
PNAS  2024  Vol. 121  No. 9  e2313617121� https://doi.org/10.1073/pnas.2313617121   1 of 11

Direct-ink-write cross-linkable bottlebrush block copolymers 
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Additive manufacturing capable of controlling and dynamically modulating structures 
down to the nanoscopic scale remains challenging. By marrying additive manufacturing 
with self-assembly, we develop a UV (ultra-violet)-assisted direct ink write approach for 
on-the-fly modulation of structural color by programming the assembly kinetics through 
photo-cross-linking. We design a photo-cross-linkable bottlebrush block copolymer 
solution as a printing ink that exhibits vibrant structural color (i.e., photonic properties) 
due to the nanoscopic lamellar structures formed post extrusion. By dynamically mod-
ulating UV-light irradiance during printing, we can program the color of the printed 
material to access a broad spectrum of visible light with a single ink while also creating 
color gradients not previously possible. We unveil the mechanism of this approach 
using a combination of coarse-grained simulations, rheological measurements, and 
structural characterizations. Central to the assembly mechanism is the matching of the 
cross-linking timescale with the assembly timescale, which leads to kinetic trapping of 
the assembly process that evolves structural color from blue to red driven by solvent 
evaporation. This strategy of integrating cross-linking chemistry and out-of-equilibrium 
processing opens an avenue for spatiotemporal control of self-assembled nanostructures 
during additive manufacturing.

bottlebrush block copolymer | self-assembly | additive manufacturing | photonics |  
structural color

The biological world provides exquisite examples of how simultaneous control over molec­
ular composition and long-range macroscopic order gives rise to material properties that 
seem unique to living organisms. For example, the phenomenon of structural color is 
found in a variety of animals, including birds (1), butterflies (2), fish (3), insects (4), and 
chameleons (5). This coloration property arises from the periodic ordering of domains 
with different refractive indices on the nanometer length scale. Structural color is a com­
pelling alternative to synthetic color because it can be eco-friendly in contrast to the 
environmentally polluting synthetic dyes (6). Further, structural color can exhibit high 
brilliance and dynamic properties that are challenging to attain through synthetic routes 
(7, 8). These advantages have motivated extensive efforts to achieve structural color in 
synthetic materials (7–11). While top–down lithographic approaches have been successful 
at producing precise periodic structures (12, 13), they require sophisticated and costly 
processing steps to achieve nanoscopic feature size, which limits scalability and broad 
applicability. Bottom–up self-assembly methods of creating nanostructured materials such 
as blue-phase or chiral liquid crystals (14–16), colloidal nanoparticles (17–22), and block 
copolymers (23–26) have been explored to address these limitations. Among these mate­
rials, block copolymers show great promise in mimicking biological structural color as it 
can access a wide range of nanoscale morphologies encompassing lamellar, cylindrical, 
bicontinuous, and spherical morphologies. (11, 27–41). However, achieving visible-range 
coloration is non-trivial due to chain entanglement and sluggish assembly kinetics, limiting 
their ability to access domain sizes large enough to reflect visible light (42, 43). To over­
come this challenge, domain swelling strategies have been developed (24, 44, 45), but 
pose challenges in terms of environmental stability.

Bottlebrush block copolymers (BBCP) comprising densely grafted side chains attached 
to a common backbone represent a promising alternative to linear block copolymers for 
achieving visible-range structural coloration (10, 43, 46–51). The steric repulsion between 
dense side chains leads to extended cylindrical conformations and suppressed chain entan­
glement, which facilitate rapid self-assembly into ordered nanostructures with large domain 
sizes (43, 46, 52–54). The facile production of photonic crystals using BBCP opens up a 
wide range of potential applications, such as in the production of photonic resins (42), 
photonic pigments (55–57), stress-responsive photonic structures (58, 59), and 3D printed 
photonic structures (23, 60).

Significance

Structural color, drawing 
inspiration from nature, offers 
sustainable, eco-friendly, and 
dynamic coloration properties 
that are challenging to achieve 
with traditional synthetic dyes. 
Bottlebrush block copolymer has 
garnered significant attention 
due to its rapid assembly 
characteristics into plethora 
nanoscale morphologies with 
large domain spacing conducive 
to vibrant photonic properties. In 
this work, we demonstrated that 
integrating cross-linking 
chemistry with out-of-equilibrium 
processing based on additive 
manufacturing allows for 
dynamic control of structural 
color across the visible light 
spectrum and creates color 
gradients using a single ink. This 
approach demonstrates the 
power of non-equilibrium 
processing in dynamically 
modulating self-assembled 
structures and their functional 
properties during additive 
manufacturing.
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Recently, our team developed an approach that combines additive 
manufacturing with BBCP self-assembly to attain control of printed 
structures down to the nanoscopic scale (60). We showed that a 
single BBCP ink can produce multicolored prints by modulating 
simple printing parameters (such as the speed and substrate tem­
perature) of a custom-made DIW (direct ink write) 3D (Three- 
dimensional) printing (60, 61). This innovation leverages a kinetic 
trapping mechanism whereby evaporation-driven assembly was 
arrested before reaching the equilibrium structure through rapid 
solvent evaporation (60, 62). This approach presents an effective 
strategy to modulate structural color of a single ink but is limited 
in achieving “on-the-fly” control of color during printing. This is 
because temperature and printing speed are not ideal “knobs” for 
tuning assembly—temperature cannot be changed rapidly and is 
difficult to localize, while printing speed is coupled with line profiles 
and thus structural color cannot be adjusted independently.

