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Functional isocoumarin-containing polymers
synthesized by rhodium-catalyzed oxidative
polycoupling of aryl diacid and internal diyne†

Ting Han,a,b Haiqin Deng,a,b Chris Y. Y. Yu,a,b Chen Gui,a,b Zhegang Song,a,b

Ryan T. K. Kwok,a,b Jacky W. Y. Lam*a,b and Ben Zhong Tang*a,b,c

An atom-economical and straightforward polymerization method to generate functional isocoumarin-

containing polymers was developed in this work. The oxidative polycoupling of 4,4’-(1,2-diphenyl-1,2-

ethenylene)dibenzoic acid and 1,6-bis[4-(phenylethynyl)phenoxy]hexane proceeds efficiently in

dimethylformamide under nitrogen or air in the presence of [Cp*RhCl2]2 and a catalytic amount of

Cu(OAc)2·H2O at 120 °C for 24 h, generating a polymer with a high molecular weight of up to 42 900 in a

high yield of up to 92.9%. An isocoumarin framework forms in situ during the polymerization from readily

accessible and inexpensive monomers. The resulting polymer possesses good thermal stability, optical

transparency and film-forming ability. Its thin film exhibits high and UV-tunable refractive indices (n =

1.9697–1.6507) in a wide wavelength region of 390–890 nm. A two-dimensional fluorescent photo-

pattern can be readily fabricated by irradiating its thin film under UV light through a copper mask. Due to the

incorporation of tetraphenylethene units in the monomer, the polymer obtained is weakly emissive in solution

but it emits intensely when aggregated, demonstrating a phenomenon of aggregation-induced emission.

Introduction

The exploration of novel functional polymeric materials and
the development of their synthetic routes have always been
enduring research topics in polymer science.1 As a group of
new advanced materials, polymers with fused-heterocyclic
units in the main chains have attracted considerable attention.
In the past few decades, a series of fused-heterocyclic
polymers, for example, polymers containing benzodipyrrole,2

benzofuran,3 benzothiophene,4 benzothiadiazole,5 benzylcarb-

azole,6 and naphthopyran,7 have been developed and investi-
gated. Owing to their structural advantages of both the high
conjugation of fused rings and the distinctive electrical and
photophysical properties of heterocyclic moieties, they have
found a variety of applications as external stimuli-responsive
materials,8 fluorescent sensors9 and photoelectronic devices,
such as polymer solar cells,10 polymer field-effect transistors,11

polymer light-emitting diodes,6 etc. By introducing appropriate
substituents, plentiful polymeric structures with novel pro-
perties and functionalities could be achieved. However, the
syntheses of multisubstituted fused-heterocyclic polymers nor-
mally require limited and expensive fused aromatic substrates,
complicated synthetic routes, elaborate reaction control and
painful isolation, which significantly restrict their accessibility.
Therefore, it is in great demand to develop facile and efficient
synthetic methods to generate multifunctional polymers with
fused-heterocyclic units.

Isocoumarins are an important class of heterocyclic com-
pounds, in the structure of which a lactone ring is fused to a
benzene ring. Isocoumarin exists as the nucleus in many
natural products with a variety of interesting biological activi-
ties.12 As such, great endeavors have been made to prepare
isocoumarin derivatives via expedient synthetic strategies.13

However, to the best of our knowledge, the development of
polymerization routes to polymers with isocoumarin frame-
works in the main chains has rarely been reported. Our group
is interested in the exploration of new polymerization methods
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to construct functional polymers based on triple-bond reac-
tions. Recently, we noticed a direct oxidative coupling of
benzoic acids with internal alkynes reported by Ueura et al.
(Scheme 1).14 This reaction proceeded smoothly in the pres-
ence of [Cp*RhCl2]2 and Cu(OAc)2·H2O, producing the corres-
ponding isocoumarin derivatives in good to excellent yields.
The amount of copper salt used could be reduced to a catalytic
quantity when the reaction was conducted in air. Except water,
no waste was formed in this reaction, which was indicative of
its high atom-economical character.

In this work, we successfully developed this organic alkyne
reaction into an efficient polymerization tool for the synthesis
of isocoumarin-containing polymers with advanced functional-
ities. Unlike some polymerization methods, which require
skill-demanding techniques, the present polymerization route
is much simpler and easier to operate. The oxidative poly-
coupling of 4,4′-(1,2-diphenyl-1,2-ethenylene)dibenzoic acid (1)
and 1,6-bis[4-(phenylethynyl)phenoxy]hexane (2) proceeds
efficiently in dimethylformamide (DMF) under nitrogen or air
in the presence of [Cp*RhCl2]2 and a catalytic amount of
Cu(OAc)2·H2O at 120 °C for 24 h, generating a polymer with a
high molecular weight (Mw up to 42 900) in a high yield (up to
92.9%) (Scheme 2). Model compounds are designed and syn-
thesized to assist the structural characterization of the
polymer obtained. It is worthy to note that the isocoumarin
unit forms in the polymer in situ during this polymerization
from inexpensive and readily available starting materials. The
resulting polymer possesses good thermal stability, film-
forming ability and excellent optical transparency. In addition,
it shows a photophysical phenomenon of aggregation-induced
emission (AIE) due to the incorporation of tetraphenylethene
(TPE) units in the polymer backbone. The thin film of the
polymer exhibits high and tunable refractive indices. Owing to
its sensitivity to UV irradiation, the polymer can be used for
generating a fluorescent photopattern with good resolution by
the photolithography process.

