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New polymer materials, including thin films, soft gels, and
hollow capsules, consisting of composite polymer nanofilms
were prepared by the Cu(I)-catalyzed Huisgen click reaction
between lipophilic polymers or between lipophilic and hydrophilic
polymers. Because the lipophilic polymer, or hydrophilic polymer
and copper catalyst were present in the oil or aqueous phase,
respectively, the crosslinking reaction proceeded only at the phase
interface. The combination of lipophilic and hydrophilic polymers
produced “Janus” nanofilms with both hydrophilic and lipophilic
surfaces.

Recently, much attention has been directed at application of
Sharpless “click” reactions,' because of the unique potential of
this reaction to give high selectivity and high efficiency under
mild reaction conditions without producing by-products. Various
hierarchical nanostructured polymers, such as block polymers,?
polymer gel networks,® and modified dendrimers* have been
synthesized using the click reaction. Very recently, the click
reaction has been conducted not only in homogeneous media
but also at solid-liquid® and liquidliquid (L/L) interfaces.®
Stoddart and co-workers’ have reported a unique selective click
reaction at a liquid—solid interface induced by catalysis on the
apex of an atomic force microscope tip. Polycondensation of
adipoyl chloride and hexamethylenediamine is a classic example
of a thin film constructed at a L/L interface.® Polymer thin films
prepared by layer-by-layer techniques at emulsion® and macro-
scopic L/L interfaces'® have also been reported.

In this communication, we report a simple click reaction
between polymers at macroscopic oil-water interfaces in two
phase solutions, oil-in-water (O/W) or water-in-oil (W/O)
droplets, and use mechanical emulsions to construct new
polymer materials based on nanofilms consisting of crosslinked
polymers. Recently, Rotello and co-workers® have used a click
reaction between polymer particles at a L/L interface to
fabricate magnetic colloidal particles.

Among the reported click reactions, copper-catalyzed azide—
alkyne cycloaddition, also known as the Huisgen click reaction,
is the most popular and widely used.!! Click reaction requires
the coexistence of alkyne and azide units and a copper ion
as a catalyst in the reaction phase. Therefore, when all three
components were arranged separately in aqueous and oil phases,
polymer—polymer crosslinking was expected to occur at the L/L
interface.

To confirm the feasibility of interfacial click reaction taking
place at an oil-water interface, three lipophilic and one hydro-
philic polymer bearing an alkyne group, poly(2-hydroxy-
3-azidopropyl methacrylate) (p-HAzPMA), poly(styrene-co-
2-azidoethyl acrylate) (p-Sty-co-AzA), poly[propargyl (2-pro-
pynyl) methacrylate] (p-PgMA), and poly(sodium styrenesulfo-
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Scheme 1. Chemical structures of the polymers used (a) and
schematic representation of liquid-liquid (L/L) interfacial click
reaction for homo- and hetero-type reactions (b) and products (c).

nate-co-propargyl acrylate) (p-NaSS-co-PgA), were synthesized
by thermal radical polymerization (Scheme 1a). The purification
of the polymers, except water-soluble p-NaSS-co-PgA, was
conducted by reprecipitation and average molecular weights were
evaluated by size exclusion chromatography in THF using
polystyrene standards.!?

Poly(glycidyl methacrylate) (p-GMA, M, =30300) was
prepared by thermal polymerization of glycidyl methacrylate by
azobisisobutyronitrile (AIBN) in tetrahydrofuran (THF).'* The
epoxy units in p-GMA were reacted with NaN; and NH,4Cl in
dimethylformamide (DMF) to synthesize p-HAzPMA by in-
troducing azide units.!*!> 'THNMR spectroscopy revealed that
the conversion ratio to azide units was 92 mol %. In the synthesis
of p-PgMA (M,, = 30400), propargyl methacrylate monomer,
which was prepared by reaction of methacryloyl chloride and
propargyl alcohol with triethylamine, was polymerized in THF
using AIBN.!® After copolymerization between styrene and
2-bromoethyl acrylate (BrA) synthesized from acryloyl chloride
and 2-bromoethanol, p-Sty-co-AzA (M, = 11400) was synthe-
sized by reaction of the copolymer with NaN; in DMF to
convert bromide to azide units. BrA units in the copolymer
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Figure 1. Photographs (a and c) and scanning electron micro-
scopy images (b, d, and e) of water/ethyl acetate solutions
containing crosslinked interfacial thin films (a, b) and composite
gels (c—e) consisting of p-HAzZPMA and p-PgMA.

