Chemical Science

Continuous Assembly of Polymers via Solid Phase Reactions

Journal:
Manuscript ID:
Article Type:
Date Submitted by the Author:
Complete List of Authors:

Chemical Science
SC-EDG-04-2014-001240.R1
Edge Article
22-May-2014
Qiao, Greg; The University of Melbourne, Chemical and Biomolecular
Engineering
Nam, Eunhyung; The University of Melbourne, Chemical and Biomolecular
Engineering
Kim, Jinguk; The University of Melbourne, Chemical and Biomolecular
Engineering
Guntari, Stefanie Nina; The University of Melbourne, Chemical and
Biomolecular Engineering
Seyler, Helga; University of Melbourne, Chemistry/Bio21
Fu, Qiang; The University of Melbourne, Chemical and Biomolecular
Engineering
Wong, Edgar; The University of Melbourne, Chemical and Biomolecular
Engineering
Blencowe, Anton; The University of Melbourne, Chemical and Biomolecular
Engineering
Jones, David; University of Melbourne, Chemistry/Bio21
Caruso, Frank; The University of Melbourne, Chemical and Biomolecular
Engineering

Page 1 of 21

Chemical Science

Continuous Assembly of Polymers via Solid Phase Reactions
Eunhyung Nam,1 Jinguk Kim,1 Stefanie N. Guntari,1 Helga Seyler,2 Qiang Fu,1 Edgar H. H.
Wong,1 Anton Blencowe,3 David J. Jones,2 Frank Caruso1* and Greg G. Qiao1*
[1]
E. Nam, J. Kim, Dr. S. N. Guntari, Dr. Q. Fu, Dr. E. H. H. Wong, Prof. F. Caruso,
Prof. G. G. Qiao
Department of Chemical and Biomolecular Engineering,
The University of Melbourne,
Parkville, Victoria 3010 (Australia)
[2]
Dr. H. Seyler, Dr. D. J. Jones
School of Chemistry, Bio21 Institute,
The University of Melbourne,
30 Flemington Road, Parkville, Victoria 3010 (Australia)
[3]
Dr. A. Blencowe
Mawson Institute, Division of Information Technology, Engineering and the Environment,
University of South Australia,
Mawson Lakes, SA 5095 (Australia)
E-mail: gregghq@unimelb.edu.au
E-mail: fcaruso@unimelb.edu.au
Keywords: thin films, solid state, surface initiated polymerization, ring opening metathesis

ABSTRACT
The continuous assembly of polymers in the solid state via ring-opening metathesis
polymerization (ssCAPROMP) is reported as an effective method for the fabrication of smooth,
surface confined, cross-linked nanostructured films. Macrocross-linkers, polymers prefunctionalized with polymerizable pendent groups, were first deposited onto initiatormodified substrates via spin-coating, followed by film cross-linking via ssCAPROMP. The film
thickness is tunable by adjusting the reaction time, and multilayered films can be achieved
through reinitiation steps, generating complex and unique film architectures with nanometer
precision. The technique developed herein allows for controlled and directional growth of
cross-linked thin films from the substrate surface in the solid state that is unlike any other
conventional methods.
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A number of approaches to fabricate cross-linked ultra thin films have been developed in
recent decades, targeting a broad range of applications, including electronic devices,1-3
membrane purification systems,4 and biomaterials.5 These include solution-based processes,
such as grafting-from,6, 7 grafting-to,8, 9 and layer-by-layer (LbL) assembly,10-12 where film
formation generally occurs through the deposition of materials (e.g., monomers,
macromolecules) from the solution state onto a solid substrate, followed by cross-linking of
the film in a solvated state. Other widely employed techniques include spray or spin-coating,13,
14

whereby preformed materials are firstly deposited onto a substrate, followed by cross-

linking of the film in the solid state. Plasma polymerization at surfaces has also been widely
employed to prepare cross-linked films in a single step. 15-18 In many cases, film cross-linking
is essential to induce film stability, regardless of the approach employed (i.e., solution, solid,
plasma state). There are several advantages of performing the cross-linking step in the solid
state over the solution state. For instance, polymerization in the solid state usually results in
higher molecular weight materials compared to solution state.19,

20

Furthermore, the

fabrication of homogeneous cross-linked films from highly rigid polymers with large
molecular weights is extremely challenging using solution-based systems due to the inherent
steric hindrance and diffusion barrier.21 This issue is especially prominent for conjugated
polymers employed in electronic devices as they generally have poor processability and
possess rigid rod-like conformations.22, 23

