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Abstract. 

Bottlebrush block copolymers (BBCPs), characterized by densely grafted side chains along their 

backbone, have emerged as promising materials for structural color applications. Their unique 

architecture prevents entanglement and facilitates rapid assembly kinetics, enabling the formation 

of various photonic crystals with high tunability of structural color from the visible to the infrared 

range. However, accessing non-1D structures has been largely limited to synthetic approaches. In 

this paper, we report large modulation of microphase separated morphology of polystyrene-b-

polylactide (PS-b-PLA) BBCP using a single material by exploiting selective solubility of the two 

blocks in a series of structurally similar solvents. Combining optical spectroscopy, electron 

microscopy, photoinduced force microscopy and X-ray scattering, we unveil the microstructural 

evolution as dependent on solvent selectivity. Furthermore, we uncovered the mechanisms 

underlying the differences in assembly, where highly selective solvents induce sidechain 

aggregation, altering the volume fraction and facilitating the formation of non-1D structures.
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Introduction

Structural color is a phenomenon where colors are produced through the interaction of light with 

nanostructured materials, resulting in the reflection and interference of light waves, distinct from 

dyes and pigments which induce coloration through absorption. Structural color is advantageous 

over dyes and pigments given their environmental stability, biocompatibility1,2, brilliance and 

adaptability3. This coloration strategy is widespread in nature, arising from a diverse range of 

structures and producing a wide spectrum of colors determined by the scattering mechanism 4–11. 

One of the most well-known examples of structural color is found in the panther chameleon 

(Furcifer pardalis)4, whose skin contains multiple layers of well-ordered structures, including 

face-centered cubic and brick-and-rod configurations. These structures generate dynamic 

structural colors for communication and reflect infrared light to aid in thermal regulation. Beyond 

chameleons, numerous species employ diverse well-ordered nanostructures, producing structural 

color, primarily for camouflage and communication: the cylindrical melanin rods in the peacock’s 

barbules (Pavo muticus)9, the gyroid structures in the green wing of Callophrys rubi10, and the 

lamellar structures in the blue wings of morpho butterflies11. In addition to well-ordered structures, 

the random close-packed nanostructures, producing non-iridescence colors, are widespread in 

nature, appearing in over 250 bird species (approximately 2.5% of all avian species)12, as well as 

primates (Mandrillus sphinx, and Cercopithecus aethiops)13, dragonflies (odonata)14, and 

longhorn beetle (Anoplophora graafi)15.

These diverse structures and their interesting optical properties in nature have inspired numerous 

biomimicry efforts aimed at replicating these remarkable natural designs. A promising approach 

for mimicking the various nanostructures in nature is the lithographic technique such as two photon 

polymerization lithography16–19. However, despite the advantages of lithographic approaches such 
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as high precision, their limitations for photonic coloration are apparent: material selection is 

limited to crosslinkable materials, resolution below 300 nm still remains challenging, and scaling 

up production is restricted due to low throughput, hindering mass production efforts. An alternative 

method to attain structural color is by employing self-assembling materials such as 

nanocrystals20,21, cholesteric liquid crystals22–25, and block copolymers26–28 which assemble into 

nanostructures with feature size ranging from around 100 to 300 nm, which corresponds to visible 

range wavelength reflection. Among these, block copolymers have proven to be versatile 

exhibiting nanostructures ranging from lamellar, cylindrical, gyroid, and spherical morphology 

based on the volume fraction of the blocks29–31, resembling those found in nature. However, 

traditional linear block copolymers faced challenges in achieving sufficiently large domain spacing 

for visible light reflection due to entanglement32,33. A breakthrough came with the introduction of 

bottlebrush block copolymers (BBCP), which comprises of densely grafted sidechains along the 

backbone. This unique architecture causes the molecules to adopt an extended worm-like cylinder 

conformation in solution34–36, which prevents entanglement37,38 even in the ultrahigh molecular 

weight regime and contributes to the rapid assembly kinetics38–40. This property enables BBCP to 

form photonic structures with large domain spacing, which reflects not only visible but also 

infrared (IR) wavelength up to 1,500 nm40,41 usually attained using 1D lamellar structures.  

Recently, researchers from Vignolini, Parker, and Song groups have expanded the scope of 

structural color studies beyond 1D photonic lamellar structure to include 3D photonic glass 

structures42–44, having short-range order nanostructures, to achieve angle-independent and non-

iridescent structural colors. On the other hand, existing approaches for controlling BBCP 

morphology have largely followed two routes: (1) modifying the length of the backbone or 

sidechains through chemical synthesis to adjust the volume fraction45,46 or architecture47–50; (2) 
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designing amphiphilic bottlebrush block copolymers which assemble through micellization 43,51,52. 

These synthetic approaches, while elegant and versatile, can be labor-intensive and susceptible to 

reproducibility issues arising from batch-to-batch deviations. 