In this work, we achieve on-the-fly modulation of structural 
color during printing by combining a UV-assisted DIW 3D 
printer with c-BBCP (cross-linkable BBCP) chemistry. A key 
innovation is to realize dynamic control of assembly kinetics 
through programming the rate of photo-cross-linking, which 
serves to kinetically arrest assembly and lock in desired structural 
color on-the-fly, or as we print. We then validate two key aspects 
of this hypothesis by combined coarse-grained simulations, rhe­
ological characterizations, and experimental structural analysis. 
First, using the “implicit side-chain” (ISC) model developed by 
our team (62–66), we elucidate an evaporation-driven assembly 
pathway whereby the structural color evolves from blue to red due 
to backbone extension. This inference is affirmed by scanning 
electron microscopy (SEM) and ultra-violet visible (UV-Vis) spec­
troscopy. Second, by rheology and in situ imaging, we show that 
the cross-linking timescale matches with the evaporation-driven 
assembly timescale, supporting the idea that assembly is arrested 
by cross-linking during evaporation-driven structural evolution. 
Enabled by this mechanistic understanding, we program the tem­
poral profile of UV irradiance to demonstrate modulation of 
structural color on the fly as to access much of the visible spectrum 
and to create color gradients using a single ink material.

Results and Discussion

Our approach to on-the-fly printing of BBCP materials with 
structural color is built on the co-design of both molecular syn­
thesis and printing process; we show how innovations in each 
combine to give unprecedented control over structural color. We 
subsequently investigated the physicochemical foundation for this 
effect to provide design principles for dynamically controlling 
assembly through additive manufacturing. We further demon­
strate how our approach enables on-the-fly direct ink writing of 
vibrant and tunable structural color.

Synthesis of Cross-Linkable BBCP. We developed a post-
polymerization modification technique to introduce cross-linking 
groups at the tips of the PLA brushes of PS-b-PLA (polystyrene-b-
polylactide) c-BBCP. Post-polymerization modification is a well-
established methodology for the introduction of functionalized 
groups in linear polymers (67–78). However, the post-poly­
merization modification of bottlebrush polymers presents add­
itional complexity because of the risk of alteration of the original 
bottlebrush architecture, with PLA being especially susceptible to 
transesterification and thus broadening of the molecular weight 
distribution (MWD) (79). Furthermore, we recently demonstrated 
that Gel Permeation Chromatography (GPC), the workhorse 

characterization technique for polymers, is not effective at assessing 
the alteration of PLA segments along the bottlebrush polymer since 
the MWD of the bottlebrush polymer is primarily impacted by the 
MWD of the backbone and not of the side chains (80). Therefore, we 
needed to identify a post-polymerization functionalization reaction 
to address these limitations and with the scope of employing thiol-
ene click chemistry to achieve the UV-assisted cross-linking of  
c-BBCP (81).

We identified an alcohol-isocyanate reaction catalyzed by 
tin-dibutyl diacetate as a simple reaction to introduce an allyl 
group at the tips of PLA brushes (82). To demonstrate the success 
of the post-polymerization reaction and the absence of degradation 
of the original bottlebrush architecture, we first set out to develop 
the methodology with a UV-active 1-naphthyl isocyanate and 
homo-PLA bottlebrush polymers (Fig. 1A). By selecting a wave­
length (266 nm) for which the naphthyl group has a strong 
absorption and the PLA is mostly transparent, we were able to 
monitor the extent of functionalization of the bottlebrush poly­
mers using a combination of the UV detector of the GPC and 1H 
NMR spectroscopy. By monitoring the gain in intensity of the 
bottlebrush signal as a function of time in the UV-GPC traces 
(using PS as an internal standard) (Fig. 1B) and assessing the mole 
fraction of naphthyl groups present in the polymer by NMR, we 
identified a reaction condition that resulted in >95% of the PLA 
tips of the BB being functionalized in absence of any degradation 
of the architecture. The absence of degradation is evident from 
the MWD signal retaining the same shape throughout the reaction 
along with the absence of low molecular weight fractions in the 
GPC traces.

We then implemented this post polymerization modification 
methodology to introduce allyl functionalities on the PLA side 
chain ends in the BBCP PS4.5k

200
  -b-PLA4.8k

236
   (Fig. 1C). The MWD 

of the c-BBCP remained unchanged through the post-polymerization 
reaction (Fig. 1D) and the integration of the allyl protons in the 
NMR spectrum suggested that >75% of the PLA brushes were 
functionalized. The reaction yielded ~20 g of functionalized pol­
ymers as highlighted in Fig. 1E. The allyl end-capped PLA side 
chains of the c-BBCP will undergo UV-triggered thiol-ene reaction 
in the presence of a thiol-functionalized cross-linker and a photo 
initiator as discussed in the later sections. The unsaturation present 
in poly(norbornene) backbone of the c-BBCP can also undergo 
possible thiol-ene reaction but the relative rates of this reaction as 
compared to allyl end-capped side chains is slower (81, 83–85). 
Thus, cross-linking of our c-BBCP system primarily occurs due 
to the presence of allyl groups on the side chain ends. Further 
synthetic details and characterization can be found in SI Appendix, 
Figs. S1–S8, and supplementary discussion in SI Appendix, 
section S1.

