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ABSTRACT 

Assessing the stability of molecular bonds in polymer architectures is of critical importance for 

determining conditions for extrusion, molding and processing. The topological complexity of 

branched polymers defines their strain hardening and consequently their melt strength properties, 

critical parameters for their exploitation in applications. Their molecular architecture is defined by 

the grafting density, the chain length of the backbone as well as branches. Herein, we introduce a 

set of polymer combs to establish an understanding of the above parameters on the stability of the 

popular triazole linkage – often exploited in tethering the branches to the backbone – during 

thermal treatment and shearing. We exploit a combination of Reversible Deactivation Radical 

Polymerization (RDRP) and Copper catalyzed Alkyne-Azide Cycloaddition (CuAAC) to construct 

comb polymers (ranging in backbone number average molecular weight from 39.9 to 55.6 kg mol-1 

and a branch length from 3.3 to 18 kg mol-1) with statistically located branches tethered via 

triazole-based ligation to the backbone. These polymer combs were subsequently thermally 

challenged at 150 °C (or 180 °C) in an inert atmosphere as well as subjected to shearing at the 

same temperature. The resulting molecular cleavage processes were analyzed via size exclusion 

chromatography (SEC) as well as SEC coupled to high resolution-electrospray ionization mass 

spectrometry (SEC-HR ESI MS) to establish a mechanistic image of branch debonding when it 

occurs. Further, by virtue of this approach, we establish an in-depth understanding of how the 

comb architecture dictates its stability under otherwise unchanged chemical bonding conditions 

via triazole units, allowing to adopt design criteria for generating thermally and mechanically 

stable comb structures. 
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INTRODUCTION 

Understanding the behavior of materials on a molecular level during the processing of polymer-

based compounds is highly relevant for enhancing knowledge on their degradation mechanism 

and, thus, enable degradation control. Processing of polymers by extrusion and injection molding 

commonly requires elevated temperatures (up to 250 °C) and high pressures (up to 300 bar) that 

challenge and stress most polymeric materials.1 Presence of branched structures in polymer melt 

and solutions controls the rheological behaviors of polymers, including shear and extensional 

viscosity as well as normal stresses. 2 The stress response of a plethora of polymers such as H-

shaped,3 star,4, 5 comb6-10, pom-pom3 and cayley-tree 11, 12 structures has been investigated under 

linear and nonlinear rheology. These well-defined branched polymers have either one or two 

branched points per molecule (i.e. star, H-shaped and pom-pom) or multiple branched points (i.e. 

comb and cayley-tree), although the average distance between their branched points is longer than 

one entanglement. The thermomechanical stability of sparsely branched structures strongly 

depends on the chemical nature of junctions (e.g. ligation points) between the backbone and side 

chains, where the stress on the polymer segments accumulates and releases slower than the outer 

layers due to the higher frictions. However, increasing the grafting density on the backbone affects 

the average conformation of backbone and side chains due to the tight spacing between the branch 

points, and consequently can change the thermomechanical stability of branched polymers. 

Comb polymers are based on a backbone featuring linear side chains connected via ‘grafting onto’, 

‘grafting from’ or ‘grafting through’ processes.13, 14 A ‘grafting onto’ process requires reactive 

entities on the backbone as well as branches. The main advantage of the ‘grafting onto’ process is 

the control of molecular weights and dispersities of both the backbone and the branches.14 

However, due to the potentially low concentration of functional groups and the well-defined target 
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structures, high yielding and regio-specific reactions are required. Click chemistry is a suitable 

tool to graft polymer chains since it is characterized by the absence of (or presence of only limited) 

side reactions, mild reaction conditions and high conversion.15-18 Among the reactions at least 

partially fulfilling the stringent click criteria,19 the copper-catalyzed azide-alkyne cycloaddition 

(CuAAC), described for the first time in 2001 by Sharpless and colleagues,20 is arguably the most 

employed ligation.21 The selective and orthogonal CuAAC is a catalyzed variant of the Huisgen 

1,3-dipolar cycloaddition 20 affording complete regioselectivity conducive to the formation of 1,4-

disubstituted-1,2,3-triazole linkages. The use of CuAAC within polymer chemistry was reported 

for the first time by Hawker, Sharpless, Fokin and coworkers in 200421 and applied – since then – 

for the synthesis of well-defined macromolecular architectures.18, 22-24 To design such structures, 

reversible-deactivation radical polymerization (RDRP) may be used to form building blocks prior 

to the ligation reaction. The RDRP techniques, including reversible addition fragmentation chain 

transfer polymerization (RAFT),25, 26 atom transfer radical polymerization (ATRP)27-30 and 

nitroxide-mediated polymerization (NMP)31, 32 are powerful tools for building polymers with 

controlled molecular weight, dispersity and chain-end functionalities.33-36 For instance, the fusion 

of ATRP and CuAAC has been exploited by Matyjaszewski and colleagues for the preparation of 

well-defined star-like structures based on a polystyrene core and poly(ethylene oxide) arms,37 by 

Turro and team who synthetized photocleavable linear and star-like macromonomers,38 by 

Haddleton and coworkers for the synthesis of sequence defined PMMA-based macromolecules39 

or by Yagci and colleagues who prepared comb polystyrene via a ‘grafting from’ process.40 In our 

current study, we employ NMP to synthetize the backbone, ATRP for the synthesis of the branches 

and CuAAC to form the comb polymers. 
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In an earlier effort to establish a fundamental understanding of the stability of ligation points in 

strictly linear macromolecular architectures, we reported linear polymers containing a triazole 

moiety in the middle of the chain, an ester group randomly placed in the polymer chain and/or a 

bromine atom as an end chain, and studied their stability under thermal and thermomechanical 

stress in an inert atmosphere.41 A complete molecular analysis revealed that in the absence of a 

bromine atom as an end chain, both the ester groups and the triazole moiety are stable during 

thermal treatment (at 180 °C). Therefore, in order to avoid any side reactions occurring due to the 

elimination of the protonated halogen (e.g. HBr), the terminal Br atom has to be carefully removed 

after ATRP and prior thermal treatment, including in the current study. In addition, in a recent 

study, Yan et al. reported that the incorporation of amide groups in polymers effectively increase 

the thermal stability of the resulting polymers.42 Since the triazole linkage point is stable under 

conditions close to the ones of extrusion or molding (high temperature and pressure i.e. up to 

250°C and 300 bar) when located in linear polymers,43 it is a critical next step to understand their 

stability when placed into more complex architectures such as comb polymers. Their unique 

physical and chemical properties as well as their wide range of potential applications (e.g. 

thermoforming, compression and transfer molding, extrusion, injection molding) are of critical 

importance for both the academic and industrial communities.6 To the best of our knowledge, there 

exists no understanding regarding the thermomechanical stability of the triazole moiety in 

branched structures or more particularly, in comb-branched topologies. 

