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ABSTRACT: We report the synthesis, photophysical properties, and morphology of new star-shaped
polymers with styrene—fluorene (St-F1) conjugated moieties. Three polymers with different number of arms
(P(St-Fl),, n =3, 4, and 8) were obtained by living anionic polymerization, and they exhibited a narrow
molecular weight distribution (M,/M,, <1.06). The effects of arm numbers, humidity, and solution con-
centration on the formation of the microporous structures were studied. It was found that the high molecular
weight P(St-Fl)g could form a highly ordered microporous film via drop-casting, but not on the polymers with
the other two arm numbers. In addition, the pore diameter was reduced while enhancing solution
concentration or decreasing humidity. Relatively uniform blue-emitting characteristics were obtained on
the P(St-Fl)g microporous films. Such highly ordered structure led to a red shift in photophysical properties,
such as absorption and photoluminescence. Furthermore, green- and red-emission microporous films were
obtained via blending a relatively small amount (~1%) of poly((9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-
benzo-(2,1’,3)-thiadiazole) or bis(1-phenylisoquinoline)(acetylacetonate)irdium(IIT) (Ir(piq),(acac)) through
efficient energy transfer. The experimental results suggested a new approach to synthesis of star-branched
polymers with pendant conjugated moieties and the formation of the multicolor ordered microporous films.

Introduction

Highly ordered microporous films have potential applications
in photonic band gap," cell patterning,® filtration membranes,”*
and surface wettability.® The common methodology of prepar-
ing such microporous films involves water vapor condensed on
the solution surface and forms ordered hole array structures
during solvent evaporation.””'® Linear polymers with end-func-
tionalized groups, star-shaped polymers, and rigid-rod polymers
were employed to obtain the ordered microporous films.” The
pore size was controlled by the polymer solution concentration,
polymer structure or architecture, the molecular weight, and the
castithg condition (such as solvent, concentration, and humidity,
etc.).

Recently, conjugated polymer-based microporous films have
attracted significant scientific interest because of the potential
applications in photonic band gap'? and optoelectronic
devices.> !¢ Several conjugated pol?/mers were reported to form
a highly ordered hole array structure,’ % including poly(p-phenyl-
eneethynylene), poly(3-alkylthiophene), poly(9,9’-dialkylfluorene),
poly(p-phenylenevinylene) (PPV), and hyperbranched poly-
(phenylenevinylene). On the other hand, star-shaped polymers
with side chain conjugated quinoline moiety were found to form
ordered microporous structure with green emission, which were
prepared by reversible addition—fragmentation chain transfer
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(RAFT) polymerization.?' In general, the star-shaped polymer
could generate a higher degree of ordering than the linear
polymer analogue due to their ability to precipitate instanta-
neously at the solution/water interface.”**~>’ We have employed
the living anionic polymers were widely used to synthesize well-
defined star-branched polymers with a relatively low polydisper-
sity index.”* However, the synthesis of star-shaped polymers
with pedant conjugated moieties by living anionic polymerization
has not been explored yet. In addition, it requires a new metho-
dology to develop a multicolor microporous structure based on
such star-shaped polymers.

In this study, we report the synthesis, properties, and ordered
microporous structure of new star-shaped polymers with styrene—
fluorene (St-F1) moieties using living anionic polymerization.
The linear polymer arm was first prepared from the monomer of
St-F1 and then used to synthesize the star-branched polymers
through the arm-first approach via the different number func-
tional core (BnBr,), as shown in Scheme 1. The photophysical
properties of the prepared films were investigated by optical
absorption and photoluminescence (PL) spectra. Highly ordered
microporous film was prepared from the star-branched polymers
by the breath figure method.”!° The effects of arm numbers,
humidity, and concentration on the formation of ordered porous
film were studied. The morphology was characterized by field-
emission scanning microscope (FE-SEM), atomic force micro-
scope (AFM), and laser confocal microscope (Confocal). The
experimental results showed that the eight-arm star-shaped
polymer (P(St-Fl)g) easily formed highly ordered microporous
morphology, which showed blue emission. Besides, multicolor
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Scheme 1. Synthesis of the Star-Shaped Polymers Using Different Numbers of BnBr Functional Core
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Table 1. Anionic Polymerization of P(St-Fl), in THF*

