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We introduce linear diblock copolymers (BCPs) consisting of readily accessable and photoswitchable

α-bisimine units in the polymer backbone. The BCPs are prepared via a combination of activators regen-

erated by electron transfer (ARGET) atom transfer radical polymerization (ATRP) and head-to-tail acyclic

diene metathesis (ADMET) polymerization. The selective head-to-tail ADMET polymerization of

α-bisimine-based asymmetrical monomers in the presence of macro-chain stoppers allows for the con-

struction of well-defined block copolymers. Acrylate-endcapped polystyrenes synthesized from ARGET

ATRP and commercial poly(ethylene glycol) methyl ether acrylate were used as macro-chain stoppers.
1H NMR spectroscopy and Size-Exclusion Chromatography (SEC) confirmed the light-responsive

properties of the resulting block copolymers (BCPs) in solution. An unambigeous reversible (Z,Z)/(E,E)-iso-

merization of the α-bisimines was observed for PS- and PEG-based BCPs upon UV irradiation (λmax =

254 nm). The advanced synthetic approach paves the way towards the preparation of efficient light-

responsive materials, where in-chain morphological changes are required.

Introduction

Block copolymers (BCPs) are a unique type of polymer, where
the chemical and/or physical properties of different and
incompatible blocks can be fused. Due their incompatibility,
BCPs can undergo microphase separation to generate nano-
structured materials.1 In dispersed systems, the assemblies of
BCPs ranges from spheres to cylinders and vesicles, while BCP
thin films can constitute variable nano-scale morphologies

including spheres, cylinders, lamella or gyroids.1,2 When
equipped with a stimuli-responsive function, these static nano-
structures can become dynamic and controllable, allowing
switching between ordered structures. Such stimuli-responsive
materials have found key applications in nanotechnology and
nanomedicine.3–5

Among various types of stimuli, light is perhaps the most
ideal by virtue of its clean and traceless control with excellent
spatiotemporal resolution. As a result, the development of
light-responsive BCPs has become a frontier in the field of
polymer chemistry.6,7 Several types of photo-responsive groups
have been discovered and used in synthetic macromolecular
systems, namely azobenzenes,8,9 spiropyrans,10 o-nitrobenzyl
esters11,12 or donor–acceptor Stenhouse adducts (DASA).13 In
BCPs, such groups can be incorporated into the main chain of
one block14 or as a pendant group15 or at the block junc-
tions.16 Depending on the nature of the photochemical reac-
tion, e.g., reversible isomerization or irreversible cleavage, the
location of such moieties in the polymer chain can have a criti-
cal impact on the behavior of the resulting BCPs when irra-
diated, including the transformation of polymer mor-
phologies. A plethora of polymerization techniques has been
employed to produce such BCPs. These strategies include
living polymerization,17 reversible-deactivation radical
polymerization (RDRP) (e.g., Atom Transfer Radical
Polymerization (ATRP),18,19 Reversible Addition–Fragmentation
Chain-Transfer (RAFT)20 polymerization and chain-growth
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for molecular motors due to their photo-driven E/Z isomeriza-
tion characteristic.43,44 Whereas the light-induced E/Z isomeri-
zation of imines has been known for almost 70 years,45 this
light-responsive feature has yet to be exploited in polymer
science. In fact, there are only very few examples for the utiliz-
ation of light-responsive imines in polymer science. In 2016,
in collaboration with the group of Lehn, we reported an
α-bisimine-based dual-stimuli-sensitive polymer via ADMET
polymerization.46 The light-responsive α-bisimine used therein
displayed a reversible isomerization between the (Z,Z)-thermal
dynamically stable configuration and (E,E)-configuration. Size
Exclusion Chromatography (SEC) and Dynamic Light
Scattering (DLS) studies revealed a reversible change in hydro-
dynamic volume of the homopolymer upon 254 nm
irradiation. Such a change was rationalized by the lower
rotation energy barrier around the C–C bond (in the –NvC–
CvN– system) of the resulting metastable (E,E)-α-bisimine
repeating unit.46

In order to expand the unexplored toolbox of such
imine-based photoswitches, we herein report the synthesis
and UV-irradiation of linear diblock copolymers that feature
α-bismines as photoswitches in the main chain of one
block and poly(styrene) (PSnA2) or poly(ethylene glycol)
(PEGnA1) as the second block (Scheme 1). Based on the
highly selective cross-metathesis reaction between acrylate
and alkene functional groups via catalysis of a Hoveyda–
Grubbs 2nd generation catalyst, ADMET polymerization of
the α-acrylate/ω-ene difunctional monomer 3 in the pres-
ence of acrylate-end functionalized PS or PEG afforded the
desired linear diblock copolymers (Scheme 1). It is expected
that the embedding of the photoswitch, i.e., the α-bisimine
units, into the polymer backbone rather than onto the side
chain will critically affect the photodynamic properties of
the respective block copolymers under UV-irradiation. The
simple and straightforward synthesis of the asymmetric
α-bisimine-based monomer will also be an excellent choice
for future studies that require main-chain photo-sensitive
groups.