In this study, we present a simple yet surprisingly effective processing method for tuning nanoscale 

morphology of PS-b-PLA BBCP leveraging distinct solubilities of the two blocks (PLA and PS) 

in a series of structurally similar organic solvents, namely toluene, o-xylene, m-xylene and 

mesitylene. Despite the structural similarity, the differential solubility of the PLA vs. PS arms is 

modulated by almost 4 orders of magnitude, thereby varying the nanoscale morphology from 

lamellar to spherical when increasing solvent selectivity / solubility difference. Correspondingly, 

the peak reflected wavelength can be modulated from 693 to sub-350nm, which corresponds to 

orange to deep-blue color. This is unveiled through extensive solid-state structural analysis using 

techniques spanning scanning electron microscopy (SEM), photo-induced force microscopy 

(PiFM), and film small angle x-ray scattering (SAXS). Furthermore, we uncover the assembly 

pathways of BBCP and the mechanisms underlying these pathways influenced by solvent 

selectivity. The differential solubility of each block leads substantial differences in volume fraction 

of BBCP, leading various phase separation (cylindrical, spherical) beyond lamellar structure. This 

insight is gleaned from examining BBCP solution structures using solution SAXS, dynamic light 

scattering (DLS), and cryo-transmission electron microscopy (TEM).
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Results and Discussion

The Influence of Solvent Selectivity on the Optical Properties of BBCP

Figure 1a. (a) Synthesis of PS-b-PLA BBCPs via sequential ring-opening metathesis 

polymerization of PS and PLA macromonomers (b) Solubility measurements employing PS 

(Nbb=200, Nsc=45) and PLA (Nbb=200, Nsc=60) homobrush polymers in various solvents (T: 

toluene, o-X: o-xylene, m-X: m-xylene, M: mesitylene). The solubility of PLA decreased from 

toluene to mesitylene, whereas that of PS remained constant. (c) Optical microscope camera 

images depicting distinct structural colors of drop-cast BBCP films dependent on backbone lengths 

(Nbb=300, 400, and 500) and solvent. Inset photos show the structural color when blending the 
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polymer with a broadband absorber (PC71BM). (d) UV-Vis diffuse reflection spectra dependent 

on backbone length (black: 300, red: 400, and blue: 500) and solvent.

In this section, we explore the impact of solvent selectivity, defined as differential solubilities for 

the two blocks (PS and PLA), on the structural color of the PS-b-PLA BBCP film. A series of PS-

b-PLA BBCP (Nbb=300, 400, and 500) were synthesized by sequential graft-through 

polymerization of macromonomers27,53,54 as shown in Figure 1a. PS-b-PLA BBCPs with varying 

backbone lengths were targeted as described in Table 1. Gel permeation chromatography (GPC) 

analysis revealed that the synthesized materials comprise three main components: residual non-

norbornene-functionalized PS, homopolymer PS building blocks, and the target diblock copolymer 

PS-b-PLA (BBCP) (Figure S1-4). All synthetic details of BBCPs and homobrush block 

copolymers are provided in the Material and Method section, as well as in the Supporting 

information (Material synthesis section, Figure S1-S4, and Table S1).

Table 1: Molecular weight and polydispersity of PS-b-PLA BBCPs of various backbone lengths.

Nbb, PS: Nbb, PLA 
a Mn

b (kg/mol) Mw/Mn
b

150:150 385 1.2

200:200 513 1.2

250:250 635 1.2

aTargeted backbone degree of polymerization. bCalculated with respect to PS standards.

Subsequently, four solvents (toluene, o-xylene, m-xylene, and mesitylene) were selected based on 

their varying solubility with respect to PS and PLA blocks. Gravimetric solubility measurements 

using PS (Nbb=200, Nsc=45), and PLA (Nbb=200, Nsc=60) homobrush polymers revealed that all 
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four solvents exhibited good solubility (> 1g/mL) for PS, while these solvents exhibited markedly 

different solubility levels for PLA (Figure 1b). Specifically, the solubility of PLA dramatically 

decreased with an increase in the number of methyl groups in the benzene ring and variations in 

their positions (toluene: 0.91 ± 0.09, o-xylene: 0.05 ± 0.02, m-xylene: (1.9 ± 0.9) × 10-4, and 

mesitylene: (3.3 ± 2.0) × 10-4 g/mL. 

We then investigated the effect of solvent selectivity on the structural color of PS-b-PLA BBCP 

film samples (Nbb=300, 400, and 500) drop-casted from the solvent series (see Material and 

Method Section). The optical microscopy images of these samples displayed large modulation of 

structural colors from red to blue by varying backbone length and solvent selectivity (Figure 1c). 

Specifically, when casted from non-selective solvent toluene, the structural colors ranged from red 

(Nbb=500) to blue (Nbb=300) with increasing BBCP backbone length as expected. It was previously 

established that longer backbones lead to a red shift in color due to larger domain sizes32,40,53. 

Interestingly, regardless of the BBCP length, higher solvent selectivity consistently resulted in 

blue shift in structural color. For instance, with Nbb=400, a non-selective toluene solution produced 

a green-yellow colored photonic crystal, while a slightly more selective o-xylene solution yielded 

a photonic crystal with green-blue hues. Highly selective solvents such as m-xylene and mesitylene 

produced even bluer and faint-blue colors, respectively. Some samples (toluene and o-xylene) 

exhibited a color gradient from the center to the edge. After the solvent-vapor annealing process, 

the gradient disappeared, and the color became more uniform, although the overall color remained 

similar. The details of this phenomenon are discussed in Figure S5.

