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ARTICLE INFO ABSTRACT

Keywords: Two series of random copolymers containing at the same time two fluorescent groups, carbazole and coumarin,
ROMP ) N linked to a poly(norbornene dicarboximide) backbone have been prepared by controlled ring-opening metathesis
Norbornene dicarboximide monomers polymerization (ROMP), promoted by Grubbs’ third generation catalyst (G3). The relative amount of the two
Carbazole functionaliti ically varied along the copol hai he high £ 1 1
Coumarin unctionalities was systematically varied along the copolymer chain, and the high degree of structural contro!

observed allowed also for the preparation of a block copolymer with an equimolar content of fluorophore groups.

In comparison to the related homopolymers, all the random copolymers exhibited in solution typical photo-
luminescence due to the carbazole or coumarin moiety, together with fluorescence arising from the energy
transfer from the donor carbazole groups to the acceptor coumarin groups. This energy transfer seems to occur
through intramolecular interactions, as it is not observed in the block copolymer and in the 50/50 homopolymer
blend. On the other hand, in the solid state also the energy transfer from carbazole to coumarin through
interchain interactions can take place. Of note, moving from solution to solid state fluorescence analysis, a blue
shift of the band related to the energy transfer phenomenon is observed. This finding could be related to a

Fluorescent copolymers
Energy transfer

combined effect of energy and electron transfer from donor to acceptor.

1. Introduction

Over the last decades, fluorescent molecules have received great
scientific attention for their fascinating properties and important ap-
plications in various fields of materials and life science, including bio-
imaging, chemosensing and optoelectronic devices [1-7].

Fluorescent polymer materials have gained increasing interest
because they show some advantages over small molecules materials,
such as good processability, film-forming ability and thermal stability,
as well as amplification of fluorescence signal and enhanced optical
stability [8-11].

Fluorescent polymers can be prepared by different polymerization
techniques, such as cationic/anionic/radical polymerization [12-17],
Ziegler-Natta coordination polymerization [18-21] or ring opening
metathesis polymerization (ROMP) [22-24]. ROMP, especially pro-
moted by ruthenium-based catalysts, is widely recognized as a valuable
synthetic methodology to fabricate nonconjugated polymers, since it
offers several advantages, including operational simplicity, high
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tolerance towards a variety of functional groups and fast reaction rate
[25-28]. Moreover, both molecular weight distribution and dispersity of
polymers can be controlled [26,28].

Norbornene and its derivatives are the most common ROMP mono-
mers, since they combine high reactivity, arising from their high ring
strain, with easy synthesis and possibility of introducing desired func-
tional moieties as pendant groups, thus enabling the preparation of
advanced polymeric materials for specific applications in biological,
chemical, physical, and biomedical fields [23,24,29-35]. To date,
several fluorescent tools based on poly(oxa)norbornenes or poly(oxa)
norbornene dicarboximides, characterized by various types of fluores-
cent chromophores in the side chains, have been prepared through
ROMP [24,36-42]. Due to the controllability of ROMP process, exam-
ples of random copolymers and block copolymers bearing different
pendant chromophores have been also reported [43,44].

In order to develop high-performance fluorescent materials, special
attention has been paid to the synthesis of nonconiugated polymers
having at the same time donor and acceptor chromophores attached to
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the polymer backbone, able to induce energy, charge, or electron
transfer [45-49]. This approach has allowed to construct via ROMP
highly efficient blue thermally activated delayed fluorescence (TADF)
polymers for light-emitting devices [47,48].

In this context, as a part of efforts to develop nonconjugated fluo-
rescent polymers with enhanced optoelectronic properties, some of us
recently reported on new fluorescent ROMP polymers based on (oxa)
norbornene dicarboximide (NDI or ONDI) monomers with pendant
carbazole or coumarin groups, connected to the polymerizable unit
through different spacers (ethylene or p-xylene) [50,51]. The interest in
using carbazole and coumarin as the fluorophores was mainly related to
their easy availability and excellent fluorescence emission, which make
them broadly utilized in a variety of functional polymers and materials
for different electro-optical applications [52-54], including organic
light emitting diodes (OLEDs) [55,56], optical data storages [57-59], or
laser dyes [60]. The results gathered during the study suggested that
polymer optoelectronic properties can be modulated by appropriate
combination of monomer structure and main chain stereochemistry. As
a logical extension of this research, we decided to investigate the pos-
sibility of preparing, by ROMP, random copolymers containing two
distinct functionalities, i.e. carbazole and coumarin, at the same time,
with the intention of probing whether copolymer properties could be
tuned adjusting and optimizing the fluorophores content into the poly-
mer side chains. In particular, we focused on evaluating possible
carbazole-coumarin through-space interactions, as well as their depen-
dence on the copolymer composition. The main aim is to prepare new
organic materials for the fabrication of electroluminescent devices that
offer advantages such as excellent filmability, high brightness and effi-
ciency, and low cost of fabrication.

