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Design of an n-type Low Glass Transition Temperature Radical 
Polymer 

Teng Chi,a Siddhartha Akkiraju,b  Zihao Liang,b Ying Tan,b Ho Joong Kim,b Xikang Zhao,b Brett M. 
Savoie,*,b and Bryan W. Boudouris*a,b 

We document the design, synthesis, and characterization of the first low glass transition temperature, n-type (i.e., 

preferentially-reduced) radical polymer. Specifically, a macromolecule composed of a polysiloxane backbone that bears 

galvinoxyl radical pendant groups, poly[2,6-di-tert-butyl-4-((3,5-di-tert-butyl-4-(λ1-oxidaneyl)phenyl)(4-((3-

(methoxydimethylsilyl)propoxy) methyl)phenyl)methylene)cyclohexa-2,5-dien-1-one] (PGMS), was created as our 

calculations predicted that the galvinoxyl radical molecular structure would facilitate radical-radical aggregation. In turn, 

this suggested that charge transport would be rapid in these systems, which would lead to large solid-state electronic 

conductivity values. After the design and successful synthesis of the PGMS radical polymers, their optical, spin, thermal, and 

electrochemical properties were evaluated in full. These experiments backed the idea that PGMS has a low glass transition 

temperature and robust electrochemical behavior. Furthermore, when a PGMS macromolecule was cast into a thin film, a 

solid-state conductivity of 10-2 S m-1 was achieved, and this was despite the fact that only ~36% of the pendant groups 

contained a galvinoxyl radical. This high conductivity appears to be a direct result of the radical-radical aggregation that 

occurs due to the molecular design of the galvinoxyl radical species. Therefore, this work highlights the import of developing 

next-generation open-shell entities for solid-state radical polymer conductors, and it provides a clear path forward for 

creating high conductivity, non-conjugated conducting macromolecules.

Introduction 

 Nonconjugated macromolecules bearing stable radical 

pendent groups (i.e., radical polymers) are an emerging class of 

electronically-active materials that are less frequently 

employed in device applications relative to their more 

established -conjugated polymer counterparts.1–6 From a 

macromolecular design standpoint, they are intriguing due to 

the inherently decoupled parameters associated with their 

macromolecular backbone, which dictates the macroscopic 

thermomechanical properties, and their redox-active pendant 

groups that dictate their optoelectronic and electrochemical 

behavior. In fact, the initial intrigue and evaluation of radical 

polymers came about due to the rapid redox reactions involved 

with their pendant groups; as such, most of the application 

focus of these materials was centered on electrolyte-based 

systems.7–10 Thus, radical polymers were frequently utilized in 

energy storage applications due to the high density of redox-

active species present along the pendant groups of the 

macromolecules.9–22 Whereas, only over the last handful of 

years have the solid-state electrical conductivity properties of 

radical polymers been evaluated in full.8,23–28 

 In many of the early solid-state electrical conductivity 

evaluation efforts, the conductivity of a model radical polymer, 

poly (2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA), 

was quantified by multiple groups with the a highest value of 

~10-4 S m-1 being reported.23,26,29,30 This solid-state electrical 

conductivity was improved due to an improved radical polymer 

design in that poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-

oxyl-4’-oxycarbonyl)-5-norbornene) (PTNB) had a higher radical 

content than what was typically observed in the PTMA-based 

macromolecular design case, and a thin film of this material 

achieved a solid-state electronic conductivity of 7 × 10-3 S m-1.31 

Hindering the charge transport of both of these materials was 

the relatively high glass transition temperature (Tg) associated 

with PTMA and PTNB, and the lack of a thermal processing 

window that was above the glass transition temperature but 

below the onset degradation temperature of the materials. To 

overcome this limitation, a low-Tg radical polymer, poly(4-

glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) (PTEO), was 

synthesized, and a solid-state electronic conductivity of ~20 S 

m-1 was observed at room temperature.32 This highlighted that 

creating macromolecules that allowed for relatively long 

degrees of radical-radical coupling through space within the 

solid-state was critical for rapid charge transport, and that large 

degrees of crystallinity and/or large conjugation lengths were 

not required for high conductivity values to be had. Due to this 

change in polymer design archetype and the continued 
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improvements in the design of radical polymers, open-shell 

