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Core–shell molecular polymer bottlebrushes (MPBs) were 

designed with a thermoresponsive poly(DEGMA) core and 

stabilising poly(PEGMA) shell. Solvatochromic fluorophores 

embedded in the core report polarity changes as it dehydrates 

and collapses upon heating, yielding a distinct fluorescence 

response. These stable, unimolecular nanostructures function 

as aqueous nanoscale sensors. 

The properties of materials are often temperature dependent, 

and thus the development of approaches to probe temperature 

changes at different length scales has become a growing area of 

interest.1–7 Nanothermometry – the measurement of 

temperature at the nanoscale – is dominated by inorganic and 

carbon-based nanomaterials, such as quantum and carbon 

dots, nanodiamonds and lanthanide nanoparticles.8–13 Such 

particles tend to be intrinsically temperature-sensitive and 

therefore capable of reporting on temperature changes. 

Similarly, in the soft matters field, polymer nanoparticles 

utilising thermoresponsive polymers offer alternative 

approaches to temperatures sensing.14–17 Many examples are 

focussed on linear (co)polymers comprising lower critical 

solution temperature (LCST) properties.18–20 These polymers 

collapse at a certain temperature as polymer-solvent 

interactions weaken and polymer-polymer interactions become 

dominant. Decorating such polymers with environmentally-

sensitive moieties (e.g. molecules responsive to changes in 

hydration) provides means to measure temperature changes. 

This is typically achieved with fluorophores that respond to 

changes in polymer solubility. Nevertheless, the precipitation of 

the polymer itself may result in a consequential barrier that 

limits the application of such systems, especially in 

nanomedicine and nanotechnology, where structural integrity 

and colloidal stability are important.14,15 Stabilising the 

polymers with polyelectrolytes16,21 or oligo(ethylene glycol)22–24 

has been shown to minimise this precipitation issue. However, 

these modifications will also alter the solution behaviour of 

polymers, resulting in multimolecular assemblies above the 

LCST due to the introduced amphiphilicity.25 

To address these challenges, unimolecular polymer 

architectures, such as stars and bottlebrush polymers, are 

promising alternatives to linear polymers. As covalent 

unimolecular constructs, these nanomaterials can be designed 

to incorporate functional and stabilising compartments 

concurrently, ensuring stability whilst enabling functionality.26–

30 The opportunity to compartmentalise functionality in 

molecular polymer bottlebrushes (MPBs) has led to widespread 

adoption of MPBs as a versatile material class in polymer 

science, particularly for applications in self-assembly,31–35 

nanomedicine36–38 and additive manufacturing.39–41 The 

potential of MPBs to be used as thermometers at the nanoscale, 

however, has not yet been explored, notwithstanding their 

architectures providing an intrinsic ability to facilitate signal 

transduction without compromising the overall colloidal 

stability.  

In this communication, we present the design and synthesis of 

compartmentalised MPBs, consisting of a functional core and 

stabilising shell (Figure 1). The poly(di(ethylene glycol) methyl 

ether methacrylate) core provides temperature-sensitive signal 

transduction through means of a solvatochromic fluorophore, 

whilst the poly(poly(ethylene glycol) methyl ether 

methacrylate) shell ensures colloidal stability. As a proof-of-

concept, we demonstrate good correlation between 

temperature-induced expulsion of water from the core and 

solvatochromism, which demonstrates future potential for 

applications in thermometry.  

Successful fluorophore attachment was confirmed through 

observation of strong fluorescence emission from P3hf, with 

two emission peaks corresponding to those exhibited by free 

hfmal (Supporting information, Figure S1A).  The strong yellow 

colouration of the P3hf solution, which persisted even after 

extensive dialysis, further supported the successful fluorophore 

incorporation (Figure S1B). To verify the completion of 

deprotection and conjugation steps in the MPB, a linear 
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copolymer analogue, poly(DEGMA₄₂-co-bocAEMA₂) was 

synthesised, allowing clear observation of the boc deprotection 

and subsequent fluorophore attachment via ¹H NMR 

spectroscopy (Figure S2). All polymers were synthesised under 

well-controlled polymerisation conditions and displayed 

monomodal molecular weight distributions, summarised in 

Table 1. 