Establishing a Platform for UV-Assisted DIW 3D Printing. In 
parallel with designing cross-linking chemistries, we develop an 
additive manufacturing approach to achieve spatiotemporal control 
of photonic structure via modulating UV-triggered cross-linking 
during printing. To achieve this goal, two technical challenges 
needed to be overcome. First, the material dispensing, motion 
control, and UV light irradiation systems should be synchronized. 
Second, the cross-linking rate should be tunable by varying the UV 
light irradiance to match with the evaporation-driven assembly 
timescale (this criterion is discussed in depth later). To this end, 
we custom designed a UV-assisted DIW 3D printer based on our 
previously reported soft- and hard-ware framework PolyChemPrint 
(60, 61). We fabricated a printhead with suspended UV light 
guide Spot UV Curing system (OmniCure S2000, Excelitas) to D
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directly illuminate UV light at the tip of a pneumatic dispenser 
(Fig. 2A). We further modified the PolyChemPrint software to 
develop PolyChemPrint3_UV that allows for programmable on-
the-fly control of UV light on/off and irradiance during material 
dispensing (86). The UV lamp system offers the capability to 
adjust the UV light irradiance from 2 mW/cm2 to 200 mW/cm2. 
Additionally, by incorporating the UV light attenuator head, the 
range can be further tuned down to as low as 22 μW/cm2, allowing 
us to widely tune cross-linking rates over orders of magnitude. 
The hardware and software framework thus offers on-the-fly 
modification of printing speed, applied pressure, and irradiated 
UV light at the same time, enabling precise cross-linking control 
over self-assembling c-BBCP solutions (Fig. 2B). A camera image 
of the hardware and details of the printer head design are shown 
in SI Appendix, Fig. S9 in SI Appendix, section S2.

On-the-Fly Tuning of c-BBCP Structural Color Using UV-Assisted 
DIW 3D Printing. The cross-linkable ink for UV-assisted DIW 
3D printing comprises a concentrated c-BBCP toluene solution 
(250 mg/mL), a pentaerythritol tetrakis(3-mercaptopropionate) 
(PETMP) cross-linker and 2,2-dimethoxy-2-phenyl acetophenone 
photo-initiator (Fig. 3A). The solution concentration and printing 
conditions such as pressure and printing speed were optimized 
to ensure print fidelity and to prevent clogging or excessive ink 
spreading on the substrate (details shown in SI Appendix, Fig. S10 
and supplementary discussion in SI Appendix, section S2). During 
the printing process, we observed a rapid visible color progression 
from blue to orange induced by the evaporation-driven self-
assembly of c-BBCP (60, 62), which was captured by two cameras 
mounted at normal and 45° angles (SI Appendix, Fig. S11). Using 
intense UV light having irradiance in the range of 2 mW/cm2 to 
200 mW/cm2 as produced by the OmniCure S2000 UV-curing 
system led to either rapid clogging of the printing tip or printing of 

a single blue color that was insensitive to the UV light irradiance. 
However, by substantially attenuating the irradiance of UV to a 
lower range (0 to 411 μW/cm2), we were able to fine tune the 
structural color from orange to deep blue when the UV irradiance 
was increased from 0 to 411 μW/cm2 (Fig. 3B). As we shall show 
later, without attenuating the UV light, the cross-linking timescale 
is too short compared to the assembly timescale, preventing us 
from tuning structural color during printing.

We quantified this structural color shift by measuring the diffuse 
reflection spectra using UV-Visible spectroscopy with an integrating 

Fig. 1. Synthesis of the PS-b-PLA c-BBCP. (A) Reaction scheme for the functionalization of homo-PLA bottlebrush polymers with UV active end group using 
alcohol-isocyanate coupling reaction, (B) UV-GPC traces of the functionalized PLA bottlebrush polymer showing no change in bottlebrush polymer architecture 
(Internal Standard: 6 kg/mol PS; GPC data is evaluated using conventional calibration with respect to PS standards), (C) Reaction scheme for the functionalization 
of PS-b-PLA c-BBCP with cross-linkable allyl functionalities, (D) RI-GPC traces of the PS-b-PLA BBCP before and after functionalization (GPC data is evaluated using 
conventional calibration with respect to PS standards), (E) Image of dried functionalized BBCP as-synthesized at gram scales (~20 g).

Fig.  2. UV-assisted DIW 3D printer. (A) Illustration of the printer design, 
featuring a custom-built pneumatic ink dispenser and a UV curing system 
for post-extrusion photo-cross-linking. (B) Developed PolyChemPrint3_UV 
(PCP3_UV) software framework that centrally controls and synchronizes the 
commercial 3D printer motion controller with custom-built UV curing system 
and ink dispenser.D
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sphere (Fig. 3C). For sample with 0 μW/cm2, the peak reflected 
wavelength was centered at 582 nm; as the UV irradiance increased 
to 411 μW/cm2, we observed a continuous blueshift by as much as 
190 nm to 392 nm. Based on measured reflection spectra, we calcu­
lated and mapped the color coordinate in Commission International 
de I'Eclairage (CIE) space. Detailed calculation is described in 
SI Appendix, Fig. S12 and a supplementary discussion in SI Appendix, 
section S3. Cross-sectional SEM analysis unveiled that the reflection 
emanates from highly aligned lamellar structure (Fig. 3D). 
Specifically, the average domain spacing (dSEM) decreased from 
178 ± 8.6   to 93.4 ± 7.0 nm   with increasing UV light irradiance, 
shifting by as much as 85 nm representing a very wide structural 
tunability. The accessible color range can be further expanded using 
higher molecular weight BBCP or by swelling the domain using 
homopolymer additives (48, 51).