To this end, herein we describe the synthesis and characterization of
random copolymers from NDI monomers bearing pendant carbazole and
coumarin moieties, in the presence of the commercial Grubbs catalyst
G3 (Scheme 1), commonly used to promote ROMP reactions in a
controlled/living manner [28,61,62]. The synthesis and characteriza-
tion of a block copolymer with an equal content of carbazole and
coumarin is also reported to evaluate the influence of the architecture of
copolymers on their fluorescence properties.

N# 1. G3, CH,Cl,,

(o] 30 °C, 20 min
— e

2. /\0/\
R.T., 15 min
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2. Experimental section
2.1. Materials

Dichloro[1,3-bis (2,4,6-trimethylphenyl)-2-imidazolidinylidene]
(benzylidene)- bis(3-bromopyridine)ruthenium(II) (G3) and all reagents
and solvents were purchased from Merck Sigma-Aldrich (Italy). The
monomers 2-[2-(9H-carbazol-9-yl)ethyl]-3a,4,7,7a-tetrahydro-1H-4,7
methanoisoindole-1,3(2H)-dione (NDI-EtCar), 2-4-{[(9H-carbazole-9-
yDmethyl]benzyl}-3a,4,7,7a-tetrahydro-1H-4,7- methanoisoindole-1,3
(2H)-dione (NDI-XyCar), 3-methylene-2-{2-[(2-0x0-2H-chromen-7-yl)
oxy]Jethyl}-2,3,3a,4,7,7a-hexahydro-1H-4,7-methanoisoindol-1-one
(NDI-EtCou), and 2-{4-[((2-o0x0-2H-chromen-7-yl)oxy)methyl]benzyl}-
3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione ~ (NDI-
XyCou) were prepared as previously reported [50]. All the operations of
synthesis and handling involving air- and moisture-sensitive compounds
were performed under dried nitrogen atmosphere by using Schlenk, or
glovebox techniques. The glassware and vials used in the polymerization
reactions were dried in an oven at 120 °C overnight and subjected to
vacuum-nitrogen cycles. Dichloromethane (CH5Cly) was dried refluxing
over lithium aluminium hydride (LiAlH4) for 48 h and distilled before
use.

2.2. Synthesis of homopolymers and copolymers

2.2.1. Typical homopolymerization procedure

In a glovebox, 0.30 mmol of the appropriate monomer (NDI-Car or
NDI-Cou) were introduced in a vial and dissolved in anhydrous
dichloromethane (0.24 M). The vial was taken out from the glove box
and warmed to 30 °C. The catalyst G3 (1.5 pmol) was dissolved in a
minimal amount of dichloromethane solution and immediately injected.
The reaction mixture was stirred for 20 min. Afterward, the polymeri-
zation was quenched with ethyl vinyl ether and kept under stirring for
additional 30 min. The product mixture was poured into methanol and
the precipitate that formed was collected, redissolved in methylene
chloride and reprecipitated in methanol. Then, the obtained polymer
was recovered by filtration and dried in a vacuum oven at 40 °C for 12 h.

