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A versatile approach to different colored photonic films
generated from block copolymers and their conversion into
polymer-grafted nanoplatelets
Photonic crystals are omnipresent in nature and are responsible
for many brightly colored biological structures. One-dimensional
photonic crystals made from fast self-assembling block
copolymers were converted into polymer grafted nanoplatelets.
Both layered structures produced different reflected colors in
selective solvents.
See Brian C. Benicewicz et al.,
J. Mater. Chem. C, 2017, 5, 9873.

rsc.li/materials-c
Registered charity number: 207890

Journal of

Materials Chemistry C
PAPER

Cite this: J. Mater. Chem. C, 2017,
5, 9873

A versatile approach to diﬀerent colored photonic
films generated from block copolymers and their
conversion into polymer-grafted nanoplatelets†
Yucheng Huang,

Yang Zheng, Julia Pribyl

and Brian C. Benicewicz

*

One-dimensional photonic crystals can be formed by the self-assembly of block copolymers. However,
such materials are still diﬃcult to make due to the synthetic challenge of making high molecular weight
block copolymers and the slow self-assembly characteristics of these block copolymers to form high
domain spacings (d 4 150 nm). Herein we report a new strategy to construct two diﬀerent photonic
crystals with diﬀerent solvent responses and reflecting colors from the films of a single block
copolymer. Initially, the films made from poly(3-(triethoxysilyl)propyl methacrylate)-block-poly(stearyl
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methacrylate) with moderate molecular weight (PTEPM666-b-PSMA553) were responsive to alcohol with an
observed stop band change from 365 nm (dry film) to 458 nm (film in ethanol), displaying a blue color.
After conversion of the PTEPM domain to form SiO2 nanoplatelets, the PSMA553-g-SiO2 nanoplatelet film
showed a larger stop band change from 365 nm (dry film) to 591 nm (film in THF), which reflected a
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bright orange color.

Introduction
Block copolymers (BCPs) can self-assemble into well-ordered
microstructures upon tuning the molecular weight and copolymer composition.1 The self-assembly of BCPs into lamellar,
hexagonally packed cylinders, and double gyroid morphologies
has been used as a platform to form photonic crystals.2–6
Different photonic crystals have been fabricated to respond to
stimuli including solvents,7–10 ions,11 electric fields,12–14 pH,15
heat,16,17 ionic liquids,18 etc. Responsive photonic crystals have
a wide array of applications in display devices, sensing and biosensing.19 Creating photonic crystals by a one-dimensional selfassembly necessitates the use of ultrahigh molecular weight
BCPs (Mn 4 500 kDa), which can form ordered microstructures
with high inter-domain (d) spacing. However, the self-assembly
of high molecular weight BCPs usually requires long annealing
times to reach thermodynamic equilibrium, which is due to slow
reptation of highly entangled polymer chains. In addition, the
synthesis of ultrahigh molecular weight BCPs is still challenging.
Anionic polymerization is the most common polymerization
method used to synthesize ultrahigh molecular weight BCPs
for photonic crystals.7,12,20,21 Grubbs et al. reported the synthesis
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of brush BCPs by ring-opening metathesis polymerization
(ROMP), which could lead to rapid self-assembly to form
one-dimensional photonic crystals.22–25 Rzayev et al. recently
reported the use of a combination of Cu-mediated reversibledeactivation radical polymerization (RDRP) and reversible additionfragmentation chain transfer (RAFT) polymerization to synthesize
ultrahigh molecular weight (Mn = 800–1600 kDa) BCPs, which
self-assembled into an ordered morphology with large d-spacing
to form photonic nanomaterials.26 Thomas et al. reported a
hydrophobic–hydrophilic BCP with modest molecular weight,
which self-assembled into a one-dimensional lamellar morphology to form chemically tunable photonic crystal gels with a broad
wavelength range.27
The properties of one-dimensional polymeric photonic crystals are related to the domain size and refractive index contrast
between the two domains.28 Low molecular weight homopolymers
can be co-assembled with BCPs to increase the volume of one
domain which could in turn tune the stop band of the photonic
crystals.21 However, the amount of added homopolymer must
be carefully selected so that the volume fraction of that domain
does not change too significantly, or a change in the morphology
of the ordered system may be induced. Inorganic nanoparticles
(NPs) can be selectively blended into one domain to increase
the refractive index contrast.29–32 Kang et al. reported a full
color stop band photonic crystal formed by a block polymer
PS-b-P2VP/silica hybrid. The block copolymer self-assembled
into a lamellar morphology and tetraethoxysilane (TEOS) was
blended into the P2VP domain in methanol to form SiO2 by
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Scheme 1 Schematic of tunable photonic crystals formed by the PTEPMb-PSMA self-assembly.