Thus, the present study seeks to establish the stability of triazole linkage points towards 

temperature and shearing when embedded in comb topologies. We investigate the stability of 

triazole linkages in polymer combs prepared via a combination of radical polymerization processes 

(NMP and ARGET ATRP) and CuAAC (Scheme 1) with a varied number of triazole linkages 
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(1 to 10% grafting) and varied chain length for both backbones (39.9 and 55.6 kg mol-1) and 

branches (3.3 and 18.1 kg mol-1). We thus aim to assess the processability of the synthetized combs 

under elevated temperature and shearing conditions, underpinned by an in-depth thermal and 

thermomechanical mechanistic stability assay.   

Scheme 1. Overview of the preparation and stability study of polystyrene-based combs. 

Preparation of poly(styrene-stat-chloromethylstyrene) (PS-stat-PCMS) (1) as well as poly(styrene-

stat-azidemethylstyrene) P(S-stat-azideMS) backbones (2a-b), alkyne functionalized side chains 

(4a-b) and the resulting polymer combs (5a-5d). 
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EXPERIMENTAL SECTION 

Synthesis of Alkyne-containing Backbones 

Styrene (2a: 11.8 mL, 104 mmol, 750 equiv.; 2b: 6 mL, 52 mmol, 750 equiv.), 4-

(chloromethyl)styrene (2a: 0.58 mL, 4.13 mmol, 30 equiv.; 2b: 0.58 mL, 4.13 mmol, 60 equiv.) 

and TEMPO initiator (2a: 36 mg, 0.14 mmol, 1.0 equiv.; 2b: 18 mg, 0.07 mmol, 1.0 equiv.) was 

dissolved in (8 mL for 2a and 4 mL for 2b) dry toluene in a flame-dried Schlenk flask and 

deoxygenated by four consecutive freeze–pump–thaw cycles. Subsequently, the reaction mixture 

was placed into an oil bath tempered at 125 °C. After 20 (2a) or 48 h (2b), the polymerization was 

stopped by cooling the flask with liquid nitrogen and opening it to the atmosphere. The crude 

product was diluted with THF (20 mL) and precipitated twice into cold methanol (200 mL). The 

polymer was afforded as a white powder (4.2 g, 0.10 mmol (2a); 3.6 g, 0.06 mmol (2b)) by 

filtration and dried under high vacuum. The dried polymer was diluted in DMF with NaN3 (4.13 

mmol, 60 equiv.) and stirred at ambient temperature overnight. Afterwards 100 mL of ethyl acetate 

was added and the sodium azide was extracted two times with distilled water. The organic phase 

was dried under magnesium sulfate and reduced under high vacuum. The residue was diluted with 

THF (20 mL) and precipitated twice into cold methanol (200 mL). The polymer was afforded as 

white powder (4.0 g, 0.10 mmol (2a); 3.3 g, 0.06 mmol (2b)) by filtration and dried under high 

vacuum. 1H NMR (400 MHz, CDCl3, δ): 7.26–6.20 (m, aromatic protons of PS), 2.50–0.84 (m, 

aliphatic protons of PS). 2a: Mw=39.9 kg·mol-1, Ð = 1.14, %azide = 12 mol%; 2b: Mw=55.6 kg·mol-

1, Ð = 1.25, %azide = 8 mol%. 
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Synthesis of the Azide-terminal Side Chains 

The side chains were prepared via ARGET ATRP in anisole (1 mL) at 90 °C using styrene (25 

mL, 0.2 mol) as monomer, CuBr2 (14 mg, 64.9 mmol) as catalyst, Me6TREN (6 μL, 22.4 mmol) 

as reductive agent and Sn(EH)2 (45 μL, 0.14 mmol) as ligand. The polymerization was initiated 

by TMS-protected propargyl bromine (0.14 mmol) and the protecting group was removed using 

TBAF (10 eq.) in THF at room temperature overnight prior the following click reaction. The 

residue was diluted with THF (20 mL) and precipitated twice into cold methanol (200 mL). The 

polymer was afforded as a white powder (4a: 100 mg; 1.0 mmol; 4b: 150 mg, 1.5 mmol) by 

filtration and dried under high vacuum. 

Synthesis of the Comb polymers via CuAAC 

The backbone 2 (3 mmol; 2a: 120mg, 2b: 167 mg), side chains 4 (equivalents according to the 

targeted degree of grafting), Cu(II)SO4∙5∙H2O (0.25 g, 1 mmol) and sodium ascorbate (0.2 g, 1 

mmol) were dissolved in 10 mL DMF. After stirring at ambient temperature overnight, azide-

functionalized resin44 was added (ratio resin:side chains is of 1:1) as well as Cu(II)SO4∙5∙H2O 

(0.25 g, 1 mmol) and sodium ascorbate (0.2 g, 1 mmol) in order to react with the excess of side 

chains and was stirred again overnight at ambient temperature. The free alkyne-functionalized 

branches react thus with the azide-functionalized resin. After filtering off the insoluble resin, 200 

mL of ethyl acetate was added to the reaction mixture and was extracted twice in 50 mL of EDTA 

(5 wt%) solution to remove the copper. The organic phase was dried over Na2SO4 and the solvent 

was removed under reduced pressure. The purified polymer was obtained by two-fold precipitation 

into cold methanol. The precipitate was filtered off and dried under high vacuum to afford the 

comb polymer as a white powder (5a: 100 mg, 1.7 µmol ; 5b: 120 mg, 0.68 µmol; 5c: 90 mg, 0.79 

µmol; 5d: 110 mg, 1.1 µmol). 
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Rheometry - Sample preparation 

