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A combination of ring-opening metathesis polymerization (ROMP) and click chemistry approach was
utilized for the first time in preparation of multiblock copolymers. The dibromo-functionalized telechelic
poly(butadiene) (PBD) was synthesized firstly by ROMP of 1,5-cyclooctadiene in the presence of
a symmetrical difunctional chain transfer agent and transformed into diazido-telechelic PBD, which was
then reacted with a dialkynyl-containing azobenzene chromophore via click reaction, producing novel
multiblock PBDs collected by azobenzene groups and newly formed triazole moieties. The monomer and
polymer were characterized by IR, UV-vis, LC/MS, and NMR techniques. The produced multiblock
copolymers have molecular weights within 13.3 and 57.8 kDa, and their polydispersity indices ranging
from 1.98 to 2.38 by gel permeation chromatography measurement. The multiblock PBDs containing azo
chromophores and triazole moieties with or without hydrogen-bonding interreaction with 4,4’-dihy-
droxybiphenyl molecule exhibited different photoisomerization efficiency from trans to cis as observa-
tion in UV-vis spectroscopy. The morphologies of multiblock PBDs were also investigated by atom force

microscopy.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Multiblock copolymers are usually composed of two or more
dissimilar repeat blocks or segments arranged in a random or
alternating sequence. Meanwhile, the polymer with the same
repeating blocks interrupted by small molecule units are also
identified as multiblock copolymers in some reports [1-4].
Increasing attention has recently been devoted to multiblock
copolymers because of the interest in their widespread application
in fields such as adhesives, emulsifiers, barrier materials, impact
modifiers, and materials for gene and drug delivery [5,6]. Moreover,
lots of studies reveal that multiblock copolymers can often provide
more advantageous properties such as good biocompatibility and
mechanical properties when compared with diblock or triblock
copolymers [7]. It is noteworthy that multiblock copolymers can
form unique morphologies, which directly improve these advan-
tageous properties, especially physical properties. Thus, attempting
to find easy methods for the synthesis of functional multiblock
copolymers is becoming significant interest.

Multiblock copolymers could be prepared by two general
strategies. One is to add different types of monomers sequentially
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into a living copolymerization system. But this method can only be
used to make copolymers with a few blocks, such as tetrablock or
pentablock copolymers because each addition of new monomer
will inevitably terminate some of living chains due to a trace
amount of impurities and each block with a living end cannot be
sufficiently reactive to initiate the next added comonomer [8-10].
The other is to make the coupling of several polymer chains with
bifunctional end groups. In other words, multiblock copolymers can
be synthesized by preparing an «,w-bifunctional prepolymer and
condensing it with another «,w-bifunctional prepolymer [11-15].
In practice, multiblock copolymers can be prepared by many of
the available living polymerization techniques such as atom
transfer radical polymerization (ATRP) [16-19], reversible addition-
fragmentation chain transfer polymerization [20-26], group
transfer polymerization [27,28], anion polymerization [29-31],
Wurtz synthesis, [32] and the combination of enzymatic ring-
opening polymerization and ATRP [33]. But only a few multiblock
copolymers can be obtained from ring-opening metathesis poly-
merization (ROMP) process. Watkins and Fox [34] reported
ABCD-type tetrablock copolymers synthesized by ROMP of nor-
bornenediol bearing various aryl ketones or aldehydes. Nomura
and Schrock [35] synthesized sugar-coated ABCD- or ABAB-type
tetrablock copolymers by Mo-catalyzed living ROMP techniques.
Fujiki and Nomura et al. reported the synthesis of ABAB-type tet-
rablock copolymers of norbornenes containing acetyl-protected
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carbohydrates by the living ROMP with well-defined ruthenium
and molybdenum initiators [36], and they also prepared amphi-
philic ABCBA-type pentablock copolymers containing acetal-
protected sugars from the coupling of an end-functionalized
ROMP copolymer by molybdenum-alkylidene initiator with
poly(ethylene glycol) [37]. More recently, Hilf and Kilbinger [38]
presented a sacrificial approach to generate cleavable ABABA-type
pentablock and ABABABA-type heptablock metathesis copolymers
through ROMP of 7-membered cyclic acetals and N-substituted
norbornene dicarboximide derivatives. Although these methods
provide robust tools to synthesize different types of multiblock
copolymers, all the aforementioned ROMP copolymers were those
consisting of several (tetra-, penta-, or hepta-) blocks in the main
chain.