We further examined the orientation ordering by imaging 
cross-sectional microstructure through the entire thickness of both 
non-cross-linked, and cross-linked lines (SI Appendix, Fig. S13 
A–H and section S4). The series of SEM images revealed 

well-aligned lamellar structures parallel to the substrate through­
out the thickness of the sample. The uppermost 15 μm of 
non-cross-linked line and the uppermost 10 μm of cross-linked 
line comprise highly ordered lamellae with a 2D orientation order 
parameter over 0.9 (SI Appendix, Fig. S13I). The thickness of the 
highly ordered top layer corresponds to approximately 80 lamellar 
periods for non-cross-linked lines and 100 lamellar periods for 
cross-linked lines (based on the average lamellar d-spacing deter­
mined by SEM, Fig. 3D). These number of highly oriented layers 
for both lines are sufficient to theoretically achieve a reflectivity 
of 99.9% (detailed calculation is in supplementary discussion in 
SI Appendix, section S5). Similarly oriented lamella domains were 
observed near the bottom substrate as well, producing comparable 
structure color as the top layer (SI Appendix, Fig. S13J). We fur­
ther analyzed UV-irradiance-dependent cross-sectional profile and 
lamella structure summarized in SI Appendix, Figs. S14 and S15 
and supplementary discussion in SI Appendix, section S4. The 
printed line width fell in the range of 550 to 580 μm, and the 
resolution can be potentially increased if using a nozzle as small 

Fig. 3. On-the-fly tuning of structural color through UV cross-linking. (A) Schematic of UV-assisted DIW 3D printing process with the c-BBCP ink and the cross-
linking reaction scheme. (B) The photograph depicts printed lines under varying levels of UV light irradiance during printing: 0, 22, 62, 101, 188, and 411 μW/cm2; 
the image was captured using an upright optical microscope with diffusive ring lights. (C) The diffuse reflection spectra of each printed line under the varying 
UV irradiance (0, 22, 62, 101, 188, and 411 μW/cm2). During measurement, the top surface of the lines faced the incident light, as this is the primary area where 
light reflection predominantly occurs. (D) Cross-sectional SEM images of printed lines under UV light irradiance of 0, 22, 101, and 411 μW/cm2. The Inset images 
are magnified SEM images for each sample, color coded based on the actual structural color of the structure (bright: PS, dark: PLA). (E) The estimated domain 
size calculated from the reflection peak maximum (dR) and measured by SEM (dSEM) as a function of UV light irradiance.
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as 2 µm capable of attaining spatial resolution <3 µm based on 
literature reports (87, 88). The impact of line width and confine­
ment effect on structure color will be investigated in future work.

To examine the consistency between UV-Vis and SEM, we 
calculated the domain spacing from peak reflected wavelength 
using a combination of Bragg’s and Snell’s law (43, 89).

Here, �   represents the peak reflected wavelength, n1, n2   repre­
sent the refractive indices of each layer of lamellar, and d1, d2   rep­
resent the thickness of each layer. In this calculation, the bulk 
refractive indices of PS (1.586), and PLA (1.465) were used to 
approximate (52, 62), and d1, d2   were calculated from the total 
domain size by assuming a volume fraction of ϕPS = 0.56   in BBCP 
(detailed calculation shown in SI Appendix, section S6). This esti­
mation was further substantiated by supplementary Photo-induced 
Force Microscopy experiments where the measured volume fraction 
of PS was 0.539 (SI Appendix, Fig. S16). The thus estimated 
domain spacing from peak reflected wavelength of each line spans 
190 to 127 nm as the UV light irradiance increases from 0 to 411 
μW/cm2, consistent with the observed domain spacing from SEM 
(Fig. 3E). In addition to the reflection peak shift caused by struc­
tural variation, we observed increasing reflection <400 nm at higher 
irradiance, which we attributed to increased photoinitiator con­
sumption which absorbs below 400 nm (SI Appendix, Fig. S17 and 
supplementary discussion in SI Appendix, section S7).

The stability of the printed lines against extended UV and heat 
exposure was assessed post printing (SI Appendix, Fig. S18 and sec­
tion S8). The structure color remained almost unchanged after 3 h 
of exposure to UV light at a high intensity of 1.5 mW/cm2. Therefore, 
the printed structure color should be able to survive even the harshest 
printing conditions using our UV-assisted DIW printing method. 

Furthermore, the structure color remained stable against thermal 
annealing as long as the annealing temperature stayed below the glass 
transition temperature of the uncross-linked PS block (Tg of PLA: 
49 °C, PS: 96 °C). Even when annealed at 100 °C for 48 h above 
the Tg of the PS block, the structure color only slightly whitened 
(higher saturation values) after such a long heat exposure. This again 
indicates the high stability of the printed structure color, which we 
attribute in part to cross-linked structures.

The Molecular Origin of the Evaporation-Driven Assembly and 
Structural Color. We hypothesize that changes in structural color 
can be attributed to UV light-induced kinetic trapping during 
evaporative self-assembly. We anticipate that cross-linking “freezes-
in” the domain size as it increases with concentration during 
evaporation; BBCPs adopt a more stretched conformation in their 
self-assembly structure because the removal of solvent induces more 
block-block contacts, and the polymers tend to minimize these 
stronger block-block repulsions (60, 62, 90–96). This enhanced 
segregation increases the BBCP domain spacing so that the 
structural color undergoes a red-shift during evaporative assembly, 
which was observed in our experiments (Fig. 4A and SI Appendix, 
Fig. S11). Cross-linking of one block consequently restricts the 
relaxation of both blocks, trapping the lamellar structure at a 
specific domain spacing before it could evolve to its equilibrium 
structure. This general phenomenon has been demonstrated in 
several experimental situations, including our recent works showing 
that length scales of BBCP self-assembly increase with polymer 
concentration (60, 62, 90, 95, 97, 98). We turn to coarse-grained 
simulation to demonstrate that, at the molecular level, this predicted 
self-assembly phenomenon is indeed consistent with the structural 
color changes that occur in our evaporation-induced process (99).

We recently demonstrated that the order-disorder transition for 
lamellar BBCP can be modeled using coarse-grained molecular 

λ = 2
(

n1d1 + n2d2
)

.