As the investigated samples are temperature sensitive, the samples need to be carefully press 

molded at relatively low temperature and short heating time (120°C for 5 min) before rheological 

measurements. The samples were placed between 13 mm Teflon disks in a hot press, where 

vacuum was applied and heated to 120 °C. After 5 min, pressure was applied in order to restrain 

the sample between the Teflon disks and to remove any trapped air. The heating was turned off 

and the samples were removed from the press at ambient temperature. The rheological 

characterization was carried out under nitrogen atmosphere using ARES-G2 rheometer, TA 

Instruments. The small amplitude oscillatory shear (SAOS) measurements in the mode of dynamic 

time sweep test were conducted using parallel plate geometry (13 mm, gap ≈  1 mm) under strain 

amplitude of 
0
 = 0.25 and a frequency of 0.05 Hz at 150 °C and 180 °C. 
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RESULTS AND DISCUSSION 

In the following, we detail the generation of the building blocks prior to a theoretical assessment 

dictating the topology choice of synthetized branched polymers. 

Synthesis of the Building Blocks 

In order to determine the rheological properties of a material, we have to consider the role of 

physical entanglements. Entanglements and topology control the melt viscosity in shear and 

elongation of the constitutive polymer. An entanglement is defined as an interlace of chains leading 

to the formation of a (non-) permanent junction within a polymer material.45 Below the molecular 

weight of an entanglement, Me, the polymer chains behave like a Rouse chain and zero shear 

viscosity, 0, increases linearly with molecular weight, 0  M. Above 2-3 times Me, the zero shear 

viscosity, for a linear topology, increases strongly via a cubic scaling law, 0  M3, providing thus 

longer relaxation time under shear deformations as 0  τ. For example, the Me of polystyrene is 

close to15 kDa. Below Me, PS is a brittle polymer whereas 2-3 times above Me, PS can be molded 

and exhibits melt strength. In our study, we targeted backbones with molecular weights exceeding 

2 to 3 times Me in order to ensure the backbones feature significant viscosity prior to grafting. The 

poly(styrene-stat-chloromethylstyrene) (PS-stat-PCMS) backbones, synthetized via NMP, were 

modified to substitute the methyl chlorine groups by methyl azide groups (Scheme 1 and Scheme 

2). 
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Scheme 2. Synthetic strategy for the preparation of poly(styrene-stat-chloromethylstyrene) (PS-

stat-PCMS) (1) as well as poly(styrene-stat-azidemethylstyrene) P(S-stat-azideMS) backbones (2) 

(2a: Mw=39.9 kg·mol-1, Ð = 1.14, %azide = 12 mol%; 2b: Mw=55.6 kg·mol-1, Ð = 1.25, %azide = 

8 mol%) alkyne functionalized side chains (4) (4a: Mw=3.3 kg·mol-1, Ð = 1.05; 4b: 

Mw=18.1 kg·mol- 1, Ð = 1.08) and the resulting polymer combs (5) (details given in Table 1). 

a: NMP, 125 °C; b: NaN3, DMF, a.t., 12h; c: CuBr2, Me6TREN, Sn(EH)2, anisole, 90 °C; d: TBAF, 

THF, a.t., 16h; e Cu(II)SO4, sodium ascorbate, DMF, a.t., 16h. 

After post-polymerization modification of the backbones (from poly(styrene-stat-

chloromethylstyrene) (PS-stat-PCMS) to poly(styrene-stat-azidemethylstyrene) P(S-stat-

azideMS)), 1H-NMR analysis using the resonance of the protons associated with the CH2 group in 

α-position of the azide function at 4.2 ppm (Figure S1 and 3), allowed for the quantification of 

the azide functions (𝑥𝑁𝑀𝑅) in the backbones 2a and 2b at 8 and 12 mol%, respectively. The total 

number of azide-functionalizedrepeating units is calculated following the equation (1).  
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number of functionalized repeating units =
Mw backbone

M unit
̅̅ ̅̅ ̅̅ ̅

. 𝑥𝑁𝑀𝑅 (1) 

with 𝑀 𝑢𝑛𝑖𝑡
̅̅ ̅̅ ̅̅ ̅̅  the number average molecular weight of one repeating unit (𝑥𝑁𝑀𝑅𝑀𝑁3𝑀𝑒𝑡ℎ𝑦𝑙𝑆𝑡𝑦𝑟𝑒𝑛𝑒 +

(1 − 𝑥) 𝑀𝑆𝑡𝑦𝑟𝑒𝑛𝑒 with 𝑥𝑁𝑀𝑅 the fraction of azide functions in the backbones obtained via 1H NMR 

and 𝑀𝑁3𝑀𝑒𝑡ℎ𝑦𝑙𝑆𝑡𝑦𝑟𝑒𝑛𝑒 the molecular weight of a azide methylstyrene unit). 

The number of azide-functionalized repeating units of 2a and 2b is 43 and 41, respectively. The 

molecular weight of the backbones 2a and 2b before and after post-polymerization modification 

is identical and was monitored via SEC analysis (Figure 1). The side chains – synthetized via 

ARGET ATRP – exhibit protected alkyne end-chains 3 (Scheme 2). After deprotection of the 

branches 3 initiated with protected propargyl bromine, the resulting polymers 4a and 4b were 

analyzed via SEC (Figure 1, S5 and S8) exhibiting molecular weights of 3.3 and 18 kg·mol-1 and 

a monomodal distribution (1.05 < Ð < 1.08) suggesting a well-controlled polymerization process. 