ROMP using well-defined ruthenium initiators is a general and
easy approach to allow many functional groups to be present in the
polymer structure. The method for preparation of end-
functionalized ROMP polymers can enable the incorporation of
the functional unit to both ends (telechelic) of a polymer chain,
and expand the applications of ROMP materials. Generally, there
have been three approaches for the synthesis of end-functional
polymers [39-46]. The classical technique for preparation of tel-
echelic polymers especially telechelic poly(butadiene)s (PBDs)
with 100% 1,4-microstructures is to use a symmetrical difunctional
olefinic compound as chain transfer agent (CTA) [39-41]. For
example, the ROMP of 1,5-cyclooctadiene (COD) in the presence of
an appropriate CTA has provided routes to telechelic PBDs end-
capped with amino, hydroxy, methacrylate, and carboxy func-
tional groups [47]. Moreover, ROMP of cyclooctene, norbornene,
and cyclopentene in the presence of bis-functionalized CTAs can
also result in the high yielding syntheses of bis-functionalized
telechelic polymers [48-50].

It is still of interest to seek the other synthetic strategy for
multiblock copolymer synthesis under mild conditions. Click
chemistry has been extensively used in polymer chemistry due to
the high efficiency, near-perfect reliability, the simple reaction
conditions, and high yield [51-54]. Most importantly, it is excep-
tionally tolerant toward most types of functional groups and
reaction conditions, which can be conducted in aqueous or organic
media with free side reaction in a wide temperature range. Binder
and Kluger synthesized the functionalized poly(oxanorbornene)
block copolymers via a combination of ROMP and click chemistry
[55,56]. Xia and Grubbs reported the preparation of well-defined
liquid crystal networks by controlled “click” cross-linking of tele-
chelic polymers produced by ROMP [57]. Recently, Wang and Zhu
prepared the multiblock copolymer through multiple coupling
procedure using a combination of self-assembly and click chem-
istry [9]. However, to the best of our knowledge, no multiblock
copolymers have been obtained from ROMP and click chemistry
process. A combination of these two methods would in principle be
suited to provide highly functional polymer blocks, including
multiblock copolymers.

Herein, we present the protocol for synthesis of a new type of
multiblock copolymers via the efficient combination of ROMP
process and click chemistry in two steps (Scheme 1). First, ROMP of
COD in the presence of a difunctional CTA was underwent to
provide dibromo-telechelic PBD, followed by the transformation of
telechelic dibromide into diazido-functionalized telechelic PBD;
second, multiple click reactions of diazido-telechelic PBD with
a novel dialkynyl-containing azobenzene chromophore was con-
ducted resulting in the formation of multiblock PBD collected by
azobenzene groups and newly formed triazole moieties, which can
be expected to tune and improve the properties of PBD because
these groups have not only the photoresponsive but also the
potential to participate in hydrogen bonds when added the

additional molecule. The purpose of this work was to provide
highly photoresponsive multiblock PBD for further study on its
shape memory properties, or for preparing the light-driven
supramolecular multiblock PBD copolymer.

2. Experimental
2.1. Materials

1,5-Cyclooctadiene (COD, 99%), cis-1,4-butenediol (99%), «,o’-
bipyridyl (bPy, 99%), and benzylidene[1,3-bis(2,4,6-trimethylphenyl)-
2-imidazolidinylidene] dichloro(tricyclohexylphosphine)ruthenium
(second generation Grubbs catalyst) (99.99%) were purchased from
Alfa Aesar or Aldrich and used as received without purification.
4-Dimethylaminopyridine (DMAP, 98%), p-aminobenzoic acid
(99.5%), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro-
chloride (EDCI-HCl, >99%), 3-bromo-1-propyne (99%), 11-bro-
moundecanoic acid (98%), 4,4'-dihydroxybiphenyl (DHBPh, 99%),
sodium azide (99.5%), and potassium carbonate (99%) were purchased
from Shanghai Chemical Reagents Co, and used as received without
purification. Copper(I) bromide (CuBr, Alfa Aesar, 97%) was purified by
washing with glacial acetic acid, followed by ethanol and ethyl ether,
and then dried under vacuum. Solvents were distilled over drying
agents under nitrogen prior to use: methylene chloride (CHCl,) and
1,4-dioxane from calcium hydride, tetrahydrofuran (THF) and toluene
from sodium/benzophenone. N,N-Dimethyl formamide (DMF) was
freshly distilled and dried by sieves.

2.2. Characterization

FTIR spectra were recorded on a Nicolet Nexus 670 in the region
of 4000-400 cm™! using KBr pellets. UV-vis absorption spectra
were measured on a UV-1900PC spectrometer. UV irradiation was
carried out with 8 W UV lamp with wavelength at 365 nm. Irra-
diation by visible light was performed using a 23 W Philips day
light bulb (>400 nm). 'H (500 MHz) and '>C (125 MHz) NMR
spectra were recorded using tetramethylsilane as an internal
standard in CDCl3 or CD3COCD3; on a Bruker DPX spectrometer.
Relative molecular weights and molecular weight distributions
were measured by gel permeation chromatography (GPC) equipped
with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive
index detector, and a set of Waters Styragel columns (7.8 x 300 mm,
5 um bead size; 10%,10% and 10° A pore size). GPC measurements
were carried out at 35 °C using THF as the eluent with a flow rate of
1.0 mL/min. The system was calibrated with polystyrene standards.
LC/MS measurements were performed with a agilent technologies
1200 series at 45 °C using H,O or MeCN as mobile phase,
50 m x 4.6 mm x 3.5 um diffused column. Atom force microscopy
(AFM) observations were performed on SPM AJ-IIl atomic force
microscope at a measure rate of 1.0005 Hz in the tapping mode, and
the AFM images were obtained at room temperature in air.

