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A Schizophrenic Water-Soluble Diblock
Copolymer**

Shiyong Liu, Norman C. Billingham, and
Steven P. Armes*

Recently we reported the first example of a water-soluble
diblock copolymer capable of existing in three states in
aqueous solution, namely, as conventional micelles, reverse
micelles, and molecularly dissolved (non-micellar) chains.[!
This diblock copolymer was based on two tertiary amine
methacrylates, 2-(diethylamino)ethyl methacrylate (DEA)
and 2-(N-morpholino)ethyl methacrylate (MEMA), and was
synthesized using group transfer polymerization, 3 a type of
anionic polymerization which is particularly well suited to the
living polymerization of methacrylates at room temperature.
Formation of micelles with DEA cores was achieved merely
by adjusting the solution pH value, but formation of the
reverse micelles with MEMA cores required the addition of a
large amount of electrolyte to selectively “salt out” the
MEMA chains. To date, this remains the only well-docu-
mented example of such a “schizophrenic” block copolymer.[

Since its discovery in 1995,°] atom-transfer radical polymer-
ization (ATRP) has proved to be a reliable and versatile
method for the synthesis of functional, controlled-structure
copolymers. This free-radical polymerization chemistry is
“pseudo-living” and particularly tolerant of monomer func-
tionality; it has been used to polymerize a wide range of
hydrophilic monomers with narrow molecular weight distri-
butions and controlled architectures.”]

Herein we describe the facile ATRP synthesis of a new
diblock copolymer based on poly(propylene oxide) (PPO)
and DEA (Scheme 1a). This diblock copolymer dissolves
molecularly in cold aqueous solution but undergoes reversible
micellar self-assembly to give either PPO-core micelles or
DEA-core micelles. Unlike the DEA-MEMA diblock co-
polymer reported previously, both types of micelles can be
formed solely by the judicious selection of solution pH value
and solution temperature.

It is well known that PPO with an M, of around 2000
dissolves in cold, dilute aqueous solution but becomes
insoluble at 20°C; its lower critical solution temperature
(LCST) lies between 10°C and 20°C, depending on the
solution concentration.’! Similarly, we have recently shown
that DEA homopolymer is soluble in acidic solution as a weak
cationic polyelectrolyte (due to protonation of the tertiary
amine residues), but precipitates from solution at around
neutral pH. We have recently published several papers
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Scheme 1. a) Synthesis of the poly(propylene oxide-block-2-diethylamino)ethyl methacrylate
(PPO -DEA) copolymer by atom-transfer radical polymerization. b) Schematic representation
of the formation of micelles and reverse micelles by this diblock copolymer in aqueous solution.

HMTETA =1,1,4,7,10,10-hexamethyltriethylenetetramine.

describing the pH-induced micellization of DEA-based di-
block copolymers.[°]

The aqueous solution behavior of the PPO;;—DEA,
diblock copolymer proved to be complex and fascinating, as
expected. Thus this copolymer dissolved molecularly in dilute
aqueous solution at pH 6.5 and 5°C (confirmed by both
'H NMR studies in D,0 and dynamic light scattering
measurements on 0.5 w/v% solutions), since both the PPO
and DEA blocks are hydrophilic under these conditions. On
addition of a small amount of NaOH to this molecular
solution at 5°C, micellization occurred at a solution pH of 8.5
or higher, as indicated by the dramatic increase in hydro-
dynamic radius (see Figure 1a). On the basis of chemical
intuition, the deprotonated DEA chains should form the
hydrophobic micelle cores, with the still-solvated PPO chains
forming the micelle coronas (see Scheme 1b). The 'H NMR
studies confirmed this to be the case. The NMR spectrum of
the PPO;;—-DEA, copolymer molecularly dissolved in CDCly
is shown in Figure 2a and was used to calculate the block
composition. For the spectrum in Figure 2b the copolymer
chains are also molecularly dissolved, this time in D,O at 5°C
and pH 6.5. Comparing Figure 2b and d, it is clear that the
signals due to the DEA residues at 0 =1.2 and 6 =3.1 have
almost disappeared, indicating much lower mobility and
decreased solvation for this block. On the other hand, the
signals due to the PPO block at 6 =1.0 and 6 =3.4 are still
prominent, indicating that this block forms the solvated
micellar corona. Dynamic light scattering (DLS) studies
indicated an intensity-averaged hydrodynamic micelle radius
(Ry) of 40 nm and a polydispersity index (u,/I"?) as low as 0.04
by cumulants analysis. Previously we reported that DEA-
based diblock copolymers become insoluble above pH 7.1-7.3
at 20°C.Y However, at 5°C the critical pH for micellization of
the DEA-PPO diblock increased to about pH 8.5. Self-
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assembly was completely reversible: Addi-
tion of acid resulted in instantaneous micel-
lar dissolution, as judged by the disappear-
ance of the characteristic bluish color of the
EH’ micelles. Static light scattering (SLS) studies
i of these micellar solutions gave a high-
quality Zimm plot (Figure 3a) which yielded
an average radius of gyration (R,) of 35 nm
and a micelle mass of approximately 7.6 x
10° gmol~'. Taking the M, of the PPO;;—
DEA,, diblock copolymer to be 11700, this
indicates a mean micelle aggregation num-
ber N,,, of approximately 650. The (R,)/(R})
ratio is 0.875, which is only slightly larger
than the value of 0.774 predicted for non-
draining, uniform spheres. Analysis of trans-
mission electron microscopy (TEM) images
of DEA-core micelles (see Figure 5 of the
Supporting Information) indicated a mean
number-average radius of about 25-30 nm,
which, allowing for hydration and probable
“flattening” of the surface-adsorbed mi-
celles, as well as polydispersity effects, is in
reasonable agreement with the intensity-
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Figure 1. a) Variation of hydrodynamic radius (R;) (0) and polydispersity
index u,/I” (@) as a function of solution pH value for the PPO5;—DEA,,
diblock copolymer at 0.5wt% and 5°C. b) Variation of light scattering