before the conversion reaction and azide units in p-Sty-co-AzA
were 15 and 11mol% by 'HNMR spectra and elemental
analysis, respectively, indicating that the conversion ratio to
azide units was 76mol %.!” Copolymerization of sodium
styrene-sulfonate and propargyl acrylate (PgA)'® in dimethyl
sulfoxide with AIBN was conducted to prepare a hydrophilic
copolymer bearing alkyne units, p-NaSS-co-PgA.'° Purification
was conducted by dialyzing entirely against deionized water
using a dialysis bag (3500 MW cutoff). "HNMR spectra revealed
that the molar ratio of PgA in the copolymer was 9.1 mol %.
Among the various polymers prepared, interfacial click
reaction experiments conducted could be categorized into homo-
and hetero-type reactions with two different polymer combina-
tions, a lipophilic polymer and a lipophilic polymer, or a
hydrophilic polymer and a lipophilic polymer, as shown in
Schemes 1b and lc. Highly crosslinked composite thin films
consisting of lipophilic polymers formed at an O/W interface by
click reaction between p-HAzPMA and p-PgMA. Interestingly,
homointerfacial crosslinking click reaction between lipophilic
polymers proceeded successfully only ata L/L interface, because
the catalytic Cu ion was present only in aqueous solution.
Typically, a solution of p-HAzPMA (13 mM) and p-PgMA
(20mM) in ethyl acetate was gently poured into an aqueous
solution of CuSQO,4 (63 mM) and sodium ascorbate (85 mM) at
room temperature. When the two phase solution was maintained
at room temperature, thin films formed at the interface after one
hour. Figure 1a shows a photograph of the solution containing
a film at the interface after 13h. The thin films were semi-
transparent when wet after depositing on glass. The structure of
the dried film was investigated by scanning electron microscopy
(SEM) (Figure 1b). The typical thickness of the film was
estimated to be several tens of um. The film possessed a porous
structure with closed cells. The cell walls were smooth and the
thickness of walls was several hundred nm. The inside of each
cell was filled with either water or oil. The formation mechanism
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Figure 2. ATR-IR spectra of a simple mixture (1/1, w/w) (a),
dried thin films formed at a macroscopic L/L interface (b) and dried
composite gel (¢) prepared from p-HAzZPMA and p-PgMA.

of such a porous structure is unknown. The propagation of
crosslinked polymers may influence the diffusion of the
polymers and Cu ions, which leads to a complicated porous
structure rather than a simple dense thin film because it may be a
sort of dissipative structure.

When the O/W solution containing the polymers and Cu
catalyst was shaken and heated slightly to accelerate the
crosslinking reaction before formation of a thin film at the
O/W interface and macroscopic separation of the solution, it
was found that O/W composite soft gels formed,?’ as shown in
Figure lc. Figures 1d and le show typical SEM images of soft
gel samples after freeze drying. Porous structures were observed.
The cell wall consisted of smooth poreless films with a thickness
of several hundred nm, essentially similar to the thin films
formed at a macroscopic L/L interface. The typical volume ratio
between water and ethyl acetate in the soft gel was 1/2. In the
soft gels, water and oil domains might be separated by the cell
wall.