macromolecules have been successfully implemented in myriad 

electronic systems recently including photovoltaic (PV) 

devices,33 organic electrochromic devices,34 rewritable memory 

units,35 and organic transistors.36,37 Despite showing solid 

performance in all of these applications, a key hindrance still 

exists in these materials, and this is the fact that all of the solid-

state electronic applications using radical polymers reported to 

date have relied on preferentially-oxidized (i.e., p-type) radical 

groups. From a historical perspective, this is sensible as the 

majority of radical polymers are p-type in nature, and the most 

oft-used open-shell groups are those of the nitroxide class.38–47 

This draws a parallel to the conjugated polymer literature 

where hole-transporting macromolecules dominated the 

research landscape; however, it was clear in the conjugated 

polymer regime previously, and it is clear in the radical polymer 

community now, that developing preferentially-reduced (i.e., n-

type) open-shell macromolecules will be of critical importance 

in the near future.3,8,48,49 

 To address this gap, here we design, synthesize, and 

characterize the electronic and electrochemical properties of 

the first low glass transition temperature, n-type (i.e., 

preferentially-reduced) radical polymer. Specifically, we 

synthesized a radical polymer with a flexible polysiloxane 

backbone bearing galvinoxyl radical moieties, poly[2,6-di-tert-

butyl-4-((3,5-di-tert-butyl-4-(λ1-oxidaneyl)phenyl)(4-((3-

(methoxydimethylsilyl)propoxy)methyl)phenyl)methylene)cycl

ohexa-2,5-dien-1-one] [poly(galvinoxyl methyl siloxane), 

PGMS]. To accomplish this objective, semi-empirical quantum 

chemistry calculations were first introduced to establish the 

potential charge transport benefits in moving to a galvinoxyl 

radical relative to the oft-used, yet highly-localized, (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) radical. These 

calculations predicted that the galvinoxyl radical, when 

successfully incorporated into a polymer with a flexible 

macromolecular backbone, would have promising charge 

conduction properties. Then, PGMS was synthesized by 

coupling a protected radical group to a polysiloxane 

macromolecular backbone, and the closed-shell pendant 

groups were converted to the active open-shell groups through 

simple oxidation after the coupling reaction occurred. Despite 

the addition of a relatively bulky open-shell group to the 

polysiloxane chain, the glass transition temperature of the 

PGMS macromolecules synthesized remained low (i.e., below 

room temperature); however, the bulkiness of the protected 

galvinoxyl groups did limit the ultimate coupling efficiency of 

the radical-bearing pendant groups to the main chain. Thus, 

relatively high, but not record-setting, conductivity values (~10-

2 S m-1) were had when evaluating the solid-state charge 

transport ability of the PGMS thin films. Moreover, we 

anticipate that this initial value can be pushed to even higher 

values if higher loadings of radical groups can be incorporated 

into the polymer backbone. Therefore, this work is the first 

report of an n-type, low glass transition temperature radical 

polymer and its associated electronic conductivity, and it 

highlights the crucial fact that next-generation open-shell 

groups like the galvinoxyl radical possess the potential to 

achieve relatively high conductivities in the solid state. 