Fig. 4. (A) Schematic of evaporation-driven assembly pathway. When the polymer concentration increases, the BBCPs adopt more stretched conformation due 
to increased block-block contact by concentration increase. (B) Structure factor S(q) calculated from molecular dynamics simulation at different concentrations. 
The Inset plots S(q) with a linear scale and shows a representative snapshot of our molecular dynamic simulations at a concentration of 138 mg/mL. (C) The 
low-q peak positions from S(q) in (B) and corresponding correlation lengths indicating d-spacing of lamellar structure with concentration increase. (D) Estimated 
UV-vis peak wavelength as a function of solution concentration.D
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dynamics simulations with a computationally efficient ISC model 
(62–66), where the coarse-grained beads represent the discretized 
segments of a BBCP worm-like cylinder model (99). This ISC rep­
resentation is parameterized directly from bead-spring models at a 
higher resolution, retaining a minimal description of bottlebrush 
conformation. This model also accounts for inter-chain interactions 
through a scaling argument that we describe in our previous works 
(64, 66). We also now modified the ISC model to account for a 
concentration-dependent stiffness of the bottlebrush chain, due to 
increased excluded volume screening between overlapping side chain 
monomers that renders the bottlebrush more flexible (100–106).

The modified ISC model considers a concentration-dependent 
extent of overlap, invoking scaling concepts similar to those used 
to describe semidilute polymer solutions for linear chains (107, 
108) and related to other bottlebrush polymer solution scaling 
theories (109).

This gives rise to a concentration-dependent persistent length 
for the ISC model that is due to the non-overlapping bottlebrush 
“core” near the backbone (109–111). We detail this theory in 
SI Appendix, Fig. S19 and supplementary discussion in SI Appendix, 
section S9 and show that it predicts a rapid decrease in the BBCP 
persistent length with concentration that is consistent with simu­
lations in the literature (112). The concentration-dependent per­
sistent length is integrated into the coarse-grained ISC model, using 
an overlap concentration c∗ = 55 mg mL−1   that is the key quantity 
in our scaling model. This modification is necessary to observe the 
concentration dependence of self-assembled domains, as increased 
bottlebrush flexibility increases the conformational space available 
to the chains, and thus their ability to significantly vary their exten­
sion (39, 90, 96, 112).

We ran ISC model simulations spanning concentrations from c 
= 55 to 220 mg mL−1 to observe and compare the concentration-driven 
self-assembled structure to the experiment, which we quantified 
using the equilibrium structure factor S

(

q
)

   (Fig. 4B) described in 
detail in SI Appendix. We use equilibrium simulations to represent 
experiments, which we assume are in quasi-equilibrium with solvent 
evaporation occurring much more slowly than the molecular relax­
ations that set the lamellar dimensions. Upon increasing over the 
overlap concentration (c*~55 mg mL−1), a low-q peak first emerges 
at 83 mg mL−1 between 0.003 and 0.005 Å−1 that we attribute to 
the presence of strong concentration fluctuations. A subsequent 
ordered peak emerges above 124 mg mL−1 at integer factors of low-q 
peak, which is indicative of an order-disorder transition that is 
consistent with both experiment data in our previous work as well 
as with the dilute ISC model (62, 66) Unlike our previous work, 
however, the semidilute (i.e., concentration-dependent stiffness) 
ISC model exhibits a shift of the low-q   peak position with increas­
ing concentration (Fig. 4C). The shift of this peak agrees well with 
experimental trends (60, 62).

We can relate this shift in the low-q   peak position q* to the 
real-space lamellar spacing and the material photonic properties. 
We first plot in Fig. 4C the lamellar domain spacing d∗   as a function 
of concentration, using the relationship d∗ = 2�∕q∗   . Plotted d* 
ranges from 115 nm to 131 nm, which is in the range of experi­
mental observation (Fig. 3E), demonstrating that the lamellar spac­
ing indeed increases with concentration. A representative simulation 
snapshot also indicates that BBCPs self-assemble into a lamellar 
phase (Fig. 4 B, Inset). This is consistent with the experimentally 
observed change in structural color during evaporation (SI Appendix, 
Fig. S11). We can further estimate the reflected wavelengths at each 
d-spacing by matching domain size from SEM to the corresponding 
UV-vis wavelength in experiment (Fig. 4D). In Fig. 4D, we predict 
that the reflected wavelength transitions from 432 nm to 470 nm 

at concentrations relevant for the experimental data from UV-vis, 
which ranges from 392 nm to 582 nm (Fig. 3C). This qualitatively 
captures the experimentally observed trend in solid-state samples, 
where reflected wavelengths varied from 392 nm to 582 nm, 
arrested at various stages of the structure evolution by UV 
cross-linking; we attribute quantitative differences to approxima­
tions made in our coarse-graining scheme, in particular the discre­
tization of the bottlebrush wormlike cylinder structure.

Validating Kinetic Trapping Hypothesis by Characterizing 
Competing Time Scales. Now that we established evaporation-
driven assembly pathway, we move on to test another important 
aspect of our kinetic trapping hypothesis, that photo-cross-linking 
entraps assembly before the structure reaches equilibrium. This 
mechanism requires the timescale for the UV-cross-linking to form 
a gel to be comparable to the timescale for evaporation-driven 
assembly (i.e., tassembly

∼ tgel ). (Fig. 5A). We estimated tassembly 
by quantifying the time evolution of hue and intensity for the 
printed lines through in situ imaging (60) (Fig. 5B). Both values 
underwent substantial changes after the ink exited the nozzle, 
with the mean intensity increasing and the hue decreasing, until 
both values plateaued at approximately 16 s. We thus determined 
tassembly ≈ 16 s as the time it takes for the color to saturate, given 
that the color evolution is a manifestation of the lamella domain 
evolution during evaporative assembly, as established in the 
previous section.

