; results from EGPCa
Copolymer

20
21
23.5
24

E102P37
E104P52
E92P55
E104P60
E98P73
a

26°C

38°C

0
0
0.03
0.06
0.72

0.69
0.77
0.89
0.94
1.00

Temperatures to 9 1°C; mass fractions to 90.05.
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Table 6
Critical micelle temperatures (°C) of Em Pn copolymers in
aqueous solution: results from EGPCa

4.4. Micelle molar mass and radius from static
light scattering

c (g dm−3)

E102P37

E104P52

E92P55

E104P60

For a non-ideal, dilute solution of particles, the
Debye equation can be written:

5
1

33
39

27
30

25.5
28.5

26
27.5

K*c/(I −Is)= 1/Mw + 2A2c. . . . .

a

Temperatures to 91°C.

1. copolymers E102P37 to E104P60 were poorly micellised (if at all) at 26°C, but were well micellised at 38°C;
2. copolymer E98P73 was well micellised at 26°C,
and was completely micellised at 38°C.
The implications of these results for application
of the copolymers in drug solubilisation and controlled release is discussed in Section 4.8.
In an EGPC experiment in which the temperature is increased incrementally, the temperature at
which the micelle peak is first observed in the
EGPC curve is the CMT of the solution. For
example, the small micelle peak seen in the EGPC
curve of a 5 g dm − 3 solution of copolymer
E104P60 (Fig. 7) was absent in the EGPC curve of
the solution at 25 °C. Values of the CMT (to 9 1
°C) for the copolymers in 1 and 5 g dm − 3
aqueous solutions are listed in Table 6. Solutions
of copolymer E98P73 could not be investigated in
this way as their CMTs were lower than 25 °C,
the lowest accessible temperature in our
experiments.
The temperature dependences of the critical
micelle conditions for solutions of copolymers
E102P37 and E98P73 are shown in Fig. 8 as a plot of
log(c) against 1/T. This type of plot is convenient
for comparison of results from the different methods covering different concentration and temperature ranges. As can be seen, the results from the
three different methods are in substantial
agreement.
The straight lines shown in Fig. 8 are the best
fits to the full set of data. Slopes of lines of this
type can be used to obtain values of the apparent
standard enthalpy of micellisation. This aspect of
the investigation is discussed in Section 4.8.

(6)

where A2 is the second virial coefficient introduced in Section 4.2 (higher terms being omitted
from Eq. (6)). As written, the equation assumes
small particles relative to the wavelength of the
light. Radii of gyration estimated from the hydrodynamic radii of Table 2 (assuming uniform
equivalent spheres) were in the range 10–13 nm,
hence the Debye function calculated from scattering at 90° would exceed that expected in the
absence of destructive interference by just 1–2%
[47,48], a difference which can be safely ignored.
In practice, use of Eq. (6) truncated to the
second term to measure the molar masses of
micelles is not satisfactory for the present systems.
There are two reasons: (i) micellar dissociation at
low concentrations will cause an upturn in the
Debye plot; (ii) micellar interaction at moderate

Fig. 8. Logarithm(concentration) versus reciprocal temperature for aqueous solutions of copolymers E102P37 and E98P73
(as indicated) The data points are from: ( ) light scattering
measurements of CMT; ( ) EGPC measurements of CMT;
() surface tension measurements of CMC. The lines shown
are the least-squares fits to all the data points in a given set.
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Fig. 9. Static light scattering. Debye plots for solutions at 45°C
of block copolymers ( ) E102P37; () E104P52 and (") E98P73.
The curves are fits using scattering theory from uniform
spheres. The dashed curve is adapted from [11]. See text for
details and for definition of the quantities plotted.

concentrations causes curvature of the Debye plot
across the whole concentration range. These features are illustrated in Figs. 9 and 10.

Fig. 10. Static light scattering. Debye plots for solutions at 35
°C of block copolymers ( ) E102P37; () E104P52 and (")
E98P73. The curves are fits using scattering theory from uniform spheres. The dashed curve are adapted from [11]. See text
for details and for definition of the quantities plotted.

