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Interfacial Activity of Amine-Functionalized Polyhedral 
Oligomeric Silsesquioxanes (POSS): A Simple Strategy To 
Structure Liquids
Honghao Hou, Jin Li, Xiangming Li, Joe Forth, Jie Yin, Xuesong Jiang,* Brett 
A. Helms, and Thomas P. Russell*

Abstract:  Amine-functionalized  polyhedral
oligomeric silses- quioxane (POSS), the smallest,
monodisperse  cage-shaped  silica  cubic
nanoparticle,  is  exceptionally  interfacially  active
and can form assemblies that jam the
toluene/water interface,  locking   in   non-
equilibrium  shapes  of  one  liquid  phase  inanother.  The  packing  density  of  the   amine-functionalized

interfacial energy arise from the interfacial tensions 
of the particle–oil (gP/O),  particle–water (gP/W), and  oil–
water  (gO/W)
interfaces. DE for a single particle at the oil–water 
interface is
given  by  Eq. (1),[20–22]
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@
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POSS assembly at  the water/toluene interface can
be tuned by
varying  the  concentration,  the  pH  value,  and  the
degree  of POSS  functionalization.  Functionalized
POSS gives a higher interface coverage, and hence
a  lower  interfacial  tension,  than  nanoparticle
surfactants  formed  by  interactions  between  func-
tionalized  nanoparticles  and  polymeric  ligands.
Hydrogen-  bonded  POSS  surfactants  are  more
stable  at  the  interface,  offering  some  unique
advantages for generating Pickering emulsions over
typical  micron-sized  colloidal  particles  and  ligand-
stabilized nanoparticle surfactants.

Nanoparticle  assemblies  at  liquid–liquid
interfaces  open new horizons for the generation of
structured liquids, a new
concept in materials,[1–9] which have unique  optical,
[10–14] magnetic,[15,16] and  electronic[16–19] properties.
The  interfacial assembly of nanoparticles is dictated
by a minimization of the
Helmholtz  free  energy.   The energy  difference  DE
must  be
negative to reduce the total free energy.
Contributions to the
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where EA and EB are the energies in the
presence and absence of particles of radius R at
the interface. For nanoparticles, DE  is close to
the thermal energies, only several kBT, where kB

is
the  Boltzmann  constant.[1,2,21] Consequently,  NP
assemblies   are  dynamic,  with  adsorbed  NPs
exhibiting  both  high  in-plane  mobility  and
exchange  with  those  in  the  bulk  dispersion.[2,4]

Given  this  low  attachment  energy  of  the  NPs,
deformations  of  the  liquid–liquid  interface  due
either  to  an  external  force  or  to  the
thermodynamic  driving  force  of  the  system  to
reduce its total surface area will result in small NPs
being ejected from the interface, causing dispersed
fluids  to  assume spherical  shapes.  This  prohibits
the  structuring  of  liquids  with  NPs  alone.  With
colloidal  particles,  this  is  not  the  case  as  the
energy anchoring the particles to the interface is
much greater  and fluid domains can be  shaped;
however, the size of  the  colloidal particles places
limitations  on the minimum size  of the  domains
that  can  be  achieved,  while  the  comparatively
lower diffusion and adsorption rates of the larger
particles  limit  the  kinetic  control  that  can  be
achieved over the resulting structures.

Recently,  we  developed  a  powerful,  versatile
method  to  enhance and accelerate NP binding to
an  interface.[2,22–26] Here,  unlike in  colloidosomes,
[1,27] colloidal  capsules,[28–30] or Pickering
emulsions,[31–34] which  are  stabilized  with  micron-
sized  particles  (Scheme  1  a),  functionalized
nanoparticles  dispersed  in  an  aqueous  phase
interact  with  end-functional-  ized  oligomeric
ligands dissolved in an oil phase at the interface to
form  nanoparticle  surfactants  (NP-surfactants;
Scheme  1  b),  where  the  number  of  ligands
anchored to  the  NPs is self-regulated to minimize
the  energy  holding  each  NP-  surfactant  at  the
interface.[22,26] Now,  when  a  compressive  force  is
applied,  the  individual  NP-surfactants  are  not
ejected from the interface and the NP-surfactant
assemblies  can  jam  as  the  interfacial  area
decreases. This arrests any further change in the
shape of the interface, and can therefore be used
to  lock  in  highly  non-equilibrium  shapes  of  one
liquid  in a second liquid, that  is,  to structure the
liquid.  NP-surfactants  constitute  a  versatile
alternative  to  Pickering  emulsions  and  afford  a
pathway  to  generate  adaptive  interfacial
assemblies that can respond to external stimuli.[35–

37]



Scheme 1. a) Micrometer-sized colloidal particle 
Pickering emulsion or colloidosomes, b) typical 
polymeric-ligand-stabilized nanoparticle sur- factant 
assisted structured liquid, and c) structured liquid 
obtained by POSS interfacial assembly as presented in 
this work. d) Schematic representation of the 
assembling and jamming of hydrogen-bonded POSS NP-
surfactants at the water–toluene interface and the 
involved chemical structures.

