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Abstract: We describe the facile production of highly stable foams stabilized solely by micrometer-sized,
sterically stabilized polystyrene (PS) latex particles. Such foams can survive for more than one year in the
wet state and remain intact after drying. In contrast, foams stabilized with either sodium dodecyl sulfate or
poly(N-vinylpyrrolidone) were destroyed after removal of the aqueous phase. Scanning electron microscopy
studies reveal hexagonally close-packed arrays of PS particles within the dried foam, which suggests high
colloid stability for the PS particles prior to their adsorption at the air—water interface. Localized moiré
patterns are observed by optical microscopy due to the formation of well-defined latex bilayers with exquisite
long-range order. Moreover, the dried foams are highly iridescent in bright transmitted light, which may
offer potential applications in security inks and coatings.

Introduction in-oil emulsions®14 There are a number of studies of foams
that are stabilized by a combination of solid particles with
surfactants and/or surface-active polyméftut relatively few
reports of foams stabilized solely by solid particte? Foam
stabilized solely by solid particles should be of particular interest
for applications where the use of surfactants should be avoided
or minimized, such as cosmetic formulations and food manu-
facturing and perhaps for the synthesis of new materials.
Herein we report that micrometer-sized, near-monodisperse,
) . i sterically stabilized polystyrene (PS) latex particles can be used
(Although solid particles were first used by Ramstiend to prepare highly stable foams in the absence of any surfactants
Pickering® to stabilize emulsions and foams approximately one . q,face-active polymers. Moreover, foam formation resuilts
hundred years ago, there is considerable renewed interest in thig, exquisite long-range ordering of the latex particles in well-

area. For example, Binks and co-workers reported that silica yefined bilayers, which in turn produces interesting optical
sols, carbon black, and polystyrene latexes can be used a%roperties.

particulate emulsifiers to prepare both oil-in-water and water-

Foams of various types are widely used in many products
and formulations, in various industrial processes, and also for
the synthesis of advanced materials of controlled pordsfty.
Long-term foam stability is desirable in many cases, but
achieving this is rather difficult in fluid systems. Foams are
typically stabilized with either conventional surfactants, surface-
active polymers, or globular proteins; there are relatively few
reports of foams stabilized solely by solid particte&?

Results and Discussion

T Current address: Department of Applied Chemistry, Osaka Institute . .
of Technology, 5161 Ohmiya, Asahi-ku, Osaka 535-8585, Japan. Near-monodisperse PS latex particles were successfully

(1) Aveyard, R.; Binks, B. P.; Fletcher, P. D. I.; Peck, T. G.; Rutherford, C. prepared by conventional nonaqueous dispersion polymerization

E. Adv. Colloid Interface Sci1994 48, 93—120. ; ; : ; ;
@ Pugh’fR. JAdy. Colloid Interface4Sci1996 64, 67—142. in 2-propanol using poly{-vinylpyrrolidone) (PNVP) as a steric

(3) Sladoc, J. F.d, Rivier, N.,dEdEr?ams and Elrr1ulsion$\lATO ASI Series E; stabilizer!>16 Prior to purification, this milky-white dispersion
Kluwer Academic: Dordrecht, 1999; Vol. 354. :

(4) Shirtcliffe, N. J.; McHale, G.; Newton, M. I.; Perry, C. Cangmuir2003 C_Ontamed gxc_ess PNVP, and n_o foam Wa_s Obs_erved after
19, 5|62|6(—5631. o oid vigorous agitation. After two centrifugation/redispersion cycles

B R Bron. R e 60aap 1ae g 1947196, to remove the nonadsorbed stabilizer, a weak, short-lived foam

(7) Wilson, J. C.A study of particulate foams>h.D. Thesis, University of was observed that collapsed within 10 s. After the third
Bristol, UK, 1980. This Ph.D. Thesis was supervised by Prof. R. H. Ottewill, if ion/redi . | highl ble f
who has now retired. Although the results were not published in any Centrifugation/redispersion cycle, highly stable foams were

scientific journal, this work was highlighted in a review article by B. P. gbtained that remained stable for more than one year.