Recently, we developed a film fabrication technology termed continuous assembly of
polymers (CAP)24-27 that involves the one-step assembly of (bio)polymers containing
polymerizable pendant groups (defined as macrocross-linkers) to generate surface-confined,
cross-linked nanoscale films. The CAP approach utilizes controlled chain-growth
polymerization methodologies such as ring-opening metathesis polymerization (ROMP),28
atom

transfer

radical

polymerization

(ATRP),29,
-2-
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and

photoiniferter-mediated
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polymerization31, 32 to cross-link macrocross-linkers from initiator-functionalized substrates,
resulting in controlled and tunable film properties. Our previous studies have so far centered
on building functional and compositionally complex (multilayered) films on planar and
colloidal substrates where film cross-linking solely occurs in the solution state.33, 34 However,
limited success was attained in assembling films from polymers with high molecular weights
and rigid conformations.35 Herein, we broaden the scope of the CAP technique by developing
solid state CAP (ssCAP). Using a rigid regioregular poly(3-hexylthiophene)36,

37

(P3HT)-

based macrocross-linker as a model polymer, the viability of the ssCAP approach is
demonstrated. The introduced ssCAP is distinctive from conventional cross-linking strategies
in the solid state. Whereas other solid state cross-linking techniques occur in a step growth
manner (i.e., the step-by-step addition between molecules/polymers of complementary
functionalities) via thiol-ene or thiol-yne photopolymerizations38,

39

for instance, ssCAP

proceeds via a chain-growth mechanism from the substrate surface where cross-linked film
networks are formed in a bottom-up direction. In essence, ssCAP allows for simultaneous
directional growth and cross-linking of thin films that is difficult to achieve using currently
available solid state methods.

In ssCAP, the macrocross-linker is firstly deposited onto an initiator-immobilized substrate
(via spin-coating), followed by solvent evaporation and subsequent annealing above the glass
transition temperature (Tg) of the macrocross-linker to initiate the CAP process (Figure 1).
The cross-linked film assembly step via ssCAP occurs under solvent-free conditions. Since
the macrocross-linker is deposited onto the substrate via spin-coating prior to the CAP process,
there is potentially no limitation for the type of solvent, the molecular weight as well as the
conformation of the polymer used in ssCAP, overcoming issues associated with steric and
diffusion barriers normally encountered in solution-based CAP systems. In this study, ringopening metathesis polymerization (ROMP) was chosen as the controlled polymerization
-3-

technique of choice to mediate the ssCAP reaction (ssCAPROMP). ROMP is a most widely
used polymerization methodology to synthesize well-defined polymers due to its versatility
and high functional-group tolerance, allowing mild reaction conditions, short reaction times,
and the use of a wide range of monomers.40 Furthermore, ROMP can be performed in bulk
without the presence of solvents, for example, in applications such as self-healing polymeric
materials41, 42 and clay exfoliation using dicyclopentadiene.43

-4-
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catalyst from the system by addition of ethyl vinyl ether,28 and the substrate was washed
thoroughly with chloroform to remove any non-cross-linked polymer prior to analysis.

Film thicknesses and the surface roughness (as indicated by the root mean square (rms)
values) of P1 ssCAP films prepared at different polymerization times were determined using
AFM (Figure 2a). The film thickness was found to increase with annealing time, before
reaching a plateau at ca. 70 nm after 15 h of polymerization. Cessation of cross-linking is
most likely attributed to the propagating groups becoming spatially isolated and restricted
within the cross-linked portion of the film, and thus not being within distance of other crosslinkable moieties. In addition, the steric congestion at these spatially isolated sites could also
prevent the diffusion of uncross-linked macrocross-linkers from reaching the propagating
groups. The resulting films have a fairly constant surface roughness throughout the
polymerization time, with rms values ranging from 1.5 to 3.5 nm (Figure 2b). In comparison
to CAPROMP reactions performed in solution, whereby the generated CAP films typically have
rms values between 49 to 67 nm,21,

32

ssCAPROMP generates significantly smoother cross-

linked films (although the type of polymer may also have an influence on the resulting film
coverage). In ssCAPROMP, a smooth layer of film is evenly pre-coated onto a substrate by
spin-coating prior to cross-linking reactions. This ensures that a homogeneous layer of noncross-linked film is formed before subsequent ssCAPROMP reactions. This is distinguishable
from solution-based CAP processes where film homogeneity depends on the diffusion of
randomly dispersed macrocross-linkers in solution towards the reactive surface, and hence
does not necessarily yield a smooth surface coating. A control experiment performed at
150 °C in the absence of catalyst C1 indicates negligible formation of a cross-linked film,
with a film thickness of ca. < 10 nm (inclusive of ca. 3 nm of allyl-PEI initiator monolayer)
(Figure S1 in Supporting Information, SI). The control experiment crucially demonstrates that
film cross-linking is mediated by surface-initiated ROMP and does not result from self-5-
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polymerization of the pendent norbornene groups at high temperature. The effect of
polymerization temperature in ssCAPROMP was also investigated. Reactions performed at 80
and 25 oC (i.e., below the Tg of macrocross-linker P1)45 showed negligible film growth,
similar to that of the control experiment (Figure S2, SI). It is postulated that the macrocrosslinker P1, which is crystalline in nature, attains a higher flexibility and mobility in the solid
state when annealed above its Tg, thereby making the pendent norbornene groups more
accessible to propagating Ru catalysts.

