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Matthew M. F. Yuen,‡ Jang Kyo Kim,‡ Ka Ming Ng,§ and Ben Zhong Tang*,†,^

†Department of Chemistry and ‡Department of Mechanical Engineering and §Department of Chemical and
Biomolecular Engineering, The Hong Kong University of Science & Technology (HKUST), Clear Water Bay,
Kowloon, Hong Kong, China, and ^Department of Polymer Science and Engineering, Key Laboratory of
Macromolecular Synthesis and Functionalization of the Ministry of Education of China, Zhejiang University,
Hangzhou 310027, China

Received January 14, 2009; Revised Manuscript Received April 28, 2009

ABSTRACT: A facile synthetic route to functional hyperbranched polymers is developed. Arylene
bipropiolates (HCtC-CO2-Ar-O2C-CtCH; 1-4) are readily prepared from a one-step esterification
reaction between commercially available propiolic acid and arylene diols. Polycyclotrimerizations of 1-4

proceed regioselectively in reflux dimethylformamide (DMF), giving hyperbranched poly[1,3,5-tri(aroxy-
carbonyl)phenylene]s (hb-P1-hb-P4) of high molecular weights (Mw up to ∼8.3 � 105) in high yields (up to
82%). The polymers possess perfect 1,3,5-regiostructures and high degrees of branching (DB∼ 88%). Little
weights are lost when the polymers are heated to 390 �C under nitrogen or 380 �C in air. The polymers
are highly transparent, allowing almost all light in the entire visible spectral region to transmit through.
Thin solid film of hb-P1 shows high refractive indices (RI = 1.6255-1.681) in the wavelength region of
400-1700 nm, extremely high modified Abb�e number (νD0 = 1030.7), and very low optical dispersion
(D0 = 0.000 97). Its RI values can be modulated and its thin films can be cross-linked by UV irradiation,
enabling ready generation of negative photoresist patterns.

Introduction

Study of hyperbranched polymers is a “young” but “hot” area
of research. Hyperbranched polymers are expected to show size-,
shape-, branch-, and surface-related properties,1 which may
enable them to find an array of technological applications as
nanoscale catalysts, chemical sensors,molecular antennae, supra-
molecular assemblies, micelle mimics, drug-delivery carriers,
immunodiagnostic probes, and so forth.2 Various hyperbranched
polymers have been prepared by different synthetic strategies.3

The most commonly used methods have been the condensation
polymerizations of ABn-type monomers, with A and B being
mutually reactive functional groups and ng 2. The preparations
of such multifunctional monomers, however, often require non-
trivial synthetic efforts.4 The monomers are difficult to keep and
handle and easy to self-oligomerize during storage. The poly-
merization reactions are often initiated by in situ deprotection
under harsh conditions, and the incomplete deprotection results
in the formation of imperfect polymers with low molecular
weights (MWs) and degrees of branching (DBs).

Acetylene cyclotrimerization is a century-old reaction for
effective transformation of triple bonds to benzene rings. Poly-
cyclotrimerizations of diyne molecules are anticipated to result
in the formation of hyperbranched polyarylenes.5 This simple
A2-type polycyclotrimerization approach will circumvent the
synthetic difficulties encountered in the ABn-type condensation
polymerizations and produce stable polymers consisting of

robust aromatic rings. This possibility, however, has not been
actively explored because alkyne cycloadditions can easily run
out of control to yield cross-linked gels.5,6

We have embarked on a research program on the development
of the polycyclotrimerizations of diynes (I) initiated by transition-
metal catalysts into a useful synthetic protocol for the con-
struction of hyperbranched polyarylenes (PI; Scheme 1).7 While
cross-linking or gelation was involved in the diyne polycyclo-
trimerization reactions, we succeeded in the preparation of
hyperbranched polyarylenes with excellent solubility through
optimization of polymerization conditions. The polymers have
been found to exhibit a variety of unique properties.8 They are,
for example, highly luminescent with fluorescence quantum
yields up to unity, nonlinear optically active when photoexcited
by laser pulses, thermally very stable (Td up to 500 �C), and
readily graphitized in high yields upon pyrolysis.

The tantalum-catalyzed diyne polycyclotrimerization, how-
ever, has some drawbacks: The catalysts are completely intol-
erant of polar functional groups, and the polymerization
reactions therefore must be conducted under stringentlymoist-
ure- and oxygen-free conditions. The polycyclotrimerization
reactions proceed very rapidly, making the process control
very difficult. Although the cobalt-based catalysts can poly-
cyclotrimerize diyne monomers carrying certain functional
groups, the resultant polymers generally have lower MWs
and poorer optical and photonic properties than those pre-
pared from the tantalum catalysts due to the presence of the
catalyst residues in the polymer structures. Moreover, both
the Ta and Co catalysts produce hyperbranched polymers
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consisting of regiorandom structural units of 1,2,4- and 1,3,5-
trisubstituted benzene isomers.

We have recently discovered that the polycyclotrimerizations
of aroylacetylenes (II) catalyzed by the secondary amines (e.g.,
piperidine) produce hyperbranched poly(1,3,5-triaroylarylene)s
(PII) with high DBs in high yields (Scheme 1).9 The polycyclo-
trimerization is tolerant to polar functional groups and is strictly
regioselective, furnishing polymers comprising of sole structural
units of 1,3,5-trisubstituted benzene regioisomers. The aroylace-
tylene monomers (II), however, are difficult to prepare. It takes
many steps of reactions to synthesize the monomers and the
reactions involve the use of toxic heavy-metal oxidants such as
MnO2 and CrO3.