Fig. 9 shows Debye plots for solutions at 45°C
of copolymers E102P37, E104P52 and E98P73. For
clarity, the plots for copolymers E92P55 and
E104P60 are not shown: they are similar, one to the
other, and lie between those for E104P52 and
E98P73. Debye plots for copolymer E102P37 covering a wider range of concentration (c up to 100
g dm − 3) have been published previously [11]. The
dashed curve shown for copolymer E102P37 is that
which best fits the full range of data (see [11] for
details), but the present plot is truncated to allow
satisfactory presentation of the results for all three
copolymers. The curves extending to low concentrations are consistent with all the copolymers
being essentially completely micellised in aqueous
solution at 45°C.
Fig. 10 shows the corresponding Debye plots
for aqueous solutions of the three copolymers at
35°C. As in Fig. 9, plots for copolymers E92P55
and E104p60 are not shown. Also, the dashed curve
shown for copolymer E102P37 is derived from the
best fits to the full range of data [11]. At this
lower temperature, upturns in the Debye plot
indicate incomplete micellisation at low concentrations of copolymers E102P37 and (to a lesser
extent) E104P52, but essentially complete micellisation of copolymer E98P73. These observations are
consistent with the EGPC results (see Section 4.3).
The curves drawn through the data in Figs. 9
and 10 were obtained by extrapolating to zero
concentration from the moderate concentration
range guided by the theory of scattering from
hard spheres [49] making use of the Carnahan–
Starling equation [50] which is equivalent to the
virial expansion for the structure factor for hard
spheres taken to its seventh term. In fact two
virial coefficients sufficed (i.e. a quadratic fit) for
results restricted to low concentrations (cB 30 g
dm − 3), but a wider range was required for a good
fit to higher concentrations [11]. However, the use
of theory provided consistency in fitting (with just
two parameters) the slope and curvature as well
the intercept.
In the procedure, the interparticle interference
factor (structure factor, S) in the scattering
equation:
K*c/(I –Is)= 1/SMw

(7)
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Table 7
Equilibrium properties of Em Pn copolymer micelles in aqueous solution: results from static light scatteringa
Copolymer

T (°C)

Mw (105 g mol−1)

Nw

dt

rt (nm)

E102P37b

35
40
45

2.5
3.4
4.8

36
49
70

5.4
6.0
6.2

7.9
9.1
10.3

E104P52

35
40
45

7.0
11.3
12.5

88
151
157

6.5
6.3
6.3

11.9
13.8
14.2

E92P55

35
40
45

9.0
12.7
13.5

120
169
179

6.0
6.0
6.2

12.6
14.1
14.5

E104P60

35
40
45

9.5
12.3
13.5

111
144
158

5.9
6.5
6.2

12.7
14.3
14.5

E98P73

35
40
45

16.0
16.0
16.5

180
180
186

6.2
5.8
5.8

15.4
15.0
15.0

a
Mass-average molar mass (Mw ) and association number (Nw ) to 910%. Thermodynamic expansion factor (dt) to 90.4.
Thermodynamic radius (rt) to 9 0.5 nm.
b
Values at 35°C obtained as described in [11] but adjusted for the revised value of dn/dc.

is approximated by:
1/S = [(1+ 2f)2 −f 2(4f – f 2)] (1 −f) – 4

(8)

where f is the volume fraction of equivalent
uniform spheres. Values of f were calculated
from the volume fraction of micelles in the system
by applying a thermodynamic expansion factor dt,
i.e. the ratio of the thermodynamic volume (6t,
one-eighth of the excluded volume) to the anhydrous volume (6a):
6
dt = t .
6a

(9)

In the present treatment, concentrations were converted to volume fractions assuming a density of
anhydrous polymer ra :1.08 g cm − 3 irrespective
of temperature. Fitting Eqs. (7) and (8) to the
data (see Figs. 9 and 10 for examples) gave values
of the fitting parameters, Mw and dt.
The values of Mw and dt obtained are listed in
Table 7, together with association numbers of the
micelles calculated from:
Nw = Mw (micelle)/Mw (molecule)

(10)

using the values of Mw (molecule) listed in Table
1. Also listed are values of the thermodynamic
radius (rt) calculated from the thermodynamic
volume (i.e. 6t = dt6a, with 6a calculated from Mw
of the micelles and ra). The equivalent hardsphere radius of the micelles (the thermodynamic
radius) is a constant in the theory, and the good
fit of theory to experiment in present and previous
work indicates the usefulness of the concept. In
fact parameter dt which regulates the concentration behaviour of the Debye function depends not
on rt itself but on the ratio r 3t /Mw, which allows
for considerable flexibility in interpretation.
For micelles of most block copolyethers in water, the observed values of the association number
increase with temperature [2,51] and this is true
for copolymer E102P37; see Table 7 and Fig. 11.
On the other hand, the association numbers of the
micelles of the other copolymers tend to plateau
values at T =45°C, as indicated by the curves
drawn through the data points in Fig. 11. Indeed,
the values obtained for copolymer E98P73 are insensitive to temperature. This type of behaviour is
well documented for a number of block copolymer micelles with high association numbers, e.g.
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Em Pn Em copolymers P85, P123 and F127
[6,29,52], and some E/B copolymers (e.g. E38B12,
E72B27E72) [38]. Considering E98P73, assuming an
unswollen liquid core with density ra :1.08 g
cm − 3, the average core volume of the micelles is
6c = 1210 nm3, and the average core radius is
rc =6.6 nm. Based on published values [53,54],
the unperturbed root-mean end-to-end distance of
a P73 chain is r0 :4.8 nm, so the P blocks
are stretched in the micelle core, and the micelles must be at or near their maximum size
in spherical geometry. Any swelling of the core
by water will result in further stretching. A
similar effect has been noted for micelles of other
copolymers with large association numbers
(E38B12, E72B27E72), and a comparable calculation
gave a ratio rc/r0 :1.5, i.e. similar to rc/r0 : 1.4 in
the present case [38]. A further comparison is
provided by the values of Nw published [6] for
commercial
copolymer
F127
(nominally
E106P70E106), which are included in Fig. 11 and
which also tend to a plateau value at high temperature.

