Light-responsive block copolymers with a spiropyran located at the block
junction
Edward A. Apebende1, Laurent Dubois2 & Nico Bruns1,3*

1

Adolphe Merkle Institute, University of Fribourg, Chemin des Verdiers 4, 1700
Fribourg, Switzerland

2

Department of Chemistry, University of Basel, Mattenstrasse 24a, 4002 Basel,
Switzerland

3

Department of Pure and Applied Chemistry, University of Strathclyde, 295 Cathedral
Street, Glasgow G1 1XL, UK
Submitted for publication to

The European Polymer Journal

e-mail addresses:

Edward A. Apebende:
Laurent Dubois
Nico Bruns*:

edward.apebende@unifr.ch
laurent.dubois@unibas.ch
nico.bruns@strath.ac.uk

* Author to whom correspondence should be addressed.

1

Abstract
Block copolymers with a functional group between their blocks are relative little explored, even though
this molecular architecture can reduce the aggregation of the functional groups, promote the phase
separation in nanophase-separated materials, and have other interesting effects. Spiropyrans are wellknown for their ability to switch to their polar merocyanine form in response to light, force and other
stimuli. The synthesis of stimuli-responsive AB-type block copolymers with spiropyran moieties located
at the junction of the blocks is presented here. A homopolymer is synthesized from an indole-based
atom transfer radical polymerization (ATRP) initiator, followed by its modification to a spiropyran endfunctionalized polymer. The spiropyran functionalized polymer is then used as a macro-initiator for the
synthesis of a second polymer block by ring opening polymerization (ROP). Alternatively, spiropyran
homopolymers are conjugated to other preformed polymers by esterification. The resulting block
copolymers reversibly switch under UV and white light irradiation over multiple cycles, and a block
copolymer reduced the tendency of the merocyanine to aggregate during switching. The stimuliresponsive block copolymer could be useful for a range of applications, e.g. for bioinspired polymersome
nanoreactors, or in membranes with switchable permeability.
Keywords
Spiropyran, block copolymer, stimuli-responsive material, atom transfer radical polymerization, ring
opening polymerization, polymer-polymer conjugation
1. Introduction
There is currently a huge interest in stimuli responsive polymers i.e. materials that change their properties
in response to certain external stimuli such as light, temperature, chemicals, magnetic fields, electric
fields, and mechanical force.[1-4] One reason for this interest is that they mimic the ability of living
materials to adapt and respond to their environment.[4-6] Moreover, such polymers are investigated for
a multitude of application, including smart textiles, sensors, actuators, and controlled release systems.[4,
5, 7, 8] For many applications, block copolymers are desirable. Block copolymers self-assemble in
solution into various nanostructures such as micelles and vesicles. In the bulk they form nanophaseseparated morphologies such as gyroid, lamellar or hexagonal phases.[9] The former can be used in
drug delivery and nanoreactors applications,[9-12] while structured bulk materials find applications, e.g.
as scaffolds for energy materials.[9] Functional groups in block copolymers can either be distributed
along the side chains of the blocks, incorporated into the backbone of the chains, or they can be situated
at the junction of blocks. The first two approaches are most commonly followed because they result in
a high number of functional groups per polymer chain. Nevertheless, polymer architectures in which one
functional group is located between two blocks have their own advantages.[13-15] The prime example
are light-responsive or reduction-sensitive groups that cleave in response to an external stimulus,
thereby leading to the destruction of the block copolymer and its self-assembled structures.[13-18] Noncleavable functional groups that have been incorporated between blocks include attachment points that