Binks (see ref 8 below). . . .
(8) Binks, B. P.Curr. Opin. Colloid Interface Sci2002 7, 21-41. Typically, the foam volume produced by hand-shaking is
(9) Du, Z.; Bilbao-Montoya, M.; Binks, B. P.; Dickinson, E.; Ettelaie, R.; 0, i

Murray, B. S Langmuir 2003 19, 3106- 3108, around 66-70% of the volume of the original aqueous latex.
(10) Dickinson, E.; Ettelaie, R.; Kostakis, T.; Murray, B. [Sasngmuir 2004

20, 8517-8525. (14) Aveyard, R.; Binks, B. P.; Clint, J. FAdv. Colloid Interface Sci2003
(11) Alargova, R. G.; Warhadpande, D. S.; Paunov, V. N.; Velev, O. D. 100-102 503—-546.

Langmuir2004 20, 10371-10374. (15) (a) Lovell, P. A., El-Aasser, M. S., EdEmulsion Polymerization and
(12) Binks, B. P.; Horozov, T. SAngew. Chem., Int. EQR005 44, 3722- Emulsion Polymerslohn Wiley & Sons: New York, 1997. (b) Kawaguchi,

3725. S.; Ito, K.; Adv. Polym. Sci2005 175 299-328.
(13) Pickering, S. UJ. Chem. Socl907, 91, 2001-2021. (16) Lascelles, S. F.; Armes, S. P.Mater. Chem1997, 7(8), 1339-1347.
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Figure 1. Optical micrographs of the latex foam prepared using %7
sterically stabilized polystyrene latex particles. (b) Magnified image that
shows hexagonally ordered latex particles at the surface of one of the air
bubbles shown in (a). (c) Optical micrograph of a crushed air bubble. (d)
Magnified image of the area shown in (c).

After two further centrifugation/redispersion cycles, the super-
natant surface tension was 72.1 mNinwhich is very close
to that of pure water. This confirms that the concentration of _ . . .
. . . .. Figure 2. Scanning electron micrographs of: (a) polystyrene latex-stabilized

nonadsorbed PNVP stabilizer in the aqueous phase is es’Sem'a")(oams obtained after the removal of excess, nonadsorbed latex and (b) a
Zero. high magnification image of the sample shown in (a). (Inset) Schematic