arm (M) star-shaped polymer (M)
run s-BuLi (mmol) monomers (BnBrn/St-FI) (mmol) calc obs? calc® obs” My ME
P(St-Fl)3 0.150 0.0235/2.59 7410 9070 27600 27700 1.02
P(St-Fl)4 0.165 0.0244/4.43 12700 11600 46 800 56 500 1.06
P(St-Fl)g 0.191 0.0157/4.42 10 800 12300 99900 98200 1.02

“Yields of polymers were always quantitative. > Determined by SEC-RALLS. ¢ Calculated molecular weight of the star-shaped polymer = (observed

molecular weight of the arm) x arm number + molecular weight of the core.

emission of the microporous films could be obtained through
the energy transfer between the prepared star-shaped poly-
mer and commercial conjugated materials, poly((9,9-dioctyl-
fluorenyl-2,7-diyl)-co-(1,4-benzo-(2,1',3)-thiadiazole) (ADS233YE)
or bis(1-phenylisoquinoline)(acetylacetonate)irdium(IIT) (Ir(piq),-
(acac)).

Experimental Section

Materials. All the reagents were purchased from Aldrich (St.
Louis, MO) or Acros Organics (Geel, Belgium) and used as
received. The monomer, styrene para-substituted with the fluor-
ene moiety (St-FI),?” and the BnBr,, (n = 3, 4, or 8) core com-
pounds were synthesized according to the literature.?>3! Poly-
((9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-(2,1’,3)-thiadiazole)
(ADS233YE) and bis(1-phenylisoquinoline)(acetylacetonate)-
irdium(IIT) (Ir(piq)-(acac)) were purchased from American
Dye Source Inc. (Quebec, Canada). Tetrahydrofuran (THF)
was refluxed over sodium wire, distilled over LiAlH,4 under
nitrogen, and then distilled from its sodium naphthalenide
solution under high-vacuum conditions (10~° Torr). sec-Butyl-
lithium (s-BuLi, 1.4 M in heptane, Aldrich, Japan) was used as
received.

General Procedure for the Synthesis of Star-Shaped Polymers,
P(St-Fl), (n = 3,4, or 8). The star-shaped polymer P(St-F1); was
prepared by the sequential addition of St-Fl, s-BuLi, and multi-
functional BnBr; core, as shown in Scheme 1. Afterward, the
reaction was quenched with degassed methanol. The first-stage
polymerization was carried out at —78 °C by mixing St-F1 (2.59
mmol) in THF solution (16.6 mL) with s-BuLi (0.150 mmol) in
heptane solution (2.3 mL). The reaction mixture was allowed to
stand for 3 h. Then, a small portion of the reaction solution was
taken out from the reaction mixture in order to determine the
molecular weight of the arm. Functional BnBr; core (0.0235 mmol)
in THF solution (3.9 mL) was added to the reaction reactor, and
the reaction temperature changed to —40 °C for an additional
48 h. The mole ratio of the living anionic polymer chain end was
used excess relative to the benzyl bromide moieties. Finally, the

reaction mixture was quenched with degassed methanol and
concentrated by using rotary evaporator to dry. The star-shaped
polymer was isolated by fractional precipitation using
THF—methanol to remove excess linear polymer and further
freeze-dried from its absolute benzene solution. The GPC trace
of star-shaped polymer is shown in Figure S1. An isolated
polymer with white powder product yield was 25%. The poly-
mer was characterized by SEC-RALLS, '"H NMR, and element
analysis. "H NMR (500 MHz, CD,Cl,-d>, 6): 6.3—7.6 (broad,
aromatic), 2.3—1.2, 1.1—0.3 (broad, —C¢H3, aliphatic chain of
the core). Molecular weight distribution (GPC): M,, = 27 700,
PDI = 1.02. Anal. Calcd: C, 90.76%; H, 9.24%. Found: C,
89.12%: H, 9.43%.