2.3. Synthesis of 4-propargyl (4'-propargyloxyphenylazo)
benzoate (2)

4-(4-Hydroxyphenylazo) benzoic acid, 1 (4.84 g, 20.0 mmol),
potassium carbonate (16.56 g, 120.0 mmol), and 120 mL of DMF
were charged into a 250 mL Schlenk flask. The reaction mixture was
heated at 80 °C for 6 h under nitrogen allowing for the potassium
salt formed. A solution of 3-bromo-1-propyne (4.76 g, 40.0 mmol)
in 25 mL of DMF was then added dropwise to the above mixture
over a period of 40 min. After 2 days of stirring at 50 °C, the reaction
mixture was poured into 2 L water and the crude product was
precipitated out, and further purified by recrystallization from
ethanol/THF (4/1) to give a dark red crystalline powder 2 (5.76 g,
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Scheme 1. Synthesis of multiblock poly(butadiene) containing azo chromophore and
triazole moiety.

90.6% yield). 'TH NMR (CDsCOCD3): ¢ (ppm) 8.23-8.20 (d, 2H,
0-ArH-COOCH3), 8.01-7.98 (m, 4H, m-ArH-OCHy), 7.24-7.21 (d, 2H,
0-ArH-OCH,), 5.02-5.01 (d, 2H, ArCOO-CH,), 4.95-4.94 (d,
2H, ArO-CHs), 3.16-3.12 (m, 2H, CH=C). 13C NMR (CD3COCD3):
6 (ppm) 166.19 (CH,COOAr), 162.56 (ArC-OCH,), 157.02 (ArC-
N=NAIC), 148.88 (ArC-N=NArC), 132.50 (CH,COO-ArC), 132.22
(0-ArC-COOCHS>), 126.55 (m-ArC-OCH;), 124.02 (m-ArC-COOCHS),
117.02 (0-ArC-OCH,), 79.84-79.45 (CH=C), 78.24-77.38 (CH=C),
57.44 (ArO-CH3), 53.90 (ArCOO-CHy). LC: single peak observed at
the retention time of 1.82 min. EI/MS: calcd. for C;gH14N»03: 318.3;
Found: 318.9.

2.4. Synthesis of 1,4-bis (bromoundecylcarbonyloxy)-2-butene (3)

cis-1,4-Butenediol (1.76 g, 20.0 mmol), 11-bromoundecanoic
acid (12.73 g, 48.0 mmol), DMAP (0.60 g, 4.8 mmol), CH,Cl, (65 mL),
and THF (15 mL) were charged into a 250 mL round-bottom flask
equipped with a magnetic stirrer under nitrogen atmosphere, and
the mixture was stirred at 0 °C for 15 min. EDCI (9.21 g, 48 mmol)
was then added to the former solution, and stirred for 3 days after
the solution warmed to room temperature. The resulting solution
was washed three times with deionized water (3 x 80 mL), and the
organic layer was dried over anhydrous Na;SO4. Solvent was then
evaporated and the crude product was purified by recrystallization
from petroleum ether to give a white crystalline powder 3 (8.96 g,
77.1% yield). 'TH NMR (CDCl3): 6 (ppm) 5.75-5.73 (m, 2H, CH=CH),
4.68-4.67 (d, 4H, 2 x CH,CH—CH), 3.41-3.38 (m, 4H, 2 x CH>-Br),
2.32-291 (m, 4H, 2 x CH,-COOCH,CH=CH), 1.88-1.82 (m, 4H,
2 x CH-CH3Br), 1.63-1.58 (m, 4H, 2 x CH, CH,-COOCH,CH=CH),
1.43-1.28 (m, 12H, 2 x BrCH,CH,CH,CH,CH,CH,CH> CH,). 3C NMR
(CD3COCD3): 6 (ppm) 173.50 (CH,-COO-CH,CH=CH), 128.10
(CH=CH), 59.84 (CHCH=CH), 34.18-34.07 (CHa-
COOCH,CH=CH), 32.81-32.63 (CH,-Br), 29.31-28.85
(BrCH,CHCHCHCHCHCHCH,), 24.88 (CH,-CH,COOCH,CH
=CH). LC: single peak observed at the retention time of 2.14 min.
EI/MS: calcd. for Co6H46Br204: 582.4; Found: 582.4.