gelation of TEOS. This film showed full color stop bands by
aging at different time intervals.33
Herein we have designed a facile way to construct two diﬀerent
kinds of photonic crystals with diﬀerent solvent responses and
reflected colors using the same batch of the synthesized block
copolymer. The films showed diﬀerent responses to solvents
before and after conversion of one domain to SiO2 nanoplatelets,
which resulted in diﬀerent reflecting colors (Scheme 1). The
BCP, poly(3-(triethoxysilyl)propyl methacrylate)666-block-poly(stearyl
methacrylate)553 (PTEPM666-b-PSMA553), self-assembled into a
lamellar structure. The PTEPM block contained silane groups
which could be converted upon exposure to HCl to form inorganic
SiO2 platelets.34,35 The d-spacing of the BCP film and the polymergrafted nanoplatelet film can be tuned by immersing in selective
solvents, ethanol and THF respectively. This system can form
photonic crystals with diﬀerent stop bands in visible light.

Experimental
Materials
All chemicals were obtained from either Fisher or Acros and
used as received unless otherwise specified. 3-(Trimethoxysilyl)propyl methacrylate (98%) was purchased from Sigma-Aldrich.
2-(2-Cyanopropyl)dithiobenzoate (CPDB) was purchased from
Strem Co. Ltd. Stearyl methacrylate (SMA, 495%, TCI) was
purified by passing through an activated basic alumina column.
Azobisisobutyronitrile (AIBN) was recrystallized from ethanol
twice before use.
Instrumentation
1

H NMR spectroscopy (Bruker Avance III-HD 300 MHz and
400 MHz) was conducted using CDCl3 as a solvent. Molecular
weights (Mn) and dispersities (Ð) were determined using a gel
permeation chromatography (GPC) system equipped with a
Varian 290-LC pump, a Varian 390-LC refractive index detector,
and three Styragel columns (HR1, HR3 and HR4 having molecular weight ranges of 100–5000, 500–30 000, and 5000–500 000,
respectively). THF was used as an eluent for GPC at 30 1C and
at a flow rate of 1.0 mL min!1. GPC was calibrated with polystyrene (PS) standards obtained from Polymer Laboratories.
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UV-vis transmission spectra were measured on a Shimadzu
UV-2450 and FT-IR spectra were measured on a PerkinElmer
Spectrum 100 spectrometer. Thermogravimetric analysis (TGA)
measurements were carried out on a TA Q5000 thermogravimetric analyzer (TA Instruments). The samples were preheated
to 150 1C and kept at this temperature for 10 min to remove
residual solvents. After cooling to 40 1C, the samples were heated
to 800 1C with a heating rate of 10 1C min!1 in a nitrogen
atmosphere. Differential scanning calorimetry (DSC) measurements were conducted using a TA Q2000 DSC (TA Instruments)
under a nitrogen atmosphere at a heating rate of 10 1C min!1
from !80 1C to 80 1C. Extreme small-angle X-ray scattering
(ESAXS) experiments were conducted using a SAXSLab Ganesha
instrument at the South Carolina SAXS Collaborative. A Xenocs
GeniX3D microfocus source was used with a Cu target to generate
a monochromatic beam with a wavelength of 0.154 nm. This
instrument was calibrated using the National Institute of
Standards and Technology (NIST) reference material 640c silicon
powder with the peak position at a total scattering angle of 2y of
28.441. A Pilatus 300K detector (Dectris) was used to collect the
two-dimensional (2D) scattering pattern. The 2D images were
azimuthally integrated to yield the scattering vector and intensity. All ESAXS experiments were conducted for 1 hour with an
X-ray flux of 1.8 M photons/s incident upon the sample with a
sample-to-detector distance of 1502 mm. Scanning electron
microscopy (SEM) images of the films were observed with a
Zeiss Ultraplus thermal field emission SEM using an acceleration voltage of 6 kV. The samples were prepared by freezing the
films in liquid nitrogen and fracturing the films. The cross
sections were taken for SEM imaging. Transmission electron
microscopy (TEM) was performed on a Hitachi H8000 TEM at
an acceleration voltage of 200 kV. The samples were prepared
by stirring the film in THF for one week and then the supernatant was dropped onto a copper grid. All the photographs
were taken on a black background.
Synthesis of the PSMA-b-PTEPM block copolymer
The synthesis of the PTEPM-b-PSMA block copolymer is illustrated
in Scheme 2.
Synthesis of PTEPM
3-(Triethoxysilyl)propyl methacrylate (TEPM) was synthesized
from 3-(trimethoxysilyl)propyl methacrylate with ethanol.36
A general polymerization procedure is described here: TEPM
(12.0 g, 0.041 mol), 2-(2-cyanopropyl)dithiobenzoate (CPDB)
(4.57 mg, 0.021 mmol) and 0.041 mL of AIBN in a DMF solution