To quantitatively assess the structural colors, diffuse reflection spectra of each photonic crystals 

were obtained using UV-Vis spectroscopy with integrating sphere (Figure 1d). We observed that 

varying solvents led to significant change in the shape of reflection spectra. Specifically, in 
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reflection spectra of toluene-based film, pronounced reflection peaks appear centered at 470, 585, 

and 693 nm, respectively, for Nbb=300, 400, and 500. In o-xylene, these peaks broadened and 

reduced in intensity exhibiting a blue shift to 456 nm, 529 nm, and 633 nm for Nbb=300, 400, and 

500, respectively. At the same time, background reflection at lower wavelength significantly rises 

compared to the toluene case. From o-xylene to m-xylene, the peaks continue to weaken in 

intensity and blue shift to 460, 395, and 361 nm, respectively, for Nbb=300, 400, and 500. Lastly, 

in mesitylene, no discernible peaks were observed in the visible range (350-800 nm) to leave only 

background reflection in the low wavelength range independent of backbone length. The origin of 

different reflection spectra and raised reflection at low wavelength will be explained in later 

discussion through structural characterizations and scattering theory. Generally, the length of 

BBCP affects the peak wavelength of the reflection spectra but does not alter the overall shape of 

the spectra. In contrast, solvents influence both the shape and peak position of the spectra. As we 

will discuss later, this optical behavior, influenced by solvent selectivity, arises from distinct 

nanostructures.

Expanding on this discovery, fine modulations of structural color can be achieved by blending 

solvents (Figure S6). For instance, blending toluene with m-xylene or mesitylene resulted in 

intermediate hues, demonstrating a gradual shift in the optical properties of the film from those of 

toluene-based films towards those of m-xylene or mesitylene films. Also, it was demonstrated that 

the color palette can be further broadened, and color purity can be enhanced by mitigating 

broadband reflection in samples exhibiting high reflectance in the low-wavelength region. For 

example, o-xylene exhibits peak reflectance spanning 456 to 633 nm, corresponding to blue to red 

structural color, but is obscured by strong blue reflection in the background. We showed that the 

background reflection can be mitigated by incorporating a broadband absorber, PC71BM, which is 
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a small molecule that can absorb blue light efficiently (Figure S7a). After adopting the broadband 

absorber, which suppresses the effect of raised reflection at low wavelength, the structural color 

of samples showed clear red and green colors (Figure 1c insets, Figure S7b). The structural colors 

obtained were quantified in the CIExy color space (Figure S7c). 
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Influence of Solvent Selectivity on BBCP Morphology

In this section, we delve into the nanoscale morphology of assembled BBCP films (Nbb=400) to 

unravel the underpinning structure that gives rise to the optical properties observed. We first image 

the solvent-dependent nanostructure of BBCP films using cross-sectional SEM complemented by 

transmission SAXS. To discern the chemical composition of the structural features, we resort to 

photoinduced force microscopy (PiFM) which imparts chemical contrast to AFM through IR 

excitation. We further rationalize morphology-optical property relation through scattering 

theories. 
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Figure 2. Structural characterization of BBCP films (Nbb=400) drop-casted from the solvent series. 

(a) Cross-sectional SEM images displaying variations in nanostructures based on solvents 

(toluene: lamellar; o-xylene: cylindrical; m-xylene: spherical; mesitylene: spherical). PiFM images 

showing: (b) 1D profile of transmission SAXS for four drop-casted samples from the solvent series. 

(c) PiFM signal recorded at an excitation laser wavelength of 1492 cm-1 (corresponding to aromatic 

stretching mode of PS), and (d) PiFM signal captured at 1750 cm-1 (corresponding to C=O 
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stretching mode of the ester group of PLA). Each absorption band corresponding to the vibrational 

modes was confirmed by FT-IR analysis using PS and PLA homobrush polymers. The scale 

remains consistent across all images in the same figure.

Cross-sectional SEM images revealed strongly solvent dependent nanoscale morphology of BBCP 

films (Figure 2a). Toluene samples showed well-defined lamellar structures with a d-spacing of 

187.8 ± 10.7 nm, while o-xylene samples exhibited randomly oriented short cylinders, and the 

center-to-center distance of nearest neighbors (dNN) is 172.6 ± 22.9 nm. The m-xylene and 

mesitylene samples both displayed spherical structures with sphere radius of 52.4 ± 8.7, and 30.5 

± 7.1 nm, and dNN of 165.0 ± 10.2, and 128.0 ± 9.5 nm, respectively. It is evident that as the 

morphology transitions from lamella to spherical, the characteristic domain spacing decreases 

progressively consistent with the structural color evolution. The morphological differences 

depending on the solvent persist regardless of the length of the polymer backbone (Nbb=300, and 

500) (Figure S8a). Furthermore, samples prepared with solvent mixtures (toluene and m-xylene, 

toluene and mesitylene) displayed a gradual transition from lamellar to spherical structures 

depending on the ratio, supporting the effects of mixed solvent on structural color (Figure S8b, 

S8c).