2.5. ROMP of COD using 3 as CTA

In a nitrogen-filled Schlenk tube, a solution of second generation
Grubbs catalyst (5.1 mg, 6.0 pmol) in 3 mL of toluene was added to
a solution of monomer COD (3.56 g, 33.0 mmol) and CTA 3 (0.76 g,
1.3 mmol) in 4 mL of toluene, which was degassed with three
freeze-vacuum-thaw cycles, to give an initial monomer concen-
tration of 4.7 mol/L. The molar ratio of monomer to CTA was 25:1.

After the reaction mixture was stirred at 50 °C for 24 h, the solution
was precipitated into an excess of slightly acidic methanol, and the
precipitate was isolated, dried under vacuum for 24 h to give the
bromo-terminated polymer 4 (Br-PBD-Br) as colourless viscous
soft solid with high yield of 98.5%. "H NMR (CDCls): 6 (ppm) 5.79-
5.73 (m, COOCH,-CH=CH), 5.60-5.37 (m, CH=CH on polymer
chain, cis and trans), 4.62-4.60 (d, COO-CH,CH=CH, cis), 4.52-4.50
(d, COO-CH,CH=CH, trans), 3.42-3.39 (m, CH,-Br), 2.32-2.28 (m,
CH,-COOCH,CH=CH), 2.08-2.03 (d, CH=CH-CH; on polymer
chain), 1.86-1.83 (m, CH,-CH3Br), 1.63-1.60 (m, CH, CH,-
COOCHCH=CH), 1.43-1.25 (m, BrCH,CH,—(CH,)sCH2CH,COO).
GPC: M, = 4800, M,y = 7800, My/My = 1.64; NMR: M;, = 3800.

2.6. Synthesis of bis(azidoundecylcarbonyloxy)-functionalized
telechelic poly(butadiene) (5)

A round-bottom flask was charged with NaN3 (0.47 g, 7.3 mmol),
DMEF (15 mL), THF (25 mL) and polymer 4 (2.77 g, 0.73 mmol). The
reaction mixture was allowed to stir at 60 °C for 2 days under
nitrogen atmosphere. The solution was poured into dilute HCl
solution under agitation. The polymer was collected and then dis-
solved in 8 mL of THF, precipitated twice from an excess of meth-
anol, dried overnight under reduced pressure to give a yellowish
viscous polymer 5 with telechelic azide groups (N3-PBD-N3)
(2.58 g, 93.2% yield). '"H NMR (CDCl3): & (ppm) 5.79-5.73 (m,
COOCH,-CH=CH), 5.60-5.37 (m, CH=CH on polymer chain, cis and
trans), 4.62-4.60 (d, COO-CH,CH=CH, cis), 4.52-4.50 (d, COO-
CH,CH=CH, trans), 3.26-3.23 (m, CH>-N3), 2.31-2.28 (m, CH,-
COOCH,CH=CH), 2.08-2.03 (d, CH=CH-CH, on polymer chain),
1.63-1.54 (m, N3CH;-CH(CH,)s-CH,CH,COO), 1.36-1.25 (m,
N3CH,CH;,-(CH,)sCH,CH,CO0). GPC: M, = 4600, M,, = 7500,
Mw/M, = 1.62; NMR: M;, = 3700.

2.7. General procedure for click coupling reaction

In a nitrogen-filled Schlenk tube, a mixture of 2 (15.9 mg,
0.05 mmol), 5 (190 mg, 0.05 mmol), CuBr (14.3 mg, 0.105 mmol),
bPy (36.1 mg, 0.231 mmol), and 5 mL of 1,4-dioxane were degassed
by three freeze—-vacuum-thaw cycles, and then heated at 30 °C for
8-96 h. The mixture was poured into water, extracted with CH,Cly,
combined the organic layer, and dried over anhydrous Na;SO4. The
solution was concentrated and droped into a large amount of
methanol, and then the precipitate was dried under vacuum to give
the resultant polymer 6 as a red solid. (98.6% yield) 'H NMR
(CDCl3): 6 (ppm) 8.18-8.16 (d, 0-ArH-COOCH,), 7.95-7.88 (m, o-
ArH-N=N-ArH), 7.69, 7.62 (s, triazole), 7.13-7.11 (d, 0o-ArH-OCH,),
5.78-5.73 (m, COOCH,-CH=CH), 5.58-5.34 (m, CH=CH on poly-
mer chain, cis and trans), 5.50 (s, triazole-CH,COO), 5.31 (s, tri-
azole-CH,0Ar), 4.62-4.60 (d, COO-CH,CH=CH, cis), 4.52-4.49 (d,
COO-CH,CH=CH, trans), 4.37-4.33 (m, triazole-CH3), 2.31-2.27
(m, CH,—COOCH,CH=CH), 2.07-2.03 (d, CH=CH-CH, on polymer
chain), 1.62-1.56 (m, CH,-CH>(CHz)s-CH,CH2CO0O0), 1.31-1.26 (m,
CH,CH,-(CH,)gCH,CH,COO0). GPC: M, = 13 300, M,, = 31,600,
My /My, = 2.38 for 8 h; M, = 25,600, My, = 52 500, My/M,, = 2.05 for
16 h; M, = 34,500, My, = 69,300, M, /M, = 2.01 for 32 h;
M, = 47,700, M,y = 94,400, M,,/M,, = 1.98 for 48 h; M, = 57,800,

w = 116,700, My,/M; = 2.03 for 96 h.