Scheme 2

Synthesis of PTEPM-b-PSMA.

This journal is © The Royal Society of Chemistry 2017

Journal of Materials Chemistry C

Paper

(0.1 M) were transferred into a 50 mL Schlenk tube. The mixture
was degassed by three freeze–pump–thaw cycles, backfilled
with nitrogen, and then placed in an oil bath at 60 1C. The
polymerization solution was stopped by submerging the tube in
ice after 17 hours. A 50 mL solution was taken for 1H NMR
analysis to calculate the monomer conversion.34 The polymer
was precipitated in a methanol/water mixture (1 : 1) and recovered
by centrifugation and purification was repeated three times. The
PTEPM polymer was dried under vacuum overnight. The resulting
polymer was analyzed by GPC to get Mn = 124 400 with a dispersity
of Ð = 1.15.
Synthesis of PTEPM-b-PSMA
PTEPM (0.84 g, 0.0043 mmol) and stearyl methacrylate (SMA)
(2.93 g, 0.0087 mol) were dissolved in 7 mL of THF. AIBN in a
THF solution (43 mL, 0.01 M) was added to the solution. The
mixture was transferred into a Schlenk flask and degassed by
three freeze–pump–thaw cycles, backfilled with nitrogen, and
then placed in an oil bath at 65 1C for 18 h. The polymerization
solution was quenched in ice. The polymer was precipitated in
methanol and recovered by centrifugation. The polymer was
washed with methanol until there was no SMA monomer, which
was characterized by 1H NMR. The resulting block copolymer was
measured using GPC to get Mn = 237 400 with Ð = 1.37.
Film preparation
A solution of PTEPM-b-PSMA in THF (B40 mg mL!1) was
poured into a Petri dish and evaporated at room temperature
over 24 hours. The resulting film was dried in a vacuum oven at
RT overnight to remove the residual solvent. The cast film was
annealed at 60 1C in a vacuum oven for 12 hours and cooled
slowly to room temperature, and the film had a thickness of
ca. 0.2 mm.
Conversion of the BCP film into grafted nanoplatelets
A PTEPM-b-PSMA film was placed in an HCl atmosphere for
12 hours. After that, the film was placed in the vacuum oven at
60 1C for another 12 hours to complete the conversion.