9 It would be nice if the polycyclotrimerization
can be extended or applicable to the “simple” diyne monomers
that can be readily prepared from commercially available start-
ing materials by one-step reaction in one-pot procedure in an
environmentally benign fashion.

Careful examination of the molecular structure of monomer
II reveals that this polymerization works for electron-deficient
diynes, whose acetylene triple bonds are linked with elec-
tron-withdrawing groups. If the carbonyl linkage between the
triple bond and the aromatic ring in the aroylacetylene can
be replaced by an ester group, it will make the monomer syn-
thesis much easier. Acetylenecarboxylic acid or propiolic acid

5 is a commercially available reagent and can be readily
esterified with arylene diols 6 to give bipropiolates 1-4
(Scheme 2). If the bipropiolate monomers can be poly-
merized, it will pave the way to facile and economic syntheses
of functional hyperbranched polymers. A propiolate, however,
is less electron-deficient than an aroylacetylene because an
ester group is less electron-withdrawing than a carbonyl group,
which makes it uncertain whether or under what conditions
an arylene bipropiolate will undergo polycyclotrimerization
reaction.

In this work, we explore the possibility of regioselectively
polycyclotrimerizing arylene bipropiolates 1-4. In this paper,
we show that the bipropiolate monomers can be effectively
polycyclotrimerized in refluxed N,N-dimethylformamide
(DMF) without adding any external catalysts, producing
processable, regioregular, hyperbranched poly[1,3,5-tri(aroy-
carbonyl)phenylene]s or hb-PTACPs (P1-P4) with high DB
values in high yields.10 Structurally the hb-PTACPs are polye-
sters, but synthetically they are very difficult to access by the
conventional polycondensation reactions of A2 + B3 mono-
mers, with A2 and B3 being diol and triacid, respectively.
Monomers of trisubstituted benzene derivatives (B3) are gen-
erally difficult to prepare, with that carrying three electron-
withdrawing ester groups at the 1,3,5-positions being
particularly hard to make due to the well-known deactivating
effect of the ester group. To make hyperbranched polymers
with highMWs and DBs by the (A2+ B3)-type polycondensa-
tion reactions, strict stoichiometric balance is theoretically
required but practically difficult to meet. Moreover, the A2+B3

polycondensations are equilibrium reactions, with small MW
compounds such as water generated as byproducts. The poly-
cyclotrimerization of the A2monomers (1-4) is free of all these
problems and is thus of great value in terms of synthetic
methodology development.

Experimental Section

General Information. Tetrahydrofuran (THF, Labscan), tol-
uene (BDH), and 1,4-dioxane (Aldrich) were distilled in an
atmosphere of dry nitrogen from sodium benzophenone ketyl
immediately prior to use. Dichloromethane (DCM) was distilled
under nitrogen over calcium hydride. DMF was stirred with
calcium hydride overnight, distilled under reduced pressure,
and kept under dry nitrogen. Other solvents such as dimethyl

Scheme 1

Scheme 2
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sulfoxide (DMSO) and triethylamine were purified using
standard procedures. Propiolic acid (6), bisphenol A (4,40-
isopropylidenediphenol), 4,40-(9-fluorenylidene)dipheol, 4,40-
dihydroxylbenzophenone, 4,40-thiodiphenol, 1,3-dicyclohexyl-
carbodiimde (DCC), 4-(dimethylamino)pyridine (DMAP),
p-toluenesulfonic acid monohydrate (TsOH), and all other che-
micals were purchased fromAldrich and used as receivedwithout
further purification.

Relative number-average (Mn,r) and weight-average (Mw,r)
molecular weights and polydispersity indices (PDI orMw,r/Mn,r)
of the polymers were estimated by a Waters Associates gel
permeation chromatography (GPC) system equipped with RI
and UV detectors. THF was used as eluent at a flow rate of
1.0 mL. A set of monodisperse linear polystyrenes was used as
standards for MW calibration. Absolute weight-average mole-
cular weights (Mw,a) of the polymers were measured by a
commercial laser light scattering (LLS) spectrometer (ALV/
DLS/SLS-5022F) equipped with a multi-τ-digital time correla-
tor (ALV5000) and a cylindrical 22 mW He-Ne laser (λ =
632.8 nm, uniphase) as light source. The RI increment (dn/dc)
was determined to be 0.292mL/g in THF at 25 �Con anOptilab
DSP (Digital Signal Processing) refractometer (Wyatt Technol-
ogy; λ = 632.8 nm, c e 1.0 mg/mL).

IR spectra were recorded on a Perkin-Elmer 16 PC FT-IR
spectrophotometer. 1H and 13CNMRspectraweremeasured on
a Bruker ARX 300 NMR spectrometer using CDCl3, DMSO-
d6, or DCM-d2 as deuterated solvent. Light transmission spec-
tra were measured on a Milton Roy Spectronic 3000 array
spectrophotometer. MALDI-TOF spectra were recorded on
a GCT Premier CAB048 mass spectrometer operating in a
chemical ionization mode (CI) with methane as carrier gas.
Elemental analyses were conducted with an Elementary Vario
EL analyzer. Thermogravimetric analysis (TGA) measure-
ments were carried out under nitrogen or in air on a Perkin-
Elmer TGA 7 analyzer at a heating rate of 10 �C/min. RI values
were measured on a Gaertner L116C ellipsometric thin film
thickness measurement system using 1 mW He-Ne laser beam
(λ=632.8 nm) as light source or determined on a J.A.Woollam
variable angle ellipometry system with a wavelength tunabi-
lity from 300 to 1700 nm. To fit the acquired Ψ and Δ curves
with the data obtained from the three-layer optical model
consisting of crystalline silicon substrate, 2 nm SiO2 layer, and
a uniform polymer film, the Levenberg-Marquardt regres-
sion algorithm was employed. The Cauchy dispersion law was
applied to describe the polymer layer from visible to IR spectral
region.