The syntheses of P(St-F1), and P(St-F1)g were carried out with
multifunctional BnBrs and BnBrg cores under the same condi-
tions. The specific amount of initiator and monomers added in
the reaction and the molecular weight measured by SEC-RALLS
are listed in Table 1. The characterization results for the two poly-
mers are described as follows:

P(St-Fl),. A white powder product with the isolated yield of
29%. '"H NMR (500 MHz, CD,Cly-d>, 0): 6.3—7.6 (broad,
aromatic), 2.1—1.2, 1.1—0.3 (broad, backbone, —C4H 3, alipha-
tic chain of the core). Molecular weight distribution (GPC):
M, = 56500, PDI = 1.06. Anal. Calcd: C, 90.77%; H, 9.23%.
Found: C, 89.93%; H, 9.32%.

P(St-Fl)s. A white powder product with the yield of 21%. 'H
NMR (500 MHz, CD,Cl,-d,, 0): 6.4—7.8 (broad, aromatic),
2.1—1.3, 1.1-0.4 (broad, —C¢H,3, aliphatic chain of the core).
Molecular weight distribution (GPC): M,,=98 200, PDI =1.02.
Anal. Calcd: C, 90.74%; H, 9.26%. Found: C, 90.02%; H,
9.30%.

Preparation of Highly Ordered Microporous Films. Star-
shaped polymers, P(St-Fl);, P(St-Fl)4, and P(St-Fl)g, were dis-
solved in CS, solutions with the concentration of 10 g L™". The
polymer solution was cast onto the quartz substrate under
ambient conditions with adequate air flow to yield the micro-
porous films at room temperature (22 °C). The opaque film was
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Figure 1. 'H NMR spectra of the P(St-F1); star-shaped polymer.

observed on quartz surface after all solvents were evaporated.
Relative humidity was measured under ambient conditions.
Spin-coating of the film was performed at a rate of 1000 rpm.

Characterization. "H NMR spectra of the polymer solution
were measured on a Bruker Avance 500 NMR in CD,Cl,. Size
exclusion chromatography (SEC) was performed on an Asahi
Techneion AT-2002 equipped with a Viscotek TDA model 302
triple detector array using THF as a carrier solvent at a flow rate
of 1.0mL min~"at 30 °C. Three polystyrene gel columns of pore
sizes (650, 200, and 75 A) (bead size 9 um) were used.

Thermal analysis of the polymers were characterized by a TA
Instruments TGA 951 thermogravimetric analyzer (TGA) at a
heating rate of 20 °C min~ ' under a nitrogen atmosphere from
room temperature to 800 °C. Differential scanning calorimetry
(DSC) measurements were proceed under a nitrogen atmo-
sphere at a heating rate of 10 °C min~' from —30 to 200 °C
using a TA Instruments Q-20.

The morphology of the microporous film was characterized
by field-emission scanning electron microscopy (FE-SEM)
(JEOL JSM-6330F). The images were taken using a microscope
operated at an accelerating voltage of 15 kV. Before imaging, the
samples were sputtered with Pt. Atomic force micrographs
(AFM) images were obtained with a Nanoscope 3D Controller
AFM (Digital Instruments) operated in the tapping mode at
room temperature. Relative humidity was measured by a CRE-
CER hygrometer. UV—yvis optical absorption and photolumi-
nescence (PL) spectra were obtained using a Hitachi U-4100
spectrometer and a Fluorolog-3 spectrofluorometer (Jobin Yvon),
respectively. Fluorescence optical microscope images were taken
using a two-photon laser confocal microscope (Leica LCS SP5).