Experimental section
Materials

Benzil (Alfa Aesar, 98%), trans-4-aminocyclohexanol (Apollo
Scientific UK, 95%), 10-undecenoyl chloride (TCI, 98%), tri-

Scheme 1 Synthetic strategy towards block copolymers containing photoswitchable α-bismine groups in the backbone.

polymerization (e.g., Ring-Opening Metathesis Polymerization 
(ROMP)21). In addition, BCPs have been synthesized via the 
combination of these strategies14 as well as via click 
chemistry.22

Despite a large library of existing photo-sensitive molecules, 
it appears the integration of azobenzenes into BCPs dominates 
the landscape, probably owing to their properties, e.g., light-
induced reversible trans/cis-isomerization, crystallinity and 
responsiveness towards linearly polarized light (LPL).23–31 

Nevertheless, among azobenzene-based BCPs, the common 
design strategy is to place the azo-group on the side 
chain.27,30,31 Reports that incorporate azobenzene into the 
polymer backbone are very scarce, especially for linear diblock 
copolymers, possibly because of the limited choice of suitable 
polymerization techniques coupled with the laborious syn-
thetic access to the corresponding light-sensitive 
monomers.32,33 Furthermore, in studies that aimed at the mor-
phological manipulation of azobenzene-containing BCP thin 
films, the light-driven alteration of the initial nanostructure 
was typically not drastic. Often observed for such systems was 
the reorientation of nanocylinders upon the light-driven trans/
cis-isomerization of the azo group.24–26 Even when the struc-
tural reorganization was reversible, irradiation under heating 
or long annealing times after irradiation were usually 
required.26 Those characteristics are not ideal for future appli-
cations in photodynamic nanolithography. Therefore, we 
submit that there is a critical need for identifying new 
and efficient photo-switches that can be used for such 
applications.

On the one hand, imines or Schiff bases are common enti-
ties in coordination chemistry, where they are widely used as a 
ligand based on their capability to form complexes with metal 
ions.34,35 These entities are also known for their covalent 
dynamic chemistry, e.g., dynamic imine exchange reactions.36 

A substantial number of imines are sensitive to aqueous acidic 
environments and readily cleaved to the corresponding alde-
hydes/ketones and amines. In addition, imine bonds are 
prevalent in biomolecules, such as proteins. In polymer chem-
istry, those attributes have been harnessed to generate poly-
mers with self-healing,37,38 mechanical tunable,37,39 and pH-
responsive40,41 properties. pH-Sensitive features can be ben-
eficial for the release of drugs encapsulated in nanocapsules 
due to the local acidic environment in tumor/cancer cells.42

On the other hand, imines, especially chiral aromatic (e.g., 
benzil) imines, have been recognized as potential candidates



ARGET ATRP synthesis of PSnBr polymers

The synthesis protocol was adopted from the literatue.47

Copper bromide (Cu(I)Br) was purified by a procedure
described in the literature.48 Styrene (St) and methyl 2-bromo-
propionate (MBP) was injected into a 25 mL-Schlenk tube
charged with a magnetic stirring bar and subsequently perco-
lated with N2 (g). Meanwhile, a solution of Cu(I)Br, tris[2-(di-
methylamino)ethyl]amine (Me6TREN), and tin(II) 2-ethyl-
hexanoate (Sn(EH)2) in styrene was percolated with N2 in a
separated flask. Subsequently, the solution was injected to the
previous Schlenk tube under N2 atmosphere. The reaction
commenced when the Schlenk tube was immersed in a pre-
heated oil bath at 90 °C. The reaction was stopped when the
desired monomer conversion was reached as assessed by
1H NMR spectroscopy. During the synthesis of PS70Br, PS115Br
and PS230Br, the final [St]/[MBP] ratios were 100, 200 and 400,
respectively. In all cases, the molar ratios of Sn(EH)2 and
ME6TREN to MBP were both 0.1 and the molar ratio of Cu(I)Br
to styrene was 50 ppm. After the reaction finished, the solution
was diluted in THF and passed through a short neutral
alumina column to remove the Cu(I) complex. The solvent was
subsequently removed under reduced pressured. The residue
was dissolved in THF and precipitated in cold MeOH, filtered
and dried under vacuum at 40 °C to obtain the desired
polymer.