The film SAXS supported the SEM observation (Figure 2b). In toluene-based films, a discernible 

long-range lamellar stacking is evident with a series of regularly spaced peaks in q-space, 

showcasing a calculated d-spacing of 203.0 ± 0.4 nm. Contrarily, for selective solvents like xylenes 

and mesitylene, two broad peaks emerge, consistent with the FCC peak inferences, supporting 

observations from imaging analysis. However, due to the significantly disordered structure, it is 

impossible to determine the exact packing structure. Assuming a close-packing FCC structure, we 
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estimated dNN based on the peak position of the lowest q: (4.47 ± 0.01) × 10-3, (4.64 ± 0.01) × 10-

3, and (5.95 ± 0.02) × 10-3 Å–1 for o-xylene, m-xylene, and mesitylene, respectively. These values 

correspond to dNN of 172.2 ± 0.4, 165.8 ± 0.5, and 129.3 ± 0.4 nm for o-xylene, m-xylene, and 

mesitylene, respectively, in good agreement with our SEM image analysis.

To determine how the blocks distributed across the nanostructures observed, we applied 

photoinduced force microscopy (PiFM) which is a scanning probe technique that combines atomic 

force microscopy (AFM) with a tunable infrared laser to impart chemical contrast (Figure 2c, 2d). 

During PiFM measurements, the IR laser is focused on a specific region of the sample where it 

interacts with the AFM probe. When the sample molecules absorb the light, an electric dipole is 

induced in the sample, which in turn creates a mirror dipole on the AFM tip. The attractive force 

between these dipoles allows us to generate a compositional map of the blend film with high 

resolution, down to approximately 10 nm55,56. Distinct vibrational signals from each domain (PLA, 

Figure 2c and PS, Figure 2d) were obtained by tuning the excitation laser to specific absorption 

bands (mutually exclusive infrared signals) at 1492 cm-1 (aromatic stretching mode) for PS and 

1750 cm-1 for PLA (C=O stretching mode), as identified through Fourier-transform infrared 

spectroscopy (Figure S9). PiFM unveiled discrete cylindrical and spherical domains exhibited 

strong PLA signals in samples deposited from o- and m- xylenes and mesitylene, whereas the 

continuous domains showed strong PS peaks. This clearly indicates that PLA brushes assembled 

into cylinders or spheres in selective solvents, consistent with the fact that PLA solubility decreases 

by orders of magnitude with increasing solvent selectivity. 

Based on the structural analysis above, we conclude that with increasing solvent selectivity 

whereby the solubility towards the PS block maintains while that towards the PLA block reduces, 

the BBCP morphology transitions from lamella to cylindrical to spherical structures. At the same 
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time, the PLA domain size and thus center-to-center distance of adjacent domains (dNN), 

progressively reduces due to reduction in PLA volume fraction in poorer solvents. These 

observations are aligned with the expected phase behavior of block copolymers following the 

volume fraction changes29,31. Furthermore, we can establish a link between the optical properties 

of each film by considering the microstructures. Specifically, for lamellar structures (toluene) 

preferentially aligned normal to the incident light,28,46 a strong reflection peak is usually observed 

following the Bragg's and Snell’s laws32,57. Additionally, there may be a plateau of reflection at 

lower wavelengths, attributed to misoriented lamellae54. On the other hand, in disordered 

(randomly oriented) cylindrical or spherical phases (xylenes, mesitylene), optical behavior can be 

elucidated through the scattering properties of photonic glasses58,59, where the color of these 

morphologies results from both single particles scattering (form factor) and the interference of 

scattered waves from particle assemblies (structure factor)21. In photonic glass, these scattering 

phenomena are defined by the form factor, which describes particle scattering according to Mie 

theory, and the structure factor, accounting for the constructive interference of waves scattered by 

a particle lattice according to the Percus-Yevick equation21,60,61. Previous theoretical calculations 

and experiments of scattering behavior in photonic glass structure, where particle refractive index 

is larger than the that of the matrix,60 have indicated a dominant scattering peak along with a rising 

trend in the lower wavelength region, which is consistent with our UV-Vis data (Figure 1d). 
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Solvent-dependent concentration-driven assembly pathway of BBCP.

In this section, we elucidate the solvent-dependent assembly pathway of BBCP to unravel the 

underlying mechanism of morphology transition dictated by solvent selectivity. Based on our 

previous works26,27,53, we hypothesize that the BBCP assembly during drop casting is driven by 

concentration increase from solvent evaporation. When evaporation rate is relatively low, the 

assembly essentially traverses equilibrium states at various concentrations. We characterize the 

equilibrium solution structure in the four solvents using solution SAXS spanning BBCP 

concentrations from 0.1 mg/mL to 300 mg/mL. Solution scattering is complemented by cryo-TEM 

to directly image the solution state assemblies as dependent on solvents. Based on these results we 

deduce solvent-dependent conformation of BBCP to validate the hypothesis that the observed 

structural differences arise from distinct assembly pathways influenced by the solvent selectivity.
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Figure 3. Solution SAXS data for BBCP (Nbb = 400) in (a) toluene, (b) o-xylene, (c) m-xylene, 