Results and Discussion

Synthesis and Characterization of Star-Shaped Polymers.
Figure 1 shows the "H NMR spectra of P(St-Fl); in CD>Cl,.
The peaks around 6.3—7.6 ppm are assigned to the protons
on aromatic ring, while those at 2.3—0.3 ppm are attributed
to the protons on alkyl side chain of the fluorene, the
ethylene backbone unit, and aliphatic chain of the benzyl
bromide core. The 'H NMR spectra of the other two
polymers also exhibit the proton peaks consistent with the
proposed structure, as shown in Figures S2 and S3. The
number-average molecular weight (M},) and polydispersity
index (PDI) of P(St-F1)3, P(St-F1),4, and P(St-Fl)g determined
by SEC-RALLS are shown in Figure S1 and summarized in
Table 1. The molecular weights and polydispersity index
(PDI) of P(St-Fl);, P(St-Fl)4, and P(St-Fl)g are (M, =
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Figure 2. UV—vis absorption and photoluminescent spectra of the
studied star-shaped polymers: (a) in THF solution and (b) thin films.

27700, PDI = 1.02), (M, = 56 500, PDI = 1.06), and (M, =
98200, PDI = 1.02), respectively. All of the three star-
shaped polymers show narrow molecular weight distribution
(M,/M,, < 1.06). The arm number is estimated by compar-
ing the SEC-RALLS results of the star-shaped polymer with
that of the polymer arm only. The three-, four-, and eight-
arm star-shaped polymers, P(St-Fl);, P(St-Fl);, and P(St-
Fl)g, were successfully synthesized using the cores of BnBrs3,
BnBry, and BnBrg, respectively. The successive arm numbers
of three to eight render the opportunity to systematically
study their resulted morphologies of the star-shaped poly-
mers. The elemental analyses on the carbon and hydrogen
contents of the three star-shaped polymers are in a good
agreement with the theoretical compositions. The above
results suggest the successful preparation of the target star-
shaped polymers.

The prepared polymers are very soluble in common or-
ganic solvents, such as CH,Cl,, CHCl;, THF, toluene, etc.,
which could be used to prepare uniform films. Figure S4(a) in
the Supporting Information shows the thermogravimetric
curves of the of the studied polymers, P(St-FI);, P(St-FI)4, or
P(St-Fl)g, under a nitrogen atmosphere, which exhibits the
thermal decomposition temperatures (74, 10% weight loss
temperature) of 368, 405, and 409 °C, respectively. The glass
transition temperatures (7,) of P(St-Fl);, P(St-FI),, or P(St-
Fl); are observed at 63, 88, and 95 °C, respectively, as
observed from the DSC curves in Figure S4(b) in the
Supporting Information. The enhanced thermal stability as
the arm number increased is probably due to the higher
molecular weight of the P(St-Fl)g polymer among the studied
polymers. In addition, the prepared polymers also have good
thermal stability for practical applications, as shown in
Figure S4.

Figures 2a and 2b shows the optical absorption and
photoluminescence (PL) spectra of the star-shaped polymers
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materials UV—vis 42%,, solution (nm)“ UV—vis 225, film (nm) PL APL . solution (nm)® PL APL. . film (nm)
P(St-Fl)3 299, 316 303, 320 341, 358 361, 378
P(St-Fl), 299, 317 301, 321 341, 358 364, 381
P(St-Fl)g 299, 316 303, 320 341, 358 361, 378
P(St-F1) 296, 313 300, 317 342, 358 365, 384

“In THF dilute solution.  Result from ref 30.

Figure 3. SEM images: (a) P(St-Fl)3; (b) P(St-Fl),; (c) P(St-Fl)g drop-casting thin film prepared from the solution concentration of 10 g L™ 'at the
relative humidity of 80%. The magnified SEM image of P(St-Fl)g is shown in (d).