H H x=0  PNDI-EtCar :
x=0.10 PNDI-EtCargy-Couyp |

=030 PNDI-EtCar,y-Cous, |
x=0.50 PNDI-EtCarsy-Cous, |
x=0.70 PNDI-EtCar;y-Couy :
x=0.90 PNDI-EtCary-Coug !
x=1 PNDI-EtCou H
poly(NDI-EtCar-co-NDI-EtCou)

(PNDI-EtCar-Cou)

1. G3, CH,Cl,,

30 °C, 20 min
i —
N ozNgo 2.0
NDI-XyCar NDI-XyCou

R.T., 15 min %K:

x=0 PNDI-XyCar
x=0.10 PNDI-XyCargy-Couyq

x=0.30 PNDI-XyCary-Cousq

x=0.50 PNDI-XyCarsy-Cousq

x=0.70 PNDI-XyCar;y-Couy,

x=0.90 PNDI-XyCary-Couy,
x'n x=1  PNDI-XyCou

poly(NDI-XyCar- -co- I\DI XyCou)

Scheme 1. Synthesis of random copolymers poly(NDI-EtCar-Cou) and poly(NDI-XyCar-Cou).



M. Carratu et al.

The NMR, UV-Vis and fluorescence spectroscopic data for all the ho-
mopolymers matched with those previously reported. [50].

2.2.2. Typical random copolymerization procedure

In a glovebox, the appropriate comonomers NDI-Car and NDI-Cou
(different ratios, 0.30 mmol total amount) were dissolved in anhydrous
dichloromethane (0.24 M). The vial was taken out from the glove box
and warmed to 30 °C. G3, dissolved in a minimal quantity of anhydrous
dichloromethane, was immediately injected and the reaction mixture
was stirred for 20 min. The reaction was then quenched with ethyl vinyl
ether and kept under stirring for additional 30 min. Subsequently, the
product mixture was poured in methanol to precipitate out the crude
copolymer. The latter was collected via filtration, redissolved in meth-
ylene chloride, reprecipitated in methanol and then dried at 40 °C under
reduced pressure for 12 h.

2.2.3. Block copolymerization procedure

The monomer NDI-Et-Car (0.15 mmol), chosen for the synthesis of
the first block, was dissolved in anhydrous dichloromethane (0.24 M)
into a 5 mL Schlenk tube, and the solution was warmed at 30 °C. G3 was
then dissolved in a minimal amount of anhydrous dichloromethane and
immediately added to the monomer solution. The reaction mixture was
kept stirring for 20 min, then a solution of NDI-EtCou (0.15 mmol, 0.24
M) was added and the polymerization reaction was left under stirring for
additional 20 min. After this time, an excess of ethyl vinyl ether was
added to terminate ROMP reaction. The mixture was stirred for 30 min,
and then poured into an excess of methanol. The crude copolymer was
collected, redissolved in dichloromethane, and then added to an excess
of methanol once again. The obtained polymer was dried in a vacuum
oven at 40 °C for 12 h.

2.3. Characterization

1D and 2D NMR spectra were recorded on a BRUKER ASCEND 600
spectrometer (600 MHz for 'H; 150 MHz for 3C) operating at 208 K. The
samples were prepared by dissolving 15-20 mg of polymer in 0.5 mL of
deuterated chloroform (CDClg). Tetramethylsilane (TMS) was used as
internal chemical shift reference.

Molecular masses (M, and M,,) and dispersities (P) were measured
by gel permeation chromatography (GPC) at 30 °C, using CHCl3 as the
eluent (1 mL/min) and narrow polystyrene standards as reference. The
measurements were performed on an Agilent GPC/SEC instrument using
a PLgel 5 pm MIXED-C, 7.5 x 300 mm column (p/n PL1110-6500),
Linear MW Operating Range: 200 to 2,000,000 g/mol (PS equiv).

Thermogravimetric analysis (TGA) measurements were performed
on a TGA Q500 apparatus in flowing N3 (100 cm®/min). 5 mg of each
polymer were placed in platinum pans and heated in the range
20-800 °C at a rate of 10 °C/min.

Differential scanning calorimetry (DSC) measurements were per-
formed using a TA DSC Q20 instrument in flowing Ny. Polymer samples
of 5-7 mg were placed in aluminum pans and heated/cooled at a rate of
10 °C/min. Measurements were done in the range 0-250 °C.

Ultraviolet—visible (UV-Vis) measurements were performed by an
Agilent Varian Cary 50 spectrophotometer and photoluminescence
recorded by an Agilent Varian Cary Eclipse spectrophotometer. Thin
polymer films were prepared by spin coating (chloroform was used as
solvent) on quartz slide substrate. The solutions (1 mg/10 mL) have
been spin coated in air at 500 rpm for 60 s. The film thicknesses were
100 nm.

