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reported at coarser range resolution than
the DOW data: 75 m for the DOW, 250 m
for KLTX. Furthermore, the DOW over-
sampled azimuthally, calculating four beams
per degree, whereas KLTX collected only
one beam per degree. KLTX resolution was
thus coarser than that of the DOW by a
factor of 3.5 to 7. Because the roll wave-
length was ;600 m with sub-roll peak wind
speed regions with scales of ;100 m (Fig.
4), the rolls were less accurately character-
ized by KLTX and the peak wind intensity
was underestimated. Peak-to-trough differ-
ences in wind speeds were near 10 m s–1,
only 30% of that observed by the DOW and
lower than typical hurricane gust factors
(16). An important consequence was that
the KLTX data implied less severe peak
low-level wind speeds than were observed
at the ground or by the DOW (Fig. 6).
Because the wind field sampled near KLTX
had passed over ;40 km of land, some of
the observed differences likely resulted from
evolution of the near-surface wind field.
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Switching Supramolecular Polymeric Materials
with Multiple Length Scales

J. Ruokolainen, R. Mäkinen, M. Torkkeli, T. Mäkelä, R. Serimaa,
G. ten Brinke,* O. Ikkala*

It was demonstrated that polymeric supramolecular nanostructures with several length
scales allow straightforward tailoring of hierarchical order-disorder and order-order
transitions and the concurrent switching of functional properties. Poly(4-vinyl pyridine)
(P4VP) was stoichiometrically protonated with methane sulfonic acid (MSA) to form
P4VP(MSA)1.0, which was then hydrogen-bonded to pentadecylphenol. Microphase
separation, re-entrant closed-loop macrophase separation, and high-temperature mac-
rophase separation were observed. When MSA and pentadecylphenol were complexed
to the P4VP block of a microphase-separated diblock copolymer poly[styrene-block-
(4-vinyl pyridine)], self-organized structures-in-structures were obtained whose hierar-
chical phase transitions can be controlled systematically. This microstructural control on
two different length scales (in the present case, at 48 and 350 angstroms) was then used
to introduce temperature-dependent transitions in electrical conductivity.

During the past decade, methods to pre-
pare nanosized structures have progressed
greatly, stimulated by the continuing de-
mand for miniaturization of devices and
electronic components. Polymers offer a
means to construct ordered nanoscale do-
mains through self-organization, on the ba-
sis of competing interactions (1–7). Perhaps
the most studied example is provided by
block copolymers, where the repulsion be-
tween the chemically connected blocks
leads to self-organization into lamellar, cy-
lindrical, spherical, and other structures

with length scales on the order of 100 to
1000 Å (1). Even more complicated struc-
tures have been created with block copoly-
mers containing rigid moieties (4, 8). Re-
cently, another concept to achieve meso-
morphic structures at much smaller length
scales (typically 30 to 40 Å) has been pre-
sented in which nonmesogenic amphiphilic
oligomers are noncovalently bonded to ho-
mopolymers (5, 6, 9). In the case of hydro-
gen bonding between amphiphilic oli-
gomers such as pentadecylphenol (PDP)
and homopolymers such as P4VP, the com-
petition between attraction and repulsion
leads to a microphase-separated (often la-
mellar) morphology at low temperatures (6,
10, 11). Heating yields an order-disorder
transition to a disordered phase (10, 11).

Here, we show that the two above-men-
tioned ordering principles can be combined
with the use of diblock copolymers consist-
ing of a coil-like block and a block consist-
ing of a supramolecular polymer-amphi-
phile complex, allowing microstructural
control on two length scales. The hierarchi-
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cal nanostructures were imaged, and it is
shown that functionalization of one block
results in transitions in electrical conduc-
tivity that can be explained by dimension-
ality transitions.

