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Abstract Spiropolymers have gained a great deal of interest from both academic and industrial fields by virtue of their unique geometric
structures and physical properties. Herein, we prepared a series of spirocopolymers through the catalyst-free four-component
spiropolymerization of diisocyanides, activated alkynes, and two different kinds of monomers with reactive carbonyl groups. It is found that the
polymerization reactivity of monomers, feeding modes, and feed ratios play significant roles in spirocopolymerization. Monomers with high
reactivity and feeding reactive monomers first contribute to improving the molecular weights and yields of the polymers. The constructed
copolymers have two different kinds of spiro structures, which is confirmed by the nuclear magnetic resonance. In addition, the spirocopolymers
display the unique cluster-triggered emission and aggregation-induced emission properties, and their emission properties can be well-
modulated by altering the ratio of comonomers. It is highly anticipated that this line of research will enrich the methodology of multi-component

spiropolymerization, and provide a new insight into developing spiropolymers with various spiro structures and tunable properties.
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INTRODUCTION

Spiropolymers are known as polymers containing the spiroring
structure in their repeating units, and have drawn broad interest
from both academic and industrial communities." Their
unique chemical structures endow them with high thermal and
chemical stability since the opening of spiroring structure will
not result in the degradation of polymer chains directly.
Spiropolymers also display many unusual properties, such as
spiroconjugation, spiro-superconjugation, and heterohead
effects, showing promising potentials for use in biomedical and
organic photovoltaic fields.*'% Generally, strategies for
constructing spiropolymers can be divided into two categories:
the polymerization of pre-synthesized spiroring monomers and
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the spiropolymerization of non-spiroring monomers.”! A series
of spiropolymers with the functionalities of gas separation,
hydrogen storage, opt-electric conversion, etc, have been
successfully fabricated through the polymerization of pre-
synthesized spiroring monomers.["'=2"1 At the same time, a
variety of reactions, such as Suzuki-coupling and thiol-ene click
reactions, have been applied to polymerize the pre-synthesized
spiroring monomer.122-31]

In recent years, spiropolymers fabricated through the spiro-
polymerization of non-spiroring monomers have attracted a
lot of attention owing to the wide availability of non-spiror-
ing monomers.132331 Meanwhile, multi-component reactions
have been explored and utilized to construct polymers with
complex structures.34-451 Inspired by the multi-component
reaction among isocyanides, alkynes, and the third compon-
ent,[*6-49 our group nominated the multi-component spiro-
polymerization (MCSP) concept and successfully constructed
1,6-dioxospiro[4.4lnonane-3,8-diene spiropolymers through
the three-component polymerization of diisocyanides, activ-
ated alkynes, and carbon dioxide without the usage of metal-
based catalyst.l’! Since then, a series of spiropolymers with
novel chemical structures and unique properties were pre-
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pared through the MCSP of diisocyanides, activated alkynes,
and monomers containing reactive carbonyl groups. For ex-
ample, 4,7-bis[alkyl(aryl)imino]-2-phenyl-3-oxa-6-thia-1-aza-
spiro-[4.4]nona-1,8-dienes spiropolymers were fabricated
through the MCSP of diisocyanides, activated alkynes, and
benzoyl isothiocyanate. Interestingly, the prepared spiropoly-
mers displayed the cluster-triggered emission (CTE) property
resulting from their strong non-covalent interactions with
MDM?2 protein, showing immense potentials for application
in the diagnosis and treatment of tumor cells.33! In addition, a
series of bis-spiropolymers were successfully constructed
through the MCSP of diisocyanides, activated alkynes, and
halogenated quinones, and these spiropolymers could photo-
degrade into small-molecule segments after doped with
rhodamine B under irradiation with simulated sunlight.’ Very
recently, spiropolymers with intrinsic acid-degradation cap-
ability were synthesized through the MCSP of diisocyanides,
activated alkynes, and bis-anhydrides.5% Despite great pro-
gress has been made, previous research mainly focuses on
the construction of spirohomopolymer, and little attention
has been paid in developing spirocopolymers.l'7511 Com-
pared with spirohomopolymers, spirocopolymers have more
than one kind of spiroring structures, and could display vari-
ous unique physical and chemical properties simultaneously.
Meanwhile, by altering the variety and ratio of comonomers,
the chemical and physical properties of spirocopolymers can
be well-modulated. Therefore, the development of spiroco-
polymer is of vital significance, yet it still remains unexplored.