Aside from through altering the size of the

particles, DE
can  also  be  controlled  by  changing the  surface

chemistry of
the  NPs,  or  even by using heterogeneous  surface
chemistries to generate so-called  Janus particles.[38]

This  is  a  particularly  useful  mechanism  for
nanometer-sized  particles  for  which  the  binding
energy is negligible because of the screening of the
oil–water  interface,  and so  heterogeneous  surface
chemistry provides the thermodynamic driving force
for assembly at  the interface.[39] We have observed
such behavior with dendrimers  that had been end-
functionalized with carboxylic acid  groups,  where a
reconfiguration  of  the dendrimers at  the interface
that  essentially  turned  the  dendrimers  inside  out
caused   a  substantial  reduction  in  the interfacial
tension.[40] Upon  compression,  however,  the
dendrimers  were  so  soft  that  jamming  of  the
dendrimer  assemblies  did not  occur,  even  after  a
considerable reduction in the interfacial area, and it
was not possible to lock in non-equilibrium shapes.

Herein, we investigated the interfacial  behavior
of  amine-  functionalized  polyhedral  oligomeric
silsesquioxane  (POSS)  NPs  (Scheme  1;  for  the
chemical  structure and synthesis details,  see  the
Supporting  Information,  Figures S1–S3)  as a route
to address these issues.  POSS, the smallest, mono-
disperse cube-type NP of molecular silica, 1–1.5 nm
in size, has the chemical formula (RSiO1.5)n, where R
for this study is an organic primary amine attached
to  the  corners  of  the  cube.[41–44] POSS  molecules
have a precisely defined structure with a rigid, cubic
inorganic silica cage core with side lengths of 0.53
nm and eight  easily  functionalized groups located
on  the  corners  of  the  cube.  The  monodisperse
nature of POSS makes it clearly different from many
other nanoparticles  and nanoscale materials where

dispersity  and  aggregation  are  of  concern.  The
functionalized POSS NPs can be uniformly



dispersed in water and significantly reduce the
interfacial  tension between water and oil. By
tuning the pH value of the  POSS-containing
aqueous  phase,  the  primary  amine  groups
provide polar sites for assembling the POSS at
an interface and sites where the POSS molecules
assembled at an interface can interact with each
other,  stabilizing  the  assembly.  We  show that
POSS exhibits high interfacial activity in a high
pH  environment, that is, above the pKa of the
amine group (ca. 9).  The hydrated amine-POSS
NPs  can  interact  with  each  other  through
intermolecular hydrogen bonding and assemble
into a monolayer film acting as a surfactant. The
packing of POSS– surfactant assemblies could be
tuned by varying the concen- tration, pH value,
and functionality of the POSS.

The core of functionalized POSS is hydrophobic
while POSS grafted with eight primary amine apical
groups  (“POSS-8A”) is easily dissolved and stable
in  water.  As shown in Figure 1 a, the interfacial
tension  (g)  between  water  and  toluene  is  about
35.5  mNm@1,  comparable to the  typical  literature
value of 36 mNm@1. With the introduction of POSS-
8A  (0.1  mgmL@1,  ca.  1.1  X  10@7 mm)  to  the
aqueous  phase,  g decreases  to  22  mNm@1,  then
further to 12  mNm@1 at a  POSS- 8A concentration
of  2.5  mg  mL@1,  and  to  9  mN  m@1 at  a  con-
centration  of  10 mg mL@1 (measured  after  1 h).
This  is  a  result  of  the adsorption of  POSS to the
interface.  For lower concentrations of POSS-8A  (<
0.1  mg  mL@1),   the   reduction   in  g  is  gradual
because of the diffusion of POSS to  the  interface
and the reorganization  necessary  for  subsequent
POSS molecules to be anchored to the interface.
However, as

Figure 1. a) Dynamic interfacial tension of the 
water/toluene interface at different concentrations of 
POSS-8A from 0.1 to 10 mgmL@1 with deionized water 
as the reference. b–d) A series of snapshots showing 
the crumpled/uncrumpled evolution of a droplet that 
was injected from 2.5 mgmL@1 POSS-8A aqueous 
solution into toluene with the volume reduction or 
reinjection to the original volume.



the  concentration  of  POSS  is  increased,  the
reduction  in  g  is  much  more  rapid,  and  the
equilibrium value of g is much lower (ca. 9 mN m@1).
The equilibrium value of g was found to decrease in
direct proportion to the concentration of POSS- 8A. It
is notable that in all cases, the initial rapid reduction
in g was followed by a continuous, gradual decrease
in g, which may be attributed to the rearrangement
of  and  the  addition  of  more  POSS-8A  to  the
interface.