Post-polymerization modification of PSnBr polymers

In a typical experiment, 2-carboxyethyl acrylate (68 μL,
0.57 mmol, 4.0 equiv.) was dissolved in DMF, followed by the
addition of Cs2CO3 (93 mg, 0.29 mmol, 2.0 equiv.).
Subsequently, PS70Br (1000 mg, 0.14 mmol, 1.0 equiv.) was
slowly added to the mixture. The reaction was carried out at
ambient temperature for 48 h. Upon completion, the reaction
solution was diluted in ethyl acetate and was washed with
water (3 times). The organic phase was dried with MgSO4 and
the solvent was evaporated under reduced pressure.
Subsequently, the residue was dissolved in THF and precipi-
tated in cold MeOH, followed by filtration and vacuum drying
at 40 °C to obtain the product as white powder.

Synthesis of photoresponsive block copolymers

ADMET monomer 3 (0.5 M) and macro-chain stopper (PSnA2
or PEG46A1) were dissolved in dichloromethane in a Schlenk
tube. The designed degree of polymerization in the ADMET
block was calculated based on the molar ratio of the monomer
and the acrylate functional group of the macro-chain stopper.
Subsequently, Hoveyda–Grubbs (2nd generation) catalyst
(3 mol%, with respect to the mole the monomer 3) was added
and the reaction mixture was immersed in a preheated oil bath
at 40 °C. The valve of the Schlenk tube was gently opened from
time to time to release the generated ethylene gas. After 3 h,
another batch of the catalyst (3 mol%) was added. The conver-
sion was monitored by 1H NMR spectroscopy and SEC. Ethyl
vinyl ether was added 30 min before the reaction was stopped
to quench the catalyst. The reaction mixture was subsequently

ethylamine (Sigma Aldrich, 99.5%), acryloyl chloride (Sigma 
Aldrich, 97%), Styrene (Sigma Aldrich, 99.9%), copper(I) 
bromide (Sigma Aldrich, 99.9%), 2-carboxyethyl acrylate 
(Sigma Aldrich), methyl 2-bromopropionate (MBP) (Sigma 
Aldrich, 98%), polyethylene glycol methyl ether acrylate (Mn = 
2000 g mol 1, Sigma Aldrich, PEG46A1), tris[2-(dimethylamino) 
ethyl]amine (Me6TREN) (Sigma Aldrich, 97%), tin(II) 2-ethyl-
hexanoate (Sn(EH)2) (Sigma Aldrich), Hoveyda–Grubbs catalyst 
2nd generation (Sigma Aldrich, 97%), ethyl vinyl ether (Sigma 
Aldrich, >99%), cesium carbonate (TCI, >98%), N,N-dimethyl-
formamide (Acros Organics, 99.8%, anhydrous), chloroform 
(Acros Organics, 99.9%, anhydrous), dichloromethane (DCM)
(Acros Organics, 99.9%, anhydrous), p-xylene (Sigma-Aldrich, 
99%). All chemicals and solvents were used without any 
further purification unless specified.

Synthesis of bisimine diol 1

Bisimine diol 1 was synthesized based on the protocol 
described in the literature.46 Under inert atmosphere, benzil 
(20 g, 0.095 mol, 1.0 equiv.) and trans-4-aminocyclohexanol 
(23 g, 0.20 mol, 2.1 equiv.) were added to 60 mL of degassed 
p-xylene. The reaction was carried out under reflux for 48 h. 
Upon completion, the reaction mixture was cooled to ambient 
temperature and acetone was added. After 30 min of stirring, 
the mixture was filtered and washed 3 times with acetone to 
obtain α-bisimine diol 1 (25 g, white or yellow powder/solid, 
65% yield).