allow to prepare dense mixed polymer brushes on surfaces,[19] and micelles with mixed hydrophilic
corona.[20] When a fluorophore is located in between blocks, it will be dispersed at the interface of
hydrophilic and hydrophobic domains in self-assembled nanostructures, thereby reducing aggregationinduced quenching.[21, 22] This can, e.g., enhance the fluorophore´s effect in light-responsive drug
delivery systems.[22] Moreover, an ionic or H-bonding residue at the junction of blocks can greatly
influence the self-assembly behavior of the block copolymers, e.g. by promoting the phase separation
between blocks, and by shifting the order-to-disorder transition in bulk systems to higher
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temperatures.[23-27] However, stimuli-responsive switchability of a functional moiety between blocks
has not been explored in these applications.
Spiropyrans are one of the most famous examples of stimuli-responsive motifs. They are responsive to
several environmental factors such as light and mechanical force.[28-32] When stimulated, spiropyrans
undergo a reversible 6-π electrolytic ring opening reaction to the merocyanine form accompanied by a
change in color.[33] Initially discovered in the early 1900s, their ability to respond to stimuli was first
reported in 1954 by Hirshberg and Fischer.[34] The functionalization of polymers with spiropyrans has
been demonstrated to afford polymeric materials that show dynamic and reversible switching of
properties such as electrical conductivity,[35-37] wetting behavior,[38-40] metal-ion complexation,[4143] cell adhesion,[44] and membrane permeability.[38, 45, 46] The functionalization of polymers with
spiropyrans is usually achieved by the polymerization of spiropyran functionalized monomers,[46-51] or
the functionalization of pre-made polymers with spiropyran derivatives.[46, 52-54] Other approaches
involve initiating polymerization from spiropyran initiators for ring opening polymerization (ROP),[30,
55] free radical polymerization,[56] and atom transfer radical polymerization (ATRP),[28, 29, 57, 58] as
well as the synthesis of main chain spiropyran polymers by Suzuki polycondensation.[59] These
approaches afford polymers with spiropyran units as side groups, at the chain ends, or located in the
backbone of one block. In contrast, block copolymers that feature the spiropyran at the junction of two
blocks have not been reported. This placement of the responsive group could be highly beneficial, e.g.
to reduce the tendency of merocyanine to aggregate, an effect which can slow down the switching
kinetics.[33] Moreover, the light-induced polarity changes between the uncharged spiropyran and the
zwitterionic merocyanine could be exploited to shift the order-disorder transition temperature in phaseseparated materials. The mechanochemistry of spiropyrans might also be influenced in unprecedented
ways by locating the mechanophore in between blocks.
Herein, we present synthesis routes to AB-type block copolymers that feature a single spiropyran at the
block junction (Scheme 1), and investigate their light-switching behavior. We chose to prepare an ATRP
initiator linked to an indoline derivative, which was converted into a spiropyran after the polymerization,
yielding spiropyran-terminated polymer chains. They were then used as macro-initiators for ROP, or they
were conjugated to other preformed polymers by esterification. The spiropyran of the homo and the
block copolymers could be reversibly switched to their merocyanine form in bulk materials. While the
merocyanine of certain homopolymers aggregated, aggregation was suppressed in some of the block
copolymers.
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Scheme 1 : Synthesis routes to AB type block copolymers with a spiropyran moiety located at the junction of both blocks.