Herein, we prepared a series of spirocopolymers through
the four-component spiropolymerization of diisocyanides, ac-
tivated alkynes, and two different kinds of monomers con-
taining reactive carbonyl groups. As illustrated in Scheme 1,
1,4-diisocyanocyclohexane, diethyl acetylenedicarboxylate,
and 3,3'4,4-benzophenonetetracarboxylic dianhydride are
chosen as the first, second and third monomers, respectively.
Through polymerizing them with the fourth monomer such
as benzoyl isothiocyanate, 4,4'-bis(2-bromoacetyl)biphenyl,
and 2,5-dichloro-1,4-benzoquinone, a series of spirocopoly-
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mers with more than one kind of spiroring structures are suc-
cessfully constructed. The effect of the polymerization react-
ivity of monomers, feeding modes, and feed ratios on the
spirocopolymerization were investigated. It is found that
monomers with high reactivity and feeding reactive
monomers first contribute to improving molecular weights
and yields. The chemical structures of spirocopolymers were
confirmed by 'H-NMR and 3C-NMR spectra. In addition, the
prepared spirocopolymers display the CTE and aggregation-
induced emission (AIE) properties, and their emission proper-
ties can be well-modulated by changing the ratio of co-
monomers. Therefore, spirocopolymers with tunable photo-
physical properties are successfully constructed through the
four-component spiropolymerization of diisocyanides, activ-
ated alkynes, and two different kinds of monomers contain-
ing reactive carbonyl groups.

EXPERIMENTAL

Materials

1,4-Diisocyanocyclohexane (1) was prepared according to the
previous workB3 Diethyl acetylenedicarboxylate (2) and
3,3',4,4-benzophenonetetracarboxylic dianhydride (3a) were
purchased from Energy Chemical. Benzoyl isothiocyanate (3b),
4,4'-bis(2-bromoacetyl)biphenyl (3c), and 2,5-dichloro-1,4-
benzoquinone (3d) were purchased from  Meryer.
Tetrahydrofuran (THF), dichloroethane (DCE) and hexane were
purchased from Tianjin Jindong Tianzheng Fine Chemical
Reagent Factory. All reagents were used as received without
further purification.

Measurements
"H-NMR and '*C-NMR spectra were recorded on a Bruker
Avance Il 400 spectrometer at room temperature. Gel

permeation chromatography (GPC) was performed using a
Waters 1515 isocratic high performance liquid chromatography
pump and a Waters 2414 refractive index detector. THF was
used as the eluent with a flow rate of 1.0 mL/min. The column
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Synthetic routes to spirocopolymers.
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temperature was 40 °C and polystyrene standards were used for
the calibration. UV-Vis spectra were recorded using a TU-1901
double-beam ultraviolet spectrophotometer. Fluorescence
spectra were performed on a Hitachi F-7000 fluorescence
spectrophotometer.

Synthetic Procedure of Spirocopolymers

Strategies to construct spirocopolymers are divided into the
one-pot and two-step methods. The one-pot strategy is
described utilizing spirocopolymer P2 as an example:
monomers 1 (67.0 mg, 0.5 mmol), 2 (170.0 mg, 1.0 mmol), 3a
(80.6 mg, 0.25 mmol), and 3b (40.8 mg, 0.25 mmol) were added
into a 25 mL Schlenk tube and dissolved by 5 mL of DCE. The
polymerization was stirred at 80 °C for 6 h under an ambient
atmosphere. After the polymerization was finished, the mixture
was cooled to room temperature and precipitated into 200 mL
of hexane. The same precipitation process was repeated for
another time to obtain the neat spirocopolymer. The two-step
strategy is described utilizing spirocopolymer P3 as an example:
monomers 1 (67.0 mg, 0.5 mmol), 2 (170.0 mg, 1.0 mmol), and
3a (80.6 mg, 0.25 mmol) were added into a 25 mL Schlenk tube
and dissolved by 5 mL of DCE, and the polymerization was
stirred at 80 °C for 3 h. Then monomer 3b (40.8 mg, 0.25 mmol)
was added and stirred for another 3 h in air. After the
polymerization was finished, the mixture was cooled to room
temperature and precipitated into 200 mL of hexane. The same
precipitation process was repeated for another time to obtain
the neat spirocopolymer.