Synthesis of mono-ol 2

Bisimine diol 1 (4.0 g, 9.9 mmol, 1.1 equiv.) and triethyl amine 
(Et3N) (1.24 mL, 8.9 mmol, 1.0 equiv.) were dissolved in 
120 mL of chloroform at 60 °C. Upon dissolution, the heat was 
turned off and a solution of 10-undecenoyl chloride (1.41 mL, 
9.9 mmol, 1.0 equiv.) in 10 mL chloroform (1.0 M) was added 
in a dropwise manner to the previous solution. The reaction 
was stopped after 36 h. Upon completion, the mixture was 
washed with water and brine. The organic layer was dried over 
Na2SO4, and the solvent was removed under reduced pressure. 
The residue was purified by flash column chromatography 
(EtOAC/n-hexane, 1 : 1, v/v) to obtain 2.7 g mono-ol 2 (48%
yield) as yellow viscous oil.

Synthesis of ADMET monomer 3

Mono-ol 2 (2.0 g, 3.50 mmol, 1 equiv.) and Et3N (0.73 mL, 
5.26 mmol, 1.5 equiv.) were dissolved in 7.0 mL of dichloro-
methane. After the solution reached 0 °C, acryloyl chloride 
(0.42 mL, 5.3 mmol, 1.5 equiv.) in 5.3 mL dichloromethane 
was slowly added. The temperature was maintained at 0 °C for 
about 1 h before being allowed to reach ambient temperature. 
After 24 h, the mixture was diluted in dichloromethane and 
washed with brine. The organic layer was subsequently dried 
with Na2SO4 and the solvent was removed under reduced 
pressure. The residue was purified by flash column chromato-
graphy (EtOAC/n-hexane, 1 : 9, v/v) to obtain 1.7 g monomer 3 
(78% yield) as yellow viscous oil.



scale with good yield (65%) comparable with the reported
value in literature.46 Purification of bisimine diol 1 was facile,
only requiring washing with acetone. Interestingly, mono-ol 2
was directly obtained with 48% yield from the symmetric diol
1 without the need of protecting one of the two hydroxy
groups beforehand. In addition, mono-ol 2 and monomer 3
were stable under the mildly acidic condition of the silica gel
column during the purification with flash column
chromatography.

Synthesis of PS-based macro-chain stoppers

The macro-chain stoppers were obtained via post-polymeriz-
ation modification of the Br-end group of homopolymers syn-
thesized from ARGET ATRP (Scheme 2B). Initially, we intended
to use conventional ATRP for the synthesis of halide-capped
homopolymers. However, a significant loss of the halide end-
group at moderate monomer conversion was encountered. In
fact, the decrease of halide chain-end fidelity in traditional
ATRP, due to an elimination reaction, has been reported
before, especially for styrene-based polymers.47,49 Given the
significant importance of preserving the halide-end group for
post-polymerization modification, ARGET ATRP was employed.
Besides minimizing the undesirable elimination of the halide-
end group, the amount of Cu(I) catalyst used in ARGET ATRP
can be reduced to ppm levels.47 Accordingly, a series of poly-
styrenes (PSnBr) with high fidelity of the Br-end group (up to
92%) were synthesized (Table 1). Subsequently, acrylate chain-
end macro-chain stoppers (PSnA2) were obtained via the trans-
formation of the Br-end group of the respective homopoly-
mers. 1H NMR analysis (Fig. 2A) confirmed the successful end-
group modification by the disappearance of magnetic reso-
nance associated with proton b, indicating the presence of the
Br-end group and the appearance of new magnetic resonances
associated with the acrylate-end group. Furthermore, SEC
traces show no change in the molecular weight distribution of
polymers upon the modification (Fig. 2B).

Synthesis of photoresponsive block copolymers

Next, we focused on the preparation of light responsive BCP
via head-to-tail ADMET polymerization of monomer 3 and
acrylate-end polymers at different ratios (Table 2). Preliminary
experiments (results not shown) on ADMET homopolymeriza-
tion of monomer 3 showed that 3 mol% (with respect to the
mole of monomer 3) of Hoveyda–Grubbs 2nd generation cata-
lyst was required for an efficient polymerization in DCM at
40 °C. Therefore, these conditions were applied for the block
copolymer synthesis. To demonstrate the versatility of our
system, three acrylate-end functionalized PS with different
number average molecular weight (PS70A2, PS115A2 and
PS230A2) were employed as macro-chain stoppers in the head-
to-tail ADMET polymerization in the presence of monomer 3.

The results as well as the optimized experimental con-
ditions are summarized in Table 2. SEC traces of the purified
block copolymers obtained from PS70A2 show monomodal
peaks with a good shift towards higher molecular weights,
indicating the successful preparation of block copolymerFig. 1 1H NMR spectrum (500 MHz, CDCl3, 16 scans) of (Z,Z)-monomer 3.

precipitated in methanol, followed by centrifugation and 
vacuum drying at 40 °C.