2. Experimental
2.1. Materials
α-Bromoisobutyryl bromide, (4-methoxy)-phenyl hydrazine hydrochloride, triethylamine, methyl
isopropyl

ketone,

iodomethane,

4-(dimethylamino)

pyridine

(DMAP),

N,N,N',N'',N''-

pentamethyldiethylenetriamine (PMDETA), copper (II) bromide (CuBr), piperidine, sodium hydroxide,
hydrogen bromide, N’-ethylcarbodiimide hydrochloride (EDC), L-lactide, 1,8-diazabicyclo[5.4.0]undec7-ene

(DBU),

3,5-bis(trifluoromethyl)phenyl

isothiocyanate

,

cyclohexylamine,

acetonitrile,

tetrahydrofuran (THF), chloroform, dichloromethane (DCM), dimethyl sulfoxide (DMSO), methyl acrylate,
methyl methacrylate and styrene were obtained from Sigma Aldrich. Poly(dimethylsiloxane)-ω-carboxy
acid terminated, (number average molecular weight Mn= 10000 g mol-1, dispersity Đ= 1.09, Product ID:
P8645-DMSCOOH) was obtained from Polymer Source while 3-chloromethyl-5-nitrosalicylaldehyde was
obtained from TCI-Europe.
2.2. Synthesis of Small Molecule Precursors
2.2.1. Synthesis of 5-methoxy-2,3,3-trimethyl-3H indole, 2,3,3-trimethyl-3H-indol-5-ol, 2-hydroxy-3(hydroxymethyl)-5-nitrobenzaldehyde (B) and bis(3,5-trifluoromethyl)phenyl cyclohexylthiourea.
These compounds were prepared according to previously reported procedures.[28-30, 60]
2.2.2. Synthesis of 2,3,3-trimethyl-3H-indol-5-yl 2-bromo-2-methylpropanoate, A.
A 100 mL round bottom flask was equipped with a magnetic stirrer and charged with 2,3,3-trimethyl3H-indol-5-ol (0.90 g, 5.14 mmol) and triethylamine (5.4 mmol, 0.75 mL) dissolved in anhydrous THF (40
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mL). The mixture was cooled to 0°C in an ice bath following which α-bromoisobutyryl bromide (0.67 mL,
5.4 mmol) was added dropwise. The reaction mixture was allowed to stir for 3 hours at 0°C and then at
room temperature for 16 h. The salt was filtered off, and the filtrate was concentrated with a rotary
evaporator to give a brown viscous liquid which was further purified by column chromatography eluting
with hexane/ethyl acetate (v:v 1:1). The product was obtained as a brown viscous oil (Rf=0.43). Yield=
78%.
H NMR (400 MHz, Chloroform-d) δ 7.48 (d, J = 8.1 Hz, 1H), 7.12 – 6.81 (m, 2H), 2.22 (s, 3H), 2.00 (s, 6H),

1

1.24 (s, 6H).
C NMR (101 MHz, Chloroform-d) δ 188.92, 170.46, 150.94, 148.63, 146.81, 120.22, 114.64, 55.43, 54.15,
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31.07, 30.66, 22.97, 15.27.