intensity X (@) and hydrodynamic radius (m) as a function of temperature
for the PPO;;—DEA,, diblock copolymer at 0.5 wt % and pH 6.50.

average radius of 40 nm obtained from DLS studies. The DLS
data also supports the formation of spherical micelles since
(Ry) is almost independent of scattering angle.

Reverse micelles with PPO cores were obtained by heating
the same dilute solution of PPO-DEA diblock copolymer
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Figure 3. a) Typical Zimm plot of the PPOs-b-DEA,, micelles in
aqueous solution at pH 8.50 and 5°C, where concentration C ranges from
2.074 x 10~* to 1.109 x 10~ gmL~". b) Typical Zimm plot of the PPOy;-b -
DEA,, micelles in ageueous solution at pH 6.50 and 40 °C, where C ranges
from 4.012 x 10~ to 1.190 x 103 gmL~. K is optical scattering constant,
R is Rayleigh ratio at an angle 6.
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prepared by dissolution at 5°C and pH 6.5. Figure 1b shows
the variation of light scattering intensity and intensity-
averaged hydrodynamic radius as a function of solution
temperature. The PPO block becomes progressively more
insoluble at higher temperatures, leading to large, polydis-
perse, partially dehydrated aggregates initially being formed
at 20°C. At higher temperatures more compact, well-defined
micelles are formed with more dehydrated PPO cores, as
judged by 'H NMR spectroscopy (see Figure 2¢). The DEA
block remained solvated under these conditions (note the
prominent signals at d = 1.2 and 6 =3.1), whereas the relative
intensity of the signal due to the PPO block at 6=1.0 is
reduced. However, this PPO signal does not completely
disappear even at 70°C (not shown), suggesting that the
micelle cores remain partially hydrated. Dynamic light
scattering measurements at a scattering angle of 15° indicated
hydrodynamic micelle radii of 84 nm (polydispersity index
0.08) and 79 nm (polydispersity index 0.05) at 40°C and 70°C,
respectively. Zimm plots yielded molar masses of approx-
imately 8.9 x 10° gmol~' and 1.2 x 10" gmol~! (see Figure 3b),
and the corresponding micelle aggregation numbers N,,, were
determined to be 760 and 1020 for micelles formed at 40°C
and 70°C, respectively (Table 1). These N,,, values are quite

Table 1. Light-scattering characterization of micelles and reverse micelles
formed by PPO;;-b —DEA,, diblock copolymer under different conditions.

Conditions Moymicetes  (Rg)  (Ru) (R/(Ry) Ny <p>
[nm]  [nm] [gem™]

DEA-core micelles 7.6 x 10° 35 40 0.875 650 0.047

pH8.5,5°C

PPO-core micelles 8.9 x10° 86 84 1.02 760  0.0060

pH 6.5, 40°C

PPO-core micelles 1.2x107 74 79 0.937 1020  0.0096

pH6.5,70°C

low given the relatively large micelle radii, but this probably
reflects the partially hydrated nature of the PPO micelle
cores, suggesting rather loosely packed aggregates. In this
context, it is noteworthy that the micelles at 70°C are
significantly more compact (i.e., smaller in size but with a
higher aggregation number and micelle density) than those
formed at 40°C; the (R,)/(R;,) ratio of micelles formed at 70°C
is 0.937, which is smaller than the value of 1.02 obtained for
the micelles formed at 40°C; presumably this is due to the
increased dehydration of the PPO block, as indicated by the
'H NMR studies.

For the PPO-core micelles formed, a rather large micelle
radius of around 80 nm in water was observed. Even if the
DEA units are fully stretched, the block copolymer could not
possibly give a spherical micelle with an (R;) of 80 nm. This
unusually large micelle size is not consistent with a simple
core-shell structure. At this stage, we cannot exclude
the possibility that these PPO-core aggregates may be actually
compound micelles or vesicles. Regardless of the precise
morphology of these aggregates, the temperature-induced
self-assembly process is fully reversible: Molecularly
dissolved copolymer solutions are obtained on cooling to
5°C.
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In summary, we report the second fully verified example of
a “schizophrenic” diblock copolymer which can self-assemble
to form either micelles or reverse micelles in aqueous
solution. This new class of diblock copolymer surfactant is
particularly easy to synthesize and its two micellar phase
transitions are dictated solely by the solution temperature and
the solution pH value. In view of this, we expect that the rich
phase behavior of this new diblock copolymer will be of
particular interest to theoreticians for testing the validity of
the various theories of micellization.!'")