3. Results and discussion
3.1. Synthesis of azobenzene chromophore
Azobenzene chromophore, 1 was synthesized according the

literature procedure [58]. 2 was prepared by the condensation of
3-bromo-1-propyne with 1 in the presence of K,COs in DMF at
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80 °C for 6 h and then 50 °C for 48 h under nitrogen atmosphere.
The crude product was purified by recrystallization from ethanol/
THF to provide pure product with yield of 90.6%. The chemical
structure of chromophore 2 was characterized by LC/MS and 'H
NMR spectroscopy. The 'H NMR spectrum of 2 shown in Fig. 1A
indicated the presence of alkynyl groups (protons a and g) at 3.16,
3.12 ppm and azobenzene structure (phenyl protons ¢, d, and e) at
8.21, 8.01, and 7.22 ppm. Furthermore, the molecular weight of 2
from MS analysis was in good accordance with the calculated value,
and the product also has a high purity estimated from the single
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Fig. 1. '"H NMR spectra for (A) 4-propargyl (4’-propargyloxyphenylazo) benzoate;
(B) 1,4-bis(bromoundecylcarbonyloxy)-2-butene; (C) bis(bromoundecylcarbonyloxy)-
functionalized telechelic poly(butadiene) (Br-PBD-Br); (D) bis(azidoundecyl
carbonyloxy)-functionalized telechelic poly(butadiene) (N3-PBD-N3); (E) multiblock
copolymer.

peak of LC chromatogram. All of these points assured that the
azobenzene chromophore with dialkynyl has been successfully
prepared.

3.2. Synthesis of CTA

CTA 3 was synthesized from the esterification of cis-1,4-bute-
nediol with 11-bromoundecanoic acid catalyzed by EDCI/DMAP in
CH,Cl, and THF at room temperature (Scheme 1). In order to realize
the double substitution of the dihydroxyl groups, excess of
11-bromoundecanoic acid is necessary to have the dihydroxyl
consumed completely, and the suitable ratio of diol to acid was
1:2.4. Under this condition, thin layer chromatography analysis
showed the expected product was dominant in the reaction
mixture. The crude oil was purified by recrystallization from
petroleum ether to give a white crystalline powder. The '"H NMR
spectrum (Fig. 1B) showed the resonance signals of CH,Br-protons
(h) at 3.40 ppm, CH,0CO-protons (I, m) at 2.16, 4.68 ppm and
CH=CH (n) at 5.73 ppm. Moreover, resonance signals of methylene
protons i (1.86 ppm) and k (1.62 ppm), and j (1.43-1.28 ppm) can be
also clearly observed, which correspond to the chemical structure
of the alcohol. LC/MS also indicated that the product has a high
purity and the exact molecular weight. All of these points affirmed
the successful preparation of 3 with the expected structure.

3.3. Preparation of end-functionalized telechelic poly(butadiene)

Grubbs and co-workers have investigated many ROMP reactions
of COD in presence of an appropriately difunctionalized CTA and
Grubbs catalyst, and revealed that the molecular weight could be
controlled through varying the initial [COD]/[CTA] ratio [59-62]. In
order to get PBD with the moderate molecular weight, the poly-
merization was initiated with second generation Grubbs catalyst
using a [COD]/[CTA] ratio of 25:1 and run for 48 h at 50 °C in
toluene. The polymer was precipitated to an excess of slightly acidic
methanol to provide the pure product.

Fig. 1C shows the 'H NMR spectrum of PBD 4, we can observe
the appearance of two groups of new resonance signals at 5.60-
5.37 ppm and 2.08-2.03 ppm, which can be ascribed to the protons
of olefins (o0, q) and methylene (p) on polymer chain. As compared
to that of 3, it was a clear observation that the signals of n,m, h, , i, k,
and j were still preserved, which meant telechelic PBD with
dibromo-end groups was virtually formed. Additionally, the
molecular weight was calculated from integration of the 'TH NMR
spectrum. The integration area ratio of olefinic protons on the PBD

Multiblock Functional Telechelic
Copolymers  Poly(butadiene)s
—

——96h
----48h

v [ Br—PBD—Br
it~ Ny—PBD—N,

8 10 12 14 16 18 20 22 24
Elution Time (min)

Fig. 2. Gel permeation chromatography (GPC) traces of end-functionalized telechelic
poly(butadiene)s and multiblock copolymers.
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Table 1
Characteristics of Polymers by ROMP of COD in the Presence of CTA 3? and Click
Reaction®.