UV-irradiation experiments

The irradiation study was monitored by 1H NMR spectroscopy 
and SEC for the block copolymer samples. Solutions of block 
copolymers (PEG46ADMET20, 1.0 gL 1, and PS115ADMET10, 
2.0 gL 1) in THF-d8 (for 1H NMR study) or in HPLC THF (for 
SEC study) and α-bisimine diol 1 (1.24 mM in methanol-d4) 
were contained in quartz NMR tubes. The solutions were 
placed approximately 15 cm (4 cm, in the case of bisimine diol 
1) from the UV-C-lamp (Osram Puritec HNS, 36 W, λmax = 
254 nm).

Results and discussion
Initially, we focused on the synthesis of asymmetrical 
α-acrylate/ω-ene difunctional α-bisimine-based monomer. In 
the second step, ARGET-ATRP polymerization was conducted, 
resulting in the Br-end functionalized polystyrene. Upon end-
group modification, acrylate-end functionalized polystyrene 
and commercial PEG46A1 were used as macro-chain stoppers 
in the head-to-tail ADMET polymerization of asymmetrical 
monomer 1. Subsequently, the light-responsive properties of 
the resulting block copolymer as well as the α-bisimine small 
molecule were investigated via 1H NMR spectroscopy and SEC 
measurements.

Synthesis of ADMET monomer

ADMET monomer 3 (1H NMR spectrum depicted in Fig. 1) was 
successfully synthesized via a 3-step protocol, including one 
condensation reaction and two consecutive esterification reac-
tions (Scheme 2A). Bisimine diol 1 was obtained on the gram-



stopper, i.e., poly(ethylene glycol) methyl ether acrylate (Mn =
2000 g mol 1, denoted PEG46A1). The same ADMET polymeriz-
ation conditions were applied for PEG46A1. The SEC traces of
the resulting polymer shifted well from that of the initial
macro-chain stopper (Fig. 3E), indicating the successful for-
mation of a block copolymer. Considering that α-bisimine

Scheme 2 Synthetic route to (Z,Z)-ADMET monomer 3 (A) and macro-chain stopper PSnA2 (B).

Table 1 Characterization data of homopolymers synthesized from
ARGET ATRP

Polymera

Mn/g mol−1

Đd %f e (Br)NMRb SECc

PS70Br 7500 8000 1.2 92%
PS115Br 12 000 13 000 1.2 92%
PS230Br 23 000 26 000 1.2 85%

a Subscript indicates the degree of polymerization determined by 1H NMR
spectroscopy (500 MHz, CDCl3, 32 scans). bMolecular weight determined
by 1H NMR spectroscopy. cMolecular weight determined by THF-SEC, PS
calibration standard. dĐ = Mw/Mn, determined by SEC. eDegree of Br-end
group functionalization, determined by 1H NMR spectroscopy.

Fig. 2 Comparative 1H NMR spectra (500 MHz, CDCl3, 32 scans) of
PS70Br and PS70A2 (A) and THF-SEC traces of PSnBr and PSnA2 (B),
respectively.

(Fig. 3C). The shift towards high molecular weight was also 
observed with higher MW obtained by varying the molar ratio 
between monomer 3 and PS70A2 from 6 to 12 and to 50 : 1. 
However a minor ‘tailing’ of SEC-traces was observed for the 
higher ratios, indicating the presence of some unreacted PS. 
Monomodal SEC traces were also observed when higher MW 
PS115A2 (Fig. 3D) was employed. However, in the case of 
PS230A2 (1 : 50, with respect to the mole of monomer 3), SEC 
traces of the crude sample showed a predominant amount of 
ADMET homopolymer and unsatisfactory peak shift (Fig. S30 –
ESI†). Possibly, for the high Mn macro-chain stopper PSnA2 or 
the growing block copolymer, the coupling catalyzed by 
Hoveyda–Grubbs 2nd generation catalyst between the macro-
chain stopper and the ADMET monomer/oligomer becomes 
ineffective. This may be associated with the coil conformation 
of the polymer in the solvent, leading to the acrylate-end group 
buried within the polymer chains, making it inaccessible to 
the Hoveyda–Grubbs 2nd generation catalyst. It could be 
argued that such mechanism would be also observed for low 
molecular PS-based systems (e.g. PS70A2). However, as evi-
denced by the DOSY NMR spectrum (Fig. 4C) and SEC-traces 
(Fig. 3C), it is probable that the number of unreacted PS 
chains is small, indicating that such a mechanism occurs to a 
much lesser extent for low molecular weight macro-chain 
stoppers.