Monomer Preparation. Arylene bipropiolates 1-4 were pre-
pared by esterifications of arylene diols 5with propiolic acid (6)
in the presence of DCC, DMAP, and TsOH (cf. Scheme 2). The
detailed experimental procedure for the synthesis of monomer 1
is given below as an example. In a 500 mL round-bottom flask
were dissolved 3.26 g (14mmol) of bisphenolA, 8.86 g (43mmol)
of DCC, 0.70 g (5.8 mmol) of DMAP, and 1.08 g (5 mmol) of
TsOH in 240 mL of dry DCM/THF (3:1 v/v). The solution
was cooled to 0 �C with an ice-water bath, into which 2.0 g
(28.6 mmol) of 6 dissolved in 20 mL of DCM/THF (3:1 v/v) was
added under stirring via a dropping funnel. The reaction
mixture was stirred overnight. After filtering out the solid, the
solution was concentrated by a rotary evaporator. The crude
product was purified by a silica gel column using chloroform/
hexane (1:2 v/v) as eluent.

Characterization Data for 4,40-Isopropylidenediphenyl Bipro-
piolate (1). White solid; yield 53.2% (2.52 g). IR (thin film),
ν (cm-1): 3266, 2934, 2124, 1730, 1634. 1H NMR (300 MHz,
CDCl3), δ (TMS, ppm): 7.26 (d, 2H), 7.05 (d, 2H), 3.06 (s, 1H),
1.67 (s, 3H). 13CNMR (75MHz, CDCl3), δ (TMS, ppm): 151.0,
148.5, 147.7, 127.9, 120.6, 76.6, 74.3, 42.6, 30.8. HRMS (MAL-
DI-TOF): m/z 333.1080 [(M + H)+, calcd 333.3493]. Anal.
Calcd for C21H16O4: C, 75.89; H, 4.85. Found: C, 75.17; H, 5.01.

Other monomers (2-4) were prepared by the similar proce-
dures, and their characterization data are given below.

4,40-(9-Fluorenylidene)diphenyl Bipropiolate (2). White solid;
yield 50.7%. IR (thin film), ν (cm-1): 3268, 2125, 1730, 1502.
1H NMR (300 MHz, DMSO-d6), δ (TMS, ppm): 7.97 (d, 1H),
7.45 (t, 2H), 7.36 (d, 2H), 7.34 (t, 2H), 7.16 (t, 2H). 13C NMR
(75 MHz, DMSO-d6), δ (TMS, ppm): 150.6, 150.0, 148.2, 143.8,
139.5, 128.9, 128.1, 128.0, 126.0, 121.5, 120.7, 81.5, 74.2, 23.3.
HRMS (MALDI-TOF): m/z 454.0749 (M+, calcd 454.4722).
Anal. Calcd for C31H18O4: C, 81.93; H, 3.99. Found: C, 81.52;
H, 3.92.

4,40-Benzophenonylene Bipropiolate (3). White solid; yield
52.6%. IR (thin film), ν (cm-1): 3263, 2122, 1732, 1656, 1599.
1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 7.88 (d, 2H), 7.32
(d, 2H), 3.15 (s, 1H). 13C NMR (75 MHz, CDCl3), δ (TMS,
ppm): 193.9, 152.8, 150.2, 135.4, 131.7, 121.4, 77.4, 73.9. HRMS
(MALDI-TOF): m/z 319.0640 [(M + H)+, calcd 319.2797].
Anal. Calcd for C19H10O5: C, 71.70; H, 3.17. Found: C, 71.53;
H, 2.99.

4,40-Thiodiphenyl Bipropiolate (4). Pale yellow solid; yield
57.3%. IR (thin film), (ν, cm-1): 3273, 2934, 2126, 1732, 1585,
1487. 1HNMR (300MHz, CDCl3), δ (TMS, ppm): 7.37 (d, 2H),
7.13 (d, 2H), 3.90 (s, 1H). 13CNMR (75MHz, CDCl3), δ (TMS,
ppm): 150.6, 149.0, 135.8, 132.3, 122.8, 77.1, 74.0. HRMS
(MALDI-TOF): m/z 323.0307 [(M + H)+, calcd 323.3346].
Anal. Calcd for C18H10O4S: C, 67.07; H, 3.13. Found: C, 67.07;
H, 3.65.

Polymer Synthesis. All the polymerization reactions were
carried out under dry nitrogen using a standard Schlenk tech-
nique, unless otherwise specified. A typical procedure for the
polymerization of 1 is given below as an example. In a 15 mL
Schlenk tube with a three-way stopcock on the side arm was
placed 88.7 mg of 1 (0.267 mmol) under nitrogen in a glovebox.
Distilled DMF (1.5 mL) was added to dissolve the monomer
using a hypodermic syringe. After stirring under reflux for 24 h,
the mixture was added dropwise to ∼300 mL of methanol
through a cotton filter under stirring. The precipitate was
allowed to stand overnight and then collected by filtration.
The isolated polymer (hb-P1) was washed with methanol and
dried under vacuum at room temperature to a constant weight.