Results and discussion
Polymerization

In order to develop the rhodium-catalyzed waste-free oxidative
coupling into an efficient polymerization methodology for the
construction of isocoumarin-containing polymers, difunc-
tional monomers 1 and 2 were designed and synthesized
according to our previous publication.15

We first tried to polymerize 1 and 2 in o-xylene under nitro-
gen at 120 °C. As depicted in Table 1, when the polymerization
was carried out at a monomer concentration of 0.10 M in the
presence of [Cp*RhCl2]2 (0.08 equiv.) and Cu(OAc)2·H2O
(2 equiv.), an insoluble gel was observed, indicating that the
polymerization did occur and proceeded very fast. We then
decreased the monomer concentration to 0.05 M, while
keeping the monomer concentration to that of the catalyst at a
ratio of 1 : 1 : 0.08 : 2 = [1]/[2]/[Rh]/[Cu]. Delightfully, a polymer
with a high molecular weight (Mw = 42 900) was obtained in a
good yield (79.5%). However, the use of a large amount of
Cu(OAc)2·H2O as an oxidant created some problems. The remain-
ing copper salt was hard to be removed from the reaction
mixture, which had complicated the purification process and
led to the loss of product yield. On the other hand, the pres-
ence of copper salt in the polymer was harmful for its material
properties, especially the light emission. To optimize the con-
ditions for the polymerization, we thus reduced the amount of
Cu(OAc)2·H2O from 2 equivalents to 1 equivalent, but doing
so, only a trace amount of the polymeric product was obtained.
According to the plausible mechanism,14 the Cu(I) species
formed during the reaction can be reoxidized to Cu(II) under
air. Inspired by this, we envisioned that it might be possible to
reduce the amount of Cu(OAc)2·H2O used if the polymerization
reaction was carried out in air instead of under nitrogen.
Therefore, we tried to conduct the polymerization of 1 and 2 in
DMF in air at 120 °C for 24 h in the presence of merely a cata-
lytic amount of Cu(OAc)2·H2O. Interestingly, the polymeriz-
ation proceeded efficiently, which afforded a polymer with a
Mw of 25 900 in a high yield (85.2%). The improved polymeriz-
ation conditions not only avoid the use of a stoichiometric
amount of Cu(OAc)2·H2O, making the polymerization more
economical and environmentally friendly, but also simplify
the experimental procedure, such as skipping the step for evac-

Scheme 1 Alkyne-based oxidative coupling reaction.

Scheme 2 Synthetic route to isocoumarin-containing polymers by
rhodium-catalyzed oxidative polycoupling of aryl diacid and internal
diyne.

Table 1 Polymerization of 1 and 2 a

Entry [1] (M) [2] (M) [Rh] (M) [Cu] (M) Yield (%) Mw
b Mw/Mn

b

1 0.10 0.10 0.008 0.20 Gel
2 0.05 0.05 0.004 0.10 79.5 42 900 3.99
3 0.05 0.05 0.004 0.05 Trace
4 0.10 0.10 0.002 0.01 85.2 25 900 2.40

a Carried out in o-xylene under nitrogen (entries 1–3) or in DMF in air
(entry 4) at 120 °C for 24 h in the presence of [Cp*RhCl2]2 and
Cu(OAc)2·H2O.

bDetermined by GPC in THF on the basis of a linear
polystyrene calibration.
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uating the Schlenk tube under vacuum and flushing it with
dry nitrogen for several times.

Based on the above mentioned advantages, we thus utilized
the aerobic conditions for further condition optimization. We
then shifted our investigation on the effect of catalyst loading
on the polymerization. As shown in Table 2, the molecular
weight of the resulting polymer was enhanced from 16 000 to
25 900 when the catalyst concentration was gradually
decreased from 0.008 M to 0.002 M. Therefore, 0.002 M was
chosen to be the optimal catalyst concentration for the sub-
sequent study.

Encouraged by the preliminary results shown in Table 1,
entry 4, we then gained insight into the effect of oxidant con-
centration on the polymerization. From the results depicted in
Table 3, it is noticed that while the isolated yield seemed to be
insensitive to the amount of Cu(OAc)2·H2O used, the mole-
cular weight of the polymer obtained increased gradually when
a lower oxidant concentration was used for the polymerization.
The best results (Mw = 26 300; yield = 88.1%) were acquired at
an oxidant concentration of 0.005 M. It is noteworthy that only
a trace amount of the polymeric product was obtained in the
absence of Cu(OAc)2·H2O, which is indicative of its crucial role
in the polymerization. The solvent effect on the polymerization
of 1 and 2 was also examined (Table S1†). The results indicated
that DMF was the solvent of choice among the tested solvents.
The polycoupling proceeded deficiently in DMSO, o-DCB, and
o-xylene, giving only a trace amount of polymeric products.