By  decreasing  the  volume  of  the  droplet,  the
interfacial  area is  decreased  and the assembly  of
POSS-8A at  the interface is compressed, leading to
the formation of wrinkles (Figure 1b and Movie S1).
As shown in Figure 1  c,d  and Movie S2, when the
solution  was  fully  withdrawn  into  the  needle  and
then reinjected to the initial volume, the  interfacial
film  contorted  into  unusual  shapes,  but  finally
returned to the initial  droplet  shape.  This  process
can  be  repeated  numerous  times  on  the  same
POSS-8A  assembly.  Consequently,  the  interfacial
film  can  be  crumpled  and  uncrumpled  reversibly
with no evidence of fractures,  cracks,  or multilayer
formation,  indicative  of  the  robust  nature  of  the
interactions between the POSS-8A molecules at the
interface.  Similar  results  were obtained with other
oils, such as hexane and silicone oil (Figures S4 and
S5).  Also,  we can observe  an opacity  of  wrinkled
film, this opacity would be a clear  indication of the
formation of domains sufficiently large  to  give rise
to light scattering, and it must be  ascribed to either
a  local  multilayer  formation  or  even  a  local
emulsification can occur giving rise to the haziness
or opacity.

The initial  packing  density  of  POSS-8A at   the
interface can be estimated by decreasing the initial
volume  Vi and  comparing this to the volume
measured when wrinkling is first observed, Vw. From
the  ratio  Vw/Vi,  the  compression  ratio  to  jam  the
interfacial  assembly  can  be  determined,  and  the
fraction of the interface occupied by POSS-8A can
be estimated. Figure 2 shows how the ratio of Vw/Vi

changes  as      a  function  of  the  POSS-8A
concentration  after  aging  for  1  h.  The  snapshots
were captured as the droplet volume  was  reduced
by withdrawal of the aqueous phase into the needle.
For  each of  the snapshots,  the image on the left-
hand side was taken after aging for 1 h, whereas
the  image  on  the  right  shows  the  droplet  when
wrinkling was initially observed (Figure 2 b–e). It is
evident that  Vw/Vi depends on  the concentration of
POSS-8A. As the concentration of POSS is increased
to 5 mg mL@1, the value of Vw/Vi is much larger than
90 %.

To study the structure of  the POSS-8A assembly
formed  at  the water–toluene  interface,a  POSS-8A
film  was  formed  in  a  custom-purposed  Langmuir
trough and then retrieved using a silicon substrate.
The thickness of the film determined by AFM is ca. 5
nm (see  the  section  profile  in  Figure  S6),  which,
given the 2 nm size of a single POSS-8A molecules,
evidences  the  formation  of  a  monolayer  film.  In
addition,  the structure of  the POSS interfacial  film
was characterized by FT-IR spectroscopy (Figure S7).
Pure  POSS-8A  has  a  characteristic  absorption  at
1109.4  cm@1,  which  corresponds  to  the  siloxane
vibration  absorption.  For  the  POSS-8A  interfacial
assemblies,  the  siloxane  absorption  peak  position

remains  essentially  unchanged,  with  only  a  slight
shift in the absorption edge to lower wavenumbers. A
new, broad peak appears at 1008 cm@1
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Figure 2. a) Compression ratios (surface coverage) of 1 
hour aged droplets as a function of POSS-8A 
concentration at pH 10. Images of droplets are 
snapshots taken during the withdrawing process at
b) 0.1 mgmL@1, c) 0.5 mgmL@1, d) 2.5 mgmL@1, and 
e) 5.0 mgmL@1 POSS-8A.

due to intermolecular hydrogen bonding between
adjacent  hydrated  amino  groups[45] (as
schematized in the inset of Figure S7), which would
lead to the formation of a POSS-8A network as a
single POSS-8A can interact with four other POSS-
8A units assembled at the interface.