Polymers t(h) Yield (%) Mygpc (kDa)? PDIY M,nmr (kDa)® m' p®

4 24 985 4.80 164 3.80 nd" nd"
5 48 962 4.60 162 3.70 nd" nd"
6a 8 967 133 238 nd" 3 067
6b 16 975 256 2.05 nd" 5 083
6¢c 32 983 345 2.01 nd" 7 086
6d 48 9838 47.7 1.98 nd" 10 0.90
6e 96  99.0 57.8 2.03 nd" 12 092

2 Polymerization was run at 50 °C for 24 h with [COD]/[3] = 25 and was initiated
with Grubbs catalyst.

b Reaction conditions: [2]:[5]:[CuBr]:[bPy] = 1:1:2.1:4.6, polymerization
temperature = 30 °C, 1,4-dioxane = 5.0 mL.

€ Obtained gravimetrically after purification from the dried polymer.

4 Number-average molecular weight (M) and polydispersity index (PDI) were
determined by gel permeation chromatography (GPC) in THF relative to mono-
dispersed polystyrene standards. kDa = kilo Dalton.

€ Mn.NMR = So+q/Sp X Mn(cop) + Mn(cta) Was obtained by 'H NMR spectroscopy,
where M(copy = 108 and M(cra) = 582 are the molar masses of COD and CTA,
respectively.

f The number of repeated blocks determined by the ratio of M, Gpe(6)/ Mn,Gre(s)-

& Extent of click reaction (p) was calculated from Carothers equation.

" Not detected.

backbone at 5.60-5.37 ppm (Hy.q, 4 protons for each unit) [Soq/
4H] to that of methylene protons on the end of PBD backbone at
3.42-3.39 ppm (Hj, 4 protons for end group) [Sp/4H] can calculate
the average degree of polymerization (1) and was derived from the
following formula: n = (So;q/4H):(Sp/4H) = Soiq/Sp = 30. The
integrated ratio was used to determine the number-average
molecular weight of PBD 4, Muynmr = (So+q/Sp) X Mncob)
(108) + Mn(cra) (582) = 3800. The GPC curve (Fig. 2) indicated the
molecular weight (Mp,cpc) of PBD 4 was 4800 with a monomodal
and a moderate polydispersity index (PDI) of 1.64, and the typical
polymerization results are summarized in Table 1. But the value of
Mp,cpc was higher than that of My,nmg, this may be the differences
in hydrodynamic volume of PBD and the polystyrene standards
used for calibration [61].

Moreover, in the IR spectrum of polymer 4 in Fig. 3A, the
absorption bands characteristic peaks at 2921, 985 and 580 cm™!
were attributed to the stretching vibration of unsaturated C=C-H
and saturated C-H, out-of-plane bending vibrations of C-H bond of
—C=CH; group and C-Br, respectively, which further confirmed the
successful preparation of 4. Subsequently, dibromo-terminated
PBD 4 was transformed into an azide-functional PBD using
a conventional method for azide synthesis [63]. So a novel azido-
functional telechelic PBD 5 was obtained.

A

D N=N

The precise structure of 5 can be determined by 'H NMR
according to the signals of chain-end methylene proton h (CH>—N3)
in the backbone. When compared PBD 5 with 4, we can clearly
detect that a clean chemical shift of proton h initially at 3.42 ppm in
Fig. 1C to the higher field at 3.26 ppm for protons of chain-end
methylene after forming the azido-linkages in Fig. 1D. The molec-
ular weight (Mp,cpc) and PDI of PBD 5 are almost the same as 4, and
using the same method to calculate Mp,nmr Shown in Table 1.
Additionally, the IR spectrum (Fig. 3B) shows the typical, charac-
teristic azido band at 2098 cm ™!, confirming the transformation of
bromide into azide successfully.