P4VP was first protonated with methane
sulfonic acid (MSA). Fourier transform in-
frared measurements (FTIR) indicate (12)
that a nominally complete protonation was
achieved once the number of MSA mole-
cules equaled or exceeded the number of
pyridine groups. The resulting polysalt, de-
noted here as P4VP(MSA)1.0, was then
mixed with PDP, which forms hydrogen
bonds to the sulfonate group. Because of the
large absorption bandwidth of the sulfonate
regime, FTIR does not easily lend itself to
detailed investigation of such hydrogen
bonding. However, calculations of hydro-
gen-bonded complexes of sulfuric acid and
water (13) suggest that the hydrogen bond-
ing between the phenolic hydroxyl group
and the sulfonate group of MSA becomes
energetically feasible once a proton has
been transferred from MSA to P4VP. Thus,

the expected supramolecular structure com-
bines proton transfer and hydrogen bonding
(Scheme 1). Nominally one PDP molecule
is used for each sulfonate group, but the
actual number of PDP molecules that are
hydrogen bonded remains uncertain at
present.

Optical microscopy shows a complex
phase behavior for P4VP(MSA)1.0(PDP)1.0
consisting of optically anisotropic, transpar-
ent, and cloudy phases (Fig. 1). To identify
the phases, we conducted small-angle x-ray
measurements (SAXS) as a function of tem-
perature, using methods described elsewhere
(11). Below 100°C, a distinct and relatively
narrow SAXS peak at the scattering vector
q ' 0.13 Å21 was observed, corresponding
to a lamellar structure with a long period of
Lc ' 48 Å (14). Above 100°C, a steplike
increase in the half-width of this Bragg re-
flection was observed. In close analogy with
conventional block copolymers (15), a broad
correlation hole peak remained visible,
which upon further heating gradually de-
creased and shifted to a smaller angle, as a
result of the reduction in the number of
hydrogen bonds. Near 175°C, a strong for-
ward scattering peak appeared, signaling
macrophase separation. The intensity of this
peak diminished again above ;200°C. The
phase separation at ;220°C could not be
identified in the SAXS data.

Hence, supramolecular P4VP(MSA)1.0-
(PDP)1.0 structures show mesomorphic order
at a short length scale Lc, as well as a se-
quence of phase transitions. In a next step,
we confined this system inside another
nanostructure with a longer length scale Lb
by using diblock copolymers in which the
P4VP chains form the minority blocks of
microphase-separating diblock copolymers of
polystyrene (PS) and P4VP, PS-block-P4VP.
The number-averaged molecular masses of
the P4VP and PS blocks were selected to be
5600 and 40,000 daltons, respectively, re-
sulting in a spherical morphology for the
uncomplexed PS-block-P4VP system, as con-
firmed by SAXS and transmission electron
microscopy (TEM) (16). This finding is in
perfect agreement with the volume fraction
of the P4VP blocks, f 5 0.12. Classically, an
increase of f yields a transition to the cylin-
drical ( f 5 0.16) and lamellar ( f 5 0.32)
phases (17). MSA and PDP act as selective
solvents for the P4VP domains, and the
complexation of MSA and PDP to the pyri-
dine blocks introduces a simple way to con-
trol the phase morphology because the vol-
ume fraction of the P4VP-containing do-
mains can be controlled effectively. In this
way, supramolecular structures combining
covalent bonding, proton transfer, and hy-
drogen bonding were obtained (Scheme 1).
Judicious selection of the block lengths (n
and m), the length of the phenolic alkyl
group, and also the sulfonic acid thus allows
a detailed tailoring of hierarchical self-orga-
nized structures, as will subsequently be dis-
cussed in one particular case.