To maximize the stability of a colloidal-particle-
laden interface, the colloidal particles should have
nearly equal affinity for the two liquids forming the
interface.  This  creates  similar  values for  the two
fluid–solid  interfacial  tensions,  and  thus  a  fluid–
fluid–solid  contact  angle  close  to  908  (known  as
neutral  wetting).[6] The  center  of  mass  of  the
colloidal particle is then located in the plane of the
interface, maximizing the interfacial area between
the  two  fluids  displaced  by  the  particle,  and
maximizing the energy holding the particle at the
interface,  that  is,  the  detachment  energy  (the
energetic  cost  of  removing the particle  from the
interface).  For  a 1 nm NP with a uniform surface
coverage,  the detachment  energy  (e)  is  only  10
kBT.[4] While  the  individual  POSS-8A  units  are
interfacially  very  active,  and  polar/apolar
interactions  of  POSS-8A   with  the
hydrophobic/hydrophilic  solvents  will  significantly
increase  the detachment  energy,  the removal  of
POSS-8A   from  the  interface  requires  the
simultaneous  cleavage  of  eight  hydrogen  bonds
because of inter-POSS-8A hydrogen bond- ing. The
energy associated with hydrogen bonding,  EHB,  is
typically     5–10  kJmol@1.    The     liquid–solid
interfaces  have
a   total   energy   of   eHB = 8 EHB;   hence,   eHB

0.625–1.25 X
10@22 J, which is much larger than the  detachment

energy, e 10 kBT = 4.6 X 10@25 J (T = 300 K). Thus
thermally activated detachment can be safely

neglected, and hydrogen-bonded
POSS surfactants can remain stable at the interface.

The  interfacial  assembly  of  amine-
functionalized POSS was investigated as a function
of the pH value of the aqueous phase containing
POSS-8A, from pH 4–12, with the pKa value of the
amine groups  on POSS being about  9.  The  time
dependence  of  the  interfacial  tension  and  the
equilibrium interfacial tension as a function of pH

are shown in Figure 3. POSS-8A is interfacially active
over the full pH range studied here (pH 4–12). Under
acidic conditions (pH 4), POSS-8A is



Figure 3. pH-dependent interfacial assembly of POSS-8A
at the water/ toluene interface. a) Time evolution of the 
interfacial tension and
b) equilibrium g values and surface coverage of 1 hour 
aged droplets at different pH values. c) Schematic 
diagram of the assembly behavior of POSS-8A NPs at 
the oil/water interface for a range of pH values.

a discrete macroanion with eight positive charges (-
NH3

+, balanced by counteranions). Even though the
interfacial tension reflects the interfacial assembly,
when the interfacial
area  was  reduced,  no  obvious  wrinkling  was
observed.  This  suggests  that  the  inter-POSS-8A
interactions  in  the  plane  of  the  interface  are
repulsive  because  of  strong  electrostatic
interactions,  and  as  the  POSS-8A  assembly  is
compressed,  individual  POSS-8A  units  are  ejected
from the interface (Figure 3 c). Upon increasing the
pH, these electrostatic interactions are reduced, and
for pH  >  9,  above  the  pKa value of the amine
group,  POSS-8A  is  not   protonated;   instead,  it
should be hydrated and be stable at the  interface.
Intermolecular  hydrogen  bonding  gives  rise  to
strong physical  interactions  between  the  amine
groups, stabilizing the assem- bly (Figure 3 e) and
markedly reducing g to about 11 mNm@1. As the pH
value  is  further  increased,  the  interfacial  energy
decreases  to  9  mn  m@1,  reflecting  the  high
interfacial activity of the amine-functionalized POSS.
As the pKa value of  the  amine groups is about  9,
from a pH of 4–9, the amine corner groups of POSS-
8A are partially protonated (Figure 3 d). It should be
noted  that  the  interfacial  activity  of  amine-
functionalized POSS is relatively weak for pH values
from 6    to 9, where g decreases very slowly to its
equilibrium  value.  As  the  pH  is  increased,  the
protonation of  the amine can  be suppressed, and
the  equilibrium  interfacial  tension  decreases  from
about 17 to 11 mNm@1 for pH values from 6 to 10,
respectively.  The  Vw/Vi ratio  increased  with
increasing  pH,  demonstrating  that  the  assemblies
are  stable  because  of intermolecular  hydrogen
bonding, and can support an applied load (Figure 3
b).