Table 4 shows the effect of monomer concentration on the
polymerization. Taking both the isolation yield and molecular
weight of the resulting polymer into consideration, a

monomer concentration of 0.10 M was found to be the pre-
ferred polymerization condition. When the concentration was
too high or too low, poorer polymerization results were
obtained. For example, while a trace amount of the polymeric
product was isolated at a monomer concentration of 0.05 M,
doubling the concentration led to an obvious decrease in the
product yield. Further raising the concentration resulted in the
formation of an insoluble gel (Table 4, entry 4). These results
suggest that a precise control on the monomer concentration
is of great importance for the smooth occurrence of the
polymerization.

We finally followed the time course on the polymerization
and the results are given in Table 5. The polymerization of 1
and 2 was so efficient that a polymer with a Mw value of 20 500
was furnished in a high yield (82.4%) after 6 h. The molecular
weight was gradually enhanced by prolonging the reaction
time and it reached a maximum value of 26 300 at 24 h, while
the reaction yield remained almost unchanged after 12 h.

Structural characterization

To verify that the polycoupling reaction occurs both under
nitrogen and in air, and to gain insight into the structure of
the polymer, we designed and synthesized model compounds
3 and 4 according to the reaction routes shown in Scheme 3.
By the dehydrogenative coupling of a commercially available
p-toluic acid 5 and an asymmetric internal alkyne 6 under
nitrogen in o-xylene at 120 °C, a model compound 3 with two
isomeric structures was prepared. One of the isomers (3b) was
separated by column chromatography and characterized by
standard spectroscopic methods (Fig. S1–S3†). Single crystals

Table 2 Effect of catalyst loading on the polymerization of 1 and 2 a

Entry [Rh] (M) Yield (%) Mw
b Mw/Mn

b

1c 0.002 85.2 25 900 2.40
2 0.004 92.9 18 200 2.73
3 0.006 91.8 16 900 2.49
4 0.008 90.0 16 000 2.39

a Carried out in DMF in air at 120 °C for 24 h in the presence of
[Cp*RhCl2]2 and Cu(OAc)2·H2O. [1] = 0.10 M, [2] = 0.10 M, [Cu] = 0.01
M. bDetermined by GPC in THF on the basis of a linear polystyrene
calibration. cData taken from Table 1, entry 4.

Table 4 Effect of monomer concentration on the polymerization of 1
and 2 a

Entry [1] (M) [2] (M) Yield (%) Mw
b Mw/Mn

b

1 0.05 0.05 Trace
2c 0.10 0.10 88.1 26 300 2.95
3 0.20 0.20 74.9 27 400 2.71
4 0.30 0.30 Gel

a Carried out in DMF in air at 120 °C for 24 h in the presence of
[Cp*RhCl2]2 and Cu(OAc)2·H2O. [Rh] = 0.002 M, [Cu] = 0.005 M.
bDetermined by GPC in THF on the basis of a linear polystyrene
calibration. cData taken from Table 3, entry 2.

Table 5 Time course on the polymerization of 1 and 2 a

Entry Time (h) Yield (%) Mw
b Mw/Mn

b

1 6 82.4 20 500 2.97
2 12 88.7 21 900 3.09
3 18 88.2 23 900 3.26
4c 24 88.1 26 300 2.95

a Carried out in DMF in air at 120 °C for 24 h in the presence of
[Cp*RhCl2]2 and Cu(OAc)2·H2O. [1] = 0.10 M, [2] = 0.10 M, [Rh] = 0.002
M, [Cu] = 0.005 M. bDetermined by GPC in THF on the basis of a
linear polystyrene calibration. cData taken from Table 3, entry 2.

Table 3 Effect of oxidant concentration on the polymerization of 1 and 2 a

Entry [Cu] (M) Yield (%) Mw
b Mw/Mn

b

1 0 Trace
2 0.005 88.1 26 300 2.95
3c 0.010 85.2 25 900 2.40
4 0.015 86.2 10 000 2.05

a Carried out in DMF in air at 120 °C for 24 h in the presence of
[Cp*RhCl2]2 and Cu(OAc)2·H2O. [1] = 0.10 M, [2] = 0.10 M, [Rh] =
0.002 M. bDetermined by GPC in THF on the basis of a linear
polystyrene calibration. cData taken from Table 1, entry 4.
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of 3b were obtained from slow evaporation of its dichloro-
methane/hexane mixture, whose structure was confirmed by
X-ray diffraction analysis. Its ORTEP drawing is given in
Fig. S4† and the corresponding crystal data are summarized in
Table S2.† In order to support precise structural characteriz-
ation, we prepared other model compounds 4a and 4b in air in
DMF at 120 °C using 6 and TPE-containing monocarboxylic
acid 7 as starting materials. The detailed descriptions of the
synthetic approach and characterization of the model com-
pounds are provided in the Experimental section. All the
monomers, model compounds and the polymer were fully
characterized by IR and NMR spectroscopies.