RESULTS AND DISCUSSION

Polymerization

To investigate the polymerization reactivity of monomers
3a-3d, the three-component polymerization of monomers 1, 2,
and 3 was conducted under the same conditions. As shown in
Table 1, among prepared spiropolymers, P-3a achieves a high
yield of 82.5% and the highest number-average molecular

weight (M,) of 8100 simultaneously, which indicates that
monomer 3a displays the highest polymerization reactivity
among monomer 3. Spiropolymer P-3d realizes a similar yield of
84.0% but a moderate M, of 6100, demonstrating that
monomer 3d has a lower polymerization reactivity than that of
monomer 3a. Table 1 also shows that polymer P-3c achieves a
moderate yield of 72.9% and M,, of 4300, and spiropolymer P-3b
has a low yield of 66.6% and M, of 3400. These results indicate
that monomer 3c is more reactive to polymerize with
monomers 1 and 2 than monomer 3b, but less reactive than
monomer 3d. In short, the polymerization reactivity of
monomer 3 follows the order: 3a>3d>3c>3b. In the
subsequent discussion, monomer 3a with the highest
polymerization reactivity is chosen as the third component, and
monomer 3b, 3c and 3d are chosen as the forth component to
construct spirocopolymers, respectively. Compared with our
previous studies, polymers P-3a—P-3d have moderate yields
and low molecular weights due to the unoptimized
polymerization conditions. The yields and molecular weight can
be improved by prolonging polymerization time and increasing
monomer concentration.33>C

To figure out the effect of feeding mode on spirocopoly-
merization, spirocopolymers P2, P3 and P4 were prepared
through the four-component polymerization of monomers 1,
2, 3a, and 3b with the different feeding sequence, respec-
tively. As shown in Table 2, spirocopolymer P2, which is con-
structed through the one-pot strategy, has a moderate yield
of 81.6% and M,, of 15400. Interestingly, the yield increases to
89.2% and the M, increases to 18700 when changing the
feeding mode from the one-pot to two-step method, and
feeding monomer 3a prior to 3b. These results indicate that
monomer 3b displays the high reactivity to polymerize with
oligomers formed from monomers 1, 2, and 3a, which con-
tributes to the propagation of copolymer chain. However,
Table 2 also shows that the yield decreases sharply to 60.3%
and the M, declines dramatically to 4800 once feeding
monomer 3b prior to 3a. This phenomenon could result from

Table 1 Three-component polymerization data from the polymerization of monomers 1, 2, and 3.2

Entry Polymers Monomers Yield (%) M,® pb
1 P-3a 1+2+3a 825 8100 433
2 P-3b 1+2+3b 66.6 3400 1.60
3 P-3c 1+2+3c 72.9 4300 2.19
4 P-3d 1+2+3d 84.0 6100 2.36

2 Carried out in DCE at 80 °C for 3 h, [1] = 0.10 mol/L, [11:[2]:[3]=1:2:1; ® Determined by GPC utilizing THF as eluent and linear polystyrenes as the calibration
standards. M,, is the number-average molecular weight; © = M,,/M,,, where M, is the weight-average molecular weight.

Table2 Four-component polymerization data from the polymerization of monomers 1, 2, 3a, and 3*.2

. « !
Entry Pobymers e eton e (o) (mmo (o) Mn® B
1 P1 3a3h 0.25 - 70.3 6000 2.08
2 P2 3a+3b6h 0.25 0.25 81.6 15400 3.1
3 P3 3a3h+3b3h 0.25 0.25 89.2 18700 3.26
4 P4 3b3h+3a3h 0.25 0.25 60.3 4800 1.64
5 P5 3a3h+3b3h 0.10 0.40 84.5 7600 2.00
6 P6 3a3h+3b3h 0.20 0.30 855 14200 2.69
7 P7 3a3h+3b3h 0.30 0.20 874 19600 4.76
8 P8 3a3h+3b3h 0.40 0.10 86.1 18400 3.04
9 P9 3a3h+3c3h 0.25 0.25 85.8 9500 333
10 P10 3a3h+3d3h 0.25 0.25 92.6 11400 4.44