Figure 2A shows a representative 1H NMR spectrum of P3hf. 

SEC confirmed a steady growth of hydrodynamic volume with 

each synthesis step (Figure 2B). The representative 1H NMR 

spectra of P0, P1, P2 and P3 can be found in the Supporting 

Information. Hydrodynamic size distributions of MPBs were 

characterised using dynamic light scattering (DLS) and atomic 

force microscopy (AFM) with good agreement (Figure 3).  

Since hfmal is an excited state intramolecular proton transfer 

(ESIPT) solvatochromophore with distinct fluorescent emissions 

arising from its tautomeric forms, alteration of solvent polarity 

ratiometrically changes its emission behaviour42 (Figure S1A, in 

a gradually altered solvent system, and Figure S3 in different 

solvents),43,44 we next sought to assess the fluorescence 

behaviour of our MPBs in response to temperature changes. 

Figure 1. Route to a unimolecular thermal responsive core shell polymer 
bottlebrush. (A) Synthetic route to the core-shell bottlebrush 
thermometer. (B) Representative mechanism of signal transduction on 
thermal stimulus. 

Figure 2. (A) 1H NMR spectrum and structure of P3hf. (B) SEC 
elugrams (50 °C, 1 mL/min, DMAc) of P1(green), P0 (navy), P2 
(yellow), P3 (blue), and P3hf (red). 

Table 1. Overview of synthesis and characterisation data of MPBs obtained via ATRP.  

Polymer 
 

Composition 
 

Conversion 
(%) a 

Feed ratio b 
Mn,NMR 

(kg/mol) 
a 

Mn,SEC 

(kg/mol) 
c 

Đ c 
Hydrodynamic 

diameter 
(nm) d 

P0 
PMMA25-co-

PHEMA25 
99 

[1]:[25/25]:[1.5]:[1.1] 
(Cl) 

5.95 12.5 1.15 - 

        

P1 
PMMA25-co-

PBIEM25 
- - 9.68 11.9 1.21 - 

        

P2 

P1-g-
PDEGMA46-

co-
PbocAEMA2 

24 
[1]:[190/10]:[2]:[1.2] 

(Br) 
238 150 1.20 22 

        

P3 
P2-b-

PPEGMA45 
23 [1]:[200]:[4]:[2] (Cl) 575 282 1.17 33 

a Conversion was determined by 1H NMR, Mn,NMR calculated considering 100% grafting efficiency from P1. b [Polyinitiator]:[monomer]:[ligand]:[copper 
halide] (halide) feed molar ratio of the polymerisations via ATRP.  c Apparent average molecular weight Mn obtained from DMAc SEC using monodisperse 
PMMA calibration standards. d Z-average of DLS measurements of polymers in deionised water at 5 ºC. 
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The PDEGMA core (P2) is thermoresponsive and will collapse 

with increasing temperature beyond the LCST, as verified with 

prior DLS experiments (Figure S4 and S5). This collapse is 

expected to lead to an expulsion of water from the core, 

cascading to changing compartment polarity, actuating 

solvatochromism, which alters the fluorescence response of the 

conjugated probe. Thus, a solution of P3hf was heated from 6 

°C to 40 °C in 2 °C increments, where the PDEGMA core 

underwent the expected dehydration, changed the local 

environment of the fluorophore, and demonstrated a 

ratiometric response to the temperature increase (Figure 4).  