Figure 2. a) Thickness and surface roughness of P1 films fabricated via ssCAPROMP as a
function of polymerization time. b) 5 ⨉ 5 μm 3D height mode AFM images of P1 films (1
and 26 h). Scale bar = 1 µm.
-6-
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Subsequently, the efficiency of ssCAPROMP with respect to different spin-coated film
thicknesses containing macrocross-linker P1 was investigated. Various concentrations of P1
(10 to 30 mg.mL-1 in chloroform) were spin-coated onto initiator-functionalized substrates
under identical spin-coating conditions (2000 rpm, 33 s) to obtain different film thicknesses
(49, 107, 150, 201 and 240 nm), as determined by AFM. The films were subsequently
annealed at 150 °C for 24 h under argon to allow for polymerization and film cross-linking
via ssCAPROMP. After thorough washing with chloroform to remove non-cross-linked polymer,
the CAP efficiency was calculated as the ratio of the final film thicknesses after ssCAPROMP
relative to the original spin-coated film thicknesses prior to cross-linking.

-7-
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Figure 3. a) Thicknesses of P1 CAP films and CAP efficiencies as a function of different
spin-coated film thicknesses. b) 5 ⨉ 5 μm 3D height mode AFM images of CAP films
formed with different CAP efficiencies. Scale bar = 1 µm.

Figure 3a shows the final P1 CAP film thicknesses and the calculated CAP efficiencies at
different spin-coated film thicknesses. At a P1 concentration of 10 mg.mL-1 and spin-coated
film thickness of 49 nm, both the original spin-coated and cross-linked CAP films showed an
identical film thickness of 49 nm, yielding 100% CAP efficiency. However, the thickness of
the cross-linked CAP films did not increase beyond 64 nm, even though the thickness of spincoated films increased from 107 to 240 nm, resulting in a decrease in CAP efficiency. This
indicates that the CAP film reaches a maximum and constant thickness of 64 nm under the
conditions employed.

The applicability of ssCAPROMP to other types of macrocross-linkers was also investigated
using a polyethylene glycol (PEG)-based macrocross-linker P2 (Figure 4a), which was
employed under similar conditions to those used for macrocross-linker P1except for a lower
annealing temperature of 25 oC. Low molecular weight PEGs such as macrocross-linker P2
are amorphous in nature and have low Tg values (< 25 oC) and therefore would have sufficient
flexibility and mobility to undergo solid state polymerization even at room temperature. Spincoated P2 films were left to react at 25 ˚C for 24 h under argon, followed by washing and
sonication with isopropanol to remove any non-cross-linked polymers. The trend in CAP
efficiencies for P2 films at different spin-coated film thicknesses (ca. 17, 40 and 64 nm) were
determined to be analogous to that of macrocross-linker P1.

-8-
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Figure 4. a) Chemical structure of PEG-based macrocross-linker P2 used in ssCAPROMP.
b) Thicknesses of P2 CAP films and CAP efficiencies with respect to different spincoated film thicknesses.

The resulting CAP film thicknesses and CAP efficiencies relative to the different spin-coated
film thicknesses are presented in Figure 4b. Whereas 100% CAP efficiency was attained for
films with a spin-coated thicknesses of 17 nm, the CAP efficiency decreased to 80 and 55%
for 40 and 64 nm spin-coated film thicknesses, respectively, as the CAP film reached a
maximum and constant thickness of 34 nm.