Fig. 1 shows the IR spectra of monomers 1 and 2, model
compounds 3 and 4 and polymer P1/2. A broad absorption
band spreading from 3600 cm−1 to 2600 cm−1 is observed in
the spectrum of 1 due to the O–H stretching vibrations of its
carboxyl groups. In a similar absorption region, the spectra of
3, 4 and P1/2, however, display only sharp peaks resulting
from the C–H stretching vibrations at about 3040 cm−1 and
2900 cm−1. On the other hand, the characteristic peak of the
CuC stretching vibration at 2218 cm−1 of 2 disappears after
the model reaction or the polymerization. These results
suggest that the carboxyl groups of 1 and triple bonds of 2

have been transformed into isocoumarin rings in P1/2 by the
oxidative coupling or polycoupling reaction. In addition, com-
pared with monomer 1, the intense CvO stretching band
shifts from 1687 cm−1 to near 1730 cm−1 in the spectra of two
model compounds and the corresponding polymer, which
further reveals the occurrence of the polymerization.

Fig. 2 depicts the 1H NMR spectra of the polymer and its
monomers as well as the model compounds 3 and 4. The
absorption peak at δ 12.90 in the spectrum of 1 is assigned to
the characteristic resonances of the carboxylic acid protons,
which disappears in the spectra of the model compounds and
the polymer. The resonances of the phenyl protons adjacent to
the carboxyl groups in 1 at δ 7.72 also shift to 8.09 after the
polymerization. These observations confirm the complete con-
sumption of the carboxyl groups of 1 by the polymerization
and suggest the formation of isocoumarin units. The corres-
ponding absorption of the protons next to the oxygen atom at
∼δ 4.00 in 2 now appears as two different signals in the spectra
of 3, 4 and P1/2 owing to the presence of regio-isomeric units
in their structures. By comparison with the 1H NMR spectrum
of 3b (Fig. S1†), we can readily assign the peaks at δ 3.84 and
3.75 to the resonances of the methoxy protons in 3b and 3a,
respectively.

Fig. 3 shows the 13C NMR spectrum of P1/2 in dichloro-
methane-d2. The polymer exhibits no resonance peaks of
internal acetylene carbon atoms of 2 at δ 89.47 and 88.03. On
the other hand, the resonances of the carbonyl carbon of 1
shift from δ 167.02 to 162.16 after the polymerization. The
phenyl carbon attached to the oxygen atom absorbs at
different chemical shifts in the spectra of 3, 4 and P1/2 due to
their isomeric nature. The IR and NMR spectra of P1/2

Scheme 3 Synthetic routes to model compounds 3 and 4.

Fig. 1 IR spectra of (A) 1, (B) 2, (C) 3, (D) 4, and (E) P1/2.
Fig. 2 1H NMR spectra of (A) 1 in DMSO-d6 and (B) 2, (C) 3, (D) 4 and (E)
P1/2 in dichloromethane-d2.
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resemble largely those of model compounds. All these charac-
terization results demonstrate that we have indeed obtained
the polymer with a structure containing isomeric confor-
mations as shown in Scheme 2.

Solubility and thermal stability

P1/2 can readily dissolve in common organic solvents, such as
tetrahydrofuran (THF), dichloromethane, chloroform and 1,4-
dioxane, thanks to both its twisted TPE moieties and flexible
alkyl chains. Besides, as evaluated by thermogravimetric ana-
lysis (TGA), P1/2 is thermally stable. It loses 5% of its weight at
a temperature of 280 °C, while a 10% weight loss occurs at
415 °C (Fig. S5†). The good resistance of P1/2 to thermolysis
may stem from its high aromatic content in the polymer struc-
ture. The differential scanning calorimetry (DSC) measure-
ment reveals that the glass transition temperature (Tg) of P1/2
is as high as 208 °C, indicative of its high morphological stabi-
lity (Fig. S6†).

Optical properties

As shown in Fig. 4, the UV spectra of the model compounds (3
and 4) and the polymer (P1/2) in THF solutions are peaked at a
similar wavelength (∼310 nm), but the onset wavelength
readily shifts to the longer wavelength region with an increase
in the electronic conjugation from 3 to 4 and then P1/2. It is
noteworthy that P1/2 exhibits excellent optical transparency. It
mainly absorbs light in the UV region, showing almost no
absorption in the visible region. Although it possesses aro-
matic rings, the presence of ester groups and hexyl chains

between these electronically unsaturated units has weakened
their electronic communications and hence the electronic con-
jugation. Such a high optical clarity makes P1/2 a promising
candidate material for photonic applications.16

TPE is a well-known AIE-active luminogen.17 Due to the
presence of TPE units in the molecular structure, both 4 and
P1/2 are expected to be AIE-active. In order to confirm this,
their photoluminescence (PL) in THF and THF/water mixtures
with different water fractions ( fw) is investigated (Fig. 5). In
pure THF and THF/water mixtures with fw lower than 80 vol%,
the PL spectra of 4 are basically flat lines parallel to the

Fig. 3 13C NMR spectra of (A) 1 in DMSO-d6 and (B) 2, (C) 3, (D) 4 and
(E) P1/2 in dichloromethane-d2.