Upon heating, the emission intensity of P3hf decreased steadily 

with rising temperature (Figure 4A), accompanied by a decrease 

in the ratio of the emission peaks (I518/I558, Figure 4C). This 

behaviour was not observed for free hfmal (Figure S6), 

indicating that the temperature-induced fluorescence changes 

from P3hf system can be attributed to the attenuation of 

polarity within its thermoresponsive core to which the 

fluorophore was attached. Pearson’s r from regression analysis 

between the emission ratio and temperature revealed a strong 

inverse linear relationship (r = -0.9959, Figure S7A). In single-

blind verifications of P3hf, the obtained ratio and calculated 

temperature were in good agreement with the 

abovementioned relationship, indicating promising potential 

thermometry applications (Figure S7). As the temperature 

increases, the relative decrease in polarity altered the 

ratiometric emission behaviour of the dye. This then 

transformed the usability of the dye as changes in the emission 

ratio are now a reliable indicator of the surrounding 

temperature.  

To gain a mechanistic understanding of the thermal response of 

the core in P3hf, we compared it to that of the constituent P2 

by dynamic light scattering (DLS, 1 g/L, deionised water). P2 

exhibited a phase transition temperature (Tpt) – as indicated by 

a sudden increase in apparent size – between 13-15 °C (Figure 

S4). The Tpt is lower than previously reported values for linear 

PDEGMA,6,24,45 likely due to the bottlebrush architecture,23 and 

copolymerisation of hydrophobic bocAEMA.46,47  DLS studies of 

P3 (1 g/L, deionised water) revealed a different picture, with no 

significant change in apparent hydrodynamic size up to 40 °C 

(Figure S8). This temperature ceiling was selected to be below 

the LCST of the PEGMA shell at approximately 55 °C,23,46 as well 

as being physiologically relevant. The absence of aggregation 

and significant volume changes with changing temperature 

indicates that the PEGMA shell provides sufficient shielding 

from the collapsing core and retains the unimolecular character 

at elevated temperatures. This is supported by previous 

experimental and computational studies on copolymers of 

linear PDEGMA-co-POEGMA in both random and block 

copolymers.6,8,48 Of particular interest is the block copolymer 

behaviour, while the PDEGMA block undergoes coil to globular 

transition, aggregation is suppressed by the PPEGMA block via 

steric interactions.8,48 Hence, the ratiometric change as 

reported by P3hf (Figure 4A) can be attributed to the 

dehydration of the PDEGMA core block leading to alteration of 

local environment polarity. Previously reported simulation 

studies have also indicated further dehydration of polymers 

above LCST, indicated by reduction in number of associated 

hydrogen bonds,48,49 aligning with the transient response in 

ratiometric terms past the LCST observed for PDEGMA within 

P3hf.  

In summary, this work introduced a unimolecular core-shell 

MPB capable of sensing temperature changes within its core. 

The bottlebrush nanomaterial was designed to exhibit a strong 

linear correlation between ratiometric fluorescent response 

and temperature changes. The presented proof-of-concept 

study provides a basis for further improvement of sensitivity, 

for example through different fluorophores and core 

functionality. Moreover, we anticipate utility as unimolecular 

thermometers for cell studies or as additives in polymer 

networks. 
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Figure 3. (A) Intensity-weighted DLS results of P3 (1 g/L, deionised 
water) at 7 °C (blue) and 36 °C (red). Apparent hydrodynamic 
diameter is centred around 32 nm. (B) AFM height image of P3hf 
prepared from methanol. z-Scale = ±5 nm. Scale bar = 100 nm. 

Figure 4. Fluorescence emission spectra of P3hf (1 g/L, deionised 
water, λex = 400 nm) at different temperatures from 6 °C (blue) to 40 
°C (orange) at 2 °C increments. A 50 °C measurement was also 
obtained to probe the range of response. (A) unmodified emission 
spectra of aqueous P3hf solution, (B) normalised spectra, normalised 
to the 518 nm emission, (C) plot of ratios of emission peaks (I518/I558) 
against temperature. 
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