The molecular structure of the end groups attached to the PS-based side chains (4a and 4b) was 

assessed via 1H-NMR (Figure S6 and S9) and SEC-HR ESI MS measurements in which the 

elimination of HBr is observed by the formation of an alkene function at the chain terminus 

(Figure S7). In addition, the unprotected alkyne function on the polymer chain end remains intact 

(Figure S7). Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions subsequently fused 

one of the polymers 2 (2a or 2b) and one of the side chains 4 (4a or 4b) in different ratios, 

generating a library of comb polymers having grafted side chains statistically located along the 

backbone. The degrees of grafting are obtained by adjusting the stoichiometry according to the 

targeted values. Considering CuAAC as a reaction with full conversion, the degree of grafting can 

be tuned from the reacting mixture accordingly. 
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Figure 1. SEC trace of the backbones 2a and 2b and of the side chains 4a and 4b (in THF and 

with RI detector calibrated using linear poly(styrene) standards ranging from 476 to 2.5 × 106 

g·mol-1).  
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Conformation of Comb and Bottlebrush Polystyrenes in the Melt State 

Branched polymers, especially comb topologies, are of significant interest due to the potential 

effect of the branches on the processing and rheological behaviors as well as on the mechanical 

properties of polymer. The conformation of the backbone and side chains in a comb architecture 

in the melt state is affected by the number of branches per backbone, Nbr, the molecular weight of 

branches, Mbr, and the molecular weight of backbone, Mbb. These three independent parameters of 

a comb polymer can be reduced to two parameters, Mbr and the average molecular weight between 

two neighboring branch points Ms = Mbb/(Nbr +1). Based on scaling analyses and molecular 

dynamic simulation, four different conformational regimes are distinguished for comb 

architectures:46, 47 Loosely and Densely-grafted Comb (denoted LC and DC herein, respectively), 

and Loosely and Densely-grafted Bottlebrushes (denoted LB and DB herein, respectively). In a 

LC topology, Mbr is smaller than Ms, i.e. Mbr < Ms, therefore both side chains and backbone have 

a random Gaussian conformation in the melt state (Scheme 3. Schematic representation of the 

pervaded volume (grey circle) in the polymer combs 5a to 5d with the backbones displayed in 

black and the branches in green (refer to Table 1 for more details about the combs)-5a). A further 

increase of the number of branches on a certain backbone, where Ms < Mbr, initially results in a 

DC, where the pervaded volume (volume occupied by a chain which is equal to the cube of the 

root-mean-square end-to-end distance of a chain, Vp = <R2>3/2. This volume is roughly 20.8±0.8 

times larger than the physical volume of the same chain 48, 49) (Scheme 3. Schematic representation 

of the pervaded volume (grey circle) in the polymer combs 5a to 5d with the backbones displayed 

in black and the branches in green (refer to Table 1 for more details about the combs)-5b) of each 

side chain comprises many side chains from the same comb. Therefore, the interpenetration of side 

chains from the adjacent combs is reduced. 
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A further increase of branches or a reduction of the Ms results in a loosely grafted bottlebrush (LB) 

topology, where the side chains of neighboring molecules cannot interpenetrate other side chains. 

Under such conditions, the backbone of an LB molecule undergoes an extension to form a more 

stretched conformation rather than an unperturbed random Gaussian conformation, due to the tight 

spacing between the branching points. However, in this regime, the side chains are still 

unperturbed. In a densely grafted bottlebrush, DB, the backbone is already fully stretched and side 

chains undergo extension. A densely grafted bottlebrush has a fully segregated structure. Equations 

2 to 5 represent the criteria for these four conformations based on the number of entanglements in 

a backbone, Zbb = Mbb/Me, number of entanglements in side chains, Zbr = Mbr/Me, and number of 

entanglements in a branch point spacing50, Zs = Ms/Me: 

  

Scheme 3. Schematic representation of the pervaded volume (grey circle) in the polymer combs 

5a to 5d with the backbones displayed in black and the branches in green (refer to Table 1 for 

more details about the combs) 
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𝑍𝑏𝑟 < 𝑍𝑠 Loosely-grafted combs, LC (2) 

(𝑍𝑏𝑟𝑀0/𝑀𝑒)
1
2𝜈

(𝑏𝑙)
3
2

< 𝑍𝑠 < 𝑍𝑏𝑟 Densely-grafted combs, DC (3) 

𝜈𝑀0

𝑀𝑒𝑏𝑙2
< 𝑍𝑠 < (𝑍𝑏𝑟𝑀0/𝑀𝑒)1/2𝜈/(𝑏𝑙)3/2 Loosely-grafted bottlebrushes, LB (4) 

𝑀0/𝑀𝑒 < 𝑍𝑠 < 𝜈𝑀0/(𝑀𝑒𝑏𝑙2) Densely-grafted bottlebrushes, DB (5) 

M0 and Me are the monomeric molecular weight and entanglement molecular weight of a linear 

polymer, respectively. The molecular parameters  , l and b are monomeric volume, monomeric 

length, and Kuhn length (related to the stiffness of the polymer chains), respectively. According 

to equations 2 to 5 and using styrene as the monomer with M0 = 104.15 g·mol-1, Me = 14,500 

g·mol-1,  = 0.909 g cm-3, monomeric volume  = 0.19 nm3, Kuhn length b = 1.8 nm, C = 9.5 and 

the monomeric length l = b / C = 0.19 nm, equations 6 to 9 are valid for comb and bottlebrush 

polystyrenes: 

𝑀𝑏𝑟 < 𝑀𝑠 Loosely-grafted comb-PS, LC-PS (6) 

9.7𝑀𝑏𝑟
0.5 < 𝑀𝑠 < 𝑀𝑏𝑟 Densely-grafted comb-PS, DC-PS (7) 

304.5 < 𝑀𝑠 < 9.7𝑀𝑏𝑟
0.5 Loosely-grafted bottlebrush-PS, LB-PS (8) 

104.15 < 𝑀𝑠 < 304.5 Densely-grafted bottlebrush-PS, DB-PS (9) 

   

Synthesis of the Combs 

The azide functions in the backbone 2a (Mw=39.9 kg·mol-1, Ð = 1.14, %azide = 12 mol%) were 

ligated via CuAAC with the alkyne end chains of the branches 4a (Mw=3.3 kg·mol-1, Ð = 1.07) or 

4b (Mw=18.1 kg·mol-1, Ð = 1.08) with different number of branches per backbone (Figure 2 and 
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Table 1) to afford three comb polymers with various grafting densities (from 1 to 10 %), length 

of backbone and side chains, 5a (Mw=57.7 kg·mol-1, Ð = 1.20), 5b (Mw=175.7 kg·mol-1, Ð = 1.43) 

and 5c (Mw=113.4 kg·mol-1, Ð = 1.27). The N3 functions in the backbone 2b (Mw=55.6 kg·mol-1, 

Ð = 1.25, %azide = 8 mol%) were coupled with the alkyne functions of 4a (Mw=3.3 kg·mo-1, 

Ð = 1.05) to afford the comb 5d (Mw=97.5 kg·mol-1, Ð = 1.25) (Figure 2 and Table 1). 