Characterization Data for hb-P1.Brown powder; yield 68.4%
(Table 2, run 2).Mw,r 15 600;Mw/Mn 2.4 (GPC, polystyrene cal-
ibration); Mw,a 832 000 (LLS). IR (thin film), ν (m-1): 2966,
2922, 2872, 1743, 1603, 1504. 1H NMR (300 MHz, DCM-d2),
δ (TMS, ppm): 9.16, 7.91, 7.26, 7.17, 7.03, 6.69, 1.70, 1.67. 13C
NMR (75 MHz, DCM-d2), δ (TMS, ppm): 157.2, 154.9, 149.3,
136.5, 132.0, 128.7, 121.8, 115.5, 43.2, 31.4.

hb-P2. Brown powder; yield 73%. Mw,r 14 600; Mw/Mn 3.9
(GPC, polystyrene calibration); Mw,a 830 000 (LLS). IR (thin
film), ν (cm-1): 3021, 2938, 1742, 1600, 1502, 1447. 1H NMR
(300MHz,DCM-d2), δ (TMS, ppm): 9.10, 7.79, 7.27, 7.10, 7.04,
6.94, 6.66. 13CNMR (75MHz, DCM-d2), δ (TMS, ppm): 164.1,
155.6, 151.9, 150.3, 150.2, 140.8, 136.6, 131.9, 130.0, 128.6,
126.8, 122.2, 122.0, 121.1, 115.8.

hb-P3. Brown powder; yield 66%. Mw,r 6900; Mw/Mn 2.4
(GPC, polystyrene calibration). IR (thin film), ν (cm-1): 1736,
1650, 1595, 1499, 1409. 1H NMR (300 MHz, DMSO-d6),
δ (TMS, ppm): 10.57, 9.17, 8.24, 7.93, 7.86, 7.78, 7.75, 7.55,
7.01, 6.13. 13C NMR (75 MHz, DMSO-d6), δ (TMS, ppm):
193.5, 166.2, 164.2, 163.0, 162.3, 162.0, 160.3, 158.7, 154.9,
135.3, 132.5, 132.1, 131.3, 128.4, 123.7, 117.5, 115.8.

hb-P4. Brown powder; yield 73%. Mw,r 14 600; Mw/Mn 3.9
(GPC, polystyrene calibration). Mw,a 200 000 (LLS). IR (thin
film), ν (cm-1): 2932, 2922, 1741, 1655, 1583, 1487. 1H NMR
(300MHz,DCM-d2), δ (TMS, ppm): 9.15, 7.95, 7.37, 7.24, 7.14,
7.08, 6.81. 13CNMR (75MHz, DCM-d2), δ (TMS, ppm): 164.0,
136.7, 132.9, 129.7, 123.3, 119.8, 119.2, 117.3.

Model Reaction. Triphenyl benzene-1,3,5-tricarboxlate (10)
was prepared as a model compound by cyclotrimerization of
phenyl propiolate (9) (Scheme 3). The experimental procedures
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for the synthesis of 9 and its cycloaddition are similar to those
described above for the syntheses of 1 and hb-P1.

Characterization Data for 9. Colorless oil; yield 68.3%. IR
(thin film), ν (cm-1): 2931, 2854, 2117, 1732. 1H NMR
(300 MHz, CDCl3), δ (TMS, ppm): 7.42 (t, 2H), 7.27 (t, 2H),
7.13 (d, 1H). 13CNMR (75MHz, CDCl3), δ (TMS, ppm): 151.3,
121.6, 129.1, 125.5, 140.0, 76.8, 73.4.

Characterization Data for 10. White solid; yield 34.2%
(Table 1, run 4). IR (thin film), ν (cm-1): 1748, 1589, 1487. 1H
NMR (300 MHz, DMSO-d6), δ (TMS, ppm): 9.04 (s, 1H), 7.52
(t, 2H), 7.38 (m, 3H). 13C NMR (75MHz, DMSO-d6), δ (TMS,
ppm): 163.0, 150.4, 135.1, 130.9, 129.7, 126.4, 121.9.

Photopatterning. Photo-cross-linking reactions of the poly-
mer films were conducted in air at room temperature using the
365 nm light obtained from a Spectroline ENF-280C/F UV
lamp at a distance of 1 cm as light source. The incident light
intensity was ∼18.5 mW/cm2. The film was prepared by spin-
coating the polymer solution (10% w/w in 1,2-dichloroethane)
at 2000 rpm for 1 min on a silicon wafer. The polymer film was
dried in a vacuum oven at room temperature overnight. The
photoresist patterns ware generated using a copper photomask
and taken on an optical microscopy (Olympus B202) using a
normal light source.

Results and Discussion

Monoyne Model Reaction. Before studying polycyclotri-
merization of bipropiolates, we synthesized a monopropio-
late carrying one triple bond (9) and utilized it as starting
material for a model reaction (Scheme 3). According to our
previous study, aroylacetylenes can be cyclotrimerized when
refluxed in 1,4-dioxane using piperidine as catalyst.9b We
thus tried to cyclotrimerize 9 under the same conditions
(Table 1, run 1). After 24 h, the solvent was evaporated,
and the crude product was purified by silica gel column
chromatography using chloroform/hexane (1:1 v/v) as elu-
ent. Product isolation and structural characterization reveal
that 10 is the sole product, confirming that 9 can undergo
cyclotrimerization in the presence of the base in a regiose-
lective fashion, although the conversion is not so efficient
because the reaction conditions have not been optimized.
Changing the solvent to toluene has slightly lowered the
yield, whereas no product is even isolated when the reac-
tion is carried out in a toluene/DMF mixture. The reaction
conducted in DMF gives the best result (Table 1, run 4).
Triethylamine fails to initiate the cycloaddition reaction,

probably due to its reaction with the acidic ethynyl pro-
ton of 9.