An attractive feature of CAPROMP films is the ability to resume film growth or layer extension
via so-called ‘reinitiation’24, 33, 34 steps. The unreacted pendent norbornene groups from the
macrocross-linker in CAPROMP films serve as new initiating sites through postfunctionalization with Ru catalysts, enabling the resumption of film growth via additional
CAPROMP reactions. Similar to our previous studies in solution state CAP,24,

33, 34

new

initiating sites are generated on ssCAPROMP films through cross-metathesis reactions between
the terminal alkene on the surface of the film and the unreacted pendant norbornene groups in

-9-
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the film with fresh Ru catalyst C1. For example, a P1 CAP film (of thickness ca. 46 nm
fabricated with 100 % CAP efficiency) was immersed in a solution of C1 (4 mM in
anhydrous DCM) for 30 min. During the immersion process in DCM, the cross-linked layer
of film (denoted as L1) swells, thereby enabling the terminal alkenes on the surface and
unreacted pendant norbornene groups in the film to undergo cross-metathesis reaction with
fresh Ru catalyst C1. After rinsing and drying, macrocross-linker P1 was spin-coated (10
mg.mL-1, 2000 rpm, 33 s) onto the reinitiated L1 surface to afford a spin-coated film thickness
of ca. 59 nm (total film thickness of 105 nm), which was annealed at 150 °C for 24 h under
argon to effect the successive ssCAPROMP reaction, forming the second layer of cross-linked
CAP film (L2) (Figure 5a). The process was repeated another three times to form multilayer
films up until layer 5 (L5) and the increase in film thickness and change in surface topology
after each reinitiation/CAP step was investigated via AFM analysis. Figure 5b illustrates a
consistent increase in film thickness by ca. 59 nm after each reinitiation/CAP step (i.e., 100 %
CAP efficiency), starting from ca. 46 nm for the first CAP layer (L1) to 283 nm after a total
of five CAP reactions (L5). While the film thickness was found to increase linearly, the rms
values remain < 5 nm from L1 to L5. Height profiles across the scratched zones of L1 to L5
obtained by AFM (Figure 5c) revealed a consistent increase in film thickness and uniform
film formation with each layer extension. Figure 5d shows the 3D-height image of L1 and L3,
which indicate a lack of change in surface topology between L1 (rms = 2.9 nm) and L3 (rms =
3.4 nm). It is worth noting that reinitiation in ssCAPROMP is more efficient compared to
solution-based CAPROMP, which only generates a ca. 10 nm increase in film thickness per
reinitiation step from an initial layer of ca. 120 nm. The higher layer extension efficiency in
ssCAPROMP is likely to result from denser films as compared to films made via CAPROMP in
solution. Although the amount of polymerizable groups may be the same for any given
macrocross-linker, the density of these functional groups would be different depending on the
overall film density. Hence, for denser films made via ssCAPROMP, the amount of unreacted
- 10 -
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norbornene and terminal alkene groups within and on the surface may be higher compared to
lower density films. That is, there are more initiating sites available in ssCAPROMP films than
solution-based CAPROMP films to promote subsequent layer extension reactions more
effectively. In addition, the smooth and homogeneous topology of the ssCAPROMP films (rms
< 5 nm) could also play a role in exposing new initiating sites more effectively than the
rougher topology of solution-based CAPROMP film (rms = 49 to 67 nm) after the reinitiation,
making the initiators more accessible towards reaction with the polymerizable groups of the
macrocross-linker.

- 11 -
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Figure 5. a) General scheme showing the reinitiation of CAP films through addition of
fresh Ru catalyst C1 and subsequent ssCAPROMP with macrocross-linker P1. b) Plot of
total film thicknesses with increasing reinitiation and CAP steps (defined as L layers), as
measured by AFM. c) The z-profiles across the scratched zones of CAPROMP films
obtained after each reinitiation and CAP step, as measured by AFM. d) 5 ⨉ 5 μm 3D
height mode CAP films of L1 and L3. Scale bar = 1 µm.

As a result of improvements in film thickness after reinitiation, the CAP efficiency of the
second P1 layer (L2) via ssCAPROMP on top of an initial P1 CAP layer (L1) (ca. 50 nm) was
investigated. Various thicknesses of spin-coated L2 layers (ca. 56, 132, 181, 230 and 283 nm)
were prepared on identical L1 layers immobilized with fresh initiating sites, followed by the
aforementioned ssCAPROMP procedure. Figure 6a displays the L2 CAP film thicknesses and
the corresponding CAP efficiencies based on various spin-coated L2 film thicknesses. Figure
6a reveals that high CAP efficiency of L2 (> 90%) was achieved for spin-coated film
thicknesses up to 181 nm. The L2 CAP film thicknesses reached a maximum value of ca. 190
nm while the surface morphology remained the same (Figure 6b). The CAP efficiency of L2
films was found to be higher than that of L1 films. As mentioned previously, this most likely
results from the higher surface density of initiating sites in L1 films compared to the initial
monolayer of allyl-PEI primed onto the substrate.