Figure 1 in the Supporting Information depicts digital —representation of an isolated PNVP-stabilized PS latex particle. In the dried
photographs of foam stabilized solely with the purified PNVP- Igm;:%egrﬁgyg; gfe'gjl'i\giﬁ :Eﬁg:('igg_o"apses onto the latex surface to
stabilized PS particles (a) before and (b) after removal of the
aqueous phase. Before drying, the foam was readily discernibleparticles were adsorbed at the-aivater interface, which is a
above the latex phase. After evaporation of the aqueous phaseiecessary and sufficient condition for stabilization of the air
overnight at ambient temperature, solid foams were obtained bubbles. Optical microscopy studies confirmed that hexagonally
on a Petri dish. The foam volume and shape were almost close-packed (hcp) arrays of micrometer-sized, near-monodis-
unchanged before and after drying. Even after drying, the foam perse PS latex particles were formed on the surface of the
retained its three-dimensional structure, see Figure 1b in thebubbles (see Figure 1b). Similar two-dimensional latex arrays
Supporting Information. Very little coalescence occurred and have been reported at the planar-airater interfacé®-2!
both visual inspection and optical microscopy studies indicated Figure 2a shows an SEM image of the dried foam obtained
that the bubble size distribution was almost unchanged after after removal of excess, nonadsorbed PS particles by careful
drying. In contrast, foams prepared with sodium dodecyl sulfate, washing. Surprisingly, the majority of this foam remained stable
which is widely used for industrial formulations, or PNVP even under the ultrahigh vacuum conditions required for electron
homopolymer, which is the surface-active polymeric stabilizer microscopy. Figure 2b shows a highly magnified image of the
at the surface of the PS latex particles, disappeared almostfoam surface shown in Figure 2a: almost perfect hcp arrays of
completely after evaporation of the aqueous phase. The surfacéS latex particles were observed, which is in good agreement
tensions determined for the aqueous latex dispersion at 1.0 andwith the optical microscopy studies. The inset in Figure 2b is a
8.8 wt % solids were 69.7 and 69.1 mNrespectively. These ~ schematic representation of an isolated PNVP-stabilized PS latex
values are slightly lower than those determined for the respectiveparticle. The PNVP stabilizer is mainly located on the surface
latex supernatants obtained after centrifugation. The driving of PS particles, as confirmed by X-ray photoelectron spectros-
force for the adsorption of the PS latex particles is the copy studies. This is consistent with the work by Deslandes et
elimination of the high-energy aitwater interfacé.Given that al., who reported that PS latex particles synthesized by disper-
charge-stabilized PS latexes of comparable size are poor foansion polymerization in the presence of PNVP stabilizer using
stabilizers’, this adsorption may be enhanced by the well-known the same protocol were coated with PN%PA fast Fourier
surface activity of PNVP homopolyméfwhich is located on transform (FFT) analysis of the SEM image of the hcp array of
the surface of the sterically stabilized PS latex particles. PS latex particles confirmed that these PS particles are

Bubble diameters varied from around 10n up to ap- exquisitely ordered. (Figure 2 in Supporting Information). On
proximately 3 mm (300@m), as shown in Figure 1a. Confocal —average, there are around several thousand latex particles per
laser scanning microscopy (CLSM) studies on an individual ) ) -
bubble (see inset shown in Figure 1a) revealed a red halo, which!*® fg,%%d_\'{gég - W Ottewlll, R. H.; Parentich, 8. Phys. Cheml980 84,
demonstrates that fluorescently labeled PNVP-stabilized PS(19) Lenzg};ﬂg F.; Li, K.; Kitai, A. H.; Steer, H. D. H.Chem. Mater1994

(20) Velikov, K. P.; Durst, F.; Velev, O. DLangmuir1998 14, 1148-1155.
(17) Our measurements on 0.5 wt % PNVP aqueous solution and pure water(21) Zhang, J.; Pelton, R.angmuir1999 15, 8032-8036.
indicated surface tensions of 68.6 and 72.2 mN,mespectively, at 20 (22) Deslandes, Y.; Mitchell, D. F.; Paine, A. Uangmuir 1993 9, 1468-
°C. 1472.
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Figure 3. Typical laser diffraction patterns obtained from a small piece of
dried foam prepared using 1.%m polystyrene latex particles.
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Figure 4. Scanning electron micrograph shown in (a) was obtained after
rupturing a dried foam using a razor blade: it provides direct evidence for 4 L1
the latex bilayer structure of these foams. As the aqueous phase evaporategigure 5. Moiré patterns produced by polystyrene latex bilayers as observed
and the foam dries, such latex bilayers are formed from the latex monolayers by optical microscopy. Simulation of these images using a PC was achieved
that encapsulate each air bubble, as shown schematically in (b). by superimposing a semi-transparent (50% transmission) optical micrograph
image of a hexagonally ordered latex array onto the identical nontransparent
single two-dimensional (2D) crystal domain, encompassing image after rotation of the semi-transparent image through angles of 13,

length scales of more than 9@n. Close inspection confirmed 18, and 27 relative to the nontransparent image.
that the ordered domains of these hcp latex particles exhibited
the typical features of 2D crystals, including both grain

boundaries and point defects. . . .
. . . Moiré patterns were observed by optical microscopy when
Figure 3 shows the two types of diffraction patterns that were . . . .
. . light pressure was applied to a small piec&loéd foam placed
observed, depending on the precise sample area that was

interrogated. One pattern has 6-fold symmetry and correspondsunder a microscope slide glass, see FiguteGomplex patterns