Diyne Polycyclotrimerization. After confirming that
monopropiolate 9 can undergo regioselective cyclotrimeri-
zation, we utilized the reaction to synthesize new hyper-
branched polymers. We prepared arylene bipropiolates 1-4
by esterification reactions of their corresponding diols with
propiolic acid in the presence of DCC, DMAP, and TsOH
(cf. Scheme 2). All the monomers were fully characterized
spectroscopically, from which satisfactory analysis data
corresponding to their molecular structures were obtained
(see Experimental Section for details).

We attempted to cyclotrimerize 1 by piperidine in 1,4-
dioxane but isolated no polymeric product. We tried the
reaction in refluxing DMF and succeeded in the transforma-
tion of the diyne monomer into its polymer hb-P1 (Table 2,
run 1). The active catalytic species for the reaction is believed
to be the trace amount of dimethylamine generated from the
in situ decomposition of DMF at the high temperature.11

We increased the monomer concentration by ∼1.5-fold and
obtained a soluble polymer in a higher yield (∼68%).
Further increasing the monomer concentration, however,
promoted the formation of cross-linking product and hence
decreased the yield of soluble polymer.

We followed the time course of the polymerization of
monomer 1 in DMF. The yield is generally increased with
time and reaches its maximum value of ∼72% at 24 h
(Table 3). After polymerization for 18 h, the Mw,r of the
resultant polymer is high enough (14 200) for general pur-
pose applications. It should be pointed out that this relative
value is probably considerably underestimated because of
the hyperbranched nature of the polymer.12 Our previous
investigations reveal that the underestimation can be very
large.13 The absolute molecular weight (Mw,a) of hb-P1may
be much higher than the relative value estimated from the
GPC analysis (Mw,r). Indeed, analysis of hb-P1 by a LLS
spectrometer gives an Mw,a value of 8.32 � 105 (cf. Table 2,
no. 2), which is 53-fold higher than its Mw,r value.

Temperature exerts a strong influence on the polymeriza-
tion reaction. Both the yield and molecular weight of the
polymer are increased when the temperature is raised from
110 to 130 �C (Table 4). When the temperature is further
increased to the boiling point of DMF, the polymerization
results are improved significantly, with the polymer yield
being ∼4 times higher than that obtained at 130 �C.

Scheme 3

Table 1. Cyclotrimerization of Phenyl Propiolate (9)a

run solvent catalyst yield (%)

1 1,4-dioxane piperidine 25.0
2 toluene piperidine 21.2
3 toluene/DMFb 00.0
4 DMF 34.2
5 triethylaminec

aRefluxed under nitrogen for 24 h; [9] = 0.178 M; [piperidine] =
5.7mM. bVolume ratio=1:1. cReactionmixture turnedblackwith heat
dissipation immediately after TEA was added.

Table 2. Effect of Monomer Concentration on the Polymerization of
Monomer 1a

run [M]0 (M) yield (%) Mn,r
b Mw,r

b Mw,r/Mn,r
b Mw,a

c

1 0.120 51.7 5700 14 200 2.5
2 0.178 68.4 6500 15 600 2.4 832 000
3 0.267 44.8 5800 15 200 2.6
4 0.534 37.5 5600 15 800 2.8
aCarried out in refluxingDMF for 24 h under nitrogen. bDetermined

by GPC in THF on the basis of a linear polystyrene calibration.
cAbsolute (a) value measured by LLS technique in THF.

Table 3. Time Course for Polymerization of Monomer 1
a

run time (h) yield (%) Mn,r
b Mw,r

b Mw,r/Mn,r
b

1 6 19.7 4200 5400 1.3
2 12 22.1 4500 7200 1.6
3 18 55.8 6200 14 200 2.3
4 24 71.3 4800 13 800 2.9
5 36 71.2 4100 10 200 2.5
aCarried out in refluxing DMF under nitrogen; [M]0 = 0.178 M.

bDetermined by GPC in THF on the basis of a linear polystyrene
calibration.
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The above investigations enable us to polymerize 1-4
under optimal conditions. Table 5 summarizes the polymer-
ization results. All the polycyclotrimerizations proceeded
smoothly, giving hb-PTACPs in satisfactory yields. Compar-
ing the polymerization results of 1 obtained under nitrogen
and in air, it is clear that oxygen and moisture exert little
effect on the polymerization reaction (cf. Table 5, runs 1
and 2). This helps simplify the reaction procedures. Similar
to the case in hb-P1, the absolute molecular weights of
hb-P2 and hb-P4 are much higher than their relative molecu-
lar weights. As no transition-metal catalyst is used in the
process, this metal-free polycyclotrimerization enjoys the
advantages being less toxic, environmentally friendlier, and
economically sounder.

Structure Characterization. In the model reaction, the
cyclotrimerization ofmonoyne 9 gives 10 as the sole product.
Diynes 1-4 thus must have been polycyclotrimerized in a
1,3,5-regioselective manner. To collect direct structural in-
formation, we characterized polymers hb-P1-P4 by spectro-
scopic methods. Examples of the IR spectra of P1 and its
monomer 1 are given in Figure 1. Diyne 1 shows absorption
bands at 3266 and 2124 cm-1 due to �C-H and CtC
stretching vibrations, respectively. All these bands disappear
in the spectrum of its polymer, indicating that the acetylene
triple bonds have been converted to the benzene rings by the
diyne polycyclotrimerization.