Fig. 11. Static light scattering. Micelle association
(Nw) versus solution temperature for copolymers ( )
() E104P52; ( ) E92P55; (") E98P73 and (X) F127
curves are intended to lead the eye through the data

number
E102P37;
[6]. The
points.

Fig. 12. Sol – gel boundaries for aqueous solutions of copolymers ( ) E102P37; () E104P52; (") E98P73. The curves are
intended to lead the eye through the data points for copolymers E102P37 and E98P73.

4.5. Gel–sol boundary
Fig. 12 shows the hard-gel/sol boundaries in the
concentration range 10–25 wt% copolymer found
by the tube-inversion method. Curves are drawn
through the data for copolymers E102P37 and
E98P73, i.e. those for the copolymers at the extremes of the composition range. Copolymer
E104P52, data for which are also shown in Fig. 12,
is seen to lie between the two extremes. Results
for the other two copolymers (not shown for
reasons of clarity) are similar to those for copolymer E104P52. Irrespective of the copolymer involved, the lowest concentration at which gel
formed was ca. 12 wt% (i.e. ca. 120 g dm − 3), the
corresponding temperatures being in the range
35–45°C; see Fig. 12.
Structural studies on related systems have
shown that gels of this type (in the concentration
range involved) comprise packed spheres in arrays
with cubic symmetry, usually (though not always)
body-centred cubic (BCC) structures [29–
33,55,56]. We have also shown that the expansion
factor deduced from light scattering studies of
micelles in dilute solution (dt of Table 7) serves as
a predictor of the hard-gel–sol boundary [57,58].

H. Altinok et al. / Colloids and Surfaces B: Biointerfaces 16 (1999) 73–91

In this respect (as noted in Section 4.4) dt corresponds to the ratio r 3t /Mw and has been recognised to be self-compensating with respect to its
two components [59 – 61]. For BCC gels formed
from spheres, the critical condition for gel formation is reached when the volume fraction of
spheres in the system (f) reaches a critical value
of 0.68. Using dt, the critical copolymer concentration for gelation in g dm − 3 is given by:
cgc=103fcra/dt

(11)

where ra is the density of the liquid copolymer
(taken to be 1.08 g cm − 3). The values of dt listed
in Table 7 cluster around 6.0, consistent with all
gels having approximately the same critical gel
concentration in the temperature range 35–45°C.
Application of Eq. (11) predicts cgc : 122 g
dm − 3, in good agreement with the experimental
phase diagram (cgc = 12 wt-%).