. - : were obtained, with 3-fold symmetry over two length scales.
to diffraction from hexagonally close-packed particles. The . .
L . ) . The smaller length scale is constant and correlates with the hcp
second pattern suggests twinning, with the inner ring of twelve

) . . . structure of the latex spheres. The longer length scale varies
diffraction spots corresponding to the superlattice setup between - . L . .
- L . . from location to location within the foam and is due to optical
the bilayers. It is this second structure that gives rise to the

. . . interference between the latex bilayers, which comprise grains
moire patterns observed by optical microscopy.

To investigate whether these PS latex arrays comprised IatexOf oriented 2D crystals. Essentially identical niguatters can

monolayers or multilayers, light pressure was applied to the wet be simulated using a PC by superimposing a digitized optical
Y rayers, ignt p : - app .~ micrograph of an hcp PS latex monolayerto the same image
bubbles on the slide glass during optical microscopy studies.
. " .~ that has been rotated through angles of 13, 18, antl Zhe
Figure 1c,d suggests that the bubbles are stabilized by Slngleformation of such moirgatterns indicates a very high degree
PS monolayers. Similarly, one of the dried foams was delib- ? y g 9

erately ruptured to a||0W SEM Stud|es Of the foam structure. (23) Ve|eV, O. D.; Furusawa, K.; Nagayama’ Kangmuir 1996 12, 2374

i i i i 2384.
Mamly latex b”ayers were observed (see Flgure 4a)' This (24) Dinsmore, A. D.; Hsu, M. F.; Nikolaides, M. G.; Marquez, M.; Bausch,

indicates that each air bubble was originally stabilized by a A. R.; Weitz, D. A.Science2002 298 1006-1009.
H i H (25) Read, E. S.; Fuijii, S.; Amalvy, J. |.; Randall, D. P.; Armes, S.dhgmuir
mor?olayer gf adsork?ed PS particles, with highly ordered 2004 20, 74227429, (See alsbangmuir2005 21 1662 1662)
particulate bilayers being formed after loss of the aqueous phasg2e) Cayre, O. J.; Noble, P. F.; Paunov, V.NMater. Chem2004 14, 3351~
; ; ; ; . 3355,
dl_mng draln_age’ S_ee Figure 4b. ThIS result I_S in _gOOd agreem_em(27) Durelly, A. J.; Parks, V. Moiré Analysis of StrainPrentice-Hall: New
with the optical microscopy studies shown in Figure 1c,d. It is Jersey, 1970.

noteworthy that particle monolayers are also generally formed
in solid-stabilized emulsiors$-26
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Figure 7. Digital photographs of polystyrene latex-stabilized foam frag-
ments redispersed in water viewed under transmitted sunlight (a) after
annealing at 105°C for 10 min (due to the randomly oriented foam
fragments) and (b) without annealing (which allows spontaneous redisper-
Figure 6. Digital photographs of polystyrene latex-stabilized foams (a) sion of the individual latex particles).

after removal from the foam column and foam fragments viewed (b) under

normal light and (c) in transmitted sunlight. The foam fragments were annealed at 20Sfor 10 min in
an oven to allow the surfaces of the latex particles to fuse with

of order within the particulate bilayer foams. Similar moire

patterns were reported when two latex sheets comprising arrayseaCh qther and hence stabilize the foam strud‘tj_r,efter
of micrometer-sized polymer particles were overlapped at annealing, the foam fragments could be dispersed in water to

different angle@®-30 However, such latex sheets are much more produce strongly iridescent aqueous solutions when viewed in

difficult to fabricate on a large scale than the dried latex foams str.ong sunllght, see Figure 7a.. Again, each of .the ranQome
described in this work. oriented colloidal crystal domains acts as a grating to diffract

