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Thin, freely suspended membranes are of great interest for
use in micromechanical devices, sensors, and actuators that
require repeated elastic deformation, such as accelerometers
or membrane valves. The ongoing miniaturization of these
devices creates a demand for progressively thin membranes
with a broad range of mechanical properties, especially with

built exclusively from N[2] bridges,[1] LiPN2 (1248),[1] and HPN2

(1308).[11]

The density of g-P3N5 is 32 % higher than the density of a-
P3N5 (values from the X-ray structure determination: 2.77 (a-
P3N5),[2] 3.65 g cmÿ3 (g-P3N5)). Therefore the high-pressure
phase could show interesting materials properties (e.g. great
hardness or low compressibility) similar to those predicted for
cubic g-Si3N4 obtained under comparable conditions (1700 8C,
15 GPa).[3]

Experimental Section

The high-pressure synthesis of g-P3N5 was carried out using the multianvil-
technique and a hydraulic 1000 t press.[12, 13] Cr2O3-doped MgO octahedra
(Ceramic Substrates & Components Ltd., Isle of Wight) with an edge
length of 18 mm were used. Eight truncated tungsten carbide cubes
(Toshiba Grade F, edge length: 32 mm, truncation edge length: 11 mm)
separated by pyrophyllite gaskets served as anvils for the compression of
the octahedra (ª18/11 assemblyº in conventional terminology). Partially
crystalline P3N5, synthesized in accordance with reference [14], was loaded
in a cylindrical capsule from hexagonal boron nitride (Henze, Kempten),
(volume: ca. 35 mm3) and sealed with a BN cap. The capsule was centered
within two nested graphite tubes of different length, which acted as an
electrical resistance heater. The remaining volume at both ends of the
sample capsule was filled with two cylindrical pieces from MgO. This
arrangement was placed into a ZrO2 tube and then transferred into a
pierced MgO octahedron. The electrical contact of the graphite tubes was
arranged by two plates from molybdenum.

The assembly was compressed up to 11 GPa at room temperature over five
hours and then heated up to 1500 8C within 30 min. The sample was held for
five minutes at this temperature and then quenched to room temperature.
Then the pressure was released over 15 h. The temperature was measured
by using a W97Re3 ± W75Re25 thermocouple, which was attached coaxially to
the resistance heater. Further details about pressure calibration and
temperature measurement are described in reference [15].

After the removal of the BN capsule g-P3N5 was obtained as a crystalline,
sinterted, white product. Elemental analysis (%): calcd: P 57.02, N 42.98;
found: P 54.8, N 41.6, O 2.3. The absence of hydrogen (NÿH) was checked
by IR spectroscopy. Owing to the weaker bonds the signals of the vibrations
in the PÿN network of g-P3N5 are shifted to significantly lower wave-
numbers than in a-P3N5. Moreover g-P3N5 was characterized by 31P-MAS-
NMR spectroscopy (n0� 202.473 MHz). The investigation using a rotation
frequency nrot of 30 kHz revealed two very sharp signals at d�ÿ12 and
ÿ101 (reference: 85% H3PO4). The integration of the completely relaxed
signals (recycle delay: 5000 s) showed an intensity ratio of 1:1.98, which is in
good accordance with the results obtained from the X-ray investigations.
This issue and the comparison with the 31P-MAS-NMR data of a-P3N5

[10]

allow the assignment of signals at d�ÿ12 to the tetrahedral site and the
one at d�ÿ101 to the PN5 pyramids.
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high stress resistance and elasticity. One way of making
extremely thin, usually rigid, membranes is to assemble
monolayers of non-water-soluble amphiphiles at the air ± wa-
ter interface, and then transfer them by Langmuir ± Blodgett
(LB) transfer to cover holes in solid substrates.[1±4] In previous
publications we reported that monolayers of liquid polymers
with ionic head groups can be covalently cross-linked by
irradiation on the water surface[5] and then transferred to solid
substrates to form nanometer-thin elastomeric membranes.[6]

Unfortunately, using these procedures, one generates a solid
monolayer already on the water surface. Thus, the monolayer
is unable to undergo the two-dimensional flow neccessary for
LB transfer.[7] It is therefore desirable to have substances that
form fluid monolayers at the air ± water interface, that can be
transferred to form freely suspended membranes, and that can
be stabilized by cross-linking shortly after transfer.

Herein, we report for the first time that this goal can be
achieved by using physical instead of covalent cross-linking:
In bulk or in nonpolar solvents, ionic groups attached to
nonpolar polymers have a tendency to form aggregates that
are composed of several ionic groups and the corresponding
counterions. These aggregates act as cross-linking sites and
give rise to elastic behavior provided that each polymer chain
has at least two ionic groups.[8±10] In contrast to covalent cross-
linking, however, these aggregates can be broken up upon
addition of polar solvents. In the polymer monolayers
considered here, the ionic head groups bind to the water
surface (see Figure 1top). In this polar environment, aggre-
gation of the ionic groups is unlikely. Thus the monolayers
behave as viscous liquids and can be transferred to a substrate
with holes to form initially a fluid membrane with a water
core. Once the residual water drains or evaporates, however,
the ionic groups of the polymer chain aggregate and thus
effectively cross-link the membrane (Figure 1).

Figure 1. Scheme of the formation of a freely suspended membrane made
from monolayers of polymers with ionic head groups. Langmuir ± Blodgett
transfer of the monolayer generates a freely suspended membrane, which is
physically cross-linked by aggregation of ionic head groups after drying.