In addition to the nonpolar macro-chain stoppers (PS70A2 
and PS115A2), we also assessed a more polar macro-chain



Critically, DOSY NMR (diffusion ordered spectroscopy)
spectra were recorded for selected samples. DOSY has evolved
as a complementary technique for the confirmation of success-
ful chain extension in BCP synthesis.50,51 In principle, to
confirm the formation of diblock copolymers, the magnetic
resonances of protons associated with two different blocks co-
valently linked together should have the same diffusion coeffi-

Table 2 Summary of results for block copolymer synthesis experiments

Entry

Block A (macro-chain stopper) ADMET block Block copolymer

Namea Mn
b/g mol−1/Đ Dc × 1010/m2 s−1

DP

Namea Mn
b/g mol−1/Đ Dc × 1010/m2 s−1Targetd NMRe SEC f

1 PS70A2 8000/1.2 1.31 6 5 3 PS70ADMET5 10 000/1.3 1.16
2 12 8 5 PS70ADMET8 12 000/1.5 0.94
3 50 34 11 PS70ADMET34 15 000/1.9 0.79
4 PS115A2 13 000/1.2 1.15 12 10 4 PS115ADMET10 15 000/1.3 0.98
5 50 36 9 PS115ADMET36 18 000/1.6 0.67
6 PS230A2 26 000/1.2 — 50 No chain extension/mixture of BCP and significant amount of ADMET

homopolymer
7 PEG46A1 2000/1.1 2.15 12 20 14 PEG46ADMET20 11 000/1.7 1.06

[ADMET monomer 3] = 0.5 mol L−1, 3.0 mol% catalyst, DCM, 40 °C. a Subscript indicates degree of polymerization of purified BCPs, determined
from 1H NMR (500 MHz, CDCl3, 32 scans). b For PS- and PEG-based polymers, Mn was derived from PS and PMMA calibration standard, respect-
ively. cBased on DOSY NMR (400 MHz, CDCl3).

d [ADMET monomer 3]/[macro-chain stopper]. e For purified BCPs, determined from 1H NMR. f For
purified BCPs, determined from SEC.

Fig. 3 Stacked 1H NMR spectra (A) and THF-SEC traces (D) of BCPs based on PS115A2; THF-SEC traces (C) of BCPs based on PS70A2;
1H NMR spec-

trum (B), THF-SEC traces (E) of BCP based on PEG46A1 macro-chain stopper. 1H NMR spectra: 500 MHz, CDCl3, 32 scans; SEC traces: THF, 35 °C.

absorbs UV at 254 nm, while the PEG-adsorption can be neg-
lected, SEC analysis with UV-detector at 254 nm was also con-
ducted. The good overlay between RI and UV (Fig. 3E) indicates 
the well-distributed presence of α-bisimine within the block 
copolymer. In addition, the 1H NMR spectrum shown in 
Fig. 3B confirms the presence of the PEG and α-bisimine 
segments.



block copolymer formation. Furthermore, it is well-known that
the diffusion coefficient D expressed in Stokes–Einstein
equation is inversely proportional to the hydrodynamic radius
of the solute.52,53 In theory, the expected relationship between
the diffusion coefficient (D) and the molecular weight (MW) of
a solute should be D ∝ MW 1/3, assuming a spherical shape of
the polymeric solute. To examine such a correlation, the
diffusion coefficients gathered for the PS70A2-based BCPs were
plotted vs. the respective molecular weights determined from
SEC (Fig. 4A). In our case, the diffusion coefficient shows a
clear linearity with molecular weight, decreasing with the
increase in molecular weight of the polymer samples (Fig. 4A).
Given the small differences in Mn,SEC of these polymers, it is
reasonable that a linear dependence between these two para-
meters is found.54

Having a closer look at the 1H NMR spectra of the BCPs
(Fig. 3A and B), the presence of PS-/PEG- and α-bisimine-based
components can be clearly observed. Furthermore, due to the
selective cross-metathesis between the electron-deficient acry-
late and electron-rich alkene, the internal electron deficient
double bonds forming in the main chain of the α-bisimine
block of the resulting BCPs is evidenced by the multiplicities
as well as chemical shifts of the corresponding protons
(5.7 and 6.9 ppm, Fig. 3A and B). Such functional groups can
facilitate post-polymerization modification of the bisimine
block, for example, via Michael-addition reaction55 or azide–
zwitterion cycloaddition,56 enabling the synthesis of tailor-
made advanced macromolecular structures.