and (d) mesitylene at various concentrations (black: 0.1, red: 1, blue: 10, green: 50, purple: 100, 

ocher: 200, and turquois: 300 mg/mL). Scattering curves are vertically shifted for clarity. S(q) 

denotes the structure factor peak from ordered packing of BBCP molecules along the short axis of 

the backbone. Unit cell structures (Red: HCP, Black: FCC) are analyzed and diffraction peaks are 

indexed for the samples with the highest concentration in each solvent. (e) Schematic depicting 

the concentration-driven assembly pathways of BBCP in four solvents. Orange lines denote the 
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PS brush and blue lines the PLA brush. The domain spacing and dNN of concentrated solution were 

derived from the diffraction peaks at low q range, and those of film were calculated from structural 

analysis in Figure 2.

Solution SAXS of BBCP from 0.1 to 300mg/mL across the four solvents clearly show evolution 

of solution-state conformation and assembly, ultimately giving rise to structure factor peaks at low 

q (< 0.02 Å–1) corresponding to ordered nanostructures formed in concentrated solutions (Figure 

3a-3d). These findings strongly suggest that BBCP molecules assemble in their solution states, 

which we categorize into three regimes: diluted, disorder-to-order transition, and ordered, based 

on our prior work on lamella-forming solution structures53.

In the dilute regime of toluene solution (0.1 ~ 10mg/mL, Figure 3a), the scattering curve showed 

typical form factor of a rod- or cylinder-like object with slope of -1 in the low q regime. We will 

further demonstrate this in a later section with curve fitting, and imaging. When the solution 

concentration reaches 50mg/mL, a structural peak (S(q)) emerges around 0.03 Å–1, corresponding 

to a length scale of 20.9 ± 2.1 nm. This peak is attributed to lateral chain interactions (short axis 

of the backbone), with the length scale corresponding to the lateral stacking distance of BBCP. At 

100 mg/mL, the S(q) becomes sharper and red shifts, indicating that more BBCP chains are 

laterally packed tightly due to increased crowding. Additionally, a new structural feature appears 

at lower q around 0.005 Å–1, corresponding to a length scale of 127.7 ± 0.4 nm, which is attributed 

to the spacing along the long axis of BBCP. This transition marks the beginning of the assembly 

of BBCP from individual worm-like chains to more defined structures through disorder-to-order 

transition. As the concentration further increases over 200 mg/mL, the scattering becomes 

dominated by the structure factor. Specifically, in the low-q regime, prominent structure factor 

Page 18 of 39Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
7/

20
25

 4
:3

3:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4SM01495B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01495b


19

peaks associated with a well-ordered lamellar structure are observed, and the estimated lamellar 

spacing at 300mg/mL, is increased to 187.2 ± 0.4 nm, while the lateral stacking distance decreases 

to 10.2 ± 0.8 nm. These changes at higher concentrations are explained by backbone stretching of 

BBCP, resulting from the increased number of block-block contacts within molecules in solution, 

which in turn leads to larger lamellar domain sizes and reduced lateral stacking distances27. 

The scattering curves varied notably depending on the solvent used., Unlike toluene, which 

exhibits lamellar packing, the o-xylene showed closed-packed structure with hybrid features of 

hexagonal close-packed (HCP, red), and face-centered cubic (FCC, black) structures at 

concentrations above 200 mg/mL (Figure 3b). The dNN was estimated using the peak position at 

the lowest q, and which is increased from 139.1 ± 0.5 to 186.2 ± 0.8 nm as the concentration 

increased from 100 to 300 mg/mL. In the case of m-xylene (Figure 3c), the differences in assembly 

are more evident. At very low concentration below 1 mg/mL, the scattering curve exhibited a form 

factor of the flexible cylinder, however, as the concentration increased beyond 10 mg/mL, a 

spherical form factor (q-4) appeared, indicating an abrupt transition to spherical shapes from 

cylinder. We propose that the transition occurs due to the aggregation of PLA brushes into small-

particle-like aggregates near the solubility limit of PLA brushes in m-xylene (Figure 1b), a 

hypothesis we will confirm through imaging techniques later. Additionally, disorder-to-order 

transition begins at 50 mg/mL, where the dNN is 139.4 ± 0.8 nm, and in the ordered regime (>200 

mg/mL), the scattering peaks predominantly correspond to an FCC structure, with a dNN of 217.2 

± 1.1 nm at 300mg/mL. 

As for mesitylene, the most selective solvent, the scattering curve exhibited spherical form factor 

even at the lowest concentration, with no distinct dilute regime nor clear disorder-to-order 

transition before showing FCC close-packed structure peaks at ordered regime (>200mg/mL) 
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(Figure 3d). The spherical form factor originates from micelle formation at low concentrations, 

consistent with previous findings on the high micelle stability and low critical micelle 

concentration of BBCP51, which we later confirm through imaging techniques. This suggests that 

in a highly selective solvent, BBCP forms micelles that pack into a close-packed structure as the 

concentration increases, rather than undergoing a disorder-to-order transition. The calculated dNN 

at 300 mg/mL is 185.3 ± 0.7 nm. Additional details on peak indexing in the ordered regime (300 

mg/mL) can be found in Figure S10.