The 1H NMR spectra of hb-P1 and its monomer 1 as well
as model compound 10 are shown in Figure 2. The acetylene

proton of 1 resonates at δ 3.06, which completely disappears
after the monomer is subjected to polycyclotrimerization
reaction. By comparison with the spectra of monomer 1 and
model compound 10, the resonance peaks in the spectrum
of polymer hb-P1 can be readily assigned (cf. Chart 1). The
polymerization shifts the resonance of the phenyl protons
ortho to the ester group in 1 at δ 7.05 to 7.17 in hb-P1, while
the phenyl protons in the periphery of hb-P1 resonate at
δ 7.03. The new peak at δ 9.16 is assigned to the proton
resonances of the benzene rings newly formed by the cyclo-
trimerization polymerization. End-capping of one triple
bond in a terminal branch by two triple bonds in one diyne
monomer will generate a cyclophane ring, whose aromatic
protons should resonate at δ ∼9.3 and ∼8.7. No such
resonance peaks, however, are observed in the spectrum of
hb-P1. Instead, two peaks arising from the resonance of the
olefinic unit formed by the alkyne hydroamination
(Scheme 4) are detected at δ 7.91 and 6.69 (Figure 2C, peaks
1 and 3).

The 13C spectrum of hb-P1 shows no resonance peaks of
the acetylenic carbons of 1 at δ 76.6 and 74.3 (Figure 3). New
peaks corresponding to the absorptions of the triphenoxy-
carbonylphenyl and olefinic carbons are observed at δ 136.5,
132.0, and 115.5 due to the conversion of the acetylene triple
bonds of 1 to the benzene rings and double bonds of hb-P1.

Degree of Branching.As shown inChart 2, there exist three
structural components in hb-P1: dendritic (D), linear (L),
and terminal (T) units. Comparing the 1HNMR spectrum of
hb-P1 with those of its monomer and model compound, the
following relationships between the contents or fractions ( f )
of the structural units can be established.

3fL þ 3fT þ 3fD

fL þ 2fT
¼ A5-7

A1, 3
ð1Þ

fD þ fL þ fT ¼ 1 ð2Þ
where A5-7 and A1,3 represent the integrals of the areas

of resonance peaks (5-7) and (1,3), respectively, as labeled
in Chart 1 and panel C of Figure 2. The values can be

Table 4. Effect of Temperature on Polymerization of Monomer 1
a

run temp (�C) yield (%) Mn,r
b Mw,r

b Mw,r/Mn,r
b

1 110 7.1 3600 5400 1.5
2 130 17.5 4200 6300 1.5
3 153c 68.4 4600 11100 2.4

aCarried out in DMF for 24 h under nitrogen; [M]0 = 0.178 M.
bDetermined by GPC in THF on the basis of a linear polystyrene
calibration. cBoiling point of DMF.

Table 5. Polymerizations of Bipropiolate Monomers 1-4a

run monomer yield (%) Mn,r
b Mw,r

b Mw,r/Mn,r
b Mw,a

c

1d 1 68.4 6500 15 600 2.4 832 000
2e 1 72.3 4200 13 000 3.1
3 2 73.2 3700 14 600 3.9 830 000
4 3 65.9 2900 6 900 2.4
5 4 81.7 3300 5 200 1.6 200 000
aCarried out in refluxing DMF for 24 h under nitrogen; [M0] =

0.178 M. bDetermined by GPC in THF on the basis of a linear
polystyrene calibration. cAbsolute (a) valuemeasured byLLS technique
in THF. dData taken from Table 2, run 2. eConducted in air.

Figure 1. IR spectra of (A) monomer 1 and (B) its polymer hb-P1
(sample taken from Table 2, run 2).

Figure 2.
1HNMR spectra of (A)monomer 1, (B) model compound 10

(sample taken from Table 1, run 4), and (C) polymer hb-P1 (Table 2,
run 2) in DCM-d2. The solvent peaks are marked with asterisks.
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determined from the 1HNMR spectral data, fromwhich, the
following equation is deduced:

3fL þ 3fT þ 3fD

fL þ 2fT
¼ 1

0:362
ð3Þ

Combining eqs 2 and 3 gives eq 4:

fL þ 2fT ¼ 1:086 ð4Þ

The peak at δ 7.91 corresponds to the resonance of the
olefinic proton capped by the dimethylamino group. Mag-
nification of the peak manifests that it is actually a doublet,
and the amount of the olefinic bond in the L unit is ∼8-fold
lower than that in the T unit. Because there are two such
protons in the T unit but only one in the L unit, eq 5 thus
holds:

fL

2fT
¼ 1

8
ð5Þ

From the above equations, fL is calculated to be

fL ¼ 0:121 ð6Þ

According to definition, DB is expressed as14

DB ¼ fD þ fT

fD þ fL þ fT
ð7Þ

Incorporating eqs 2 and 6 into eq 7 gives the DB value of
hb-P1:

DB ¼ 1-fL ¼ 0:879 ð8Þ
This value is much higher than those of the “conventional”
hyperbranched polymer (commonly DB ∼ 0.5),1 which
further confirms the hyperbranched structure of the
polymer.