The SAXS data (Fig. 2) for PS-block-
P4VP(MSA)1.0(PDP)1.0 as a function of
temperature show three regimes:

1) Below ;100°C (Figs. 2 and 3A), the
P4VP(MSA)1.0(PDP)1.0 and PS blocks
formed alternating layers with a long period
Lb ' 350 Å. A lamellar morphology could
be expected because the volume of
P4VP(MSA)1.0(PDP)1.0 divided by the to-

Fig. 1. Optical micrographs illustrating the phase
behavior of P4VP(MSA)1.0(PDP)1.0. (A) An optically
anisotropic texture is observed below ;100°C
with crossed polarizers. (B) Above 100°C, the
sample becomes transparent, indicating a homo-
geneous (disordered) phase up to ;175°C. (C)
Between 175° and 195°C, the sample becomes
cloudy, indicating macrophase separation. Be-
cause MSA does not phase separate from P4VP
at these temperatures (12), it is evident that PDP
molecules will be decoupled from the
P4VP(MSA)1.0 backbone because of the reduced
hydrogen-bonding strength. (D) Further heating
causes the sample to become homogeneous
again [re-entrant phase behavior (24)]. (E) Eventu-
ally, above ;220°C, most of the PDP molecules
separate again from the rest of the system, which
is the usual lower critical solution temperature be-
havior of polymer systems (25).

Scheme 1.

Fig. 2. SAXS intensity curves of PS-block-
P4VP(MSA)1.0(PDP)1.0 during heating at 2°C/min.
Near room temperature, two peaks are present: q2
' 0.017 Å21 and q1 ' 0.13 Å21. Additionally, 2q2
becomes distinct near 90°C when the rubbery
state of PS allows better ordering. Therefore, the
structure consists of alternating layers of PS and
P4VP(MSA)1.0(PDP)1.0. The peak at q1 corre-
sponds to lamellar order within the P4VP
(MSA)1.0(PDP)1.0 layers. It is at the same position as
for the corresponding homopolymer complex, that
is, P4VP(MSA)1.0(PDP)1.0, where a small second-
order peak could still be resolved at 2q1. Near
100°C, the peak at q1 suddenly broadens and de-
creases because the lamellar structure within
P4VP(MSA)1.0(PDP)1.0 layers disappears because
of an order-disorder transition (ODTc). Near 150°C, the peaks at q2 and 2q2 are replaced by peaks at q3
' 0.026 Å21 and =3 q3, signaling an order-order transition (OOTb) from a lamellar to a cylindrical
morphology.
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tal volume corresponds to f 5 0.40, given
the assumption that both MSA and PDP
are nominally fully complexed to P4VP.
The P4VP(MSA)1.0(PDP)1.0 layers were
further microphase separated into another
lamellar structure with a long period Lc
' 48 Å. In a separate study involving a
closely related system of PS-block-P4VP ful-
ly complexed with nonadecylphenol, which
has a longer alkyl tail than PDP, we were
able to resolve these mutually perpendicular
lamellar structures by TEM (Fig. 4).

2) Between 100° and 150°C (Figs. 2 and
3B), the P4VP(MSA)1.0(PDP)1.0 and PS
blocks continued to form a lamellar struc-
ture, but the second layered structure had
disappeared. Therefore, an order-disorder
transition within the polymer-amphiphile
complex layers took place at 100°C.

3) Above ;150°C (Figs. 2 and 3C), the
disordered P4VP(MSA)1.0(PDP)x (x ,, 1)
domains formed hexagonal cylindrical

structures within the rest of the material,
that is, PS and part of PDP. This transition
is due to the fact that PDP became miscible
with PS above about 130°C (16) and that,
as discussed above, the hydrogen bonding
between PDP and P4VP(MSA)1.0 dimin-
ished strongly at increased temperatures
[eventually leading to macrophase separa-
tion in the homopolymer case (Fig. 1)].
This result implies that PDP will decouple
from the P4VP(MSA)1.0 backbone and
gradually diffuse into the PS phase, thus
effectively increasing the volume fraction of
the PS-containing domains at the cost of
the P4VP(MSA)1.0-containing domains. A
complete transition of PDP to the PS do-
mains would correspond to a volume frac-
tion for P4VP(MSA)1.0 of f 5 0.21, far
inside the cylindrical morphology regime.
Therefore, an order-order transition took
place at the block copolymer length scale at
150°C.