Results and discussion
We synthesized a modest molecular weight block copolymer,
PTEPM666-b-PSMA553, by RAFT polymerization (Scheme 2). The
composition of the BCP and the molecular weight were characterized by 1H NMR (Fig. S1 and S2, ESI†) and gel permeation
chromatography (GPC) (Mn (PTEPM666) = 124 400, Ð = 1.15;
Mn (PTEPM666-b-PSMA553) = 237 400, Ð = 1.37) (Fig. S3, ESI†). The
BCP was dissolved in THF and drop-cast to form a film. After
annealing for 12 h, the film was exposed to an HCl atmosphere
to convert the PTEPM domain to PSMA553-graft-silica (PSMA553g-SiO2) nanoplatelets. The conversion process was confirmed by
Fourier Transform Infrared Spectroscopy (FT-IR) (Fig. S4, ESI†).
For PTEPM666-b-PSMA553, the peaks at 1103 and 1077 cm!1
were from the Si–O–C vibration and the peaks at 1165 and
956 cm!1 were from the ethoxyl group. After conversion to form
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Fig. 1 Photographs of dry films (a) PTEPM666-b-PSMA553 and (b) PSMA553g-SiO2. The dotted line areas show the placement of the films.

PSMA553-g-SiO2 nanoplatelets, the peaks of the ethoxy group
(1165 and 956 cm!1) disappeared and a new strong broad region
appeared at 1059 to 1145 cm!1 resulting from the Si–O–Si
vibration.34 Thermogravimetric analysis (TGA) showed that there
was 12.6 wt% silica in the PSMA553-g-SiO2 nanoplatelets, which
also indicated the successful conversion of PTEPM (Fig. S5, ESI†).
Both the PTEPM666-b-PSMA553 and PSMA553-g-SiO2 films were
slightly opaque in visible light (Fig. 1).
The transmittance data are the sum of both reflectance and
absorbance. However, the contribution to this sum from absorbance is minimal in the visible light region. In this case, the
inverse transmittance closely approximates the reflectance of the
films. The dry film PTEPM666-b-PSMA553 was colorless and showed
a stop band at 365 nm in the transmission spectrum. However, the
film gradually changed to a blue color when immersed in ethanol
with the stop band shifting from 365 nm to 458 nm (Fig. 2a).
The stop band changed to 417 nm after 4 min and stabilized at
458 nm after 45 min. During this process, the stop band shifted
to a longer wavelength region while the intensity had little
change (Fig. S6a, ESI†). The wavelength of reflecting light from
the 1D photonic crystal was related to the layer distance and the
refractive index contrast between the layers.4 EtOH was a good
solvent for PTEPM, which caused the swelling of the PTEPM
and resulted in a larger layer distance. The blue color slowly
disappeared with the evaporation of the solvent. This process

Fig. 2 Transmission spectra and photographs of (a) the PTEPM666-bPSMA553 dry film and the film in EtOH; (b) PSMA553-g-SiO2 dry film and
the film in THF.
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was reversible. After conversion of the PTEPM domain, the
PSMA553-g-SiO2 nanoplatelet film was colorless in visible light
with a stop band at 365 nm. However, the PSMA553-g-SiO2 film
did not show any color change when immersed in ethanol. This
was ascribed to the unfavorable interactions of the PSMA
grafted nanoplatelets with EtOH. Interestingly, the PSMA553-gSiO2 nanoplatelet film had a large shift in the stop band from
365 nm to 591 nm after immersion in THF, resulting in a bright
orange-colored film (Fig. 2b). The stop band changed to 529 nm
after 5 min and stabilized at 591 nm after 25 min (Fig. S6b,
ESI†). During this process, the color of the film changed from
colorless (dry film) to blue, green and finally orange (Fig. 3). THF
is a good solvent for PSMA but not for the silica nanoplatelets.
This indicated that the PSMA between the nanoplatelets gradually
swelled in THF, which increased the layer distance and resulted in
reflecting diﬀerent colors. The film gradually changed to a colorless film with evaporation of THF. The orange color film was
stable in THF for more than five months.
Extreme small-angle X-ray scattering (ESAXS) was used to
characterize the micro-phase separation of the PTEPM666-bPSMA553 block copolymer and PSMA553-g-SiO2 nanoplatelet films
(Fig. 4). The ESAXS spectra of the PTEPM666-b-PSMA553 film
showed a principal scattering peak (q) at 0.0495 nm!1, which
corresponded to a d-spacing of about 127 nm (d = 2p/q). The
higher ordered peaks 2q, 3q and 4q were also present, which
indicated a well-ordered asymmetric lamellar morphology. The
d-spacing of the PTEPM666-b-PSMA553 film in ethanol increased

Fig. 3 Photography of the PSMA553-g-SiO2 dry film and the film in THF at
diﬀerent times.