Fig. 4 Absorption spectra of 3, 4 and P1/2 in THF solutions. Solution
concentration: 10 µM. Inset: transmission spectrum of P1/2 in THF solu-
tion at wavelengths from 400 to 900 nm.

Fig. 5 PL spectra of (A) 4 and (C) P1/2 in THF and THF/water mixtures
with different water fractions ( fw). (B and D) Plots of relative PL intensity
(I/I0) versus the composition of the aqueous mixtures of 4 and P1/2. I0 =
intensity at fw = 0%. Inset: fluorescence photographs of (B) 4 in THF/
water mixtures with a fw of 0% and 99% and (D) P1/2 in THF/water mix-
tures with a fw of 0% and 80% taken under 365 nm UV irradiation. Solu-
tion concentration: 10 µM; excitation wavelength: 311 nm.
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abscissa. This indicates that the dye molecule is almost non-
emissive under such circumstances. However, when a large
amount of water is added, the emission starts to become stron-
ger progressively. From pure THF solution to 99% aqueous
mixture, the PL intensity is increased by 144-fold. This result
suggests the typical AIE feature of 4. Polymer P1/2 also displays
a similar emission behavior. The faint emission of its THF
solution is swiftly enhanced upon addition of water. The
higher the water content, the stronger is the PL intensity. Com-
pared with 4, the PL of P1/2 is more sensitive to the change in
the solvent environment, which may origin from its more
hydrophobic nature and thus its ease to form aggregates in an
aqueous mixture with low fw. At an fw of 80%, maximum PL
enhancement is attained, whose emission intensity is 23-fold
higher than that in pure THF solution. Further increment of
the water content, however, leads to a slight decrease in the
emission intensity, probably due to the extensive formation of
aggregates, which has lowered the effective solute concen-
tration in solution. Particle size analysis demonstrates the for-
mation of nanoparticles with average diameters of 278, 236
and 134 nm, respectively, in 70, 80 and 99% aqueous mixtures
(Fig. S7†). Clearly, the PL of P1/2 is induced and enhanced by
aggregate formation and it is thus AIE-active.

Similar to TPE, the mechanism for the AIE properties of 4
and P1/2 is proposed to be associated with the restriction of
intramolecular rotation (RIR) in the aggregated state.18 The
phenyl rings in 4 are linked to a carbon–carbon double bond
and can undergo rotation freely in the solution state. Such
active intramolecular rotation will act as a non-radiative
pathway for the excitons to decay to the ground state, render-
ing 4 non-emissive in pure THF solution and aqueous mix-
tures with a low fw. However, upon aggregate formation, such
motion is restricted due to the physical constraint. This blocks
the non-radiative relaxation pathway and thus turns on the
emission of the luminogen. Since the TPE units in P1/2 are
linked together by covalent bonds, their rotation has been par-
tially restricted in nature. This explains why the polymer is
somewhat emissive in pure THF solution albeit in a weak
intensity. When polymer aggregates form in the presence of a
large amount of water, the RIR process is further activated,
which shows further increment of the PL intensity.

Intriguingly, model compound 3 is found to be AIE-active
even though it carries no TPE unit. As shown in Fig. 6, 3 emits
no light under UV irradiation when molecularly dissolved in
THF and becomes emissive when 90% of water is added to the
THF solution. Further water addition leads to a stronger emis-
sion, with the PL intensity at 99% water content being 29-fold
higher than that in the pure THF solution. The single crystals
of 3b emit bluer and stronger light (quantum yield ФF =
10.83%) than the amorphous aggregates in 99% aqueous solu-
tion (ФF = 1.23%).

To gain a further insight into its AIE mechanism, the crys-
tals obtained were characterized by single-crystal X-ray crystallo-
graphy (Fig. 7). The result shows that 3b adopts a twisted
conformation with large torsional angles (65.16° and 31.60°)
in the crystal state. Multiple weak intermolecular interactions,

such as C–H⋯O, C–H⋯C and O⋯O interactions, are observed
between the adjacent 3b molecules. Although we failed to
obtain the single crystals of 3a, it is supposed that 3a may
adopt a structure similar to 3b. The twisted molecular confor-
mation and the presence of intermolecular interactions
hamper the strong π–π stacking that leads to emission quench-
ing and lock the rotation of the peripheral phenyl rings, thus
endowing 3b with strong solid-state emission. In addition to
the RIR mechanism, we have recently proposed that the restric-
tion of intramolecular vibrations (RIV) is another cause for the
AIE phenomena.19 Some molecules that carry no rotatory moi-
eties but vibrational parts in their structures also show the AIE
features.20 Inspired by such discovery, we believed that the RIV
process might also play a role in the AIE effect of 3. The
vigorous vibration of the isocoumarin ring in 3 will consume
the energy of the excited state, leading to emission annihil-
ation in a diluted solution. Such motion, however, is restricted
when aggregates are formed, which enables the dye molecules
to emit upon photo-excitation. In the crystal state, the
RIV process is further activated due to the existence of inter-