Inspection of Table 2 indicates that the degree of polymeriz-
ation (DP) for the ADMET block calculated from 1H NMR spec-
troscopy and SEC are not in agreement with each other. The
discrepancy becomes larger with higher ratios of ADMET
monomer. Furthermore, close inspection of the SEC traces of
BCPs generated from PS-based macro-chain stoppers (Fig. 3C
and D) indicates that the distributions in the lower molecular
weight regions of those BCPs show somewhat incomplete
shifts from those of the corresponding macro-chain stoppers,
especially in the case of PS115ADMET36, where the degree of
polymerization is higher. Such minor ‘tailing’ of molecular
weight distribution and the disagreement between NMR-based
and SEC-based degree of polymerization likely arise from the
backbone of the α-bisimine-based block. Unlike the often-
encountered saturated, aliphatic polymeric backbones, the
mainchain of the ADMET block in our case constitutes bulky
and rigid α-bisimine units (which also have cyclic rings in
their structure) as well as internal electron deficient olefin.
Consequently, the interaction of the α-bisimine-based block
with the stationary phase of the SEC column and with the
other block based on polystyrene will be markedly different
from that of those saturated, aliphatic backbones. Thus, the
use of conventional PS- /PMMA standard calibration curves
can lead to incorrect number average molecular weights of
such BCPs. Further, as a minor remark on the PEG46ADMET20

BCP, the degree of polymerization calculated from NMR
(DPNMR) is higher than the target (Table 2). However, the 1H
NMR spectrum recorded for the crude (before purification)

Fig. 4 (A) Plot of D vs. Mn,SEC for BCPs based on macro-chain stopper
PS70A2. The dash line represents the least squares regression line,
plotted from the equation: D/cm2 s−1 = −9.1 × 10−11 Mn,SEC/g mol−1 +
2.1 × 10−6, r2 = 0.997. (B) Stacked DOSY NMR spectra (400 MHz, THF-
d8) of PEG46A1 and PEG46ADMET20. (C) Stacked DOSY NMR spectra
(400 MHz, THF-d8) of PS70A2 and PS70ADMET34.

cient. Pleasingly, DOSY returns only one average diffusion 
coefficient value for each polymer sample (Table 2 and ESI†). 
As an illustration, the DOSY NMR spectra of macro-chain 
stopper PEG46A1 and the corresponding polymer 
PEG46ADMET20 are depicted in Fig. 4B. The diffusion coeffi-
cients for protons in both segments (PEG and α-bisimine seg-
ments) perfectly align and shift to lower values compared to 
the initial macro-chain stopper PEG46A1, implying that the two 
blocks are covalently connected. Similar results were obtained 
for PS-based polymers, namely PS70ADMET34, as shown in 
Fig. 4C (additional DOSY NMR spectra of PS-based BCP can be 
found in the Fig. S23–S28 ESI†). These results are in agreement 
with those from SEC measurements, confirming the successful



Irradiation of bisimine diol 1

Prior to carrying out the irradiation experiments on BCPs, we
assessed the isomerization of bisimine diol 1 using 1H NMR
spectroscopy. Based on results of our earlier investigation,46

λmax = 254 nm was chosen for the irradiation of a solution of
bisimine diol 1 in methanol-d4. Inspection of Fig. 6 demon-
strates that after 60 min of irradiation, 88% of the initial (Z,Z)-
bisimine diol 1 switched to the (E,E)-isomer. The ratio of (Z,Z)/
(E,E) isomers was calculated based on the 1H NMR integral
values of peak c′ (which appeared upon irradiation) and peak c
(Fig. 6). Fig. 6 indicates that an up-field shift of protons a and
a down-field shift of protons b when irradiated at λmax =
254 nm. Furthermore, some changes are observed for other
protons in the cyclohexyl rings. Approximately six main reso-
nances in the range of (1.0–2.1) ppm present before the
irradiation, corresponding to the remaining 16 protons in the
cyclohexyl ring. However, these resonances appear to merge
upon irradiation, leading to only 3 main peaks. After 24 h in
the dark at ambient temperature (without further irradiation),
these NMR resonances revert to their initial positions, indicat-
ing that the reversible isomerization of the CvN imine bonds
might have an impact on the conformations of the cyclohexyl
rings.