We now turn to the question of how
these transitions manifest themselves in
the (protonic) conductivity. Ac imped-
ance measurements of the pure polysalt
P4VP(MSA)1.0 (Fig. 5) suggest that the
conductivity s is governed by a single
activation energy in analogy with the re-
sults for sulfuric acid–complexed polyeth-
ylene imine (18). Compared with
P4VP(MSA)1.0, a qualitatively different
behavior was observed for P4VP(MSA)1.0-
(PDP)1.0. In this case, the macrophase
separation manifested itself in a decrease
in the conductivity. Finally, we considered
the PS-block-P4VP(MSA)1.0(PDP)1.0 sys-

tem (Fig. 5). For temperature T , TODTc,
the sample consisted of conducting
nanoscale slabs separated by insulating PS
and PDP domains (Fig. 3A). Therefore,
locally, the conductivity was highly aniso-
tropic, taking place in one direction only.
No effort was made to orient the mi-
crophase-separated domains macroscopi-
cally, and therefore only a small macro-
scopic conductivity was observed because
of averaging over all directions. The or-
der-disorder transition inside the P4VP-
containing layers resulted in conducting
lamellae, with local conductivity taking
place in two dimensions. Macroscopically,
this transition was accompanied by an or-
der of magnitude increase in the conduc-
tivity. Finally, above the order-order tran-
sition, the local conductivity again took
place in one direction only, leading to a
reduction in the conductivity (Fig. 5).
Thus, it is demonstrated that the control
of the microstructure allows a means to
control the macroscopic conductivity.
Drastically larger anisotropic effects ac-

PS-block-P4VP

Lc ~ 48 Å
Lb ~ 350 Å

MSA

PDP

A

B

C

Fig. 3. Schematic illustration of the self-organized
structures of PS-block-P4VP(MSA)1.0(PDP)1.0.
The local structures are indicated; macroscopical-
ly, the samples are isotropic. (A) Alternating PS
layers and layers consisting of alternating one-
dimensional slabs of P4VP(MSA)1.0 and PDP for T
, TODTc (14). (B) Alternating two-dimensional PS
and disordered P4VP(MSA)1.0(PDP)1.0 lamellae
for TODTc , T , TOOTb. (C) One-dimensional dis-
ordered P4VP(MSA)1.0(PDP)x (with x ,,1) cylin-
ders within the three-dimensional PS-PDP medi-
um for T . TOOTb.

Fig. 4. Transmission electron micrograph of PS-
block-P4VP(NPD)1.0, where nominally one nona-
decylphenol (NPD) has been hydrogen bonded
with each pyridine group. The long period of the
alternating PS (light grey) and P4VP(NPD)1.0 (dark
grey) lamellae equals Lb ' 550 Å. It is slightly
larger than in the other samples of this work be-
cause of the higher moledular mass of this partic-
ular sample. The number-averaged molecular
masses of the P4VP and PS blocks were 49,500
and 238,000 daltons, respectively. The P4VP-
(NPD)1.0 lamellae are further ordered into alternat-
ing lamellae of nonpolar nonadecyl tails of NPD
molecules and polar P4VP backbones. The long
period of this structure is Lc ' 40 Å. The two sets
of lamellar structures are, as expected, mutually
perpendicular.

Fig. 5. Electrical conductivity (s) during heating at
5°C/min, on the basis of ac impedance measure-
ments extrapolated to zero frequency. Similar data
are observed during cooling. f, P4VP(MSA)1.0

showing the classical thermally activated conduc-
tivity; V, P4VP(MSA)1.0(PDP)1.0 showing thermally
activated behavior up to ;160°C, at which the first
signals of imminent macrophase separation ap-
pear. A further increase in temperature results in a
decrease in s. The conductivity starts to increase
again above ;195°C. v, PS-block-P4VP(MSA)1.0-
(PDP)1.0, where the order-disorder transition
(ODTc) within the P4VP(MSA)1.0(PDP)1.0 domain
and order-order transition (OOTb) at the block
copolymer length scale are distinctively present
in the conductivity. The samples have not been
oriented, and therefore the results represent av-
erages over all directions. The lines are drawn
only to guide the eye.
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companying the dimensionality transi-
tions are expected, eventually approach-
ing on-off switching, once efforts are tak-
en to orientate the nanostructures.