2.3. Polymer Synthesis and Functionalization
2.3.1. Representative Procedure for the Synthesis of Indole Functionalized Polymers by ATRP
A 50 mL Schlenk tube was equipped with a magnetic stir bar and charged with a solution of compound
4 (0.22 g, 0.67 mmol, 1 equiv.) in 0.5 mL DMSO. CuBr (0.19 g, 1.33 mmol, 2 equiv.) and methyl acrylate
(21.05 mL, 232.3 mmol, 346 equiv.) were added to the Schlenk tube. The tube was sealed with a rubber
septum, connected to a vacuum line and subjected to three freeze-pump-thaw cycles to remove oxygen.
Afterwards, the flask was filled with argon and the ligand PMDETA (0.42 mL, 2.0 mmol, 3 equiv.) was
added. The tube was placed in an oil bath at 60 °C. After 180 min the reaction was stopped by opening
it to air. The polymer was dissolved in THF and passed through a neutral alumina plug to remove copper.
The polymer was finally purified by precipitating into cold methanol. The methanol was decanted and
the polymer was collected and dried in a vacuum oven at 80 °C for 24 h. Yield= 89%.
2.3.2. Representative Procedure for the Synthesis of Spiropyran End Functionalized Polymers.
Indolenine functionalized poly(methyl acrylate), 1 (2 g, 0.066 mmol, 1 equiv.) was placed in a round
bottom flask equipped with a magnetic stir bar. It was dissolved in an excess of iodomethane (20 mL,
321.26 mmol). The flask was connected to a reflux condenser and the mixture was refluxed at 42 °C for
48 h. Afterwards, the excess iodomethane was distilled off and the macro indolenine salt, 2 was used
without further purification. Compound 2 was dissolved in a toluene/acetonitrile 4:1 (v:v) mixture.
Compound B (0.039 g, 0.198 mmol, 3 equiv.) and piperidine (0.014 mL, 0.132 mmol, 2 equiv.) were added
to the solution. The mixture was refluxed at 100°C for 24 h. Then it was stopped, cooled and the solvent
removed under vacuum. The reaction mixture was then re-dissolved in minimal THF and it was
precipitated into a large excess of cold methanol. The precipitation was repeated twice before the
polymer was collected and dried in a vacuum oven at 80 °C. Yield= 92%.
2.3.3. Representative Procedure for the Synthesis of Spiropyran Functionalized AB Block Copolymers by
Polymer Chain Extension.
Polymerization of L-lactide from spiropyran functionalized PMA macro initiator was performed in a
glovebox. Spiropyran end functionalized poly(methyl acrylate), 3 (1 g, 0.033 mmol) was placed in in a
round bottom flask equipped with a magnetic stir bar. The monomer, L-lactide (1 g, 6.9 mmol) and cocatalyst, bis(3,5-trifluoromethyl)phenyl cyclohexylthiourea, (0.012 g, 0.04 mmol, 1.2 equiv.) were added
and they were dissolved in anhydrous chloroform (30 mL). The catalyst DBU (0.01 mL, 0.067 mmol, 2
equiv.) was added and the reaction mixture was left stirring at room temperature for 3 h. The reaction
was then stopped by opening the reaction mixture to air. The mixture was concentrated in vacuo and
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then precipitated into cold methanol. The polymer was collected and dried in a vacuum oven at 80 °C
for 24 h. Yield= 78%.
2.3.4. Representative Procedure for the Synthesis of Spiropyran Functionalized AB Block Copolymers by
Polymer-Polymer Conjugation.
Spiropyran functionalized AB block copolymer; PMMA-SP-PDMS was synthesized by EDC-activated
esterification of spiropyran end functionalized homopolymers, PMMA-SP to carboxy-functionalized
polydimethlysiloxane, PDMS-COOH. PMMA-SP (1 g, 0.033 mmol, 1 equiv.) and PDMS-COOH (0.5 g, 0.05
mmol, 1.5 equiv.) were placed in a dry round bottom flask equipped with a magnetic stir bar. DCM (40
mL) was added to dissolve them. Then, the flask was sealed with a rubber stopper, flushed with argon,
cooled in an ice bath to 0 °C and left to stir for 15 min. Afterwards, DMAP (0.002 g, 0.016 mmol, 0.5
equiv.) and EDC (0.013 g, 0.066 mmol, 2 equiv.) were dissolved in DCM (5 mL) and added dropwise with
a syringe. The reaction mixture was then left to stir at room temperature for 24 h. The reaction mixture
was washed with water (3 times), and then concentrated in vacuo before precipitating the polymer into
cold hexane. The polymer was further washed with cold hexane and then dried at 80 °C in the oven for
24 hrs. Yield= 93%.
2. Methods
Nuclear Magnetic Resonance Spectroscopy (NMR). NMR spectra were recorded at room temperature on
a Bruker Advance III 400 MHz spectrometer using deuterated solvents. Chemical shifts (δ) are reported
in ppm, and the chemical shifts are calibrated to the solvent residual peaks.
UV-visible Spectroscopy (UV-vis). UV-vis spectra were recorded using an Analytik Jena Specord 50 PLUS
spectrometer from 190 nm to 700 nm, using quartz cuvettes with a path length of 10 mm and quartz
slides positioned perpendicular to the beam.
Gel Permeation Chromatography (GPC). GPC measurements were performed on an Agilent 1200 series
HPLC system equipped with an Agilent PLgel mixed guard column (particle size = 5 µm) and two Agilent
PLgel mixed-D columns (ID = 7.5 mm, L = 300 mm, particle size = 5 µm). Signals were recorded by an
Optilab REX interferometric refractometer. Samples were run using THF as the eluent at 30 °C and a
flow rate of 1.0 mL min-1. Data analyses were done on Astra software (Wyatt Technology Corp.) and
molecular weights were determined based on narrow-molecular weight polystyrene calibration (from
2340 to 364000 g mol-1).
Differential Scanning Calorimetry (DSC). DSC measurements were performed under N2 using a MettlerToledo STAR system operating at a heating/cooling rate of 10 °C min-1 in the range of -80 to 250 °C and
the second heating cycle is shown.
Photography. Images were acquired with a Nikon D7100 digital camera equipped with an AF-S DX ZoomNIKKOR 18-135mm lens (f/3.5-5.6G IF-ED). The depicted objects were cropped with Microsoft
PowerPoint to create a white background.