Figure 2. SEC traces of the combs 5a (Mw=57.7 kg·mol-1, Ð = 1.20) (a), 5b (Mw=175.7 kg·mol-1, 

Ð = 1.43) (b), 5c (Mw=113.4 kg·mol-1, Ð = 1.27) (c) and 5d (Mw=97.5 kg·mol-1, Ð = 1.25) (d) 

after CuAAc with the backbones 2a (Mw=39.9 kg·mol-1, Ð = 1.14, %azide = 12 mol%) (a-c), 2b 

(Mw=55.6 kg·mol-1, Ð = 1.25, %azide = 8 mol%) (d) and the side chains 4a (Mw=3.3 kg·mol-1, 
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Ð = 1.07) (a, b and d), 4b (Mw=18.1 kg·mol-1, Ð = 1.08) (c) (in THF with MALLS detection for 

the comb polymers and RI calibrated with linear PS samples for the linear polymers). 

Equations 6 to 9 were employed to distinguish the topologies of the comb structures synthesized 

in Table 1. The calculation of the Ms values of the samples 5 reveals that the combs 5a, 5c and 5d 

are loosely branched (LC), while the comb 5b is densely branched (DC) (Table 1). 

Due to the complex conformation of comb polymers, the use of SEC coupled to a light scattering 

detector is required to obtain their absolute molar masses. Thus, the comb polymers were 

analyzed via SEC coupled with a Multiple Angle Laser Light Scattering (MALLS) detector and 

the resulting traces of the comb polymers are depicted in 
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Figure 4. In addition, the linear regression calculated for the MALLS detection (Figures S11, 14, 

17, 20) confirms the accuracy of the calculated weight average molecular weight. The 

characteristics of the resulting comb polymers are detailed in Table 1, in which the number of 

grafted polymer units is calculated using the weight average molecular weight obtained from SEC-

MALLS measurements following Equation 2. For the linear polymers, the weight average 

molecular weight was calculated from refractive index detection since their topology (linear) 

allows an accurate linear calibration with linear PS standards. 

𝑁𝑏𝑟 =
𝑀𝑤 𝑐𝑜𝑚𝑏 − 𝑀𝑤 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒

𝑀𝑤 𝑠𝑖𝑑𝑒 𝑐ℎ𝑎𝑖𝑛
 (10) 

The percentage of grafting (mol%grafting) in Table 1 represents the ratio between the number of 

grafted polymer units (i.e. number of branches) (Equation 10) and the total number of 

functionalized polymer units (Equation 1). The percentage of grafted polymer units determined 

via 1H-NMR in Table 1 is based on the resonances between 4.0-4.5 ppm and between 5.0-5.5 ppm 

corresponding to the free azide functions and the grafted ones respectively and is detailed in the 

Equation S1. 

The SEC traces of the synthetized comb polymers from 5a to 5d are depicted in Figure 2 and 

reveal monomodal distributions demonstrating the homogeneous grafting of the backbones.  
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Table 1. Description and characterization data of the comb polymers generated via CuAAC from 

backbones 2a and 2b and the side chains 4a-4b. aThe labeling of the samples are defined as 

followed: Polymer type-Mw(backbone)-Number of branches-Mw(branches). 
bRefer to Figure 3. 

Entry aSample Backbone 
Side 

chains 
bNbr bMs 

% 

grafted 

unitsNMR 

% 

grafted 

unitsSEC 

Mn MALLS Ð bTopology 

5a PS-40k-5-3.3k 2a 4a 5 6700 2.1 1.2 57 700 1.20 LC 

5b PS-40k-39-3.3k 2a 4a 39 1000 8.5 10.1 175 700 1.43 DC 

5c PS-40k-4-18k 2a 4b 4 8000 1.2 1.0 113 400 1.27 DC 

5d PS-55k-12-3.3k 2b 4a 12 4300 3.4 2.3 97 500 1.25 LC 

Figure 3. Four conformation regimes of comb and bottlebrush polystyrenes as a function of 

average molecular weight between the branch points, Ms = Mbb/(Nbr+1), and molecular weight of 

the branches, Mbr: loosely grafted comb (LC), densely grafted comb (DC), loosely grafted 

bottlebrush (LB), densely grafted bottlebrush (DB). The lines are based on equations 6 to 9. The 
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scatter plot represents the position of each comb on the diagram according to their Mbr and their 

calculated Ms. Values used for calculation: Polystyrene, M0 = 104.15 g·mol-1, Me = 14500 g·mol-

1,  = 0.909 g cm-3,  = 0.19 nm3, l = 0.19 nm, b = 1.8 nm. 

In Figure 3, the comb polymers 5a to 5d are placed in the graph according to their Mbr and Ms 

values calculated based on equations 6 to 9. As expected, the ‘grafting onto’ process, used to 

synthetize the comb polymers, limits the topology of the resulting polymers to loosely and densely 

grafted combs and, thus, cannot afford any brushes.14 The better control of the length of the 

backbone and branches that provides the ‘grafting onto’ process allow us to reach well-defined 

branched polymers, essential criteria for our study, albeit limiting the topologies obtained to comb 

only. 

Thermal Treatment of the Comb Polymers 

Extrusion is typically conducted at elevated temperature and high pressure (e.g. 250 °C and 300 

bar), thus the oxygen content is substantially reduced. Therefore, as a first insight, we investigated 

the thermal stability of comb polymers bearing triazole ligation points under inert atmosphere (N2) 

at 150 °C in order to determine the effect of the topology of the combs, the length of their side 

chains as well as their weight average molecular weight on the thermal stability of the comb 

polymers. 

Prior to thermally treating the polymer combs, the stability of the TEMPO end group of the 

backbone (Scheme S1) was assessed. SEC and HR ESI MS analysis (Figures S26-27) reveal that 

at 150 °C, under inert atmosphere and in the solid state, the polymer undergoes no detectable 

change up to 22 h. Indeed, the SEC traces (Figures S27) remain unchanged before and after thermal 



 23 

treatment and the MS peaks (Figures S28) are in excellent agreement with the structure of the 

initial TEMPO-PS, indicating that no polymer-polymer coupling takes place. 