The   variation   in   the   packing   density   of
the   amine-

functionalized POSS was also investigated by tuning

the degree  of  functionalization.  We   designed  and
synthesized
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three different amine-functionalized POSS with two,
four,   and  six  corners  of  the  POSS  being
functionalized,  POSS-2A,  POSS-4A,  and  POSS-6A,
respectively (Figure 4,  inset). POSS-2A had limited
solubility in water and could not be

Figure 4. Dynamic interfacial tension and compression 
ratios after withdrawal of aged droplets of POSS-4A 
and POSS-6A with POSS-8A as the reference (2.5 
mgmL@1, pH 10) in water against pure toluene 
solution. The chemical structures of POSS-4A and 
POSS-6A are shown in the insets.

investigated in a quantitative fashion. As such,
comparisons are made between  POSS-4A,  POSS-

6A,  and POSS-8A  with the same conditions and
concentrations (2.5 mgmL@1, pH 10). The influence
of the degree of amine functionalization is evident
in the interfacial tension data (see Figure 3). For

POSS-4A, g decreased to 19 mNm@1 with Vw/Vi 0.11.
Aggregation of the POSS began to occur after
aging for 1 h. As this POSS unit has four propyl

groups and four amino groups on the corners of the
POSS, these results suggest that the individual

POSS molecules are sufficiently amphiphilic to act
as surfactants, forming a sparse assembly at the

toluene/ water interface. Inter-POSS interactions
occur when the assemblies are sufficiently

compressed, so that hydrogen bonding occurs
between adjacent POSS units, giving rise to the

observed wrinkling. For POSS-6A, the interfacial
tension decreases further to 16 mNm@1, and the

coverage at the interfaces has increased so that Vw/
Vi increased to 0.69. With POSS-8A,   the

interfacial   tension   decreases    further    to 11
mNm@1  with  Vw/Vi  being   near   unity (0.96),

indicating a near-complete coverage of the
interface with amine- functionalized POSS. At  pH

6,  POSS-4A  and  POSS-6A showed almost no
wrinkling behavior, while  POSS-8A showed

wrinkling only upon very strong compression (Fig-
ure S8). These results are reasonable because of

the weak intermolecular hydrogen bonding and
relatively strong repul- sion between protonated

POSS nanoparticles, further sup- porting the idea
that the POSS assembly is markedly influenced by
inter-POSS hydrogen bonding at the interface. We

then studied the self-assembly behavior of POSS-4,
POSS-6A, and POSS-8A in the presence of a

carboxylic acid functionalized polystyrene ligand
dissolved in the organic



&

&

&

phase (Figure S8;  see Figure S1 for the chemical
structures  and synthesis details). Without the
oligomeric ligands, POSS-  8A showed the
strongest interfacial activity with an equilib- rium
g value of about 13 mn m@1 and Vw/Vi 0.92 (Figure
1 and Figure 2). The dynamic interfacial tension
curves  for  POSS-8A  with  different  molecular
weights of oligomeric PS- COOH (3000 and 10 000
ligands dissolved in the organic phase were also
investigated at the same pH value of 10
([POSS-8A] = 2.5 mg mL@1, [PS-COOH]   =  5   mg
mL@1).
Amine-functionalized POSS-8A with PS-COOH-3K or
PS- COOH-10K in the organic phase showed a higher
equilibrium g value, achieving the equilibrium state
relatively rapidly in comparison to the case without
PS-COOH ligand. For PS- COOH-10K  (equilibrium  g
17  mNm@1),   the  decreases  in  the rate and the
equilibrium value of g are much smaller than for PS-
COOH-3K (equilibrium g 16 mn m@1) because of the
decrease in the number of end amino groups and
the lower diffusion coefficient of the PS-COOH-10K
chains. The  Vw/Vi ratios were 0.69 and 0.68 for PS-
COOH-3K and PS-COOH- 10K,  respectively.  Amine-
functionalized   POSS-8A   exhibits a higher interface
coverage, and hence a lower interface tension than
POSS-8A with  the  PS-COOH  ligands  dissolved in
the organic phase.

In conclusion, we have described the
interfacial activity of  POSS surfactants, their
formation, assembly, and jamming at the toluene/
water interface. The packing density of POSS-8A
at the water/toluene interface could be tuned by
adjusting the concentration, pH value, and amine
functionalization.  Amine-functionalized  POSS
nanoparticles show very strong interfacial activity
with a high surface coverage and a low interface
tension in the absence of  oligomeric ligands,  in
comparison  to  ligand-stabilized  nanoparticle
surfactants. Stabilization of the assemblies at the
interface is significantly influenced by inter-POSS
hydrogen  bonding  where  essen-  tially  a
“crosslinked”  film  is  formed  that,  when
compressed, undergoes wrinkling. In comparison to
Janus  particles,  amine-  functionalized POSS-8A is
simpler  and  more  interfacially  active.  These
ligand-free POSS nanoparticle surfactants present
a  facile  and  versatile  strategy  to  generate
Pickering emulsions and to structure liquids that
complements  approaches  that  use  colloidal
microparticles and ligand- stabilized nanoparticle
surfactants.
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