We take the cross-linking timescale as the time taken to form a 
gel ( tgel   ), which was estimated based on UV rheological analysis. 
We show in Fig. 5C the evolution of the dynamic moduli as a 
function of time before, during, and after UV light exposure at an 
irradiance of 187 μW/cm2 at an angular frequency ω of 5.62 rad/s 
to illustrate the procedure of determining the cross-linking time 
tgel   . The moduli have been normalized by their equilibrium values, 
G

′

eq   and G
′′

eq   , at times long after UV curing. The accessible range 
of UV light irradiance was limited, and four different irradiance 
levels were selected. Experiments were conducted between 60 and 
409 μW/cm2, closely resembling the estimated irradiance applied 
by the UV-assisted DIW 3D printer. UV exposure time was set to 
15 s, following the estimated assembly time due to evaporation. 
While there are several ways to define the gel time tgel , we choose 
to define the time since the lamp was first turned on at which the 
dynamic moduli cross-over to be the gel time, tgel . We discuss alter­
native metrics and other rheological details in SI Appendix, sec­
tion S10 (SI Appendix, Fig. S20 and supplementary discussion). The 
gel time was found to be a little more than tgel ≈ 13 s under the 
UV light irradiance of 187 μW/cm2. The same procedure was car­
ried out for the rest of the tested UV light irradiances. For the lower 
UV light irradiances which do not show the cross-over point within 
15 s, linear extrapolation was performed (SI Appendix, Fig. S21). 
The relation between the tgel and UV light irradiance is represented 
in Fig. 5D at ω = 5.62 rad/s, exhibiting comparable values with the 
assembly timescale ( tassembly ≈ 16 s ), consistent with the proposed 
kinetic trapping mechanism. Further, with increasing UV light 
irradiance, we observed decreasing tgel suggesting faster cross-link 
kinetics. To corroborate the UV-rheology, we further estimated the 
effective cross-link density by equilibrium swelling measurements 
and Flory–Rehner analysis on printed samples (see detail in Materials 
and Methods). With increasing UV light irradiance, we found the 
cross-linking density of the printed line to increase, consistent with 
faster cross-linking kinetic from rheology measurements (Fig. 5E). 
Taken together, these measurements clearly validate our kinetic D
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trapping hypothesis that when the UV cross-linking time is com­
parable to the assembly timescale, varying light irradiance effectively 
tunes assembly timescales and entraps the assembled structure fur­
ther from equilibrium (bluer color) at higher light irradiance due 
to shorter cross-linking timescale.

We further validated the proposed UV-cross-linking-induced 
kinetic trapping mechanism by two negative control experiments 
(SI Appendix, section S11). First, we substantially increased the 
UV light irradiance to the range of 411 to 1254 μW/cm2 and 
found that the structural color could not be tuned by the irradi­
ance level within this range (SI Appendix, Fig. S22). This shows 
that if the cross-linking timescale is too short compared to the 
assembly timescale, assembly was almost instantly frozen and the 
ability to modulate assembly timescale and therefore structural 
color is completely lost. Second, we performed printing under 
otherwise identical conditions but in absence of cross-linking 
agents (SI Appendix, Fig. S23). Three lines were printed under UV 
light irradiance of 0, 101 and 411 μW/cm2, whose structural 
colors did not show any difference. These negative control exper­
iments further affirmed that cross-linking at assembly-relevant 
timescales is critical to structural color modulation.

Gradient Structural Color Printing. Finally, we leverage the 
interplay of cross-linking kinetics and self-assembly dynamics 
to attain structural color modulation on the fly. Specifically, we 
programmed the temporal profile of UV light irradiance to produce 
prints with color gradients using a single ink material. Shown in 
Fig. 6A, line 1 was printed by increasing the UV light irradiance 
from 0 to 188 μW/cm2 to result in orange-to-blue color gradient. 
Line 2 was produced by reducing UV light irradiance from 101 
to 0 μW/cm2, and then increasing back to 101 μW/cm2, to yield 
a line with a gradient of blue to yellow to blue. The as purchased 
UV light source exhibited significant divergence (SI Appendix, 
Fig. S24 and section S12), causing low resolution/low sharpness 
in color transition with a hue slope of 7.52°/mm (SI Appendix, 
Fig. S24 B and C). To improve the resolution in color transition, 
we implemented convex lenses (fused silica plano-convex lenses 
from Thorlabs, Inc.) to collimate the UV light (SI  Appendix, 
Fig. S24D). Using a collimated light source, we obtained a much 
sharper color transition from orange to blue with an order of 
magnitude higher hue slope of 72.59°/mm (SI Appendix, Fig. S24 
E and F). We further demonstrated more complex patterns—a 
chameleon whose color gradually evolved from yellow to blue 

Fig. 5. (A) Schematic depiction of the kinetic trapping mechanism during evaporative assembly: Photo-cross-linking, upon completion, arrests lamella domain 
expansion before the structure reaches equilibrium. (B) The hue and reflection intensity plotted against elapsed time for printed c-BBCP line. Images are 
snapshots from the time-lapse video numbered corresponding to the time point indicated by black arrows in the plot. The assembly timescale was estimated 
based on the point when both hue and reflected intensity values plateau. (C) Time-dependent storage modulus (filled symbol) G′ normalized by equilibrium 
storage modulus G

′

eq
 observed at longer time and loss modulus (opened symbol) G

′′
 normalized by equilibrium loss modulus G

′′

eq
 observed at longer time, before, 

during, and after UV exposure under UV light irradiance of 187 μW/cm2. Gelation time ( t
gel

 ) was determined from the time when G
′
 and G

′′
 cross-over, which was 

t
gel

= 13. 4 s determined with respect to the time when turning on the UV lamp. The mutation number during the UV curing was determined to be Mu = 0.073. 
(D) Relation between gelation time t

gel
 and light irradiance (60, 104, 187, and 409 μW/cm2) at an angular frequency � = 5. 62 rad∕s during UV curing. (E) The 

calculated effective cross-linking density of lines printed under various levels of UV light irradiance (0, 22, 62, 101, 188, and 411 μW/cm2).
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from head to tail (Fig. 6B), and a mimic of Van Gogh’s “The Starry 
Night” with yellow-to-green moonlight, blue-to-green night sky, 
and yellow-to-green-to-blue village (Fig. 6C).