The fluorescence quantum yields of the polymers were measured in
dilute CHClj3 solution (1 mg/10 mL) using quinine sulfate (0.55 in 0.1 M
HS04) as standard. Values were calculated according to the following
equation:

Q= Qr(Ar/As)(ES/Er)(HS/nr)Z
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where Qq is the quantum yield of the sample, Q, is the quantum yield of
the standard, A; and A are the absorbances of the sample and the
standard at the excitation wavelength (290 nm), respectively, E and E;
are the integrated emission intensities of the sample and the standard
respectively, and ng and n; are the refractive indexes of the corre-
sponding solutions (pure solvents (CHCl3 and HyO) were assumed). The
quantum yields of all polymers are listed in Table S1 of S.I..

3. Results and discussion
3.1. Synthesis and characterization of copolymers

The chemical structures of the norbornene dicarboximide (NDI)
monomers functionalized with carbazole and coumarin fluorophores are
depicted in Scheme 1. NDI-EtCar, NDI-EtCou, NDI-XyCar and NDI-
XyCou were prepared and characterized as previously described
[50,63].

The couples of NDI monomers with the same spacer (ethylene or
xylene) were readily copolymerized by ROMP, in dichloromethane at
30 °C, using the third-generation Grubbs catalyst (G3) to give the related
random copolymers poly(NDI-EtCar-co-NDI-EtCou) (PNDI-EtCar-Cou)
and poly(NDI-XyCar-co-NDI-XyCou) (PNDI-XyCar-Cou), as illustrated
in Scheme 1. The comonomers:catalyst molar ratio was 200:1 in all of
them, while the feed molar ratios of NDI-Car and NDI-Cou monomers
were 90:10, 70:30, 50:50, 30:70 and 10:90, respectively. According to
the feed molar ratio of the comonomers, the copolymers containing the
ethylene bridge are named as PNDI-EtCargg-Cou;g, PNDI-EtCaryo-
Couzg, PNDI-EtCars¢-Cousg, PNDI-EtCarsp-Couyg, PNDI-EtCar;o-
Couygy, respectively. Analogously, the polymer samples obtained from
the monomers with the xylene bridge, are titled as PNDI-XyCargo-
Coujg, PNDI-XyCary¢-Couzg, PNDI-XyCarso-Cousg, PNDI-XyCar3zo-
Couyg, PNDI-XyCar;o-Cougg, respectively.

The homopolymers PNDI-EtCar, PNDI-EtCou, PNDI-XyCar and
PNDI-XyCou were also synthesized for comparison. The polymerization
results are summarized in Table 1. Polymerizations were interrupted
after 20 min and the extent of monomer conversion to polymer was
evaluated from 'H NMR spectra of crude polymerization mixtures. Full
conversions were observed in all cases, as revealed by the complete
disappearance of the monomer olefinic signals in the range 6.23-6.27
ppm, and the appearance of the polymer chain olefinic signals (cis and
trans) in the range 5.18-5.83 ppm [50]. As observed in the synthesis of
related homopolymers [50], the nature of the spacer (ethylene or p-
xylene) in the NDI monomers seems to have no influence on the poly-
merization outcome.

The copolymer microstructures were investigated using 1D and 2D
NMR spectroscopy, and the H, 13C and HSQC NMR spectra of all the
copolymer samples are reported in the Supporting Info (Figure S1-S32).
Representative 'H NMR spectra of copolymers PNDI-EtCarso-Cousg and
PNDI-XyCarso-Cousg, obtained using a 50:50 comonomer feed ratio,
are shown in Fig. 1. For comparison, the 'H NMR spectra of the related
homopolymers are also reported. The compositions of all copolymers
PNDI-EtCar-Cou were determined from 'H NMR spectra by correlating
the relative intensities of the resonance of the coumarin proton o,
centered at 6.14 ppm, and the resonance relative to the carbazole pro-
tons j, centered at 8.04 ppm (Fig. 1 and Figure S16). For copolymers of
the PNDI-XyCar-Cou series, the percentages of comonomers in the
polymer chain were estimated from the integration ratios of the same
diagnostic signals, resonating at 6.14 ppm for the coumarin proton q and
at 8.06 ppm for the carbazole protons 1 (Fig. 2 and Figure S32). The final
contents of comonomers in the polymer chains are in excellent agree-
ment with the initial comonomer feed ratios (see Table 1).