3.0. Results and discussion
3.1 Synthesis of spiropyran functionalized homopolymers
Typically, spiropyrans are synthesized by reacting o-hydroxy benzaldehydes with idolenium salts in the
presence of piperidine.[61] They may be linked to polymers by utilizing them as initiators or quenchers,
or by coupling them to functional groups on the polymer chain.[28, 61, 62] Our approach to make
spiropyran end-functionalized homopolymers is to first synthesize a macro-indolenium salt and then
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treat it with a suitable o-hydroxy benzaldehyde. This allows to synthesize and characterize polymers
without the notoriously tedious purification of small molecule spiropyrans. For this purpose, 2,3,3trimethyl-3H-indol-5-yl 2-bromo-methylpropanoate, A was synthesized by the esterification of 2,3,3trimethyl-3H-indol-5-ol with α-bromoisobutyryl bromide. It was utilized as an initiator for the ATRP of
methyl acrylate (Scheme 1). The resulting indole functionalized poly(methyl acrylate), 1 was converted
to the corresponding indolenium salt, 2 by refluxing with iodomethane. This was then treated with 3hydroxymethyl-5-nitrobenzaldehyde, B in the presence of piperidine to yield spiropyran functionalized
poly(methyl acrylate). The need for extensive purification that is usually associated with the synthesis of
spiropyrans is eliminated here as the product can easily be purified by precipitation in appropriate
solvents, such as methanol. UV-vis spectra of indole functionalized poly(methyl acrylate), 1 and
spiropyran functionalized poly(methyl acrylate), 3 (Fig. 1) show two bands. The first band at ~272-296
nm comes from the π-π* transitions within the indole part of spiropyrans. It can be seen in both spectra.
The second band at ~323-351 nm corresponds to the chromene part of spiropyrans and is typical of
spiropyrans in their closed form. It appears only after the spiropyran has been formed. This indicates
that the polymer was successfully functionalized with spiropyran end groups.

Fig. 1: UV-vis spectra of indole functionalized poly(methyl acrylate) and spiropyran functionalized poly(methyl acrylate).

Spiropyran functionalized poly(methyl acrylate) with molecular weight below 10000 g mol-1 was
specifically synthesized to allow for characterization by NMR spectroscopy. The 1H NMR spectrum of
spiropyran functionalized poly(methyl acrylate), PMA38-SP shows peaks at 8.11, 7.89, 6.43, and 4.41 ppm
that are absent in the spectrum of indole functionalized poly(methyl acrylate) (Fig. 2(a)). These peaks
can be assigned to the formed spiropyran functional group. The indole functionalized poly(methyl
acrylate)’s aromatic signals have also shifted from 7.1 and 7.5 ppm to 6.9 and 6.8 ppm. The molecular
weights were calculated by comparing the integral of the peaks at 7.5 ppm in the case of indole
functionalized poly(methyl acrylate) and 7.89 ppm for spiropyran functionalized poly(methyl acrylate) to
the polymer’s methylene peak at 2.25 ppm and are reported in Table 1. To estimate the degree of
functionalization of the polymer with the spiropyran motifs, the peak from the spiropyran group at 8.11
was compared to the methylene peak from the other end of the polymer chain seen at 2.49 ppm (Fig.
2(b)).
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Fig. 2: 1H NMR spectra of (a) indole functionalized poly(methyl acrylate) (PMA38-indole) and (b) spiropyran functionalized
poly(methyl acrylate) (PMA38-SP).

This way, it could be shown that a functionalization of 96 % was achieved. To demonstrate the simplicity
of the method, other spiropyran functionalized polymers were also synthesized following the same
procedure. The synthesized homopolymers and their molecular weights are listed in Table 1. Although
ATRP typically yields polymers with low dispersities, some of the polymers obtained here had relatively
broad molecular weight distributions. Most likely, this is due to the fact the polymerizations were
conducted in the bulk where the increasing viscosities of the reaction mixtures during the polymerization
lead to reduced mobility of reagents and consequently hindered uniform growth of the polymer chains.
Nevertheless, molecular weights are within target range and the dispersities do not affect the further
modification of the polymers with spiropyran motifs or their use for the synthesis of block copolymers.
Table 1: Molecular weights of spiropyran functionalized homopolymers.