Experimental Section

Synthesis of the PPO-DEA diblock copolymer: The diblock copolymer
was synthesized by ATRP using a macro-initiator approach. A monohy-
droxy-capped poly(propylene oxide) (PPO-OH; mean degree of polymer-
ization, Dp =33 by 'H NMR; M, /M, = 1.06 by gas-phase chromatography
(GPC) with THF eluent) was kindly donated by Laporte Performance
Chemicals (Hythe, UK). This PPO-OH was converted into an ATRP
macro-initiator, PPO-Br, by allowing the terminal hydroxy group to react
with 2-bromoisobutyryl bromide in the presence of triethylamine in
toluene. 'H NMR spectroscopy confirmed that the degree of chain-end
functionalization was 100 %. The PPO macro-initiator (1.5 g, 0.75 mmol,
1 equiv), DEA (5.55¢g, 30 mmol, 40 equiv), 1,1,4,7,10,10-hexamethyltri-
ethylenetetramine (HMTETA, 172 mg, 0.75 mmol, 1 equiv) and methanol
(7 mL) were added to the reaction flask; the solution was degassed by two
freeze —thaw cycles. After the solution temperature was increased to 55°C,
CuCl (74 mg, 0.75 mmol, 1equiv) was introduced as a solid into the
reaction flask to start polymerization at this temperature. The reaction
solution became dark green and more viscous as polymerization proceed-
ed. After about 3 h the conversion was close to 100 % as judged by 'H NMR
spectroscopy; the reaction mixture was diluted with methanol and passed
through a silica column to remove residual ATRP catalyst. After solvent
evaporation, the products were extracted with ice-cold water (0°C, pH 9)
several times to remove any traces of unchanged PPO macro-initiator and
then dried under vacuum at room temperature. The mean Dp of the DEA
block was calculated to be 42 using 'H NMR spectroscopy. The GPC
studies (THF eluent, PMMA standards, refractive index detector) of the
diblock copolymer indicated a relatively narrow polydispersity (M, /M,) of
1.20.

Dynamic light scattering (DLS) studies were conducted with a Brookhaven
model BI-200SM and 9000AT correlator using a solid-state laser (50 mW,
A =532 nm) at a fixed scattering angle (0) of 15° with both cumulants and
CONTIN software. The dn/dc of the PPO3;;—DEA,, diblock copolymer was
determined to be 0.128 in aqueous solution at pH 6.5 and 20°C, using an
Optokem differential refractometer operating at A = 632.8 nm. Static light
scattering studies (SLS) were conducted at 5°C (DEA cores) as well as
40°C and 70°C (PPO cores) using the same instrument at scattering angles
ranging from 15° to 135°. The M,, and R, data were obtained using standard
Zimm plot analyses, assuming that the effects of temperature and pH on
the dn/dc were negligible. Variable-temperature 'H NMR spectra were
recorded on 1.0 w/v % copolymer solutions in D,O using a Bruker Avance
DPX 300-MHz spectrometer. Transmission electron microscopy studies
were conducted using a Hitachi 7100 instrument operating at 75 kV and
employing OsO, as a staining agent.
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o-Bond Metathesis of Alkanes on a
Silica-Supported Tantalum(v) Alkyl Alkylidene
Complex: First Evidence for Alkane
Cross-Metathesis™**

Christophe Copéret, Olivier Maury,
Jean Thivolle-Cazat,* and Jean-Marie Basset*

Here we report on direct evidence for the stoichiometric
cross-metathesis of several alkanes (ethane, propane, and
butanes) with the hydrocarbyl ligands of the surface com-
plexes [(=Si—0),Ta(=CHCMe;)(CH,CMe;);_,] (1: x=1, 2:
x=2), and the catalytic activity of 1+2 in alkane metathesis.!"

We have shown that the silica-supported tantalum hydride
[(=SiO),TaH] (3) catalyzes the metathesis of alkanes
(Scheme 1).231 The key steps proposed for the reaction
mechanism are: a) activation of the C—C bond of an incoming
alkane on the surface Ta alkyl complex 4 leading to the
evolution of an alkane and the formation of a new surface
complex 5; and b) regeneration of 4 in an alkyl-exchange
reaction (C—H bond activation).[

The related structures of 1+2 and 4/5, the two key
intermediates of the proposed mechanism for alkane meta-
thesis, is noteworthy. This analogy led us to investigate the
relative reactivity towards alkanes of 1+2, a formal d° 10-e
metal center, and 3, (the precursor of 4/5) a formal d’> 8-e
metal center.
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