3.4. Preparation of azo-chromophore-containing multiblock
poly(butadiene)s

The click reaction of compounds 2 and 5 was proceeded using
CuBr/bPy as the catalyst system in 1,4-dioxane at 30 °C for 8-96 h
with an excellent yield (Table 1). The molecular weight and PDI of the
multiblock copolymers were determined by GPC. It was shown that
the resulting polymer 6 has a moderate molecular weight from
13.3 kDa to 57.8 kDa with reasonable PDI ranging from 2.38 to 1.98.
The number of repeated blocks (m) on each multiblock copolymer
chain can be calculated by the ratio of molecular weight of copolymer
6 to that of polymer 5, i.e. m = My cpc(6)/Mn,cpc(5), and the value of m is
within 3-12, then we calculated the extent of click reaction (p) by
Carothers equation [64,65], i.e. DP, = 1/(1 — p). DP, is the degree of
polymerization, and is equal to the value of m in this case. Addition-
ally, the GPC traces of the multiblock copolymers obtained from
different reaction time are shown in Fig. 2. With the progress of
reaction, the elution curves are gradually shifted to higher molecular
weight region and PDI also becomes more narrow, indicating the
increase of the number of repeated polymer blocks. As expected,
longer reaction time results in the higher molecular weight, more
number of repeated polymer blocks, and the lower reaction activity.
Therefore, the molecular weight of the multiblock polymer increased
linearly with the extension of time within 48 h, but it grew slow after
48 h. The resultant product was also characterized by 'H NMR
(Fig. 1E). As compared with the 'H NMR spectrum of 2 (Fig. 1A), the
signals at 3.16, 3.12 ppm assigned to the alkynyl groups (a, g) were
obviously disappeared after the click reaction, while the protons of
newly formed triazole groups (x, z) were appeared at 7.69, 7.62 ppm
and the protons of methylenes (t, s) on propargyl moiety shifted
downfield at 5.50, 5.31 ppm. The structure was further confirmed by
IR which shows the complete disappearance of bands corresponding
to azide (2098 cm ') groups after the reaction (Fig. 3C). Also present is
the typical absorption at 1580 and 1186 cm™! attributed to the azo
and benzene ring mode of the azobenzene group, respectively.
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Fig. 3. FITR spectra for (A) bis(bromoundecylcarbonyloxy)-functionalized telechelic poly(butadiene); (B) bis(azidoundecylcarbonyloxy)-functionalized telechelic poly(butadiene);

(C) multiblock copolymer 6d; (D) multiblock copolymer 6d/DHBPh complex.
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Fig. 4. UV-vis absorption spectral changes of reversible isomerization of multiblock copolymer 6d in tetrahydrofuran solution with a concentration of 20 pg/mL. (a) Absorbance
changes with UV irradiation (365 nm). At irradiation time of zero (the highest curve), the sample has been stored in dark for 24 h; (b) absorbance of the sample that has reached the
photostationary state in (a) changed with visible light exposure time; (c) absorbance variation of 6d/DHBPh complex with the repeated process of (a), then extended UV irradiation
time; (d) absorbance variation of 6d/DHBPh complex which has reached the photostationary state in (c) with the repeated process of (b), then extended visible light exposure time.

3.5. Photoisomerization in solution

It is well-known that polymers containing azobenzene-type
chromophores have the cis and trans isomers. Generally, the cis
form of the azobenzene molecule is thermodynamically less stable
than the trans form. Therefore, when there is a lack of the visible
light, the cis form obtained by photoisomerization will change into
the trans form.

UV-vis sprectroscopy was generally used to characterize the
process of photoisomerization of the azobenzene moiety. The
photoresponsive properties of the multiblock copolymers were
observed in dilute THF solution at selected time intervals in this
article. As illustrated by the UV-vis spectra in Fig. 4, the solution of
multiblock copolymer in THF was exposed to varying conditions of
UV irradiation or visible light. The absorption band at about 361 nm
is attributed to the ® — =" transition in trans isomer and the band
at 450 nm to the n — 7" transition in cis isomer. In Fig. 4a, the initial
solution of azo-chromophore-containing multiblock PBDs in THF
was stored in the dark for 24 h to ensure the presence of 100% trans
isomer. When irradiating the diluted solution by UV light of
365 nm, absorption of the ® — =" band at 361 nm decreased
remarkably and at the same time, absorption of the n — 7 band at
around 450 nm increased slightly, indicating a photochemical
conversion from trans to cis isomer configuration, and the existence
of a photostationary state after about 5 min of irradiation because
there was not further significant change in the spectra.

It has also reported that almost all the azobenzene showed more
conversion from the cis isomer to trans isomer at the photosta-
tionary state [66,67]. Fig. 4b displayed the typical spectra of
reversible isomerization. When exposure to visible light, the
absorption at 361 nm increases, and that at 450 nm decreases

simultaneously, with a photostationary state reached after about
5 min. The sample could also reach its initial trans form in 24 h at
darkness though a thermal isomerization process.

Supramolecular polymers can be built on the basis of different
intermolecular interactions, including coordination bond,
hydrogen bond, -7 interaction, and so on. Up to date, most studies
on supramolecular azo polymers based on hydrogen bonds have
focused primarily on the liquid-crystallinity, nanostructures,
microdomain orientation and phase behavior with a limited
number of reports on their photoisomerization [68-72]. To further
investigate the influence of hydrogen bond on the process of
photoisomerization, a small molecule DHBPh, possessing the ability

N=N PB D
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BD” N WOYQNZNO\O/\/\N

0 NN

H H.
\O \O

O_ N
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N / O\Q*N:NW NN
~vPBD © N=N ~PB
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Scheme 2. Schematic representation of possible interactions between multiblock
copolymer 6d and DHBPh.
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Fig. 5. AFM images of multiblock copolymer 6d with concentration of 0.02 g/L (a), 0.2 g/L (b), and 2.0 g/L (c) in chloroform; 6d/DHBPh complex with concentration of 0.2 g/L (d) in
tetrahydrofuran (The images of al-d1 and a2-d2 were the topography and phase images, respectively).

of hydrogen-bonding formation, was dissolved in THF solution of
azo-chromophore-containing multiblock PBD. The solution was
stirred at room temperature overnight in closed vials to ensure
homogeneous mixing of the components. The hydroxy groups were
expected to hydrogen-bond to the multiblock copolymer, as illus-
trated in Scheme 2.