2 Carried out in DCE at 80 °C, [1]=0.10 mol/L, [1]:[2]=1:2; ® Determined by GPC utilizing THF as eluent and linear polystyrenes as the calibration standards. M,, is
the number-average molecular weight; © = M,,/M,,, where M,, is the weight-average molecular weight.
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that monomer 3a has low polymerization reactivity with oli-
gomers formed from monomers 1, 2, and 3b. Therefore, all
these results demonstrate that the feeding mode plays a sig-
nificant role in four-component polymerization, and feeding
the reactive monomer first contributes to achieving high yield
and M,

To study the effect of feed ratio on spiropolymerization,
spirocopolymers P5-8 were prepared through the four-com-
ponent polymerization of monomers 1, 2, 3a, and 3b with the
different feed ratio between 3a and 3b, respectively. As
shown in Table 2, by changing the feed ratio from 1:4 to 2:3
and 1:1, the M,, of prepared spirocopolymer increases signific-
antly from 7600 to 14200, and 18700, respectively. However,
when changing the feed ratio from 1:1 to 3:2 and 4:1, the M,
of prepared spirocopolymer remains almost unchanged.
Meanwhile, the yield of spirocopolymer always keeps nearly
unchanged by changing feed ratio. With the proportion of re-
active monomer 3a increasing, the propagation of polymer
chain could be promoted because more monomers 1 and 2
react with monomer 3a, and participate in the polymeriza-
tion. Further increase of monomer 3a does not lead to a high-
er M,, since the propagation of polymer chain has been con-
trolled and determined by the polymerization reactivity of
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monomer 3a. These results show that the feed ratio between
the third and fourth component monomers is of importance
to the molecular weight, and a high proportion of reactive
monomers contributes to improving molecular weights. Ad-
ditionally, spirocopolymer P9 was prepared through the four-
component polymerization of monomers 1, 2, 3a, and 3¢, and
spirocopolymer P10 was prepared through the four-compon-
ent polymerization of monomers 1, 2, 3a, and 3d. The suc-
cessful construction of P9 and P10 indicates that the four-
component polymerization is a powerful strategy to con-
struct spirocopolymers, and the chemical structure of spiroco-
polymer can be well-modulated by altering the kind of co-
monomers.

Structural Characterization

To confirm the chemical structure of spirocopolymer fabricated
through four-component polymerization, 'TH-NMR and "3C-NMR
spectra of monomers 1, 2, and 3b, and spiropolymers P-3a, P-
3b, and P3 were performed. Spirocopolymers P3, P9, and P10
have similar chemical structures, and P3 is taken as an example
to discuss the key features of four-component polymerization.
As shown in Figs. 1(a)—1(d), the characteristic proton resonances
of monomers 1, 2, and 3b are all reserved in the 'H-NMR spectra

b
EtOOC——=—COOEt

b«

10 9 8 7 6 5 4 3 2 1
Chemical shift (ppm)

Fig.1 'H-NMR spectra of (a) 1, (b) 2, (c) 3b, (d) P-3b, (e) P-3a, and (f) P3 in CDCl;. The solvent peaks are marked with asterisks.

https://doi.org/10.1007/510118-023-3007-2


https://doi.org/10.1007/s10118-023-3007-2

Zhu, L. J.etal./ Chinese J. Polym. Sci. 2023, 41, 1525-1532 1529

of P-3b with slight chemical shifts after polymerization, which
confirms the successful construction of spiropolymer P-3b.
Figs. 1(d)—1(f) show that both the characteristic Hy of P-3b at
6=7.48 ppm and characteristic Hg of P-3a at §=8.25 ppm are
present in P3 as Hy and Hg, indicating the successful fabrication
of spirocopolymer P3.

The chemical structure of spirocopolymer P3 can be fur-
ther confirmed by 3C-NMR spectra. As shown in Fig. 2, the
resonance signal of monomer 1 at 6=156.91 ppm, that of
monomer 2 at §=77.36 ppm, and that of monomer 3b at
6=135.09 and 161.71 ppm completely disappear in the 3C-
NMR spectra of P-3b, P-3a, and P3, respectively, demonstrat-
ing the complete consumption of monomer. In addition, as
shown in Figs. 2(d)-2(f), the emerging signal located at
6=84.64 ppm is assigned to the resonance of spirocarbon
atom C, of P-3b, and that located at 6=108.91 ppm is as-
signed to the resonance of spirocarbon atom Cg of P-3a. Two
similar signals C, and Cg also appear at the corresponding
locations in the 3C-NMR spectra of P3, indicating the success-
ful construction of spirocopolymer P3. Therefore, all these
results confirm that spirocopolymers with two different
spiroring structures are successfully constructed through

a
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four-component spiropolymerization.