Comparing the calculated domain sizes derived from solution SAXS with those from film SAXS 

provides insights into the evaporation-driven assembly from ordered regime in solution to film 

state. For toluene samples, the estimated lamellar domain spacing was 187.2 ± 0.4 nm for the 

concentrated solution (300mg/mL) and 203.0 ± 0.4 nm for film samples, indicating lamellar 

expansion. This expansion mainly arises from backbone stretching as the packing density 

increases, as previously reported26,27,53. Conversely, in selective solvents, the domain spacing 

consistently contracts. For o-xylene, the dNN reduces from 186.2 ± 0.8 nm for solution samples to 

172.2 ± 0.4 nm for film samples; for m-xylene, the dNN were 217.2 ± 1.1 nm for solution samples 

and 165.8 ± 0.5 nm for film samples; similarly, for mesitylene, the dNN were 185.3 ± 0.7 nm for 

solution samples and 129.3 ± 0.4 nm for film samples. Upon calculating the ratio of domain size 

changes (Figure S11), it became evident that when solvent selectivity increases, the domain size 

tends to decrease more from 300mg/ml solution to film. This phenomenon can be comprehended 

by considering the interplay between backbone extension due to increased block-to-block contact; 

leading to an increase in domain size with rising solution concentration27; and deswelling due to 

solvent removal. As the solvent evaporates, the two factors compete and determine the domain 

size. In non-selective solvent, our prior research indicates that backbone extension outweighs 
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deswelling, leading to domain expansion53. In contrast, for selective solvents where PLA is already 

aggregated in solution, limited room for PLA extension with increasing concentrations results in 

the dominance of deswelling, causing a reduction in dNN. We also observed that solution SAXS 

generally exhibits sharper and more prominent peaks compared to film SAXS, which we attribute 

to greater structural disorder induced by solvent evaporation. This increased disorder arises from 

spatial constraints during drying, compressing molecular structures and resulting in highly 

disordered arrangements, as further supported by the UV-Vis reflection spectra comparison 

between solution and film (Figure S12). The proposed overall assembly pathways from solution 

to film are summarized in Figure 3e.
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Figure 4. (a) Cryo-TEM images of BBCP in four different solvents (toluene, o-xylene, m-xylene, 

and mesitylene) at a concentration of 10 mg/mL. (b) SAXS fitting curves of 10 mg/mL solutions 

(black dots). For toluene and o-xylene, the flexible cylinder (FC) model was used for fitting (red 

curve). For m-xylene and mesitylene, a hybrid model comprising the core-shell model (blue curve) 

and flexible cylinder model (green curve) was employed for fitting. The red curves represent the 

overall fitting curve. (c) Fitted BBCP radius in different solvents (toluene: black, o-xylene: red, 

m-xylene: blue, and mesitylene: green) at 1 and 10 mg/mL solution concentrations. (d) The 

measured z-average size of PLA (Nbb=200, Nsc=60, shown in black) and PS (Nbb=200, Nsc=45, 

shown in red) homo bottlebrush polymer with different solvents in DLS experiments. (e) 

Schematic depicting the conformation of BBCP in each solvent.
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To validate the proposed solution state aggregation and infer the molecular conformation in the 

dilute regime, we employ cryo-TEM to directly image down to the molecular level at a 

concentration of 10mg/mL (Figure 4a, and S13). In the case of toluene and o-xylene, we observed 

individual chains without any discernible aggregation as expected. In contrast, for m-xylene, we 

observed single chains as well as spherical aggregates of 43.2 ±  5.1 nm in diameter consistent 

with SAXS. In mesitylene, we observed micelles with a core diameter of 66.2 ±  8.1 nm and a 

shell of 33.3 ±  6.8 nm in thickness coexistent with individual chains. Notably, the aggregate size 

in the m-xylene solution was smaller than the size of the spherical domain observed in SEM images 

of dried films. In contrast, the micelle size in the mesitylene solution closely matched that of the 

dried films (Figure 2a). This suggests that in m-xylene, small aggregates grow into larger micelles 

during the disorder-to-order transition, while in mesitylene, the micelles remain stable and simply 

pack together due to their high stability. These observations further support the assembly pathway 

proposed in Figure 3. 

Due to limitations in image resolution attributed to the susceptibility of BBCP materials to e-beam 

damage, we did not pursue quantitative analyses of single chain conformation through cryo-TEM. 

Instead, we resorted to solution SAXS, and selected fitting models based on cryo-TEM 

observations to analyze polymer conformation (Figure 4b, S13). Specifically, we chose the 

flexible cylinder model to fit for wormlike chains observed in toluene and o-xylene. For m-xylene 

and mesitylene, we employed a hybrid model involving both flexible cylinder and core-shell 

models to capture co-existence of both wormlike chains and micelles with PLA core and PS shell. 