Concerning the stereochemistry of the double bonds in the main
chain, in the PNDI-EtCar-Cou series the overlap of the olefinic diag-
nostic signals in the 'H NMR spectra at 5.86-5.16 ppm prevented the
determination of the cis/trans ratios, which were estimated by
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Table 1
Results of ROMP homo- and copolymerization of NDI-Car and NDI-Cou promoted by G3.
Polymer” NDI-Car NDI-Cou NDI-Cou” My p° Ty Ty Tgm' (°C)
(mmol) (mmol) (%) (kDa) cQ Q)
PNDI-EtCar 0.30 0.00 0 53.0 1.09 410 190 -
PNDI-EtCargy-Cous o 0.27 0.03 8.9 53.2 1.13 428 186 186
PNDI-EtCar7o-Cousg 0.21 0.09 25.5 63.4 1.23 419 176 176
PNDI-EtCarsy-Cousg 0.15 0.15 45.9 62.9 1.22 403 165 166
PNDI-EtCarzo-Couyq 0.09 0.21 69.0 64.2 1.26 414 156 154
PNDI-EtCar; -Cougg 0.03 0.27 89.3 68.0 1.25 379 148 144
PNDI-EtCou 0.00 0.30 100 51.6 1.11 392 140 -
PNDI-XyCar 0.30 0.00 0 65.6 1.15 394 195 -
PNDI-XyCargy-Couy o 0.27 0.03 9.5 68.4 1.23 385 188 190
PNDI-XyCar(-Cousg 0.21 0.09 27.8 80.5 1.37 360 179 181
PNDI-XyCarso-Cousg 0.15 0.15 50.0 77.8 1.25 358 169 170
PNDI-XyCarso-Couyg 0.09 0.21 69.8 85.0 1.29 365 161 161
PNDI-XyCar;-Cougg 0.03 0.27 91.4 69.4 1.22 367 152 152
PNDI-XyCou 0.00 0.30 100 64.4 1.16 366 145 -
P(NDI-EtCar-b-NDI-EtCou) 0.15 0.15 49.5 51.8 1.30 391 147, -
189

@ Reaction conditions: comonomers (0.30 mmol) and catalyst (1.5 pmol) in CH,Cl; (1.25 mL, 0.24 M) at 30 °C for 20 min. For the synthesis of the block copolymer P

(NDI-EtCar-b-NDI-EtCou), the reaction time was 40 min.
b Determined by 'H NMR analysis of the purified polymer.
¢ Determined by GPC relative to polystyrene standards in CHCls.
d Evaluated by TGA at 5% weight loss.
¢ Determined from the second heating run at heating rate of 10 °C min ™.

f Theoretical values calculated by Fox equation [64] according to the literature reported.

fP+ee
b,b'+c,c’

" 85 80 75 70 65 60 65 G0 45 40 35 30 25 20 15 10 pm
Fig. 1. 'H NMR spectra (600 MHz, CDCls) of poly(NDI-EtCarso-Cousg), poly
(NDI-EtCou), poly(NDI-EtCar). The asterisk denotes the residual protio impu-
rity of the solvent.

integrating the olefin carbons resonating in the region 134.43-132.48
ppm (cis) and 132.45-131.10 ppm (trans) in the 13¢ NMR spectra (see
SI). A slight prevalence of trans linkages was observed, with percentages
varying from 57 to 60 %. In the PNDI-XyCar series, due to the overlap of
the copolymer olefinic signals at 5.78-5.19 ppm with the ones relative to
the methylene protons linked to the carbazole unit, the content of cis/

&5 80 75 70 65 60 B85 60 45 40 A5 30 25 20 15 1Opmm

Fig. 2. H NMR spectra (600 MHz, CDCl3) of poly(NDI-XyCarso-Cousy), poly
(NDI-XyCou), poly(NDI-XyCar). The asterisk denotes the residual protio im-
purity of the solvent.

trans sequences were calculated by the integration of '3C NMR diag-
nostic signals observed in the region 134.37-132.33 ppm (cis) and
132.32-131.32 ppm (trans) (see SI). The percentages of trans double
bonds were found to be in the range 58-61 %.
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GPC analysis results show that the ROMP copolymerization proceeds
in a controlled fashion, as typically observed for polymerization re-
actions promoted by G3 [28]. All copolymers display monomodal mo-
lecular weight distributions and low dispersities (1.09<P<1.37). The
experimental M, values of copolymers are in reasonable agreement with
the theoretical ones [65], falling in the range 70.3 < M, < 71.3 kDa for
the PNDI-EtCar-Cou series and in the range 85.5 < M, < 86.5 kDa for
the PNDI-XyCar-Cou series, since the observed deviations could be
ascribed to differences between the structures of the target polymers and
the polystyrene standards used for molecular weights measurements.