Entry
1
2
3
4
5

Polymer
PMA38-SP
PMA357-SP
PS68-SP
PS342-SP
PMMA316-SP

Mn (g mol-1) GPC
3300
30700
7100
35600
31600

aMolecular

Mn (g mol-1) NMR
3000
-a
6700
-a
-a

Dispersity
1.32
1.60
1.27
2.02
1.65

weight estimation by NMR was not carried out for polymers above 10000 g mol-1 because the signals of the
endgroups could not be accurately integrated.
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When irradiated with UV light, the synthesized homopolymers all showed visual color changes to slightly
different shades of purple as can be seen in Fig. 3(a). To confirm that the observed color changes were
indeed manifestations of the switching of the spiropyrans into the merocyanine form, the polymers were
solution cast on quartz slides to create a film of the polymers upon evaporation of the solvents. The
polymer films were then subjected to UV light irradiation (354 nm wavelength), and their absorption
spectra were recorded at specific intervals. For all three polymers studied, PMA357-SP, PS342-SP, and
PMMA316-SP, an increase in absorbance between 550 and 600 nm was observed (Fig. 3(c – e)). PMA357SP developed a single absorption band with a maximum at 566 nm. It corresponds to non-aggregated
merocyanine.[33] The other two polymers showed more complex spectra. In the case of PS342-SP, two
peaks at 505 and 626 nm developed into a broad adsorption band that is dominated by the absorption
around 595 nm. For PMMA316-SP, the main peak at 564 nm was accompanied by shoulders at approx.
525 nm and at 585 nm. The maximum absorbance in the spectra differs between the samples because
the films had different thicknesses. It is well-established in literature that spiropyrans, when switching
into their merocyanine form, can stack in parallel (H-aggregates) and head-to-tail (J aggregates).[33, 63]
The H-aggregates have an absorption that is blue-shifted to lower wavelengths (depending on the
system e.g. around 500 nm[64] or 520-550 nm[65]), while the J aggregates absorb at higher wavelengths
than the free merocyanine (e.g. around 610 nm[64] or between 600 – 640 nm[65]). Occasionally, both
types of crystals are observed at the same time.[64, 65] Moreover, these stacks can also form in the dark,
thereby causing the spiropyran to switch. The process is called zipper crystallization.[66] Thus, the spectra
of the spiropyran-functionalized homopolymers reveal that H- and J-aggregates formed in the solid
state. A plot of the change in absorbance with time for PMA 357-SP (Fig. 3(b)) shows that the response
saturates at approx. 35 min of UV irradiation. Similar curves for PMMA316-SP and PS342-SP are provided
in Fig. S3.1 and Fig. S3.2 in the supporting information. In the absence of UV light, the films revert to
their initial color over several hours.
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Fig. 3: UV-light response of spiropyran functionalized homopolymers. (a) Photos of homopolymer films showing the color
change of the materials upon irradiation with UV light for 20 min. (b) Change of absorbance with time for PMA357-SP upon
irradiation with UV-light. (c) Vis-spectra of PMA357-SP upon irradiation with UV-light. (d) Vis-spectra of PS342-SP upon
irradiation with UV-light. (e) Vis-spectra of PMMA316-SP upon irradiation with UV-light. Spectra were recorded every 2 min.

Synthesis of block copolymers with a spiropyran at the junction of the blocks
The spiropyran end functionalized homopolymers had a terminal hydroxyl group, which was used for
the synthesis of AB block copolymers by the chain extension approach through ROP, and by polymerpolymer conjugation through EDC coupling. The block copolymers so obtained and their GPC data are
shown in Table 2.
Table 2: GPC data of block copolymers with a spiropyran at the junction of blocks that were prepared by chain extension
from spiropyran functionalized homopolymers and by polymer-polymer coupling.

Entry
1
2
3
4

Polymer
PMA357-SP-PLLA81
PMA357-SP-PDMS135
PS342-SP-PDMS135
PMMA316-SP-PDMS135

Target Mn(g mol-1)
50000
40700
45600
41600

Actual Mn(g mol-1)
35800
39800
43000
41400

Dispersity
1.72
1.70
1.81
1.59

The main requirement for block copolymer synthesis by chain extension is the availability of a polymer
with a suitable initiating group. In other words, the first block should be end-functionalized with the
needed initiating group that the second block can be grown therefrom. The terminal secondary hydroxyl
groups on the synthesized spiropyran end-functionalized homopolymers can be activated by hydrogen
bond acceptor organo-catalysts such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to generate the
anionic species necessary for initiation and propagation in anionic ring opening polymerizations.
Therefore, PMA357-SP was employed as a macro-initiator for the organo-catalytic ring opening
polymerization of L-lactide following well established protocols. The NMR spectrum shows new polymer
peaks which can be assigned to the lactide block (Fig. S2.13, supporting information). Fig. 4 shows a