Photophysical Properties

To investigate the photophysical properties of resultant
spirocopolymers, the UV-Vis absorption spectra of P1-P10 were
collected from their THF solutions. As shown in Figs. 3(a)-3(c),
the maximum absorption peaks of P1-P10 appear at around
250 nm, which correspond to the n-" transition of C=0 from
ester group and the B-band absorption of phenyl ring. The
spirocopolymers also show a distinct absorption band at 380
nm. This absorption band could stem from the conjugation of
C=C—C=N in polymer main chains. Moreover, as shown in
Fig. 3(b), the absorption band at 380 nm decreases gradually
with the proportion of monomer 3a increasing. The reason
behind such phenomenon could result from that spiroring
structure formed form monomer 3a display larger steric
hindrance and weaken the conjugation of C=C—C=N among
polymer chains. Fluorescence emission spectra of spiropolymers
P1-P10 were also collected from their THF solutions. As shown
in Figs. 3(d)-3(f), all the spirocopolymers have the capability of
emitting fluorescence even at a high concentration of 1.0x1073
mol/L, which confirms their CTE properties. The emission
wavelengths of spirocopolymers P5-P8 shift gradually from
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Fig.2 '3C-NMR spectra of (a) 1, (b) 2, (c) 3b, (d) P-3b, (e) P-3a, and (f) P3 in CDCl;. The solvent peaks are marked with asterisks.
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Fig. 3  (a—c) Normalized UV-Vis absorption (1.0x10™ mol/L) and (d-f) fluorescence spectra (1.0x1073 mol/L, A,=380 nm) of

spiropolymers P1-P10 in their THF solutions.

548 nm to 510 nm with the proportion of monomer 3a
increasing. This change could result from that the spiroring
structure formed from monomer 3a is against the through-
space interaction within and among spirocopolymer chains.

To further investigate the CTE and AIE properties of spiro-
copolymers P5—-P8, their fluorescence emission spectra were
collected from their THF solutions with different concentra-
tions, and THF/H,0 solutions with different water fractions. As
shown in Fig. 4(a), with the concentration increasing, the
fluorescence intensity of spirocopolymer firstly increases and
then decreases, changing in a concentration-dependent man-
ner. This result further confirms the CTE properties of spiroco-

polymers. Fig. 4(b) shows that the fluorescence intensities of
spirocopolymers P5—-P8 increase gradually with the water
fraction increasing, which demonstrates their AIE properties.
In addition, Figs. 4(a) and 4(b) show that spirocopolymer P5
usually exhibits a higher fluorescence intensity than those of
spirocopolymers P6, P7 and P8. This result indicates that the
spirocopolymer with a high proportion of monomer 3b could
have a better luminescent property. Therefore, all of results
confirm that the developed spirocopolymer displays both
CTE and AIE properties, and its photophysical property can be
well-modulated by changing the ratio of comonomers.
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Fig. 4 (a) CTE behavior of spirocopolymers P5-P8 in THF (A=
380 nm); (b) AIE behavior of spirocopolymers P5-P8 in THF/H,O
system (Ao,=380 nm, 5.0x10~* mol/L).

CONCLUSIONS

In summary, we successfully prepared a series of spiro-
copolymers through the four-component polymerization of
diisocyanides, activated alkynes, and two different monomers
with reactive carbonyl groups. Monomers with high
polymerization reactivity and feeding the reactive monomer
first contribute to realizing high molecular weights and yields of
polymers. The key structural features of spiro copolymers are
verified by the NMR technique. In addition, the constructed
spiro copolymers display both CTE and AIE characteristics, and
their emission properties can be well-modulated by changing
the ratio of comonomers. It is highly anticipated that this line of
research will open a new avenue of developing spiropolymers
with various spiro structures and tunable properties.
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