Fig. 6 (A) Photographs of 3 in THF/water mixtures with different water
fractions ( fw) taken under 365 nm UV irradiation from a hand-held UV
lamp. (B) PL spectra of 3 in THF/water mixtures. (C) Plots of the relative
PL intensity (I/I0) versus the composition of the aqueous mixture of 3.
Solution concentration: 10 µM; excitation wavelength: 307 nm. Inset:
fluorescence image of single crystals of 3b taken under a fluorescence
microscope. Excitation wavelength: 330–385 nm.

Fig. 7 (A) Molecular structure of model compound 3b (CCDC 1043916)
with torsional angles. (B) Illustration of intermolecular interactions
between adjacent 3b molecules.
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molecular C–H⋯O and O⋯O interactions (Fig. 7B). Thus, most
of the excitons will decay via the radiative pathways, making the
crystals emit brighter light than the amorphous aggregates.

Light refraction and photopatterning

The development of processable polymers with high and
tunable refractive indices (n) has drawn wide attention owing
to their promising applications in optical waveguides, organic
light-emitting diodes, lenses, prisms, memory, image sensors,
etc.21 The good film-forming ability of P1/2 enables us to investi-
gate its light refraction properties. Tough solid films can be
readily obtained by spin-coating of its dichloroethane solution
onto silicon wafer. As illustrated in Fig. 8, the thin film of P1/2
shows high n values of 1.9697–1.6507 in a wavelength region
of 390–890 nm. The n value at 632.8 nm is 1.6920, which is
much higher than that of conventional optical plastics, such
as polyacrylate (n = 1.492), polystyrene (n = 1.587) and poly-
carbonate (n = 1.581).22 The high refractivity of P1/2 is reasonable:
from its structure, we can find that P1/2 possesses many polar-
ized aromatic rings, heteroatoms and ester groups, which are
crucial elements for a material to show a high refractive
index.23 Additionally, the refractivity of P1/2 is responsive to
UV irradiation. When its film is exposed to UV light, its
n values drop progressively upon prolonging the irradiation time
(Fig. 8 and Table S3†). The n values decrease to 1.7273–1.6030
at the same wavelength region at an exposure time of 40 min
and the difference in the n value at 632.8 nm before and after
irradiation is about 0.0746. The facile UV modulation of the
film’s refractivity is possibly due to the structural change in
the polymer induced by UV light. For a material to be used in
optical applications, its chromatic dispersion should be low.
The Abbe number (νD) of a material is used to measure the
variation of its n value with wavelength. It is defined as (nD − 1)/
(nF − nC), where nD, nF and nC are the n values at
wavelengths of the Fraunhofer D, F and C spectral lines of
589.2, 486.1 and 656.3 nm, respectively.8c The chromatic
dispersion (D) is the reciprocal of the corresponding νD. As
summarized in Table S3,† the νD and D values of P1/2 under
different irradiation times (0–40 min) are in the range of
7.7333–17.9358 and 0.1293–0.0558, respectively. The good
optical transparency, high and tunable light refraction together

with the pretty low optical aberration allow the polymer to serve
as a potential coating material in photonic devices.16

Considering the high photosensitivity, good film-forming
ability and efficient solid-state emission of P1/2, we anticipated
that the polymer can be applied as an excellent luminescent
material as well. Indeed, by irradiating a uniform thin film of
P1/2 by UV light through a copper mask under air at room
temperature for 20 min, a two-dimensional fluorescent photo-
pattern with unambiguous edges was observed under a
fluorescence microscope (Fig. 9). The exposed regions
(gridlines) of the film may undergo a strong photo-oxidative
bleaching process upon UV illumination in air, and are thus
weakly emissive, while the unexposed regions (squares) remain
green emissive. The generation of such a fluorescent pattern
by a photolithography technique is of great significance in
terms of opto-electronic applications.24

Conclusions

In summary, we developed a straightforward and waste-free
polymerization route to functional isocoumarin-containing
polymers. Unlike some internal alkyne-based polymerization
routes with low efficiency, the oxidative polycoupling of aryl
diacid 1 and internal diyne 2 proceeds efficiently in DMF in air
in the presence of [Cp*RhCl2]2 and a catalytic amount of
Cu(OAc)2·H2O at 120 °C for 24 h, generating a polymer with a
high molecular weight in a high yield. The polymer structure
was confirmed by comparison of the IR and NMR spectra of
P1/2 with those of monomers and model compounds. Notably,
an isocoumarin framework forms in situ during the polymeriz-
ation from readily accessible and inexpensive starting
materials. The resulting polymer possesses good thermal stabi-
lity, optical transparency and film-forming ability. Its thin film
exhibits high and tunable refractive indices and is photo-
patternable. The presence of TPE units in the polymer
structure has endowed P1/2 with strong solid-state emission.
Given the readily available monomers, simple procedures and
advanced properties of the resulting polymer, this oxidative
polycoupling reaction can be used as an efficient tool for the
construction of fluorescent materials with isocoumarin
functionalities for various applications.