Wilson has also shown that micrometer-sized PS latex can light of a given wavelength, depending on the angle of incidence
be used to stabilize bubbles and foaffisHowever. we and orientation of the lattice. In contrast, if the dried foam was

emphasize that Wilson was only able to obtain stable foams not annealed, the dried foam fragments dispersed spontaneously

when the colloidal stability of the anionic latex was compro- in the aqueous solution and only a turbid milky-white dispersion
mised by the addition of either electrolyte or cationic surfactant

was produced, see Figure 7b.
or by lowering the solution pH.In contrast, latex colloid We emphasize that the formation of highly stable solid foams
stability is an important aspect of the present work, because i

t is not limited to PNVP-stabilized PS particles. Our preliminary
leads to exquisite long-range 2D ordering of the latex particles €XPeriments (to be reported elsewhere) indicate that various
at the surface of the air bubbles, which is retained in the drie

g other types of sterically stabilized latexes also form very stable
foam. As far as we are aware, the present study is also the firstfams. €.g. poly(acrylic acid)-stabilized PS particles, poly[2-
report of foam production usingterically stabilizedatexes. In (dimethylamino)ethyl methacrylate]-stabilized PS particles, and
contrast, Wilson worked exclusively witbharge-stabilized ~ PNVP-stabilized poly(methyl methacrylate) particles. Thus, this
latexes, which can be flocculated relatively easily. phenomenon appears to be quite general, because it does not
A foam column was used to generate PS latex-stabilized depend or_l_the chemical nature of e|the_r the Iat_ex core or the
foams. The resulting dried foams could be removed from the 1atex stabilizer. We are currently exploring a wider range of
column as brittle monoliths, see Figure 6a. Such foams were conditions for bubble formation such as particle size, latex
readily broken into small fragments using a spatula, see Figure oncentration, and the chemical structure of the particle surface
6b. When strong sunlight illuminated these foam fragments, the and part|c!e core. We bel'leve that such Iat.ex-.stab|||zed fo"?‘ms
randomly oriented latex bilayer arrays caused light diffraction, Offér considerable potential for new security inks, cosmetics,
producing iridescence, see Figure 6c. Such optical effects are@nd coatings, and possibly for the synthesis of advanced
well-known for near-monodispersesubmicrometesized materials.
latexes31—35 where the_ mean particle diameter is compa_rable Conclusions
to the wavelength of visible light. However, there are relatively
few reports describing iridescence effects for latex superstruc- ~Micrometer-sized, sterically stabilized PS latex particles can
tures based omicrometessizedlatexest®36|t is clear that such ~ be used to prepare highly stable aqueous foams. Such latex
iridescence must be due to higher-order reflections from the foams could be easily generated by either simple hand-shaking
colloidal crystals, because the length scale of the primary latex or using a foam column, without inducing colloidal destabiliza-
particles would only be expected to lead to diffraction at near- tion of the latex or using a cosolvent. There was little or no

infrared wavelengths. change in foam volume on drying, and SEM studies confirm
that the foams comprise latex bilayers, as expected. The
(28) gzaa)@ggg S.; Seo, T.; Hata, H.; Hirai, RKobunshi Ronbunshi994 51, exquisite long-range order of these latex bilayers leads to
(29) Lazarov, G. S.: Denkov, N. D.; Velev, O. D.: Kralchevsky, P. A.; interesting optical properties such as mojratterns and dif-
Nagayama, KJ. Chem. Soc., Faraday Tran994 90, 2077-2083. fraction effects.

(30) Hirai, T.; Hayashi, SColloids Surf., A1999 153 503-513.
(31) Velev, O. D.; Lenhoff, A. M.; Kaler, E. WScience200Q 287, 2240~
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Supporting Information Available: Full experimental details
describing the synthesis and purification of the PS latex particles

and the production of highly stable foams by either hand-shaking - .
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layer formed above the aqueous PS latex, the isolated wet foam, )

and the dried foam obtained after evaporation of the aqueousJA060640N

7886 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006