Solubility and Stability.All the hb-PTACPs are completely
soluble in common organic solvents, such as toluene, DCM,
chloroform, THF, and dioxane, and can be readily fabri-
cated into tough solid films by spin-coating or solution-
casting process. All the polymers are thermally stable. As can
be seen fromFigure 4A, the temperatures for 5%weight loss
or the degradation temperatures (Td) are near or higher than
300 �C under nitrogen. TheTd value for hb-P2 is particularly
high (392 �C), thanks to its bulky, stable fluorenyldiphenyl
structural unit. The TGA thermograms of the hyper-
branched polymers measured in air (Figure 4B) are simi-
lar to those taken under nitrogen, with all the polymers
exhibiting highTd values, indicative of their strong resistance
to the thermolysis and oxidation at the high temperatures.

Optical Transparency. Polymers with high optical cla-
rity are promising candidate materials for photonic

Chart 1

Scheme 4
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applications.15 As shown in Figure 5, the hb-PTACPs absorb
little light in the visible spectral region and allows all the light
at wavelengths longer than 600 nm to transmit through.
This excellent optical transparency is due to the molecular

structures of the hyperbranched polymers. Polyesters often
show high optical clarity, with poly(methyl methacrylate)
(PMMA), poly(ethylene terephthalate) (PET), and polycar-
bonate (PC) being the best-known and widely used “organic
glasses”. The ester groups weaken the electronic commu-
nications between the aromatic rings in the hb-PTACPs and
decrease their extents of electronic conjugations, thereby
enhancing their optical transparency.

Light Refractivity. The hb-PTACPs are comprised of
polarizable aromatic rings and ester groups and may show
high refractive indices. Indeed, as can be seen from Figure 6,
hb-P1 displays high RI values (n=1.6255-1.6181) in a wide
wavelength region (400-1700 nm). The RI spectrum is
almost flat: the RI value changes little over a wavelength
span as wide as 1300 nm, which is very unusual and truly
remarkable (vide post). Polymer hb-P2 shows similarly high
RI values, although its spectrum is not as flat as that of
hb-P1. The RI value of hb-P4 changes dramatically: the
polymer has high (1.7687) and low (1.5133) RI values at
400 and 1700 nm, respectively. These different behaviors of
the hb-PTACPs manifest the manipulability of their light
refractivities by changing their molecular structures or
through molecular engineering endeavors.

Unfortunately, a good fit could not be obtained between
the experimental data and the theoretical model for hb-P3.
Its RI value was thus measured at a single wavelength
(632.8 nm) using a Gaertner ellipsometer. The RI data for
all the hb-PTACPs at this wavelength are summarized in
Table 6. The RI values of hb-P1-hb-P3 are g1.62, much

Figure 3.
13C NMR of (A) monomer 1, (B) model compound 10

(sample from Table 1, run 4), and (C) polymer hb-P1 (Table 2, run 2)
in DCM-d2. The solvent peaks are marked with asterisks.

Chart 2
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higher than those of the commercially important optical
plastics (e.g., n ∼ 1.49 for PMMA). While the light refrac-
tivity of hb-P4 is relatively low (n ∼ 1.56), it is still compar-
able to those of PET and PC (both n ∼ 1.58). All the
hb-PTACPs are thus highly refractive polymers. No or little

birefringence is detected, implicative of the amorphous
nature of their thin solid films.

TheRI spectra of the thin solid films of hb-PTACPs can be
tuned by UV irradiation. For example, upon exposure to a
UV light of 365 nmunder nitrogen for 30min, theRI value of
the thin film of hb-P1 is greatly increased in the absorptive,
short wavelength region. This is probably due to the struc-
tural change caused by polymer photolysis. It has been
well-established that aromatic esters undergo photo-Fries
rearrangement. The hb-PTACPs are poly(arylester)s and can
therefore undergo the photo-Fries reaction (Scheme 5).16

The C-O bond of the ester group in hb-P1 is photocleaved,
giving two polymer branches carrying radical terminals.
Rearrangement and coupling of the radicals produce poly-
mer 14 containing benzophenone units that give high RI
values. Some carbonyl groups in polymer 14may be further
photolyzed, leading to the formation of polymer 16, which
will be discussed in the photo-cross-linking and photopat-
terning section below.

Figure 7 shows theUV absorption spectra of the thin solid
film of hb-P1 before and after the UV irradiation. The
polymer absorbs only in the short wavelength region, in
agreement with its high optical clarity in the visible spectral
region. The peaks at 264 and 354 nm are due to the absorp-
tions of its phenyl and triaroylphenyl groups, which are
intensified by the photoirradiation, owing to the generation
of the benzophenone units by the photo-Fries rearrange-
ment. The high optical transparencies of the polymers in the
long wavelength region, coupled with their high and tunable
RI values, may allow them to find high-tech applications as
coating materials in the advanced display systems such as
microlens components for charge-coupled devices and high-
performance CMOS image sensors.17

Figure 4. TGA thermograms of hyperbranched poly[1,3,5-tri(aroxycarbonyl)phenylene]s hb-P1-hb-P4 recorded (A) under nitrogen and (B) in air at a
heating rate of 10 �C/min.

Figure 5. Light transmission spectra of THF solutions of hb-P1-hb-
P4. Polymer concentration: 6.4 μg/mL (for hb-P1, hb-P3, and hb-P4)
and 9.0 μg/mL (for hb-P2).

Figure 6. Wavelength dependence of refractive index of thin films of
hb-P1 (sample taken from Table 2, run 2), hb-P2, and hb-P4. Data for
the thin film of hb-P1 after UV irradiation under nitrogen for 30 min is
denoted as hb-P1*.