Fig. 8 Wavelength dependence of the refractive index of a thin film of
P1/2 on the UV irradiation time.

Fig. 9 Two-dimensional fluorescence photopattern generated by
photo-oxidation of P1/2. The photograph was taken under 330–385 nm
UV illumination.
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Experimental section
Materials and instrumentation

THF was distilled from sodium benzophenone ketyl under
nitrogen immediately before use. All the chemicals and other
reagents were purchased from Aldrich and used as commer-
cially received without further purification.

Weight-average molecular weight (Mw) and polydispersity
index (Mw/Mn) of the polymers were estimated on a Waters gel
permeation chromatography (GPC) system using THF as an
eluent. The details of the experimental setup can be found in
our previous publication.25 IR spectra were recorded on a
PerkinElmer 16 PC FTIR spectrophotometer. All the 1H and
13C NMR spectra were recorded on a Bruker AV 400 spectro-
meter in deuterated dichloromethane (CD2Cl2) using
tetramethylsilane (δ = 0) as an internal reference, except for
monomer 1, which was recorded in deuterated dimethyl-
sulfoxide. High-resolution mass spectra (HRMS) were recorded
on a GCT premier CAB048 mass spectrometer operating in
MALDI-TOF mode. The PL spectra were recorded on a
PerkinElmer LS 55 spectrophotometer. UV spectra were
recorded on a Milton Ray Spectronic 3000 Array spectro-
photometer. TGA was carried on a TA TGA Q5000 under nitro-
gen at a heating rate of 10 °C min−1. The thermal transitions
were investigated by DSC using a TA Instruments DSC Q1000
at a heating rate of 10 °C min−1. The particle sizes of the
polymer aggregates were measured using a Brookhaven Zeta
potential analyzer. The refractive indices of the polymer films
were determined using an Alpha-SE Woollam ellipsometer.
Photo-oxidation of the polymer film was carried out in air at
room temperature using 365 nm light from a Spectroline
ENF-280C/F UV lamp (diameter = 5 cm) at a distance of 1 cm
as a light source. The intensity of the incident light intensity
was ∼18.5 mW cm−2. The procedures for film preparation and
photopattern generation were similar to those described in our
previously published papers.26

Polymer synthesis

All the polymerization reactions were carried out under air,
except for Table 1, entries 1–3, which were conducted under a
nitrogen atmosphere using the standard Schlenk techniques.
The typical experimental procedures for the polymerization of
Table 1, entry 2 and entry 4 are given below as examples.

For entry 2: a 10 mL Schlenk tube equipped with a mag-
netic stirrer was charged with 1 (0.2 mmol), 2 (0.2 mmol),
[Cp*RhCl2]2 (0.016 mmol) and Cu(OAc)2·H2O (0.4 mmol). The
tube was evacuated under vacuum and flushed with dry nitro-
gen for three times. Then 4 mL o-xylene was injected under
nitrogen. The reaction mixture was stirred under a nitrogen
atmosphere in an oil bath at 120 °C for 24 h. Afterward, the
reaction was stopped and cooled to room temperature. To
remove the catalytic species, especially the copper salt, the
resulting mixture was dissolved in a THF/dichloromethane/
chloroform mixture and centrifuged for several times until the
supernatant liquid was colourless. Then the solution was
concentrated under reduced pressure and added dropwise to

150 mL of the chloroform/hexane mixture (1 : 10 v/v) through a
cotton filter under vigorous stirring to precipitate the polymer
and meanwhile remove, if any, insoluble substances and cata-
lytic species. The precipitates were filtered and washed with
hexane and dried in a vacuum at room temperature to a con-
stant weight.

For entry 4: into a 10 mL Schlenk tube equipped with a
magnetic stirrer were added 1 (0.2 mmol), 2 (0.2 mmol),
[Cp*RhCl2]2 (0.004 mmol) and Cu(OAc)2·H2O (0.02 mmol).
Then 2 mL of dry DMF was added. The resulting solution was
stirred for 24 h at 120 °C under air. After cooling to room
temperature, the reaction mixture was added dropwise into
150 mL of the chloroform/hexane mixture (1 : 10 v/v) via a
cotton filter under stirring to precipitate the polymer. The
precipitates were then filtered and washed with hexane and
dried under vacuum at room temperature to a constant weight.