Comparing the response towards temperature and shearing of the loosely-grafted 5a and the 

densely-grafted 5b combs is of high interest to determine the impact of the topology on the stability 

of the combs. It has to be noted that both comb polymers are based on the same backbone (2a) and 

branches (4a) and exhibit a different Nbr. 

The comb polymers 5a and 5c exhibit similar Nbr with 5 and 4 branches, respectively. Both are 

based on the same backbone 2b, the comb polymer 5a features 5 branches 4a (Mw=3.3 kg mol-1) 

per backbone and polymer 5c has 4 branches 4b (Mw=18.1 kg·mol-1). By comparing the thermal 

stability of 5a and 5c, we establish the effect of the length of the side chain on the stability of the 

triazole ligation point for LC and DC architectures. In a previous study on photo-generated Diels-

Alder cycloadducts located at the mid-chain of a linear polymer, we found a decreasing thermal 

stability of the ligation point with an increase of the chain length on either side of the connection.51 

Thus, we expect an impact of the length of the branches on the thermal stability of the comb 

polymers. 
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Figure 4. SEC traces of the samples resulting from the thermal degradation of 5a : PS-40k-5-3.3k 

LC (a), 5b : PS-40k-39-3.3k DC (b), 5c : PS-40k-4-18k DC (c) and 5d : PS-55k-12-3.3k LC (d) 

for 1 to 8 h at 150 °C under N2 atmosphere as well as the rheology sample after thermal and 

shearing treatment at 150 °C or 180 °C and 23 h or 24 h (see the legend) (in THF and with RI 

detector calibrated using linear poly(styrene) standards ranging from 476 to 2.5 × 106 g·mol-1 ). 

Blue traces: The rheology sample (refer to the rheology section) were dissolved in THF (a.t. 72 h), 

filtered and analysed via SEC. The curves are normalized to the highest peak. 

Once dried overnight under high vacuum, the comb polymers were placed into tightly closed 

vials (2 mg per vial and one vial per data point), under nitrogen at 150 °C for 1 to 24 h and 
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analysed via SEC (RI detection). The SEC traces of the thermally challenged comb polymers 5a, 

5b, 5c and 5d are depicted in 

 

Figure 4. In the SEC traces of the comb polymer 5a, we observe the appearance of a shoulder at 

high molecular weight (0.7 to 1.0 106 g·mol-1) after 1 h. This observation is likely due to 

intermolecular bonding occurring between end-chains of the branches. Indeed, the vinyl groups 

might form radicals that lead to coupling of the combs via their side chains. Altintas et al. 

showed in their study on the thermal stability of triazole moieties in linear polymers a similar 

behavior, attributed to the formation of acidic HBr in the presence of Br terminated polymers.43 

In the current study, the elimination of HBr occurred during the deprotection of the side chains 
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thus forming a double bond at the chain termini. Therefore, we assume that the double bonds at 

the end of the branches are responsible for the intermolecular reactions. After 5 h, the shoulder at 

high molecular weight decreases, the main trace is shifted to lower M values (~104-106 g·mol-1). 

We suggest that the high molecular weight crosslinked material is removed during the filtration 

prior to SEC analysis. It has to be highlighted that no cleaved side chains 4a (Mw=3.3 kg·mol-1) 

are observed by SEC, which is due to either the absence of cleavage of the ligation points or the 

concentration of cleaved branches being below the detection limit of the SEC’s RI detector. 

Further SEC-HR ESI MS analysis did not allow to visualize the side chains, which may imply 

that no debonding occurred after 5 h during the thermal treatment of the comb polymer 5a. In 

order to ensure that the branches are potentially be detectable if cleaved off the polymer 

backbone, a mixture of the backbone 2a and branches 4a was prepared with the same 

backbone/side chains ratio as in the comb 5a (1 eq. backbone 2a vs. 5 eq. side chains 4a) and 

analyzed via MALLS-SEC. The obtained SEC trace is depicted in Figure S25 and shows that the 

concentration of branches is far above the detection limit and, thus, we can confirm that no 
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cleavage of the branches in the comb 5a at 150 °C up to 5 h (

 

Figure 4a) occurs. In addition, the SEC analysis of the dissolved rheology sample after rheological 

treatment (Figure 5-a blue line) reveal no cleaved branches at low molecular weights (3 kg mol-

1) either. 

The thermal treatment of comb polymer 5b was performed in the same fashion as the one for comb 

5a, e.g. at 150 °C under N2 atmosphere, up to 5-24 h. The resulting SEC trace of each sample is 

displayed in Figure 5-a (the complete time-dependent SEC trace evaluations are available in the 

Supporting Information Figure S23), reveal the appearance of a shoulder at high molecular weight 

(0.7 to 1.0 106 g·mol-1) during the first 5 h of thermal treatment. Here again, we conclude that 
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intermolecular bonding is occurring and its extent is correlated to the number of branches. Indeed, 

in comb polymer 5b there are 8 times more branches than in the comb 5a (39 branches in 5b 

against 5 branches in 5a) leading to a more pronounced inter-comb coupling phenomenon 

(intermolecular coupling). In addition, the densely grafted comb 5b led to gel formation, visible 

after thermal treatment, which is insoluble in THF. Clearly, there is no material at higher molecular 

weight values (>105 g·mol-1) visible in the SEC trace of the sample after rheological measurement 

for 24 h at 150 °C (for details refer to the rheology section below). It is therefore very likely that 

all crosslinked material is included in the gel previously cited and filtered off before SEC analysis. 

Contrary to the observations made with the comb 5a, in 5b a peak at around 3 000 g·mol-1 is 

detected in the SEC analysis, indicating that the comb polymer degrades at 150 °C. The emerging 

peak around 3 000 g·mol-1 is attributed to the cleaved side chains 4a (Mw = 3.3 kg·mol-1) along the 

backbone, while the main peak (~104-106 g·mol-1) is attributed to the degraded comb polymer. 