Considering the good polymerization control registered in the syn-
thesis of random copolymers of NDI-Car and NDI-Cou monomers by
ROMP, we turned our attention towards the possibility of preparing
block copolymers in the same way. In this view, the synthesis of block
copolymer P(NDI-EtCar-b-NDI-EtCou) was attempted by sequential
addition of NDI-EtCar and NDI-EtCou, using a comonomer ratio 50:50
(see Table 1). Also in this case, 'H NMR analysis on the crude poly-
merization mixture revealed complete conversions of both monomers.
The copolymer composition is in excellent agreement with the como-
nomer feed ratio, as determined from H NMR spectrum (Figure S33).
The successful formation of the block copolymer was proven by 2D
DOSY NMR experiment (Figure S36) and GPC analysis. According to the
DOSY map, PNDI-EtCar and PNDI-EtCou sequences in the polymer
chain exhibit the same diffusion coefficient of 6.92 x 10~'2 m?/s, as
would be expected for an efficient copolymerization of related mono-
mers. Consistently, the GPC trace shows a monomodal molecular weight
distribution.

The thermal properties of PNDI-EtCar-Cou and PNDI-XyCar-Cou
copolymers were investigated by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The thermal behaviour of
PNDI-EtCar, PNDI-EtCou, PNDI-XyCar and PNDI-XyCou homopoly-
mers was reported for comparison.

As shown in Table 1, all the copolymers showed excellent thermal
stability with decomposition temperatures (Tq, with 5 % weight loss) in
the range 358-428 °C (see SI). A clear glass transition temperature (Tg)
is observed for each polymer with values ranging from 148 to 186 °C for
the PNDI-EtCar-Cou series (Fig. 3a) and from 152 to 188 °C for the
PNDI-XyCar-Cou series (Fig. 3b).

No peaks that could be associated with crystallization or melting
were detected, suggesting amorphous morphologies across both the
series of copolymers. The differences in Ty and T, values are very small,
suggesting that the nature of the linker (ethylene or p-xylene) between
the main chain and the pendant units of the copolymers does not in-
fluence their thermal properties.

The Tg’s of all random copolymers are plotted as a function of their
NDI-Cou content in Fig. 4. As it can be observed, the T varies contin-
uously with copolymer composition for both the series of copolymers

I | LR

8
ﬁ—_—1 S8R0 - — PNDI-EtCars-Couio
176 °C PNDI-EtCar:n-Coux

/’J\/

165°C PNDI-EtCarso-Couss

PNDI-EtCar»-Cous

Heat Flow (W/g)

PNDI-EtCaro-Couso

100 150 200 250
Temperature (°C)
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and closely follows the trend of the values predicted using the Fox
equation, thus indicating a good miscibility between the monomer units
of both the copolymer series.

As expected, the block copolymer P(NDI-EtCar-b-NDI-EtCou) tends
to show phase separation and displays two glass transitions, corre-
sponding to T, for each type of block (Figure S52).

3.2. Optical characterization

A preliminary study of the optical properties of both copolymer se-
ries, PNDI-EtCar-Cou and PNDI-XyCar-Cou, was conducted. The
analysis of absorption spectra of all copolymers was performed for
CHClj3 solutions and, in the solid state, for films. The UV-vis spectrum of
each copolymer sample (Figures S53-S63) includes both the two
distinctive bands in the region from 300 nm to 355 nm of the carbazole
rings [66] and the broad band presenting a maximum at 322 nm char-
acteristic of the coumarin group [67]. As an example, in Fig. 5, the
UV-vis spectra of PNDI-EtCarsg-Cousg (a,b) and PNDI-XyCarsy-Cousg
(c,d) samples are depicted. For comparison, PNDI-EtCar, PNDI-EtCou,
PNDI-XyCar and PNDI-XyCou homopolymer spectra are also showed.