Conclusion

We present a UV-assisted DIW 3D printing approach capable of 
on-the-fly modulation of structural color demonstrated using self-
assembling PS-b-PLA c-BBCP. This technique enables access to 
multiple colors during a single printing process using a single ink 
material, through UV-cross-linking-induced kinetic trapping of 
evaporative assembly. This approach is enabled by two advances. 
First, we design and synthesize an allyl-functionalized BBCP 
which utilizes thiol-ene chemistry for UV cross-linking. Second, 
we develop a hardware and software framework for UV-assisted 
DIW 3D printing capable of on-the-fly modulation of cross-
linking kinetics by programming UV light irradiance. This 
approach grants access to structural colors in the visible wave­
length spectrum from deep blue (392 nm) to orange (582 nm) by 
reducing UV light irradiance from 411 to 0 μW/cm2. Combining 
coarse-grained simulation with rheology and in situ structural 
characterizations, we unveil a cross-linking-induced kinetic trap­
ping mechanism during evaporation assembly. There are two key 
elements of this assembly mechanism. First, solvent evaporation 
evolves the structural color of self-assembled lamella from blue to 
red as the domain spacing increases driven by more block-to-block 
contact. This insight is enabled by adapting a computationally 
efficient ISC simulation to model this system. Second, cross-
linking is capable of tuning assembly kinetics and structural color 
only when the cross-linking timescale is comparable to the assem­
bly timescale. Under this condition, increasing cross-linking rate 
locks in bluer states as the assembly is arrested further from the 
equilibrium to result in smaller domain spacing. The matching 
timescale requirement is unveiled by UV rheology combined with 
in situ imaging and validated by negative control experiments. We 
finally demonstrate printing of color gradients by modulating UV 
light irradiance on the fly. Two examples are presented: chameleon 
and Starry Night with colors spanning blue to green to orange, 
both produced in a single print using a single ink. Our approach 

showcases the power of combining additive manufacturing and 
non-equilibrium assembly to achieve spatial and temporal control 
over nanoscale structures and photonic properties.

Materials and Methods

UV-Assisted DIW 3D Printing Ink Preparation. The cross-linkable photonic 
ink for UV-assisted DIW 3D printing was prepared by dissolving 250 mg of 
c-BBCP, 40 mg of cross-linker [Pentaerythritol tetrakis(3-mercaptopropionate), 
Sigma], and 20 mg of photo-initiator (2,2-Dimethoxy-2-phenylacetopheno
ne, Sigma) into 1 mL of toluene (anhydrous, 99.8%, Sigma). The c-BBCP ink 
was capped with aluminum foil to block the light and stirred at room tem-
perature for up to 24 h. Afterward, it was allowed to rest for another 24 h at 
room temperature without stirring to ensure full recovery. Fabricated ink was 
loaded into the disposable light block 3 mL amber syringe barrel (Nordson) 
and capped with a polyethylene piston to avoid evaporation loss during the 
printing process. The air was removed from the syringe by sealing the end and 
applying pressure to the piston back before installing the 27-gauge precision 
stainless steel tip (Nordson).

UV-Assisted DIW 3D Printer and Printing Process. The UV-assisted DIW 3D 
printer (PCP3_UV) depicted in Fig. 2 and SI Appendix, Fig. S9 constructed based 
on the modification of the previous PolyChemPrint3. First, we added the UV lamp 
(OmniCure S2000, Excelitas) and light guide to directly illuminate the nozzle tip. 
Second, we modified the previous PCP3 software to control multiple tools for 
simultaneous control. Specifically, we connect the Omnicure UV lamp driver with 
the main program, thus it can be operated by the main program with other func-
tions (movement, and extrusion). The entire code for the software for PCP3_UV 
can be found on GitHub (86). The printing of c-BBCP ink was conducted onto the 
bare silicon wafer or a glass slide that had been cleaned by sonication for 5 min 
sequentially in toluene, acetone, and isopropanol. The printing z-height was set 
to 200 μm, and the printing speed and applied pressure were fixed at 100 mm/
min, and 100 kPa, respectively. To perform line printing, an approach was adopted 
using G-code for linear movement. For complex “chameleon,” and “starry night” 
patterns, we generated motion paths using the Gcodetools plugin for the free 
vector image software “Inkscape” to make G-code files for drawing. To carry out 
the structural color printing (simultaneous control of UV light and 3D printing), 
the UV operation commands were added to the file. Printing “chameleon” requires 
approximately 10 min, while printing “starry night” patterns takes about 55 min. 
Following the printing process, all prints are subsequently annealed at 60 °C, for 
an additional 2 h on the printing bed.