From the SEC analysis – clearly suggesting that the chain length of the degraded fractions (Mw = 

3000 g·mol-1) aligns perfectly with the length of the branches – we conclude that the cleavage of 

side chains occurs during the thermal treatment at the ligation point and an in-depth molecular 

analysis is required to establish stability of the triazole group. Therefore, SEC-HR ESI MS 

experiments on the thermally treated comb polymer 5b were carried out. Since the ESI-MS 

instrument is limited to 6 000 m/z units and since this technique emphasizes the abundance of 

shorter macromolecules (more likely to be ionized), we focused our study on the cleaved and 

thermally challenged side chains (3 000 g·mol-1). The mass spectra obtained are displayed in 

Figure 5 and the complete time dependent degradation data are available in Figure S24. The mass 

spectra of the thermally treated samples after 1, 5 and 8 h are very similar to each other and exhibit 

a series of peaks attributed to polystyrene (104 m/z) with different end groups resulting from the 
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cleavage of the side chains from the comb polymers. The assignment of the structures presented 

in Figure 5 confirms the cleavage of the polymer following two mechanistic routes: (i) opening 

of the triazole ring with a subsequent cleavage of the C-N bond in the ring and (ii) cleavage of the 

bond between the carbon atom in para position of the styrene ring and the nitrogen atom of the 

triazole ring. In addition, the presence of species at 16 mass units higher (in Figure 5 m/z②= 

m/z①+16) is attributed to the oxidation of the double bonds at the side chain termini, as has already 

been observed in a previous study.51 
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Figure 5. a) SEC traces of the side chains 4b, the comb polymer 5b and the degraded comb 

polymers 5b after 1 to 8 h at 150 °C under N2 atmosphere (in THF and with RI detector calibrated 

using linear poly(styrene) standards ranging from 476 to 2.5 × 106 g·mol-1). All peaks are 

normalized to the total peak area. b) SEC-HR ESI MS spectra and c) Zoom into one repeat unit of 

the soluble fractions resulting from the degradation of 5b after 1, 5 and 8 h at 150 °C under N2 

atmosphere (in THF and with RI detector calibrated using linear poly(styrene) standards ranging 

from 476 to 2.5 × 106 g·mol-1). and d) their assigned structures (refer the Supporting Information 

Table S1 for the exact values and to the Figure S28 for the proposed cleavage processes). 

In the next step, the combs 5c and 5d were thermally challenged using the same process as the 

previous samples 5a and 5b, i.e. dry polymer placed under nitrogen at 150 °C from 1 to 5 h. Both 

exhibit similar behavior towards thermal treatment resulting, i.e. (i) an increasing shoulder at high 

molecular weights (up to 107 and 108 g·mol-1 for 5c and 5d respectively) attributed to the 

intermolecular coupling detailed above and (ii) the cleavage of the branches (4b: 18.1 kg·mol-1 

and 4a: 3.3 kg·mol-1 for 5c and 5d respectively). While an in-depth molecular study via SEC-HR 
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ESI MS allowed to highlight the presence of cleaved side chains (Mw=3.3 kg·mol-1) for the comb 

5d, the degraded branches from 5c have a molecular weight that is too high (Mw=18.1 kg·mol-1) 

to be visible via this analytical technique. 

In summary, we conclude that there is a direct correlation between topology and thermal stability 

since if any degradation occurs, a loosely grafted comb (LC) would degrade slower than a densely 

grafted comb (DC). In their study addressing linear polymers containing triazole moieties, Altintas 

et al. concluded that the triazole linkage was thermally stable.43 A linear system can be considered 

as a loosely grafted polymer comb in which the pervaded volume of the branches do not overlap 

and, thus, according to our findings, be stable during thermal treatment. 

In addition, the stability of a ligation in a loosely grafted comb agrees with the pervaded volume 

theory. Indeed, if the spherical volume occupied by each side chain (i.e. pervaded volume of each 

side chain) comprises side chains from the same comb polymer, the physical forces induced lead 

to cleavage. In the comb 5c, for instance, there are 4 side chains having a molecular weight of 18 

kg mol-1 and a backbone of 40 kg mol-1, implying that the pervaded volume of each chain 

interpenetrates the one of its next neighbor. 

 

Rheology 

Importantly, the thermal stability of the comb polymers was monitored as a function of time via 

rheological measurements. Small amplitude oscillatory shear (SAOS) experiment in the form of 

time sweep test was performed on the samples at constant frequency, strain amplitude and 

temperature under nitrogen atmosphere. The low frequency f = 0.05 Hz ensures sufficient 

sensitivity to the topological evolutions in comb polymers with time, e.g. side chain cleavage, or 
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reactions between the double bonds at the end of side chains. Storage modulus, G’(t), loss modulus, 

G’’(t), and absolute value of complex shear viscosity, |*(t)|, were monitored as a function of time. 

Yleft-axis of Figure 6 shows the evolution of rheological properties of sample 5b (PS40-39-3.3) 

by time at 150 °C, under a frequency f = 0.05 Hz and a strain amplitude of 
0
 = 0.25. The same 

graphs for the samples 5a, 5c and 5d are depicted in the Figure S22. Increasing of modulus and 

viscosity shows that molecular weight is increasing with time, in agreement with the thermal 

analysis of samples in oil bath in the Yright-axis of Figure 6. It was already shown in 

 

Figure 4b that both cleavage processes of side chains and intermolecular reaction of double bonds 

at the end of side chains occurred during the thermal process. From a rheological point of view, 
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the cleavage of the side chains should reduce the zero shear viscosity due to the strong dilution 

(solvent) effects of detached side chains52, 
0

≈  𝐺𝑁
0 ∝ 𝑀𝑤

4
𝑏𝑏
4

 according to literature. However, 

the intermolecular reaction of double bonds strongly increases the molecular weight, Mw, and 

increases the shear viscosity simultaneously. This reaction is very likely due to the tight spacing 

between the side chains (double bonds). The rheological experiments displayed in Figure 6 show 

that after a thermal treatment of 6 h at 150 °C, the storage modulus crosses the loss modulus, from 

whereon the polymer behaves like a gel. The SEC data on the Yright-axis of Figure 6 suggest an 

artificial reduction in the molecular weight, which is related to filtration of gel contents before 

injection to the SEC column. It the other words, the rheological data are related to the bulk of 

polymer including gel contents, while SEC data show only the soluble part of the samples. The 

rheological data associated with the combs 5a, 5c and 5d are displayed in Figure S22. 
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Figure 6. Rheological properties (left axis) of 5b as investigated with a time sweep experiment at 

a frequency of 0.05 Hz, a strain amplitude of 0.25 and a constant temperature of 150 °C. Weight 

average molecular weight (right axis) of samples under thermal treatment in an oil bath measured 

by SEC. The sections①,②,③ represent the conformation of the sample during rheological 

testing. With ① being the polymer comb with no modification; ② a mixture of polymer comb, 

crosslinked system and “free” branches and ③, the gel formed via intermolecular crosslinking. 