The emission spectra of all PNDI-EtCar-Cou copolymer samples,
both in CHCIj3 solution and in the solid state as films, were recorded at
room temperature by using an excitation wavelength of 290 nm. In
Fig. 6, the solution emission spectra of PNDI-EtCar-Cou copolymers and
those of the homopolymers PNDI-EtCar and PNDI-EtCou are showed.
As already reported by some of us [50], PNDI-EtCar solution spectrum
presents two bands at Apax = 352 and 366 nm assignable to isolated
carbazole group emission, as well as PNDI-EtCou spectrum shows a
broad band peaked at 387 nm due to the coumarin group emission. As
for the emission spectra of PNDI-EtCar-Cou copolymers, they present
together with the typical bands of both carbazole and coumarin groups,
a broad band at 450 nm whose intensity depends on the NDI-EtCar/
NDI-EtCou ratio in the copolymer chains. In detail, the band intensity
increases as the content of coumarin groups (NDI-EtCou units) in the
copolymers decreases (see the inset of Fig. 6).

Consisting with already reported in literature for copolymers bearing
both carbazole and coumarine pendant groups [68], the origin of this
new band at 450 nm can be attributed to an energy transfer phenomenon
from the fluorescent emitter carbazole groups to the lower energy
acceptor coumarin groups. As showed in Fig. 7, the overlap, albeit
partial, between the NDI-EtCar monomer photoluminescence spectrum
and the NDI-EtCou monomer absorption spectrum, as well as between
those of PNDI-EtCar and PNDI-EtCou homopolymers, strongly suggests
that PNDI-EtCar-Cou copolymers may undergo to energy transfer from
carbazole to coumarin groups.

In Fig. 8, the emission solution spectrum of the PNDI-EtCarsp-Cousg
copolymer sample and those of the PNDI-EtCar/PNDI-EtCou 50/50
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solution spectra, b and d: thin film spectra).

homopolymer blend and the P(NDI-EtCar-b-NDI-EtCou) block copol-
ymer samples are compared. Both PNDI-EtCar/PNDI-EtCou 50/50
homopolymer blend and P(NDI-EtCar-b-NDI-EtCou) block copolymer
spectra have the same shape resulting from the sum of PNDI-EtCar and

PNDI-EtCou emission. No band at 450 nm, which is instead prevailing
in the PNDI-EtCarso-Cousg spectrum, is detected. These experimental
results clearly indicate that in dilute solution conditions, the energy
transfer from the donor carbazole group to the acceptor coumarin group
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is an intramolecular phenomenon and can probably occur between
carbazole and coumarin groups belonging either to adjacent monomer
units of the same copolymer chain, or eventually, due to the folding of
the copolymer chain, to more distant units. This is also consistent with
the decrease of the 450 nm band intensity observed with increasing
content of coumarin groups in the polymer chains. In fact, since PNDI-
EtCar-Coug are random copolymers, the probability that an NDI-EtCou
unit is neighboring to an NDI-EtCar unit in the same polymer chain
should increase as the number of NDI-EtCou units decreases.

Fig. 9 shows the emission spectra of all PNDI-EtCar-Cou copolymer
samples in the solid state as films and, for comparison, those of PNDI-
EtCar and PNDI-EtCou homopolymers, PNDI-EtCar/PNDI-EtCou 50/
50 homopolymer blend and, P(NDI-EtCar-b-NDI-EtCou) block copol-
ymer, too. Although a slight red shift is detected, both PNDI-EtCar and
PNDI-EtCou homopolymers show spectral profiles like those of solution
ones.

Differently, all PNDI-EtCar-Cou copolymer samples as well as the
PNDI-EtCar/PNDI-EtCou 50/50 homopolymer blend and the P(NDI-
EtCar-b-NDI-EtCou) block copolymer ones show very similar film
spectra presenting a broad band in the 350-500 nm region. These
experimental results seem to suggest that in the solid state, the close
packing of polymer chains allows the energy transfer from the donor
carbazole groups to the acceptor coumarin groups not only through
intrachain interactions, but also through interchain interactions. In fact,
also the PNDI-EtCar/PNDI-EtCou 50/50 homopolymer blend and the P
(NDI-EtCar-b-NDI-EtCou) block copolymer film spectra have only one
broad band in the 350-500 nm region which is instead completely
missing in their solution spectra, while the emission of the donor
carbazole groups is completely quenched.