Linear polyisobutenes with a single sulfonate head group,
and three-armed star polyisobutenes with an ionic head group
on each arm have been prepared by ªlivingº carbocationic
polymerization.[11±13] The structures of the molecules and the
associated chain lengths are depicted in the inset of Figure 2.
The polymers, which have a glass transition temperature well
below room temperature,[14] were spread at 15 8C from 4�
10ÿ4 wt % solutions in ethanol/pentane mixtures (1/50 by
weight) and transferred at 20 8C to copper electron micros-
copy grids under conditions similar those used previously.[6]

Figure 2. Plot of lateral pressure (P) versus area per head group (A/n) of
polyisobutenes with ionic head groups. ÐÐ: linear polymers with one
sulfonate group at one end; ****: three-armed star polymers with three
sulfonate groups (one at the end of each arm).

The lateral pressure/area isotherms on the water surface
(Figure 2) show that the area per head group occupied by a
three-armed star polymer is very similar to the area occupied
by a linear polymer with a single head group. Thus, the star
architecture and the presence of several head groups does not
hinder spreading of the anchored polymers.

If monolayers of polymers with
only one head group are transferred
to copper grids with 70 mm holes,
they initially cover the holes, as a
40 nm[15] thin bilayer formed during
the transfer. However, these mem-
branes rupture within minutes after
transfer. As an example a mem-
brane made by LB transfer of poly-
isobutene with a single head group
and a chain length of 300 repeat
units is shown in Figure 3 top).
Within 30 min, all membrane-cov-
ered holes in the grid rupture (see
Figure 3 bottom). Presumably these
membranes are stabilized only by a
temporary network formed by en-
tanglements of the polymer chains.
These entanglements, however, can-
not stabilize the membrane on a
longer time scale and thus rupture
occurs. This assumption is support-
ed by rhelogical investigations of
monolayers at the water ± air inter-

Figure 3. A freely sus-
pended membrane gener-
ated by LB transfer of a
monolayer of polyisobu-
tene with a single ionic
head group per polymer
chain (300 repeat units per
chain). The membranes
rupture within 30 min
(light microscopy image
with top and bottom illu-
mination.)
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face before transfer[16] and
by the fact that the stability
of these membranes de-
creases with decreasing chain
length.

Monolayers of three-armed
star polymers with an ionic
head group at each arm can be
transferred to copper grids to
generate freely suspended
membranes as in the previous
case. However, these mem-
branes are stable for months.
For example, Figure 4 depicts
a light microscopy image of a
freely suspended membrane
of a three-armed star polymer
two months after its genera-
tion by LB transfer. Immedi-
ately after transfer approxi-

mately 80 % of the holes were covered with a freely
suspended membrane. (The dark window in the middle left
of Figure 4 was not covered by a membrane.) Two months
later these membranes still cover the holes of the grid. In the
lower left of Figure 4, an approximately 5 mm wide hole is
visible as a dark spot (arrow). Even though the membrane in
this part of the image is punctured, it does not rupture. Similar
membranes transferred to grids with 250 mm holes are still
intact 12 months after preparation.

This behavior is only observed in the case of polymers with
more than one ionic group per chain and the stability
increases with the number of ionic groups per chain. In
addition, the membranes rupture when exposed to vapor of
polar solvents such as dimethyl sulfoxide (within 3 min if
exposed 1 h after transfer, within 30 min if exposed to DMSO
11 months after transfer). Therefore, it is likely that in the
freely suspended membranes the ionic head groups form
aggregates and thus give rise to physical cross-linking. We
note, however, that the monolayers on the water surface
before LB transfer do not appear to be cross-linked perma-
nently but can undergo a two-dimensional flow towards the
substrate during the transfer process.[17] Evidently, the cross-
linking takes place by aggregation of the ionic groups only
after the transferÐas schematically depicted in Figure 1. In
this respect the monolayer investigated here offers an
advantage compared to photochemically cross-linked mono-
layers[6] which are unable to undergo two-dimensional flow on
the water surface.

As indicated schematically in Figure 5 the freely suspended
membranes can be deformed reversibly by applying an

asymmetric overpressure. In
Figure 6 a ± c a continuously in-
creasing overpressure of ap-
proximately 100 ± 1000 Pa is
applied to an initially flat freely
suspended membrane from be-
low. As a result of the over-
pressure, the membrane bulges
upward. Upon release of the

overpressure this deforma-
tion is completely reversible
and can be repeated multiple
times.

In summary, Langmuir ±
Blodgett transfer of mono-
layers of hydrophobic poly-
mers with low glass transi-
tion can generate elastomer-
ic freely suspended mem-
branes, provided that the
polymer chains bear more
than one ionic group per
polymer molecule. Most
likely these membranes are
stabilized by physical cross-
linking due to the aggrega-
tion of the ionic head groups
after draining and drying of
the transferred monolayers.
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Figure 4. A freely suspended
membrane generated by LB
transfer of a monolayer of a
three-armed polyisobutene star
polymer with an ionic head group
at each arm (240 repeat units per
arm). The membrane is stable for
months (light microscopy images
with top illumination).

Figure 5. Test of the elastic
properties of freely suspended
membranes by applying an over-
pressure from below.

Figure 6. Light microscopy images
(side view, side illumination) of a
freely suspended membrane of a
three-armed star polymer with ion-
ic head groups on each arm, which
spans a 300 mm hole. A small over-
pressure (approximately 100 ±
1000 Pa) is applied from below
and the membrane bulges upwards
(a!c). This deformation is rever-
sible upon release of the overpres-
sure and can be repeated multiple
times.