The rheology sample of the 5b was dissolved in THF and analyzed via SEC-HR ESI MS; the 

resulting spectra are displayed in the Figure 7.  
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The assigned structures resulting from the degradation of the comb polymer 5b via temperature 

and shearing at 150°C under inert atmosphere reveal a different process of cleavage than those 

obtained after thermal treatment only (Figure 5). We assume that due to the shearing, the bond 

between the carbon atom in para-position of the ring and the nitrogen atom of the triazole ring 

cleaves, followed by an elimination of nitrogen and finally a rearrangement of the electrons. The 

proposed process is depicted in Figure 8. 

  

Figure 7. a) SEC-HR ESI MS spectra of the comb polymer 5b after rheological study for 24 h at 

150°C under N2 atmosphere (in THF). b) Zoom on one repetitive unit of the soluble fractions and 

c) Their assigned structures: ①, cleaved branch with I- ion, ①’, cleaved branch with I- ion and 

acide trifluoroacetate (hydroxide doping agent) and ②, the oxidized cleaved branch 

(①+16 m/z) with I- ion (see Supporting Information Table S2 for the exact values). 
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Figure 8. Proposed cleavage process of the branches in the comb 5b undergoing rheological 

treatment. 

The comb 5b (PS-40k-39-3.3k DC ) is densely grafted, meaning – by definition – that the 

pervaded volume of its side chains interpenetrates within the same molecule (intramolecular) as 

well as between different molecules (intermolecular) (Scheme 3. Schematic representation of the 

pervaded volume (grey circle) in the polymer combs 5a to 5d with the backbones displayed in 

black and the branches in green (refer to Table 1 for more details about the combs)-c). The 
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cleavage of the branches is thus driven by its characteristic topology (

 

Figure 4-b) as it differs from the LC architecture having similar ligations. 

The molecular weight between two branches, Ms, in the polymer comb 5a (PS-40k-5-3.3k LC) is  

6700 g mol-1 (Table 1) being twice the length of its branches (Figure 2), implying that the 

pervaded volume of the side chains do not interpenetrate each other (Scheme 3. Schematic 

representation of the pervaded volume (grey circle) in the polymer combs 5a to 5d with the 

backbones displayed in black and the branches in green (refer to Table 1 for more details about 

the combs)-a) neither within one molecule nor between different polymer combs. Consequently, 



 38 

no cleavage occurs during thermal treatment or rheological study of the polymer comb 5a (

 

Figure 4-a). As a comparison, in the comb 5c (PS-40k-4-18k DC), having a comparable number 

of branches as 5a (5 and 4 branches per backbone in 5a and 5c respectively), the Ms value is 

8000 g mol-1 (Table 1) and the branches have a chain length of 18 kg mol-1. Thus, the expanded 

pervaded volume (Scheme 3. Schematic representation of the pervaded volume (grey circle) in 

the polymer combs 5a to 5d with the backbones displayed in black and the branches in green 

(refer to Table 1 for more details about the combs)-d) may interpenetrate a pervaded volume 

from the same polymer comb or from a neighboring one since the Mw of the branches is more 
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than twice higher than the Ms value. As a result, we observed cleavage of the side chains (

 

Figure 4-c). When the density of branches increases, yet the comb remains a loosely-grafted 

topology (as for the comb 5d (PS-55k-12-3.3k LC)), although its radius is unchanged, the pervaded 

volume of each side chain is most likely to interpenetrate in an intermolecular or intramolecular 

manner (Scheme 3. Schematic representation of the pervaded volume (grey circle) in the polymer 

combs 5a to 5d with the backbones displayed in black and the branches in green (refer to Table 1 

for more details about the combs)-5d). As a result, debonding of the branches in the polymer comb 

5d – as experimentally confirmed – occurs. 

CONCLUSIONS 
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We provide a correlation of the molecular architecture of polystyrene (PS) comb homopolymers 

with their stability to temperature and shear forces on the triazole ligation points joining the 

branches to the lateral polymer chain. The topology of the comb polymer (both loosely and densely 

grafted), yet also the number of branches per backbone and the length of the side chains are 

identified as key parameters for the stability of the triazole ligation point. In a previous study from 

our group, Altintas et al. found that a linear system containing a triazole linkage (in the absence of 

Br as an end-chain) is stable under thermal treatment and shearing. In the current study, our results 

highlight the stability of loosely grafted comb up to a limited number of grafted branches. Once 

the pervaded volume of the branches overlap each other inter- and intramolecularly, the system is 

no longer stable and the presence of free branches is noticed after thermal and mechanical 

treatment.  

As a result, a densely grafted comb is more likely to degrade than a loosely grafted one and the 

longer the side chains are, the more readily cleavage occurs. In addition, our study demonstrates 

that the process of debonding is specific to the type of stress applied to the material. Indeed, when 

the comb polymers underwent thermal treatment, cleavage occurred under inert atmosphere at 

150 °C (or 180 °C), including the formation of intermolecular bonding leading to gel formation. 

Specifically, the triazole rings cleave by (i) opening of the triazole ring with a subsequent cleavage 

of the C-N bond in the ring and (ii) cleavage of the bond between the carbon atom in para position 

of the styrene ring and the nitrogen atom of the triazole ring. In contrast, when shear forces are 

applied at the same temperatures under inert atmosphere, we observe the cleavage of the bond 

between the carbon atom in para position of the styrene ring and the nitrogen atom of the triazole 

ring. However, the elimination of nitrogen results in the formation of a dialkene. We thus submit 

that the grafting density is a major parameter for controlling the stability of comb polymer 
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structures constructed by triazole linkages – our findings have thus key implications for such 

polymers to extrusion processing or molding.  
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