P1/2. Light yellow solid; yield 88.1% (Table 3, entry 2). Mw

26 300; Mw/Mn 2.95 (GPC, polystyrene calibration). IR (KBr), ν
(cm−1): 3055, 3024, 2938, 2863, 1732, 1603, 1511, 1478, 1285,
1244, 1176. 1H NMR (400 MHz, CD2Cl2), δ (ppm): 8.10, 8.08,
7.19, 7.08, 6.97, 6.88, 6.72, 6.66, 6.54, 6.36, 3.88, 3.70, 1.73,
1.59, 1.49. 13C NMR (100 MHz, CD2Cl2), δ (ppm): 162.16,
159.91, 159.02, 151.32, 149.89, 142.44, 142.18, 138.34, 134.45,
133.79, 132.59–131.00, 129.57–127.75, 126.89, 125.63, 119.10,
118.81, 116.80, 116.02, 115.10, 114.03, 112.84, 68.23, 29.53,
26.21.

Model reaction

To support the structural characterization of P1/2 obtained
under a nitrogen atmosphere, model compound 3 was first
prepared by the oxidative coupling of p-toluic acid 5
(2.0 mmol) and methoxyl-substituted internal alkyne 6
(2.4 mmol). The reaction was carried out in o-xylene (10 mL)
under nitrogen at 120 °C for 8 h in the presence of
[Cp*RhCl2]2 (0.01 mmol) and Cu(OAc)2·H2O (4.0 mmol), using
a similar experimental procedure for preparing P1/2 (Table 1,
entries 1–3). After cooling to room temperature, the crude
product was purified by silica-gel column chromatography
using the hexane/ethyl acetate mixture (98 : 2 v/v) as eluent. A
mixture of 3a and 3b was collected as a light yellow solid.
Yield: 96.1%. IR (KBr), ν (cm−1): 3034, 3004, 2969, 2931, 2836,
1729, 1608, 1511, 1484, 1294, 1248, 1177. 1H NMR (400 MHz,
CD2Cl2), δ (ppm): 8.22 (dd, 1H), 7.49–7.13 (m, 8H), 7.04–6.91
(m, 2H), 6.76–6.69 (m, 1H), 3.80 (d, 3H), 2.37 (d, 3H). 13C NMR
(100 MHz, CD2Cl2), δ (ppm): 162.45, 162.39, 160.42, 159.88,
151.45, 151.39, 146.24, 146.21, 139.63, 139.51, 135.26, 133.95,
132.79, 131.76, 131.03, 129.78, 129.61, 129.53, 129.41, 129.11,
128.33, 128.26, 126.77, 126.05, 125.81, 125.51, 118.53, 118.28,
116.94, 116.26, 114.79, 113.65, 55.65, 55.59, 22.31. HRMS
(MALDI-TOF): m/z 342.1243 (M+, calcd 342.1256). Crystallo-
graphic data for 3b has been deposited at the Cambridge
Crystallographic Data Centre with a supplementary publication
no. CCDC 1043916.

To support the structural characterization of P1/2 obtained
under aerobic conditions, model compound 4 was synthesized
by the dehydrogenative coupling of TPE-containing mono-

Paper Polymer Chemistry

2508 | Polym. Chem., 2016, 7, 2501–2510 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 2
6 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
by

 H
K

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
on

 2
8/

08
/2

01
7 

12
:4

5:
45

. 
View Article Online

http://dx.doi.org/10.1039/c6py00206d


carboxylic acid 7 (0.5 mmol) with 6 (0.6 mmol). Compound 7
was synthesized according to our previous literature.27 This
model reaction was carried out in dry DMF (2.5 mL) under air
at 120 °C for 6 h in the presence of [Cp*RhCl2]2 (0.005 mmol)
and Cu(OAc)2·H2O (0.025 mmol). After cooling to room temp-
erature, the crude product was purified by silica-gel column
chromatography using the hexane/ethyl acetate mixture (98 : 2
v/v) as the eluent. It is hard to separate 4a and 4b by column
chromatography due to their similar physical properties. Thus,
only a mixture of 4a and 4b was obtained as a light yellow
solid. Yield: 60.1%. IR (KBr), ν (cm−1): 3054, 3021, 2927, 2838,
1732, 1605, 1512, 1490, 1443, 1287, 1255, 1179. 1H NMR
(400 MHz, CD2Cl2), δ (ppm): 8.12 (dd, 1H), 7.34–7.04 (m, 15H),
7.04–6.88 (m, 7H), 6.75 (dd, 2H), 6.66 (dd, 2H), 3.76 (d, 3H).
13C NMR (100 MHz, CD2Cl2), δ (ppm): 162.29, 162.22, 160.36,
159.54, 151.24, 150.71, 143.54, 143.39, 143.44, 143.09, 140.19,
138.54, 138.46, 134.57, 133.85, 132.68, 131.66–131.03,
129.59–127.97, 127.31, 127.21, 126.14, 125.94, 118.77, 118.50,
116.87, 116.21, 114.57, 113.57, 55.58. HRMS (MALDI-TOF): m/z
582.2209 (M+, calcd 582.2195).
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