P(St-Fl)3;, P(St-Fl)4, and P(St-Fl)g in THF and film, respec-
tively. The absorption peak maxima of the three polymers
are 316—317 and 320—321 nm for the solution and film,
respectively, which shows insignificant variation with the
arm number. The above absorption or emission band is
attributed to the m—x* transition of the styrene—fluorene
moiety. The PL peak maxima of the three polymers in THF
are observed at similar wavelengths of 341 and 358 nm, while
those of thin films exhibit two peak maxima at 361—364 and
378—381 nm, respectively. The above photophysical proper-
ties of the studied polymers are summarized in Table 2. The
obtained absorption and PL peak maxima exhibit insignif-
icant variation with the arm number and are very close to
that of the analogous linear polymer. It suggests the inter-
chain interaction or polymer aggregation is relatively limited
since only one conjugated styrene—fluorene moiety on the
polymer side chain.

Morphology of the Polymer Films. Figure 3 illustrates
the SEM images of three films prepared from CS, solution
(10 gL~ ") at a relative humidity of 80%. Nonordered porous
structure was obtained for P(St-F1); and P(St-F1), thin films.
However, highly ordered microporous structure is observed
on the P(St-Fl)g thin film, which has the pore size around
3.2 um. Note that there is no ordered morphology from the
linear homopolymer, P(St-Fl) (M, = 18430, PDI = 1.02)
under a similar preparation condition, as shown in Figure
S5. The star-shaped polymer, P(St-Fl)g, has a higher molec-
ular weight and segment density (more compact structure)

than the other two star-shaped polymers, P(St-F1); and P(St-
Fl),. Thus, it could precipitate at the solution/water interface
easily, which leads to the formation of the solid polymer
envelope before the water droplet coalescence occurred.'®
Figure S6 shows the photography of the star-shaped poly-
mers of P(St-FI), (n = 3,4, or 8)in CS; solution (10g L™") by
adding the same amount of water (1 mL). Only the vial of
P(St-Fl)g changes to a turbid solution, suggesting that P(St-
Fl)g easily precipitates at the solution/water interface.
Figures 4a, 4b, and 4c show the microporous film of P(St-
Fl)g prepared from different concentrations of 10, 20, and
50 gL~ "in CS, at a relative humidity of 75%, respectively,
which have the average pore sizes of 3.0, 2.3, and 1.9 um.
The reducing pore size at a higher polymer concentration is
probably due to the difficulty growing or coalescing for the
water droplets. The drop-cast thin films in Figure 4 show
the highly ordered microporous structures. However, the
spin-coated thin film exhibits a relatively smooth surface
without the ordered structure, as shown in Figure S7, which
is probably due to the fast evaporation of the solvent.
Figures 5a and 5b show the AFM images of the P(St-Fl)g
film prepared from the solution (20 g L") at the relative
humidity of 75%, which clearly exhibits an ordered open
pore structure on the quartz surface. In addition, the pore
size of the P(St-F1)g microporous film slightly reduces from
3.2 to 3.0 um as the relative humidity decreases from 80 to
75%. However, no ordered structure is observed at a
relative humidity of 55%. It suggests the importance of the
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Figure 4. SEM images of P(St-Fl)g drop-casting thin films prepared
from different concentrations of (a) 10, (b) 20, and (c) 50 g L™" at the
relative humidity of 75%.

relative humidity on the formation of ordered microporous
structures.

The mechanism on forming the water-assisted ordered
microporous structure on the drop-cast P(St-Fl)g is pro-
posed in Figure 6, similar to that reported in the litera-
ture.”'® When the solvent evaporated in the humid environ-
ment, the water vapor on the solvent surface coalesced
immediately due to the rapid cooling on the solvent/water
surface interface. The polymer could be precipitated on
the water/solution interface instantly and form a solid