Fig. 3D shows the IR spectrum of 6d/DHBPh complex. When
compared the IR spectrum of this complex with 6d, we can clearly
observe that the characteristic peaks of free ester, triazole, and
azobenzene at 1750, 1670, and 1580 cm™! in Fig. 3C for 6d are
combined and shifted to 1640 cm™' in Fig. 3D for 6d/DHBPh
complex. These shifts are positive evidence that these groups are
hydrogen-bonded [68,72-74]. It was also verified by UV-vis spectra
that the two components of multiblock copolymer and a small
molecule have indeed hydrogen-bond interreaction. As compared
with Fig. 4a and b, significant changes are clearly observed in Fig. 4c
and d, respectively. When repeated the process used in Fig. 4a,
there were no obvious absorbance changes at 361 and 450 nm in
Fig. 4c, indicating a photochemical conversion from trans to cis
configuration was slight, while an evident photoisomerization
process was observed after extending UV irradiation time to
10 min. Fig. 4d revealed similar change trend as that in Fig. 4b. After
reaching the photostationary state in Fig. 4c, the sample repeated
the process used in Fig. 4b, photoisomerization change also
unconspicuous. However, when extended visible light exposure
time, we can discover a photochemical conversion from cis to trans
configuration. Therefore, all changes in these two cases meant that
the photoisomerization transformations were more difficult than
those in Fig. 4a and b, and these can be considered as a clear
evidence that the triazole, azo, or carbonyl groups were hydrogen-
bonded with DHBPh, which limited the trans—cis configuration
conversion.

3.6. Morphology observation

The microphase-separated morphology of the multiblock
copolymer was examined in preliminary investigations using AFM.
Samples for AFM analysis were prepared firstly by dissolving the

setted amount of multiblock copolymer 6d or 6d/DHBPh complex
in THF and stirred overnight, and then one drop of a dilute solution
of 6d or 6d/DHBPh complex was spin-coated on a freshly cleaved
mica at spinning speed of 1600 rpm/s for 30 s [73]. The AFM images
of the pure multiblock copolymer 6d with different concentrations
and 6d/DHBPh complex were given in Fig. 5. The morphology of the
pure multiblock copolymer with concentration of 0.2 g/L in THF
was given as image b in Fig. 5, which exhibited some characteristics
of an ordered microphase-separated structure. A circular
morphology with a diameter of around 0.7 pm was observed, and
comparatively uniform in size. The other two samples with lower
concentration of 0.02 g/L and higher concentration of 2.0 g/L in THF
were investigated, and their AFM images revealed that the spher-
ical morphologies with a diameter of around 0.3 (image a) and
1.2 um (image c) were observed. These observations indicated that
the morphologies of the multiblock copolymer changed with the
variation of sample concentrations, and the spherical morphologies
were usually appeared except for the specific sample concentration
(0.2 g/L) which leading to the formation of an interesting circular
morphology. For comparison of the morphology of the pure mul-
tiblock copolymer 6d, a sample of 6d/DHBPh complex was
prepared with concentration of 0.2 g/L. Upon the addition of DHBPh
into pure multiblock copolymer solution, cloudlike morphology
with size of 1.2 pm in diameter can be observed in Fig. 5d. The
formation of the strong intermolecular hydrogen-bonding between
DHBPh and multiblock copolymer backbone [74-76], which
collected the multiblock copolymer chain one by one randomly,
causes an increase in the interfacial size and height of polymer
aggregates, and thus results in the morphology change from
circularity to cloudlike.

4. Conclusion

A new multiblock PBD containing azo chromophore was
successfully prepared through combining of ROMP and click reac-
tion. The dibromide terminated telechelic PBD was synthesized by
ROMP of COD in the presence of a difunctional chain transfer agent
using second generation Grubbs catalyst under conventional
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conditions. The telechelic dibromide was then transformed into
azide and reacted with a dialkynyl-containing azobenzene chro-
mophore via click chemistry to prepare multiblock PBD. The mul-
tiblock copolymer was characterized by IR and NMR
measurements. The results of GPC analysis showed the copolymer
with moderate molecular weight and reasonable molecular weight
distribution. The photoisomerizations of multiblock copolymers
were detected by UV-vis technique in detail and some interesting
results were obtained. The morphologies of copolymer aggregates
were investigated by AFM measurements, and obvious variation in
morphology for different samples were observed. All these results
indicated that this approach may serve a valuable guideline for the
synthesis of multiblock copolymers, especially for the functional
multiblock polyolefins.
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