- 13 -
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Figure 6. a) Second layer (L2) P1 CAP film thicknesses and CAP efficiencies with
respect to different spin-coated film thicknesses. b) 5 ⨉ 5 μm 3D height mode AFM
images of CAP films formed at different CAP efficiencies. Scale bar = 1 µm.

Reinitiation/layer extension is not only amenable to subsequent CAPROMP reactions but also to
grafting-from processes to form polymer brush films. Using the grafting-from approach
ROMP was implemented to fabricate polymer brushes on top of L1 P1 CAP films. Following
the reinitiation step of attaching fresh Ru C1 catalysts as described previously, the substrate
was exposed to norbornene M1 in solution or solidstate environments to generate
poly(norbornene) brushes on the outer surfaces (Figure 7a). Grafting-from in the solution
- 14 -
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state was conducted by immersing the L1-coated substrate in a solution of M1 (10 mg.mL-1 in
DCM) for 24 h. For solid state polymerization, a solution of M1 (50 µL, 10 mg.mL-1 in
CHCl3) was spin-coated onto the L1 films (2000 rpm, 33 s) and annealed at 150 ˚C for 24 h
under an argon. The film thickness increased from 58 to 83 nm (an increment of 25 nm) for
reactions conducted in the solution state whereas the reaction in solid state yielded a similar
increase in film thickness of 18 nm (from 49 to 67 nm). Figure 7b presents 3D height mode
AFM images of poly(norbornene) brushes generated in the solution and solid state, showing a
significant difference in surface topology. The grafted film generated in the solution state has
a pitted film morphology (rms = 3.5 nm) that is comparable to the polymer brushes formed
via surface-initiated polymerization techniques.46, 47 In comparison, films fabricated in the
solid state are relatively smoother with no specific surface pattern (rms = 2.7 nm). This
grafting-from experiment further demonstrates the versatility of CAPROMP films in fabricating
multicompositional and structurally complex films that are distinctive to other methods.
Noteworthy, Fourier transform IR (FTIR) experiments have been performed to determine the
amount of norbornene groups left in the film after ssCAP. However, this was not possible due
to the difficulty in distinguishing the C=C stretch of the unreacted norbornenes from those of
the polynorbornene formed after ring opening reactions.

- 15 -
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Figure 7. a) Reinitiation of P1 CAP films via grafting-from in solution or solid state
using norbornene as the model monomer. b) 5 ⨉ 5 μm 3D height mode AFM images of
surface-grafted poly(norbornene) brushes generated by solution and solid state ROMP,
respectively. Scale bar = 1 µm.

In conclusion, a new film fabrication strategy, ssCAPROMP, based upon the combination of
spin-coating and solid state polymerization was developed. This method allows for the
efficient generation of cross-linked polymeric films with controllable film properties dictated
by the polymerization time and the macrocross-linker concentration used in the spin-casting
step. It was found that the reaction temperature must exceed the Tg of the macrocross-linker to
effect the ssCAPROMP process. Films prepared by solid state CAPROMP reactions were found to
be smoother compared to films made via solution state CAPROMP. Additionally, the generated
CAP films are highly versatile, enabling resumption of film growth via reinitiation/layer

- 16 -
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extension reactions through unreacted norbornene and terminal alkene groups within the films.
Resumption of film growth can occur via either CAP or conventional grafting-from reactions.
This unique feature of CAPROMP films also allows for the generation of multilayered and
structurally complex films via directional growth and simultaneous film cross-linking. The
process can be repeated multiple times using the same or different macrocross-linkers.
ssCAPROMP can potentially be applied to a range of patterned and contoured surfaces. Current
efforts are focused on applying the conductive polymer films as possible semiconductor
devices and for potential biomedical and electronic applications.

Experimental Section
Assembly of solid state CAPROMP films on planar substrates: In a typical experiment, a Si
wafer (ca. 1 cm x 1 cm) functionalized with catalyst C1 (detailed functionalization procedures
are provided in the SI) was spin-coated with a solution (50 µL) of P3HT-based macrocrosslinker P1 in CHCl3 (20 mg/mL, 2000 rpm, 33 s) and annealed at 150 °C under argon for a
predetermined time to effect the ssCAPROMP process. The ssCAPROMP reaction was stopped by
soaking the Si wafer in 5 mL of DCM solution containing 2% v/v ethyl vinyl ether to detach
the Ru catalyst from the surface of the films.The polymer-coated wafer was washed
thoroughly with and soaked in CHCl3 (1 mL) for 12 h to remove any non-cross-linked
polymers, and dried in vacuo prior to analysis. Multilayering was performed via repetition of
the above procedure with intermediate reinitiation of the active norbornene sites (refer to SI
for detailed procedures).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the authors.
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