It is worth noting that the broad band in the 350-500 nm region of
the PNDI-EtCar-Cou film emission spectra is peaked at about 420 nm
and blue shifted respect to the solution ones. This could be justified
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hypothesizing that the broadened band in the 350-500 nm region, both
in the solution and film spectra, originates not only from the energy
transfer but also, from the electron transfer from the donor carbazole
groups to the acceptor coumarin groups [69,70]. This means that both

energy and electron transfer phenomena could contribute to the for-
mation of the band. The electron transfer could involve lower energies
and be favored by the solvent polarity, so to justify the observed red shift
in the solution spectra of PNDI-EtCar-Cou respect to the film ones. To
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support this suggestive hypothesis PNDI-EtCarso-Cousg emission
spectra were recorded in solvents of varying polarities (see Figure S64 in
S.L). A blue shift of the 350-500 nm region band is observed in the
spectra recorded in lower polarity solvents (toluene and heptane)
respect to chloroform. Although these data are only preliminary, they
seem to confirm the hypothesis that electron transfer phenomena from
the carbazole donor to the coumarin acceptor in our copolymers may be
induced by polar solvents. Currently, further and deeper studies are
underway to better understand the optical behavior of these copolymers.

To investigate the possible influence of the nature of the linker
(ethylene or p-xylene) on copolymers fluorescence behaviour, the
emission spectra of PNDI-XyCar-Cou copolymer series, both in solution
(figure S65a) and in the solid state as films (Figure S65b), were also
analyzed.

Fluorescence properties of PNDI-XyCar-Cou copolymers basically
do not differ from those of PNDI-EtCar-Cou copolymers, indicating no
substantial effect due to the replacement of a flexible spacer (ethylene)
with a more rigid one (p-xylene).

4. Conclusions

In this work, novel random copolymers presenting carbazole and
coumarin as pendant fluorophore groups, connected to a poly(norbor-
nene dicarboximide) skeleton by an ethylene or p-xylene spacer, were
prepared by ROMP in the presence of commercial Grubbs’ catalyst G3.
The successful incorporation of the two fluorophores in both the series of
copolymers, in the desired relative ratios, was confirmed by 'H NMR
analysis. Consistent with a controlled polymerization mechanism, all the
obtained copolymer samples showed monomodal molecular weight
distributions and low dispersities. Thanks to the possibility of control-
ling the ROMP process, a block copolymer containing an equal amount
of carbazole and coumarin monomer sequences was successfully syn-
thesized. All the copolymers displayed high thermal stabilities and
possessed an amorphous nature. Moreover, for the two series of random
copolymers, the Ty values were strictly dependent on the copolymer
composition, decreasingly linearly and in a well-controlled manner as
the coumarin content in the copolymer was increased.

As for fluorescence behaviour, the emission spectra of each copol-
ymer showed, together with the typical bands of carbazole and
coumarin groups, a broad band centered at 450 nm that can be attrib-
uted to an energy transfer phenomenon from the donor carbazole groups
to the acceptor coumarin groups, and whose intensity depends on the
copolymer composition and decreases with the increasing of the
coumarin amount in the copolymers. This additional band was not
observed in the emission spectra of the block copolymer as well as of a
blend 50/50 of the two related homopolymers, suggesting that the en-
ergy transfer occurs through intramolecular interactions. The analysis of
the emission spectra of copolymers films, instead, seems to indicate that
the energy transfer in the solid state takes place not only through
intrachain interactions, but also through interchain interactions. More-
over, with respect to the solution spectra, a blue shift of the additional
band from 450 at 420 nm was observed, probably due to a combined
effect of both energy and electron transfer phenomena. As a general
remark, the results of this study highlight the influence of copolymers
architecture and composition in modulating the energy transfer between
the fluorescent donor and acceptor groups, that can result in enhanced
fluorescence properties. These features, together with the high thermal
stabilities and good filmability of the copolymers, can be exploited for
the development of electroluminescent devices. Further investigations
are ongoing to completely explain the observed copolymers fluorescence
behaviour and will be reported in the due course.
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