4.6. Comparison with other copolymer systems
The present results for Em Pn diblock copolymers are the first of their kind to cover a range of
P-block lengths, and so to allow meaningful comparison with the body of data which has been
reported over the years for Em Pn Em and Em Bn
triblock copolymers.
Comparison of CMC values for solutions of
block copolymers at 30°C is made in Fig. 13 by
way of a plot of log (CMC) against hydrophobe
block length. This is equivalent to plotting the
standard Gibbs energy of micellisation against
block length: see Section 4.8. Present consideration is restricted to copolymers with wt% E\ 50.
The data for the Em Pn copolymers are taken from
Fig. 8, and those for Em Pn Em and Em Bn copolymers from various sources [6,7,20,62 – 65].
Considering first the data for the diblock and
triblock E/P copolymers, it can be seen that the
critical micelle concentrations of diblock copolymers are lower by a factor of ca. 4 compared to
those of triblock copolymers of comparable Pblock length. This result follows the trend established for E/B copolymers [18] and predicted by
theory for E/P copolymers [15].
The CMCs of the Em Bn diblock copolymers are
well removed from those of the Em Pn copolymers.
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The slopes of the plots are –0.060 (Em Pn ) and
–0.38 (Em Bn ), an incremental effect of adding a
chain unit some six times greater for a B unit than
for a P unit. A previous comparison of results for
Em Pn Em and Em Bn Em led to a lower estimation of
the relative hydrophobicity of a B unit, i.e. four
times that of a P unit. The present estimate is the
more secure, since the reservation concerning the
block structure of Em Pn Em and (particularly)
Em Bn Em copolymers prepared by adding the Eblocks last (i.e. initiating the E block by secondary oxyanions) does not apply to the diblock
copolymers [20,64,66].
Rationalisation of the association numbers is
more complicated, since comparison at constant
temperature does not take into account the interdependence of chain conformation and core volume remarked upon in Section 4.4. Sensible
comparison can be made for those systems for
which Nw is independent of temperature, or for
which extrapolation to an approximate limiting
value is possible, for example for the present
diblock copolymers with P-block lengths of 50
units or more: see Fig. 11. As indicated in Fig. 11,
light scattering results for copolymer F127 (nominally E98P67E98) extrapolate to Nw : 120 [6]. Re-

Fig. 13. Logarithm of critical micelle concentration versus
hydrophobe block length for aqueous solutions at 30°C of
Em Pn, Em Pn Em and Em Bn copolymers, as indicated. Values are
taken from present work and from references [6,7,20,62–65].
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4.7. Thermodynamics of micellisation
Plots of the type shown in Fig. 8 allow calculation of an approximate value of the standard
enthalpy of micellisation. If closed association of
molecules to micelles of association number N is
assumed, i.e.
A ? (AN )1/N

K=

[AN ]eq1/N
[A]eq

(12)

and if N is large and independent of temperature
[68] then K: 1/[A]eq, and [Aeq] can be approximated by the CMC. Thus the standard Gibbs
energy and standard enthalpy of micellisation can
be approximated by:
DmicG 0 : RTln (CMC)
Fig. 14. Limiting micelle association number (Nw) versus hydrophobe block length (diblocks) or half-length (triblocks) for
aqueous solutions of copolymers of various architectures. Values are taken from present work ( , Em Pn ), [6,52] ( ,
Em Pn Em ) and [38] (, EmBm; , Em Bn Em ; , cyclo-Em Bn ).

sults for P104 [6], which also forms spherical
micelles, can be treated similarly to obtain Nw :
140. The constant values listed for copolymers
F87 and F88, attributed to light scattering in [2],
are in fact rough estimates from intrinsic viscosities via the Flory – Fox equation [39]. Relevant
light scattering data have been reported for E/B
copolymers [38]. In Fig. 14 values of micelle core
volume, calculated from Nw using appropriate
values of P and B unit volumes [67] are plotted
against block length for the diblocks, and blockhalf-length for the triblocks. Since the volume of a
B unit exceeds that of a P unit, and since the
logical comparison is core volume versus block
length, the value of Nw has been normalised by
dividing by an approximate ratio of molar volumes, 6P/6B :1.28 [67]. The trend of association
number increasing with block length (or halfblock length if appropriate) is independent of
copolymer type, presumably as a consequence of
the space-filling constraints of spherical geometry.
In principle, the curve in Fig. 14 allows prediction
of an approximate limiting value of Nw for spherical micelles of any E/P or E/B copolymer.

(CMC in mol dm − 3)

(13)

and
dln(CMC)
DmicH 0 : R
d(1/T)

(14)

The standard states are copolymer molecules in
ideally-dilute solution (c= 1 mol dm − 3) and in
the micelles, and the values obtained are per mole
of copolymer molecules. Often the formal requirements for this treatment are not met, and the
apparent values of the thermodynamic quantities
of micellisation obtained need to be interpreted
with caution, bearing in mind the effects of the
approximations and the nature of the whole process, including micellar reorganisation with
change in temperature. For the present systems
the measured values of Nw are generally large (see
Table 7), and in the most favourable case (E98P73)
both large and independent of temperature. However, this may not be the case at the CMC.
Exact equations can be written down for the
equilibrium constant K of Eq. (12) [65]. A good
approximation, suitable for the present systems,
is:
a
Kc = ( )1/N(CMC)( − 1 + 1/N)
N