Irradiation of BCPs in THF
1H NMR spectroscopy and SEC were both employed to study
the light-responsiveness of PEG46ADMET20 and PS115ADMET10

Fig. 6 Stacked 1H NMR spectra (500 MHz, 16 scans) of bisimine diol 1
in methanol-d4 recorded at different stages of the irradiation
experiment.

showed a similar molar ratio compared to the designed. 
Therefore, the higher DPNMR for the purified BCP is probably 
because of the dissolving of BCP that contains higher amount 
of PEG-block in MeOH used to precipitate the BCP.

Subsequently, the thermal properties of the block copoly-
mer were investigated (Fig. 5). TGA analysis of the block copo-
lymer PS115ADMET36 showed an onset of thermal degradation 
under N2 at 290 °C followed by two degradations with an 
inflection point at 405 °C (Fig. 5A). This is an expected profile 
due to the different composition of each segment of the block 
copolymer. The DSC analysis of the ADMET homopolymer and 
PS115ADMET36 block copolymer were also recorded (Fig. 5B). 
The thermogram for the ADMET homopolymer clearly shows 
an endothermal transition at 115° indicating the homopoly-
mer’s Tg. For the block copolymer, two endothermal peaks 
corresponding to the glass transition temperature of the poly-
styrene-based and α-bisimine-based blocks were detected 
during DSC, suggesting microphase-separation in 
PS115ADMET36 (Fig. 5B). The latter results are very promising, 
emphasizing a high thermal stability for the photoswitchable 
BCP, alongside their ability to undergo microphase separation 
– two key requirements for their application in photodynamic 
nanolithography.

Fig. 5 Thermal properties of PS115ADMET36. (A) TGA conducted at a 
heating rate of 20 °C min−1 from 30 °C to 800 °C under N2 and (B) DSC 
heat flow and first derivative obtained from the 2nd heating ramp at 
scanning speed of 10 °C min−1 in the temperature range from 0 °C to 
200 °C.



Next, we proceeded with the SEC study. The data in Fig. 7B
indicate that the Mn of PEG46ADMET20 slightly increases upon
UV-C irradiation (λmax = 254 nm). Surprisingly, with the rever-
sion (19 h at r.t in the dark), the molecular weight distribution
shifts to lower molecular weight compared to that of the initial
sample. The Đ values and the shape of the curve remained
almost unchanged throughout the process. Likely the irrevers-
ible isomerization of the internal electron deficient double
bond, noted previously in the NMR study, partly contributes to
the reduction of the hydrodynamic volume of the coil. It could
be also argued that some degree of decomposition of
PEG46ADMET20 triggered by the UV-light is occurring.
However, based on the results from the NMR study, apart from
the new resonances arising from the solvent, no signs of frag-
mentation of the polymer chain were observed. Regarding
PS115ADMET10, no significant changes were seen in its SEC
traces (Fig. 7D), associated with the lower fraction (33 wt%
based on 1H NMR, Table 2) of the α-bisimine-based block in
the PS115ADMET10 compared to 86 wt% in the PEG46ADMET20.
Therefore, it is reasonable to assume the isomerization of the

Fig. 7 Stacked 1H NMR spectra (500 MHz, THF-d8, 32 scans) and THF-SEC traces recorded from the irradiation (λmax = 254 nm) of PEG46ADMET20

(A and B) and PS115ADMET10 (C and D). The resonances marked with # in the NMR spectra are associated with the NMR solvent.

upon UV light irradiation. In general, the behavior of the 
α-bisimine cores installed in the main chain of the BCPs is 
consistent with that of α-bisimine diol 1 in the NMR study. 
With PEG46ADMET20, 75 min of irradiation at λmax = 254 nm 
resulted in 79% of the (E,E)-isomer which subsequently 
reverted to the initial configuration upon thermal back-isomer-
ization at ambient temperature overnight (Fig. 7A). However, 
we noticed that the irradiation at this wavelength caused some 
degree of irreversible isomerization of the internal electron 
deficient double bonds (approximately 30%). The NMR study 
of PS115ADMET10 also gave similar results (Fig. 7C). Due to the 
relatively lower content of α-bisimine units in PS115ADMET10, 
the concentration was fixed at 2.0 g L 1 instead of 1.0 g L 1 as 
previously employed. Approximately 61% of the (E,E)-isomers 
formed after 20 min of irradiation. Noticeably, the relative 
intensities of the aromatic protons resonances associated with 
the α-bisimine units were lost compared to those in the poly-
styrene block. However, upon thermal reversion at ambient 
temperature overnight, the initial relative intensities were 
reestablished.
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