Table 6. Refractive Indices and Chromatic Dispersions of
hb-PTACPsa

film n632.8 νD νD0 D D0

hb-P1 1.6209 258.9 1030.7 0.0039 0.000 97
hb-P1*b 1.6418 28.7 114.6 0.0348 0.008 73
hb-P2 1.6368 19.4 142.7 0.0516 0.007 01
hb-P3c 1.6200
hb-P4 1.5571 9.3 72.7 0.1076 0.013 75

aAll data taken from Figure 6, unless otherwise specified. Abbrevia-
tions: n=refractive index (at 632.8 nm), νD=Abb�e number (calculated
from eq 9), νD0 = modified Abb�e number (calculated from eq 10), and
D0 =chromatic dispersion (calculated from eq 11). bFor the thin film of
hb-P1 after UV irradiation. c Single data point measured at 632.8 nm
using an ellipsometer because a good fit could not be established for its
RI spectrum.
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Chromatic Dispersion. For a material to be useful for
practical applications, its optical aberrations should be
small. The Abb�e number (νD) of a material is a measure of
the variation or dispersion in its RI value with wavelength,
which is defined as

νD ¼ nD -1

nF -nC
ð9Þ

where nD, nF, and nC are the RI values at wavelengths of
Fraunhofer D, F, and C spectral lines of 589.2, 486.1, and
656.3 nm, respectively. A modified Abb�e number (νD0) has
been proposed to evaluate the application potential of an
optical material, using its RI values at the nonabsorbing
wavelengths of 1064, 1319, and 1550 nm.18 The first two
wavelengths are chosen in view of the practical interest of
commercial laser wavelengths (Nd:YAG), while the last one
is the wavelength for telecommunication. The modified
Abb�e number is defined as

ν
0
D ¼ n1319 -1

n1064 -n1559
ð10Þ

where n1319, n1064, and n1550 are the RI values at 1319, 1064,
and 1550 nm, respectively. The chromatic dispersion (D0) is
the constringence of the Abb�e number (νD0):

D0 ¼ 1

ν
0
D

ð11Þ

The νD and νD0 values for hb-P1 are as high as 258.9 and
1030.7, corresponding to D and D0 values as low as 3.86 �
10-3 and 0.97 � 10-3, respectively (Table 6). The chromatic
dispersions of the polymer are much lower than those of the
commercially important “organic glasses” such as PC (D=
29.7� 10-3) and PMMA (D=17.5� 10-3).20 TheD0 value
is also much lower than those of the poly(aroyltriazole)s
recently synthesized by our research groups by themetal-free
“click” polymerizations (D0 = 6.1 � 10-3-3.66 � 10-3).19

Although the Abb�e numbers of hb-P1 are increased after
the photolysis, their chromatic dispersions (D=34.8� 10-3,
D0 = 8.73 � 10-3) are still comparable to those of
the commercial optical plastics20 and the newly synthesized
poly(aroyltriazole)s.19

Photo-Cross-Linking and Photopatterning. The hyper-
branched poly(1,3,5-triaroylarylene)s (PII) synthesized in
our previous work containmany benzophenone units, which
have enabled the polymers to be readily cross-linked by
UV irradiation and to be used as sensitive photoresist mate-
rials.9,21 As discussed above, the photoirradiation of the film
of hb-P1 generates benzophenone units in 14 through photo-
Fries rearrangement (cf. Scheme 5), which should allow the
polymer to be used as a photoresist. Indeed, UV irradiation
of a thin film of hb-P1 spin-coated on a silicon wafer in air
through a copper photomask results in cross-linking of the
exposed region and creates a negative photoresist pattern
after development in 1,2-dichloroethane (Figure 8).

Figure 9 shows the dose effect on the gel formation in
hb-P1 films by UV irradiation. The polymer shows a mod-
erate sensitivity (D0.5 ∼ 1.8 J/cm2). The mechanism for
the photo-cross-linking reaction in hb-P1 is probably similar
to that for PII.9 Some fractions of the photosensitive benzo-
phenone units in 14 are photolyzed to generate hydro-
xydiphenylmethyl radicals in 15 (cf. Scheme 5). Combination
of the radicals in different polymers results in the form-
ation cross-linked gel. The photosensitivity of hb-P1 is

Scheme 5

Figure 7. UV absorption spectra of a thin film of hb-P1 (sample taken
fromTable 2, run 2) before and after UV irradiation under nitrogen for
30 min.
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inferior to that of PII, which is reasonable, because photo-
Fries rearrangement in polyester is not a very efficient
process.

Conclusion

In this work, we have developed a facile synthetic route to
regioregular hyperbranched polymers. The polycyclotrimeriza-
tions of arylene bipropiolate monomers 1-4 proceed in refluxing
DMF in the absence of externally added catalysts, furnishing
soluble hb-P1-hb-P4with highMWs andDBs in high yields. The
monomers are easy to access from commercially available start-
ing materials, and the polyaddition is strictly 1,3,5-regioselective
and highly tolerant to functional groups, air, and moisture. The
resultant hb-PTACPs are completely soluble, film-forming, ther-
mally stable and optically transparent. The polymers show high
light refractivities withunprecedented low chromatic aberrations,
both being readily tunable by photoirradiation. The polymers are
also photoresponsive and can be readily photo-cross-linked
to generate photoresist patterns. These unique attributes make
the polymers promising photonic materials for high-tech
applications.
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