In each fitting for the flexible cylinder model, we fixed the contour length at 2480 nm estimated 

from multiplying the backbone degree of polymerization by the length of the norbonyl unit (~0.62 
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nm)62. As the estimated contour length significantly exceeded the detectable range in SAXS (low-

q limit), and the presence of core-shell contributions made it challenging to analyze below the q-

range of 0.01 Å–1 (specifically for m-xylene and mesitylene), the precise determination of Kuhn 

length became challenging. Therefore, we only focused on fitting for the radius associated with 

the Guinier knee discernible within the 0.01-0.1 Å–1 range. Full details about fitting results are 

available in the Supporting Information Figure S14. 

At 1mg/mL, the calculated radius was 5.5 ± 0.9, 5.0 ± 0.2, 4.8 ± 1.1, and 4.1 ± 0.9 nm for toluene, 

o-xylene, m-xylene, and mesitylene, respectively. At 10mg/mL, the radius was calculated as 4.6 ±

0.2, 4.3 ± 0.1, 4.3 ± 0.6, and 4.0 ± 0.3 nm for each solvent (Figure 4c). Scattering curves at 

0.1mg/mL were excluded for fitting due to weak signal to noise. The calculated radius of single 

molecules showed a decreasing trend as selectivity increased, and it also decreased as 

concentration went higher. These fitting results were cross-verified using Guinier-Porod model 

fitting, yielding similar trends in the radius of gyration (Rg) fitted in the 0.01-0.1 Å–1 range (Figure 

S15). This is further supported by DLS experiments, where the measured z-average size of PLA 

homo bottlebrush polymer decreased from 49.7 ± 14.8 nm (toluene) to 14.6 ± 3.7 nm (mesitylene) 

as selectivity increased, while the size of PS homo bottlebrush polymer remained relatively 

constant around 40nm (Figure 4d). This trend is consistent with our hypothesis that reducing PLA 

solubility going from toluene to mesitylene leads to collapse of the PLA block and thus reduced 

volume fraction of the PLA block and overall smaller radius of the wormlike cylinder (Figure 4e). 

The inferred PLA block conformation change dependent on solvent selectivity ultimately leads to 

different assembly pathways, resulting in distinct film morphologies and structural colors.

Page 24 of 39Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
7/

20
25

 4
:3

3:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4SM01495B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01495b


25

Conclusion

In summary, this study showcases the ability to significantly modulate the nanoscale morphology 

and optical properties of PS-PLA bottlebrush block copolymers (BBCPs) by leveraging the 

differential solubility of their constituent blocks in structurally similar organic solvents. By using 

a series of solvents, toluene, o-xylene, m-xylene, and mesitylene, with varying selectivity for the 

PS and PLA blocks, we achieved a diverse range of morphologies from lamellar to spherical, 

corresponding to a broad spectrum of structural colors from orange to deep blue. Extensive 

structural analysis in both solution and solid phases revealed that the assembly pathways vary 

significantly with solvent selectivity. In less-selective solvents such as toluene and o-xylene, 

BBCP molecules undergo a disorder-to-order transition, resulting in lamellar or cylindrical close-

packed structures. In contrast, more selective solvents like m-xylene and mesitylene promote the 

formation of micelles or aggregates in dilute solutions, resulting in spherical close-packed 

structures. The observed differences in assembly pathways are attributed to the differential volume 

fraction of BBCPs in solution, driven by sidechain aggregation, which promotes various phase 

separations beyond the lamellar structure. The resulting structures exhibit distinct structural colors, 

which can be finely tuned over a wide range by blending different solvents or incorporating 

broadband absorbers. These findings underscore the critical role of solvent selectivity in shaping 

block copolymer morphology.
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Material and Method

Material synthesis and characterization. All reactions were performed in an argon-filled 

glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm) at room temperature using oven-dried glassware. THF 

was dried using a commercial solvent purification system. rac-Lactide (Aldrich), sec-butyllithium 

solution (sec-BuLi, 1.3 mol/L in cyclohexane/hexane (92/8), ACROS Organics), ethylene oxide 

solution (2.5-3.3 mol/L in THF, Aldrich) was used as received. 1,8-diazabicyclo [5.4.0] undec-7-

ene (DBU) (Aldrich) was distilled over CaH2 and storage under argon at -20 oC. Styrene was 

passed through a basic alumina plug and stored under argon at -20 oC. [(H2IMes)(3-

Brpy)2(Cl)2Ru=CHPh], G3 was synthesized according to literature63. Exo-5-Norbornene-2-

carboxylic acid, endo-/ exo-5-Norbornene-2-methanol (M3OH) and exo-5-Norbornene-2-

carbonyl chloride was synthesized according to literature64,65. Gel Permeation Chromatography 

(GPC) was performed using a Tosoh ECOSEC HLC-8320GPC at 40 ºC fitted with a guard column 

(6.0 mm ID x 4.0 cm) and two analytical columns (TSKgel GMHHR-H,7.8 mm ID x 30 cm x 5 

μm). A flow rate of 1 mL-min-1 was used for both the analytical columns and the reference flow. 

THF (HPLC grade) was used as the eluent, and polystyrene standards (15 points ranging from 500 

MW to 8.42 million MW) were used as the general calibration. UV detector was recorded at 266 

nm. The detailed synthesis procedure is provided in the "Material Synthesis" section of the 

Supporting Information.