Fig. 4 ESAXS spectra of (a) the PTEPM666-b-PSMA553 dry film and the film
in EtOH; (b) PSMA553-g-SiO2 the dry film and the film in THF. (The insets
are 2D patterns.)
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to ca. 145 nm. The PTEPM666-b-PSMA553 film displayed a blue
color after immersion in ethanol while the dry film was colorless.
This was due to the swelling of the PTEPM in ethanol, which
increased the domain thickness of PTEPM. After ethanol
evaporation, the ESAXS spectra of the vacuum-dried PTEPM666b-PSMA553 film were almost identical to those of the virgin dry
film. This indicated that the lamellar structure was preserved
after being immersed in ethanol. The ESAXS data of PSMA553g-SiO2 also showed a highly ordered lamellar morphology
(1 : 2 : 3 : 4 : 5) with a d-spacing of ca. 126 nm. The ESAXS profile
of the PSMA553-g-SiO2 film in ethanol showed no diﬀerence
from the dry film (Fig. S7, ESI†). This was consistent with the
absence of any color change after the PSMA553-g-SiO2 film was
immersed in ethanol. After the PSMA553-g-SiO2 film was immersed
in THF, a selective solvent for PSMA, the film displayed a bright
orange color. The ESAXS data showed a principal peak at
0.0364 nm!1 with higher ordered peaks 2q, 3q and 6q. This
high d-spacing (ca. 173 nm) contributed to the reflection of an
orange color.
We also found that both the PTEPM666-b-PSMA553 and
PSMA553-g-SiO2 nanoplatelet films had a broader bandwidth
in the solvents than the respective dry films (Fig. 2). The ESAXS
profile showed the disappearance of higher order scattering
peaks as well as a lower intensity of scattering peaks after the
films were immersed in solvents (Fig. 4). This indicated that the
solvation of the films resulted in a less ordered lamellar microstructure than the dry films. The swelling of the PTEPM domain
in ethanol may cause a distortion of the lamellar structure of
the self-assembled PTEPM666-b-PSMA553 film in ethanol, which
resulted in a less ordered microstructure. The PSMA553-g-SiO2
nanoplatelet film was formed by the HCl-induced conversion
of the PTEPM domain in the BCP into nanoplatelets. However,
not all of the PTEPM reacted with HCl to form perfect silica
nanoplatelets, which resulted in a small portion of PSMA-bPTEPM grafted on the surface of the silica nanoplatelets. This
contributed to a slight disruption of nanoplatelet ordering after
the film was immersed in THF.
The PTEPM-b-PSMA BCP could rapidly self-assemble into
well-ordered microstructure without annealing. The PTEPM750b-PSMA473 BCP in the THF solution was drop cast to form a film
with rapid THF evaporation. The ESAXS profile indicated that a
highly ordered lamellar structure (1 : 2 : 3 : 4) was formed without
any thermal or solvent vapor annealing. Moreover, the ESAXS
data of PTEPM750-b-PSMA473 BCP with thermal annealing at 60 1C
for 12 hours were almost identical to those of the film without
annealing (Fig. S8, ESI†). We believe that crystallization of the
PSMA regions contributed to the rapid self-assembly of the BCP.
Diﬀerential scanning calorimetry (DSC) showed that PTEPM666-bPSMA553 and PSMA553-g-SiO2 crystallized at 17.9 1C and 17.0 1C,
respectively (Fig. S9, ESI†). Wide-angle X-ray scattering (WAXS)
was used to characterize the crystallization behavior of PSMA
(Fig. 5). Both the PTEPM666-b-PSMA553 and PSMA553-g-SiO2 dry
films showed a sharp peak at 2y = 20.771 ascribed to the PSMA
crystallinity.37 The peaks became broader after the PTEPM666-bPSMA553 and PSMA553-g-SiO2 films were immersed in ethanol and
THF, respectively. This indicated that the crystallite size was
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Fig. 5 Photographs of (a) the PTEPM666-b-PSMA553 film by solvent casting
on a glass slide without annealing; (b) the PTEPM666-b-PSMA553 film after
spraying with EtOH; (c) WAXS data of dry films and the films in diﬀerent
solvents.