Macromolecules, Vol. 43, No. 17, 2010 7155
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Figure 5. (a) Height images of the P(St-Fl)g drop-casting film on quartz
substrate. (b) 3D image of the microporous film.
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Figure 6. Proposed mechanism on the formation of the ordered micro-
porous film from the prepared star-shaped polymers.
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Figure 7. (a) Confocal fluorescence microscopy images of the P(St-Fl)g microporous film (showing the emission of the fluorescing films between 410
and 500 nm). (b) UV—vis absorption and photoluminescent spectra of the microporous (MP) or spin-casting (SC) P(St-Fl)g thin films.

envelope to stabilize the water droplet.®” It thus prevents
the coalescence of water droplets and forms the ordered
microporous structure when the solvent is completely eva-
porated. As discussed in the previous paragraph, the poly-
mer architecture and casting condition (such as solvent,
concentration, and humidity, etc.) affect the formation of
such ordered structure significantly.

Figure 7a shows the confocal microscope images of the
P(St-Fl)g, which exhibits the ordered microporous structure
with a relatively strong and an uniform blue emission image.
Figure 7b shows the absorption and emission thin film
spectra of the P(St-Fl)g films. The photophysical properties
of the P(St-Fl)g microporous (MP) films are different from

that of the spin-coated (SC) film. The absorption peak
maxima of the studied polymer films are observed at 320
yand 340 nm for the SC and MP films, respectively. The
emission maximum (nm) slightly shifts from (361, 378) of the
SC film to (365, 379) of the HC film. It indicates that the
ordered microporous structure enhances the sz-interaction
between the polymer chains. In addition, multicolor micro-
porous films were obtained via blending a relatively small
amount of conjugated moieties through efficient energy
transfer. ADS233YE and Ir(piq).(acac) were selected as
the dopants due to the significant overlapping on their
absorption spectrum with the emission spectrum of the
P(St-Fl)g. Figure 8 shows the PL spectra of the P(St-Fl)g
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Figure 8. Photoluminescent spectra of P(St-Fl)s microporous (MP)
films blending with 1 wt % ADS233YE or Ir(piq),(acac).

a)

Figure 9. Confocal fluorescence microscopy images of the P(St-Fl)g
microporous thin film blending with 1 wt % (a) ADS233YE (showing
the emission of the fluorescing films between 500 and 600 nm) and
(b) Ir(piq),(acac).

HC thin films blended with 1 wt % ADS233YE or 1%
Ir(piq),(acac). The PL peak maxima of P(St-Fl)g + 1%
ADS233YE and P(St-Fl)g + 1% Ir(piq).(acac) microporous
films are observed at 526 and 624 nm, respectively. The
original emission peaks of P(St-Fl)g at 365 and 379 nm
completely disappeared in the blend films despite only 1%
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of dopant being used, which suggests the significant Foster
energy transfer.”>** The above result suggests the successful
color tuning on the microporous films simply by incorpora-
tion of a relatively small different blending materials. Figures
9a and 9b show the confocal microscope images of the P(St-
Fl)g blending with 1 wt % ADS233YE and 1% Ir(piq),-
(acac), respectively, which exhibits relatively strong and
uniform green and red emission images. The prepared multi-
color luminescent microporous films may have the applica-
tions in chemical, biological sensor, or molecular electronic
devices.

Conclusions

We have successfully synthesized new star-shaped polymers
with styrene para-substituted fluorene moieties by living anionic
polymerization with multifunctional benzyl bromide core. The
experimental results showed that the high molecular weight P(St-
Fl)g could form a highly ordered microporous films via drop-
casting, but not for other polymers with lower arm numbers. In
addition, the pore diameter was reduced while enhancing solution
concentration or decreasing humidity. Relatively uniform blue-
emitting characteristic was observed on the P(St-Fl)g micropor-
ous film. Such highly ordered structure led to a red shift in
photophysical properties such as absorption and photolumines-
cence. Furthermore, multicolor microporous films were obtained
via blending only 1% of green or red emitter into the P(St-Fl)g
films through efficient energy transfer. The present study sug-
gested novel star-shaped polymer with pendant conjugated
moieties could be synthesized by living anionic polymerization
and formed the multicolor ordered microporous films.
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