Fig. 6. UV-assisted DIW 3D printing of structural color gradients. (A) The digital input of UV light irradiance during printing, and the resulting lines with structural 
color gradients. (B and C) Chameleon and Starry Night printed by on-the-fly UV-assisted DIW 3D printing.
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Optical and Structural Characterization. The printed lines or patterns were 
taken by industrial cameras (PL-D725CU, pixelink) with an apochromatic zoom 
system (Z16 APO, Leica). All optical measurements were conducted under the 
diffusive ring lights, and at low magnification (1×). The diffuse reflection spectra 
were measured using an integrating sphere attachment for a UV-Vis spectroscopy 
(Varian Cary 5G) located at the Illinois Materials Research Laboratory (MRL). The 
sample was prepared onto the cleaned glass slide, and corners of prints were cut 
and delaminated to ensure getting reflection spectra from steady-state regions. 
The references were taken with respect to a Spectralon standard (100% reflection), 
and an empty glass slide (0% reflection). The HSB color analysis was done by using 
ImageJ software package and MATLAB. The structural properties of the sample 
were analyzed using cross-sectional SEM with a Hitachi S4800 instrument at the 
Illinois MRL. The sample was prepared onto cleaned silicon substrates. To investi-
gate the vertical direction of the sample, the prints on the silicon substrate were 
cut perpendicular to the printing direction by inducing controlled crack propaga-
tion (a diamond glass scriber was used to create the initial crack). Afterward, the 
sample was mounted onto a 90-degree angled SEM pin stub, and micrographs 
were captured using a low accelerating voltage (3 to 5 keV). We used beam current 
around 10 to 20 nano-Ampere range. The obtained images were subsequently 
processed using the ImageJ software package to calculate the domain spacing. 
The calculation of orientation order parameters ( S2D ) followed three steps: take 
SEM images parallel to the substrate, generate colorized fiber maps using GTfiber 
2.0 software, and generate 2D orientation statistics and parameter. In the protocol 
generating the colorized fiber maps, lamellae are reduced to a single-pixel width, 
and an orientation is derived for each of these pixels. The creation of the orientation 
map involves “filtering” and “skeletonization” steps, and we used auto-optimized 
values by the software (Gaussian Smoothing: 5 nm, Orientation Smoothing: 15 
nm, Diffusion Time: 5 nm, Noise Max Area: 375sq, Fringe Removal: 40 nm) for 
each step. This procedure outputs both 2D orientation order parameter and a pole 
figure of 2D orientational order wherein the peak intensity correlates with the 
population of pixel with a particular orientation. The PiFM imaging was performed 
using a Molecular Vista PiFM-Raman microscope at the Illinois Materials Research 
Lab, and the drop-cast samples are prepared onto silicon wafer. More detailed 
experimental conditions are described in SI Appendix, section S4.

Assembly Time Characterization. The estimation of assembly time was con-
ducted by calculating the changes in hue and reflection intensity using a method 
that has been previously published (60). The color progression after printing 
was captured by using in-situ optical microscopy, and the obtained video was 
analyzed frame-by-frame using an image analysis technique in MATLAB and 
extracted the hue and intensity changes as a function of time. Related MATLAB 
code for the calculation can be found in the ref. 60.

Effective Cross-Linking Density Characterization. The effective density of 
cross-linking was calculated using the Flory–Rehner equation (113).

Here, Xc   is the effective cross-linking density, V1   is the molar volume of the 
solvent at room temperature, �    is Flory–Huggins polymer–solvent interaction 
parameter, and v2   is the volume fraction of polymer in swollen sample. The v2   
can be calculated as v2 =

wr

�r

∕
(

wr

�r

+
wsol

�sol

)

   where wr   is a weight of unswollen 
polymer, wsol   is a weight of swollen polymer, �r   is a density of polymer, and 
�sol   is a density of solvent. The density of the BBCP ( �r = 1. 13 g∕ cm3   ) was 
estimated based on the calculated volume fraction and the reported density 
of the bulk homopolymers (PS, and PLA, SI Appendix, section S3). We estimate 
�    from the reported interaction parameter of PS-toluene ( � = 0. 44   ) (114), 
noting that PS and PLA have similarly good solubility in toluene. The calculated 
effective cross-linking density of each film printed under the UV light having 
irradiance of 22, 66, 101, 188, and 411 μW/cm2 are 7.25, 15.0, 22.7, 34.9, 
and 47.7 μmol/cm3, respectively.

UV Rheology Characterization. UV rheology characterization on the ink was 
performed using an Anton Paar Modular Compact Rheometer 702 in a single-
drive model, equipped with a UV curing device OmniCure S2000 accessory (365 
nm wavelength). All experiments use a disposable parallel plate geometry with 
a diameter of 20 mm at a temperature of 5 °C to reduce solvent evaporation. An 
evaporation hood was used as well to minimize solvent evaporation. Photo-cross-
linkable c-BBCP formulations were cured by exposure to UV light for 15 s through 
a UV-transparent quartz-bottom plate at different light irradiance levels. Before 
UV curing, the material history related to loading was erased by a pre-shear pro-
tocol ( �̇ = 25 1∕ s ) and linear viscoelastic (LVE) spectra are determined by oscil-
latory shearing at a small strain amplitude 

(

�0 = 0.08%
)

 , which was within the 
moduli-independent regime determined from strain amplitude sweeps. During 
UV curing, time sweep at a constant oscillatory frequency ( � = 5.62 rad∕ s ) and 
small strain amplitude 

(

�0 = 0.08%
)

 were applied to monitor the evolution 
of the dynamic moduli. After the completion of UV curing, as indicated by the 
plateau in the dynamic moduli, an oscillatory frequency sweep was performed 
to compare the differences between LVE spectra before and after the curing. All 
rheological properties were collected via Anton Paar's Rheo Compass software.

Safety Statement. No unexpected or unusually high safety hazards were 
encountered.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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