The click reaction at a L/L interface was confirmed by
ATR-IR measurements, as shown in Figure 2. A new peak at ca.
1630 cm™!, which was attributed to the alkene bond of a triazole
ring, appeared only after the click reaction (Figures 2b and 2c).
This proves that the crosslinking click reaction proceeded at the
L/L interface for both systems at a macroscopic interface and in
a mechanical emulsion. Both the crosslinked products (thin film
and soft gel) contained azide and alkyne units. The azide units
in the polymers gave identical signals at ca. 2100cm~!. The
percentage of reaction was evaluated as the reduction in the
proportion of azide units using the change in the ratio between
the azide and ester (at ca. 1725 cm™!) peaks of the polymers. The
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Figure 3. Photographic (a), normal optical microscope (b), optical
polarization microscope (c), and SEM (d) images for hetero-
crosslinked interfacial thin films (a and b) and O/W hollow capsules
(c and d) consisting of p-Sty-co-AzA and p-NaSS-co-PgA.

percentage of reaction at the macroscopic L/L interface and in
the mechanical emulsion was estimated to be ca. 28% and ca.
79%, respectively.

The heterointerfacial click reaction between lipophilic p-
Sty-co-AzA (AzA units 11 mol %, azide concentration 5.0 mM)
and hydrophilic p-NaSS-co-PgA (PgA units 9.1 mol %, alkyne
concentration 2.1mM) was also conducted across a L/L
interface. Typically, an aqueous solution containing p-NaSS-
co-PgA (5mgmL™"), sodium ascorbate (85mM), and copper
sulfate (63 mM), and solution of p-Sty-co-AzA (SmgmL~") in
ethyl acetate were prepared prior to the reaction. Ultrathin films
consisting of p-NaSS-co-PgA and p-Sty-co-AzA spontaneously
formed at a macroscopic L/L interface at 40 °C within an hour.
The percentage of reaction at the macroscopic L/L interface was
estimated to be ca. 40%.

Figure 3a shows a photograph of the two phase solution
(lower aqueous and upper ethyl acetate phases) with a thin film
at the interface after 3 h of reaction. In the photograph, a water
droplet stained with Xylene Red was placed on the polymer film.
The droplet was stable and did not fuse with the lower aqueous
phase by passivation through the thin film. In addition, the
spherical shape of the aqueous droplet indicates that the surface
of the film facing the ethyl acetate solution was strongly
hydrophobic.

The film was deposited on a glass plate, dried for a day in
air, and then observed by optical microscope, as shown in
Figure 3b. A homogeneous porous structure with pores of ca.
10 um in diameter was observed. The pores might be formed by
microseparation of the two phase solution. The porous structure
was not smooth, possibly because it was a dissipative structure
related to the hydrophilic-lipophilic balance of amphiphilic
polymers formed by crosslinking.

When the crosslinking reaction of p-Sty-co-AzA and p-
NaSS-co-PgA was conducted in a mechanical emulsion gen-
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erated by shaking the solution, composite soft gels were not
produced. Macroscopic separation occurred faster than immobi-
lization by crosslinking because of the heavy specific gravity
of CHCI;. Instead, a heterointerfacial click reaction in an
O/W emulsion was conducted. A solution of p-Sty-co-AzA
(azide concentration: 10 mM) in CHCIl; (100 uL) was added to
an excess of an aqueous solution containing copper sulfate
(63 mM), sodium ascorbate (85mM), and p-NaSS-co-PgA
(alkyne concentration: 4.2 mM). The mixture was vortexed and
then allowed to stand at room temperature for one day. The
aqueous solution was exchanged for pure water by rinsing.
Surprisingly, stable CHCI; oil droplets with diameters of 10—
60 um formed in water, as shown in Figure 3c. SEM observation
of the dried droplets revealed withered hollow capsules
composed of poreless, smooth nanofilms (Figure 3d). This
proves that the hydrophilic polymer in water and lipophilic
polymer in oil crosslinked at a L/L interface by click reaction.
It should be noted that such heterointerfacial click reactions
provide “Janus” films with hydrophilic and lipophilic surfaces.

In conclusion, we have demonstrated that homo- and hetero-
interfacial click reactions can be used to combine two polymers
at L/L interfaces. Interfacial click reactions are able to produce a
variety of polymer materials such as thin films, composite soft
gels, and hollow capsules based on highly crosslinked polymer
network systems. In particular, heterointerfacial reactions can
produce nanohybrid polymer materials consisting of polymers
possessing hydrophilic and lipophilic characteristics. The
composite polymer materials produced by interfacial click
crosslinking should have significant potential in a wide range
of applications.
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