(15)

where a is the advancement of the equilibrium at
which the CMC is detected. Calculations based on
Eq. (15) with a50.05 and values of Nw similar to
those in Table 7 suggest only small errors, e.g. 5%
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for the worst case (E102P37), which is well within
the error of determination of the slopes of the
lines in Fig. 8.
Listed in Table 8 are values of DmicG 0 at 30°C
and DmicH 0 obtained from the straight lines of the
type illustrated in Fig. 8, interpolated or extrapolated as necessary, and of TDmicS 0 at 30°C obtained by difference. There are no surprises in
these results; DmicG 0 becomes more negative as
the P-block length is increased and, given the
positive value of DmicH 0, the micellisation process
is entropy driven, as expected given the hydrophobic effect on dissolution.
Since the copolymers have equivalent E-block
lengths, it is interesting to consider the standard
enthalpy increment per P unit. As can be seen in
Fig. 15, the value of DmicH 0/n decreases as the
P-block length is increased. A similar but more
extreme effect has been established for E/B copolymers, most notably for Em Bn diblock copolymers [62,63,65] where the value of DmicH 0 falls to
zero as the B-block length approaches B16 [65].
Low standard enthalpy changes associated with
copolymers with lengthy B blocks have been attributed to the hydrophobic blocks being tightly
coiled in the molecular standard state, so that
interaction of their units with water (hydrophobic
bonding) is minimised in comparison with the
interaction of the units of short blocks which are
relatively extended in the molecular state
[62,63,65]. An unassociated copolymer with its
hydrophobic block in such a tightly-coiled state is
referred to as a ‘monomolecular micelle’ [3,69],
and the effect has been demonstrated by modTable 8
Standard thermodynamic quantities for micellisation of Em Pn
block copolymers in water (T=30°C)a
Copolymer

DmicG 0
(kJ mol−1)

DmicH 0
(kJ mol−1)

TDmicS 0
(kJ mol−1)

E102P37
E104P52
E92P55
E104P60
E98P73

–17.2
–21.4
–21.7
–23.8
–28.1

220
226
263
320
216

237
247
285
344
244

a
Estimated uncertainty: DmicH 0 and TDmicS 0, 915%;
DmicG 0, 910%.
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Fig. 15. Apparent enthalpy of micellisation per P unit
(DmicH 0/n) versus P block length (n) for aqueous solutions of
Em Pn copolymers. The error bars indicate an estimated error
of 915%.

elling [70] as well as by experiment. We assign the
drop in DmicH 0/n with n observed for the E100Pn
copolymers (Fig. 15) to a similar, though much
less marked, effect.

4.8. Implications for drug solubilisation and
controlled release
If the usual assumption is correct, i.e. that
significant solubilisation of sparingly soluble
drugs in a dilute aqueous solution of a surfactant
requires the presence of micelles, then the present
results from the four dilute-solution techniques
described show unequivocally that, for this purpose, copolymer E98P73 is the most suitable of the
five E100Pn copolymers considered. In this respect
the EGPC results, summarised in Section 4.3, are
the most revealing, since they show directly that
dilute solutions of copolymer E98P73 are the only
ones to be predominantly micellar both at the
temperature of formulation (e.g. 26°C) and the
temperature of pharmaceutical application (37°C).
The results shown in Fig. 13 (and discussed in
Section 4.7) indicate that En Pn Em copolymers micellise less well than diblock copolymers with
corresponding block lengths. The longest P block
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in commercially-available range of En Pn Em copolymers (e.g. the Pluronic range, BASF) is nominally P67. Copolymer F127, with target formula
E98P67E98, could be considered for comparison
with copolymer E98P73. Reported values for the
CMT of a 0.5 wt% solution of F127 are 30°C or
higher [6,7,59], i.e. there are no micelles in solution at room temperature. A more meaningful
comparison would be with a copolymer of comparable overall composition, i.e. E49P73E49. This
copolymer is not available, but the correlations
presented in this paper (Figs. 13 and 8) predict a
CMT about 5°C higher than that of copolymer
E98P73, i.e. CMT: 25°C for a 0.5 wt% solution of
copolymer E49P73E49, indicating a low extent of
micellisation at room temperature.
Micellar solutions which form gels at temperatures between ambient and body temperature
have potential for application in the formulation
of implants for the controlled delivery of drugs.
Such systems offer the possibility of implant formation in situ by the subcutaneous injection of a
mobile solution, thus avoiding surgical implantation. The five E100Pn copolymers have similar
critical gel concentrations (Fig. 12), indicating
that the critical concentration for gelation is determined by the E-block length, i.e. governed by
the exclusion properties of the micelle fringe.
Changing the P-block length allows some fine
tuning of the important lower sol-gel transition
temperature (see Fig. 12), but P-block length as
such is not an decisive factor. It seems that principal consideration must be given to the potential
for solubilisation of a drug at room temperature,
which depends upon the extent of micellisation. In
this respect a lengthy P block is all important.
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