10

shift to lower retention times in the gel permeation chromatography (GPC) trace going from PMA357-SP
to PMA357-SP-PLLA81 indicating an increase in molecular weight of the polymer as the second block is
formed. The molecular weight of the block copolymer is smaller than targeted, as the ROP most likely
did not reach full conversion. Taken together, this data shows that the ATRP-derived homopolymer was
converted into a block copolymer by chain extension through ROP.
Block copolymer synthesis by polymer-polymer conjugation requires two polymers that are end
functionalized with complementary functional groups. This approach is starting to become main stream
because of well-established conjugation chemistries and the emergence of new “click” chemistries. It
has been employed for the synthesis of various graft and block copolymers.[67] The hydroxy groups on
the synthesized spiropyran end-functionalized homopolymers are complementary to carboxylic acid
groups and are suitable for block copolymer synthesis by esterification with carboxy-functionalized
polymers. Spiropyran end-functionalized poly(methyl acrylate) (PMA357-SP), polystyrene, (PS342-SP) and
poly(methyl methacrylate) (PMMA316-SP) were, therefore, coupled to carboxy-functionalized
polydimethylsiloxane (Mn= 10000 g mol-1) by conventional EDC coupling protocols. Others have
previous shown that this chemistry is efficient for the synthesis of block copolymers.[68] An excess of
the PDMS-COOH was used to ensure the complete functionalization of all spiropyran functionalized
homopolymers. Unreacted PDMS-COOH was removed after the reaction by precipitating the block
copolymer into cold hexane. A shift to shorter retention times in the GPC traces between the
homopolymers and the block copolymer indicates that the polymers were indeed attached to each other
(Fig. 4). Also, the NMR spectra show the appearance of new polymer peaks which can be assigned to
the PDMS block (Fig. S2.14 – S2.16, supporting information). Thus, block copolymers were successfully
synthesized. Current approaches to synthesize spiropyran functionalized block copolymers with the
spiropyran motif located within the polymer backbone (but not at the block junction) are limited to
polymers made by ATRP or ROP. The polymer-polymer coupling approach presented herein allows the
incorporation of many kinds of polymers, and this possibility is only limited by the availability of carboxyfunctional groups on the desired polymer.
The block copolymers were further characterized by differential scanning calorimetry (DSC) (Fig. 5). For
PMA357-SP-PLLA81, one glass transition point (Tg) at 15 °C and no crystallization peak of PLLA is observed.
It has been previously reported that a polyacrylate or polymethacrylate block can suppress the
crystallization of PLLA in block copolymers.[69] Our results indicate that this is also the case for PMA357SP-PLLA81. The presence of only one Tg that is below the one of pure PLLA (61.7 °C) indicates that the
blocks do not fully phase separate, even though they are immiscible.[70] The same observations were
made previously.[69] Thus, our results are consistent with literature.
In the measured temperature range, the PDMS-based block copolymers each have a Tg (PMA357-SPPDMS135: 18 °C, PS342-SP-PDMS135= 105 °C, PMMA316-SP-PDMS135= 100 °C) and no further thermal
transitions. They are close to the literature-reported Tgs for PMA (10 °C),[71] PS (100 °C),[72] and
PMMA (114 °C).[73] It should be noted that the Tg of PDMS is lower than the onset of the
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measurements and can therefore not be observed. These results allow to conclude that the PDMSbased block polymers are amorphous, microphase-separated materials.

Fig. 4: GPC traces of spiropyran functionalized homopolymers and AB block copolymers. (a) PMA357-SP to PMA-357SP-PLLA81
by polymer chain extension. (b) PMA357-SP to PMA357-SP-PDMS135 by polymer-polymer conjugation. (c) PS342-SP and PS342SP-PDMS135 by polymer-polymer conjugation. (d) PMMA316-SP and PMMA316-SP-PDMS135 by polymer-polymer conjugation.

Fig. 5. DSC curves of block copolymers with a spiropyran at the junction of the blocks.

Stimuli response of block copolymers with a spiropyran at the junction of blocks
Spiropyran functionalized AB block copolymers were exposed to ultra violet light. In response, they
underwent a color change to violet as can be seen in (Fig. 6).
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Fig. 6 : Color change of block copolymers with a spiropyran at the junction of theblocks upon irradiation with UV light.