Preparation of BBCP drop-cast sample. Samples for optical and structural characteristic analysis 

were prepared using the drop-casting method. Initially, stock solutions of BBCP were prepared by 

direct dissolution in solvents at a concentration of 150 mg/mL, and and stirred for a minimum of 

48 hours at 40 °C before being allowed to settle for several hours at room temperature prior to 

drop-casting. Glass substrates were rinsed in toluene, acetone, and isopropanol before being dried 
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using a nitrogen gun. Using a pipette, a 10-microliter drop of the solution was placed onto the 

substrate and allowed to air dry at room temperature. Upon complete solvent evaporation, the 

samples underwent annealing for 4 hours at 60°C. 

Gravimetric solubility measurement of Homobrush polymer solution. An increasing amount of 

homobrush polymer powder was added to 1 mL of solvent in a vial until the solution became 

saturated, indicated by the presence of undissolved powder (solution turning opaque). The solution 

was then mildly centrifuged at 500 rpm for 5 minutes and allowed to stand at room temperature 

on the benchtop for 24 hours. Carefully pipette 100 microliters of the clear supernatant from the 

top of the solution and transfer it into a pre-weighed vial. After complete evaporation of the solvent, 

measure the mass of the remaining homobrush polymer in the vial to calculate the solubility of the 

polymer in the solution. This procedure was repeated five times, and the average solubility value 

was calculated.

Characterization of the optical and structural properties of BBCP. Optical microscope images 

were captured using a top-mounted optical microscope at low magnification (1.6x) under diffuse 

(ring) light. UV-Vis diffuse reflection spectra were acquired using a Varian Cary 5G 

spectrophotometer equipped with an integrating sphere attachment at the Illinois Material 

Research Laboratory (MRL). DLS was performed using the Malvern Zetasizer at MRL, Illinois, 

to determine the harmonic intensity-weighted average particle diameter (Z-average size). For the 

measurements, 1 mg/mL solutions of PLA and PS homobrush polymers were prepared. To isolate 

individual bottlebrush block copolymer chains, a mild centrifugation step (1000 rpm, for 10 min) 

was applied before the measurements, and the supernatant was used for analysis. SEM imaging 

was conducted using a Hitachi S4800 instrument at the Illinois MRL. The sample was prepared on 

cleaned silicon substrates. To explore the sample's vertical orientation, prints on the silicon 
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substrate were precisely cut perpendicular to the by inducing controlled crack propagation 

(initiated with a diamond glass scriber). Subsequently, the sample was affixed to a 90-degree 

angled SEM pin stub, and micrographs were acquired using a low accelerating voltage (3-5 keV) 

with a beam current ranging from approximately 10 to 20 nano-amperes. The acquired images 

underwent image-processing using the ImageJ software package to calculate the domain spacing. 

PiFM imaging was performed using a Molecular Vista PiFM-Raman microscope at the Illinois 

MRL, and the samples for PiFM imaging were prepared on a silicon substrate using the same 

method employed for optical characterization. PiFM images of PLA, and PS rich domains were 

acquired at 1 line/s over a 1 x 1 µm area with 256 x 256 pixels. Herein, the used infrared signal of 

each bottlebrush molecule was obtained using an FT-IR Analyzer (Alpha, Bruker). The cryo-TEM 

experiment was carried out in MRL Illinois. Samples were frozen on 200 mesh holey carbon 

copper grids (SPI Supplies, 3620C-MB) using an FEI MarkIV Vitrobot. For each grid, 3µL of 

sample was applied to the grid at 22°C and 90-95% ambient temperature and humidity, 

respectively. Grids were blotted once for 3 seconds with a blot force of 0-2 and plunged rapidly 

into liquid ethane for freezing. Once frozen, grids were clipped into autogrids and imaged on a 

ThermoFisher Glacios CryoTEM at 200kV using EPU and Velox software. 

Small-Angle X-ray Scattering (SAXS). Films and solutions examined through transmission small-

angle X-ray scattering were analyzed at Argonne National Laboratory (Lemont, IL) on beamline 

12-ID-B of the Advanced Photon Source, utilizing a beam energy of 13.3 keV and a Pilatus 2M 

2D detector. Film samples were prepared by drop-casting the sample, as described previously, with 

solvent-washed polyimide sheets (Kapton – American Durafilm) used as the substrate. Solution 

samples were prepared using the same methods described previously53. The prepared solutions 

were sequentially loaded and irradiated from the lowest to the highest concentration, starting with 

Page 28 of 39Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
7/

20
25

 4
:3

3:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4SM01495B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01495b


29

pure solvent. This was achieved using a single 1 mm quartz capillary (Charles Supper 

Company)/Teflon tubing flow cell for each polymer. In cases where the solution exhibited high 

viscosity due to high concentration, the solution was loaded into the capillary by applying gentle 

centrifugal force using a centrifuge. Curve fitting was carried out using the SasView software 

package.
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Data Availability

All relevant data supporting the findings of this study are included in the manuscript and its ESI. 
Raw data are available from the authors upon request.
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