The implications of the present work
on nanotechnology seem manyfold. The
present methods to construct zero-, one-,
and two-dimensional nanostructures sug-
gest controllable nanostructures in conju-
gated electronically conducting polymers.
P4VP is a semiconducting side-chain–
conjugated polymer. In this case, conduc-
tivity appears to proceed through a pro-
tonic mechanism (19); this mechanism is
not a serious limitation to the generality of
the concepts, which are based on a control
of the morphology. Chemically, P4VP
resembles in several ways main-chain–
conjugated polymers such as polyaniline,
poly(p-pyridine), poly(p-pyridine vinylene)
(20, 21), and possibly even polypyrrole.
These materials are inherently difficult to
process because of their rigidity. However,
in polyaniline, for example, methods have
been demonstrated to introduce processi-
bility by the use of amphiphilic dopants
(22) or amphiphilic oligomers capable of
molecular recognition with the polyani-
line chain (23). Such concepts easily pro-
vide the short length scale discussed
above.
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Platinum Catalysts for the High-Yield Oxidation
of Methane to a Methanol Derivative

Roy A. Periana,* Douglas J. Taube, Scott Gamble,
Henry Taube, Takashi Satoh, Hiroshi Fujii

Platinum catalysts are reported for the direct, low-temperature, oxidative conversion of
methane to a methanol derivative at greater than 70 percent one-pass yield based on
methane. The catalysts are platinum complexes derived from the bidiazine ligand family
that are stable, active, and selective for the oxidation of a carbon-hydrogen bond of
methane to produce methyl esters. Mechanistic studies show that platinum(II) is the most
active oxidation state of platinum for reaction with methane, and are consistent with
reaction proceeding through carbon-hydrogen bond activation of methane to generate
a platinum-methyl intermediate that is oxidized to generate the methyl ester product.

More efficient methods for the oxidation
of low-value, light alkane feedstocks, such
as natural gas, to the corresponding alcohols
or other useful liquid products would accel-
erate the use of natural gas feedstocks as a
complement to petroleum. Current tech-
nologies for the conversion of natural gas to
liquid products proceed by generation of
carbon monoxide and hydrogen (syn-gas)
that is then converted to higher products
through Fischer-Tropsch chemistry (1).
The initial formation of syn-gas in these
processes is energy intensive and proceeds
at high temperatures, typically 850°C. In
contrast, direct methods partially oxidize
the alkane molecule, functionalizing one
C–H bond, and in principle can proceed
more efficiently and cost-effectively
through lower temperature routes.

Given the potential for high payoff, the
goal of direct, selective alkane oxidation
has been the focus of substantial effort since
the 1970s (2, 3). Despite these extensive
efforts, very few selective alkane oxidation
processes are known. Except in a few special

cases (4), the basic chemistry for the selec-
tive, low-temperature, direct, oxidative
conversion of alkane C–H bonds to useful
functional groups in high one-pass yield (5)
has not yet been developed. Such develop-
ment is challenging, because alkane C–H
bonds are among the least reactive known
and the desired products of oxidation are
typically more reactive than the starting
alkanes and are consumed before recovery.
Consequently, only uneconomically low
one-pass yields can be obtained with direct
alkane oxidation chemistries available to-
day without prohibitively expensive separa-
tions and recycle.

We developed a catalytic system for the
direct, low-temperature, selective oxidation
of methane to generate an ester of metha-
nol in 72% one-pass yield at 81% selectivity
based on methane (5). Recently, we report-
ed the selective oxidation of methane to an
ester of methanol in ;43% one-pass yield
catalyzed by mercuric salts (6). We now
show that selected Pt complexes are more
effective catalysts for this reaction. These Pt
complexes are stable and selectively acti-
vate (7) and oxidize a C–H bond of meth-
ane at temperatures as low as 100°C to
generate a methyl ester product that is
chemically “protected” from overoxidation
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