smaller after immersion in solvents.38 After the PTEPM666-bPSMA553 film was immersed in ethanol, the inter-planar spacing
decreased from 4.27 Å to 4.17 Å, which was due to the slight
shrinkage of the PSMA domain in ethanol. For the PSMA553-g-SiO2
film, the inter-planar spacing increased from 4.27 Å to 4.67 Å,
which was due to the swelling of the PSMA domain in THF. The
film displayed a blue color in one minute after ethanol was
sprayed onto the surface of film (Fig. 5).
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to characterize the microstructure of the PSMA553-g-SiO2 film (Fig. 6). It was observed
from the SEM images that the film formed a well-ordered
lamellar morphology. The distance between two silica nanoplatelets was ca. 124 nm, which was consistent with ESAXS data
(d = 126 nm). The TEM images showed that there were large
pieces of silica nanoplatelets (diameters of pieces were larger
than 2 mm) with several layers packing together.
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Fig. 7 ESAXS of (a) the PTEPM390-b-PSMA353 dry film and the film in
EtOH; (b) the PSMA353-g-SiO2 dry film and the film in THF. (The insets are
2D patterns.)

Fig. 8 Transmission spectra and photographs of (a) the PTEPM390-bPSMA353 dry film and the film in EtOH; (b) the PSMA353-g-SiO2 dry film
and the film in THF.

The reflected color of the photonic crystals formed by the
in situ silica formation of the self-assembled block copolymer
can be tuned by the molecular weight of PTEPM-b-PSMA. A
lower molecular weight block copolymer, PTEPM390-b-PSMA353
(Mn (PTEPM390) = 75 000, Ð = 1.14; Mn (PTEPM390-b-PSMA353) =
139 300, Ð = 1.25), was synthesized to investigate the photonic
property response to solvents (Fig. S10–S12, ESI†). The ESAXS
profile showed that PTEPM390-b-PSMA353 self-assembled into a
lamellar structure with a d-spacing of ca. 109 nm (Fig. 7). The
film displayed no obvious color change after immersion into
ethanol, while the transmission spectra indicated no stop band
in the visible light wavelength range. After conversion to silica
nanoplatelets, PSMA353-g-SiO2 changed from colorless (dry film)
to green (film in THF) with a stop band at 568 nm (Fig. 8). The
ESAXS profile showed that the d-spacing increased from 102 nm
(dry film) to 159 nm (film in THF).

Conclusions

Fig. 6 Microscopic characterization of polymer-grafted silica nanoplatelets.
(a and b) Cross-sectional SEM images of PSMA553-g-SiO2. The samples were
prepared by freezing the film in liquid nitrogen and fracturing films; (c and d)
TEM images of PSMA553-g-SiO2. The samples were prepared by stirring the
film in THF for one week and the supernatant was dropped onto a copper
grid. (Scale bars are 500 nm.)
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We have demonstrated a facile strategy to synthesize two diﬀerent
kinds of photonic crystals, a block copolymer with modest molecular weight and polymer-grafted silica nanoplatelets. Although
prepared from the same batch of BCPs, the two materials exhibited
diﬀerent solvent responses and reflecting colors. The film formed
by the self-assembly of PTEPM666-b-PSMA553 reflected blue
color in ethanol. A new photonic crystal was generated by the
in situ conversion of the PTEPM domain of the BCP into silica
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to form PSMA553-g-SiO2 nanoplatelets, which reflected orange
color in THF. The PSMA553-g-SiO2 nanoplatelet film showed
long-term stability even in good solvents for the grafted PSMA
polymer. Diﬀerent molecular weight block copolymers were
investigated to construct diﬀerent colors of photonic crystals.
The crystalline domain contributed to the rapid self-assembly
of the block copolymer, which could be used in surface coatings
for photonic applications.
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