To characterize the color change, films of the block copolymers on quartz slides where irradiated with
UV light and analyzed by UV-Vis spectroscopy. The spectra (Fig.7) show that the absorption band at in
the vis region increases with irradiation time, which corresponds to the switching of the spiropyran
into the merocyanine form. PMA-based block copolymers showed one absorption band with a
maximum at 566 nm that corresponds to the non-aggregated merocyanine, similar to the
homopolymer. In contrast to the PMMA-based homopolymer, PS342-SP-PDMS135 only showed the
absorption band of the non-aggregated merocyanine with its maximum at 570 nm. Thus, for this block
copolymer the presence of the PDMS block suppressed the aggregation of merocyanine moieties. The
absorption of UV-irradiated PMMA316-SP-PDMS134 has a maximum at 568 nm, a strong shoulder at
around 585 nm and a weak shoulder at 525 nm. Thus, free merocyanine was accompanied by
aggregates, whereby the amount of J-aggregates is higher than the amount of H-aggregates. This
characteristic is similar to PMMA316-SP that was used as the precursor for the block copolymer. Plots of
absorbance vs. time for all four block copolymers show that the absorbance increased with UV
exposure time until it saturated between 30 and 35 min of exposure (Fig. 7(b) and Fig. S3.4-Fig.
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S3.6).

Fig. 7: UV-light response of block copolymers with a spiropyran at the junction of the blocks. (a) Vis-spectra of PMA357-SPPLLA81 upon irradiation with UV-light. (b) Change of absorbance with time for PMA357-SP-PLLA81 upon irradiation with UVlight. (c) Vis-spectra of PMA357-SP-PDMS135 upon irradiation with UV-light. (d) Vis-spectra of PS342-SP-PDMS135 upon
irradiation with UV-light. (e) Vis-spectra of PMMA316-SP-PDMS135 upon irradiation with UV-light. Spectra were recorded
every 2 min.

This process reverts unaided when the samples are left on the lab bench overnight. However, the
reversion from merocyanine to the closed spiropyran form can be sped up by irradiation with white light
such as the flash light from a smartphone. We exposed the slides of films of all four block copolymer
samples to UV light for 40 min to convert the spiropyrans to the merocyanine form, and then moved
them under direct white light from a smartphone flash light. The complete reversion of color in the films
back to their original color was complete within 10 min (Fig. 6). By repeating this process, we could show
that switching of spiropyrans could be achieved over multiple cycles (Fig. 6). The photo-response of the
block copolymers proves that spiropyran is functional when incorporated at the junction of polymer
blocks.
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Fig. 8: Reversibility of the UV-light response of block copolymers with a spiropyran at the junction of the blocks.
Absorbance at ~ 570 nm of block copolymer films subjected to cycles of UV light exposure (40 min) and white light exposure
(10 min) to switch spiropyran to merocyanine and back. (a) PMA357-SP-PLLA81. (b) PMA357-SP-PDMS135. (c) PS342-SPPDMS135. (d) PMMA316-SP-PDMS135.

Conclusions
Spiropyrans are popular functional groups to render polymers responsive to light and other stimuli.
However, synthesis routes towards block copolymers that possess a spiropyran between their blocks
were unknown. We demonstrate routes to synthesize AB block copolymers with a spiropyran moiety at
the junction of blocks. The polymers reversibly switch color when irradiated by ultraviolet light and visible
light over multiple cycles, demonstrating that the spiropyrans are functional in the bulk. Moreover, the
architecture of the polymers can reduce the propensity of the merocyanine to aggregate. The block
copolymers could be used to investigate the effect of phase separation on the mechanochromic
response of spiropyrans. As the spiropyran changes between an unpolar to a polar zwitterionic species
at the interface of the two phases, block copolymers with a spiropyran at the block junction may be
useful to switch morphologies of self-assembled structures, e.g. by enhancing phase separation on
demand. The zwitterionic group could also be used to reversibly adhere block copolymers to surfaces,
and could be used to control the flux of solutes through a polymer layer. Therefore, these block
copolymers could be useful building blocks for the preparation of bioinspired and biomimetic
nanostructures, such as polymersomes and block copolymer membranes with switchable permeability.
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