Results and discussion 

 To guide the macromolecular design, the conformers of 

PGMS with various radical loadings (i.e., 0 %, 25%, 50%, 75% and 

100% of galvinoxyl radical species present on the repeat units) 

were characterized using CREST, a metadynamics-based search 

algorithm recently developed by Grimme and co-workers.50,51 

CREST yields the relative energetics (∆𝐸) and configuration of 

each conformer, which we have used to assay the expected 

spatial distribution of galvinoxyl radicals and the favorability of 

intra-chain charge transfer at each loading. Although these 

evaluations were performed on isolated chains, the trends 

illustrate several potential mechanisms for the strong density 

dependence of conductivity on the radical loading. First, we 

observe a monotonic increase in the polymer radius of gyration 

(𝑅𝑔 ) as the radical loading increases, which saturates at high 

loadings (Figure 1a). In particular, at low loadings, there is 

sufficient free volume about the backbone to accommodate 

additional galvinoxyl radicals, while at the higher loadings, 

crowding constrains the configurations that the galvinoxyl 

radicals can adopt, and this leads to a saturation of 𝑅𝑔 . This 

saturation suggests a strong loss of configurational entropy as 

the loading increases, signifying a potential synthetic challenge 

to obtaining complete loading of the radical in this system. 

 Comparing the average nearest-neighbor distances (NNDs) 

between galvinoxyl radical groups at each loading (Figure 1b) 

also suggests that intra-chain transport is promoted by strong 

galvinoxyl radical-galvinoxyl radical interactions. Specifically, at 

all loadings above 25% (i.e., loadings with two or more 

galvinoxyl radicals per polysiloxane chain) the galvinoxyl radical 

NNDs are comparable. This is because the polymer favors 

configurations that allow the galvinoxyl radical moieties to 

interact, even at low loadings where conformers with larger 

NNDs are possible. Nevertheless, we observe a small number of 

conformations for the 50% radical loading system where the 

galvinoxyl sites exhibit large separations. When translated into 

the condensed phase, the occurrence of such conformations 

along the backbone would severely disrupt intrachain charge 

transport. Although in the condensed phase intra-chain open-

shell aggregation competes with other complex interchain 

interactions and packing effects, these results suggest that 

intra-chain charge transport is a potentially significant charge 

transport channel at radical loadings above 25%. This 

aggregation behavior is also evident from the spin-density 

isosurfaces calculated for the lowest energy conformer at each 

loading (Figure 1c). That is, we observe the spin density is 

delocalized throughout the systems, with radical aggregation 

evident at loadings > 25%. These data indicate several positive 

design features when translating this macromolecular 

architecture to the experimental side as the increase of radical 

density and aggregation should favor rapid charge transfer.
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Figure 1. (a) Radius of gyration of the polymer and the relative energy (∆𝐸) of each conformer with various radical densities in the 

6 kcal mol-1 energy window computed using CREST. (b) Average galvinoxyl radical nearest-neighbor distance (NND) and relative 

energy of the PGMS conformers with 50%, 75% and 100% radical densities in the 6 kcal mol-1 energy window computed using 

CREST. (c) Molecular structures and spin density visualization of the lowest energy conformer at each radical density, calculated 

at the GFNn–xTB level of theory. Atom representation: C - gray; O - red; Si - cyan; H - white.

Scheme 1. Synthetic pathway for PGMS radical polymers.  
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 These positive computational results encouraged the 

synthesis route shown in Scheme 1. Here, 4-bromo-2,6-di-tert-

butylphenol (1) was first protected by trimethylsilyl chloride 

(TMS-Cl) under basic conditions to generate (4-bromo-2,6-di-

tert-butylphenoxy)trimethylsilane (3),52–54 and methyl-4-

(hydroxymethyl)benzoate (2) was treated with triethyl amine 

and TMS-Cl in sequence to form methyl-4-

(((trimethylsilyl)oxy)methyl)benzoate (4).55,56 Using a lithium-

halogen exchange, a strong nucleophile was generated using n- 

butyl lithium, and it underwent a nucleophilic substitution 

followed by a nucleophilic addition reaction.57 The intermediate 

was quenched by KOH followed by HCl to give 2,6-di-tert-butyl-

4-((3,5-di-tert-butyl-4-hydroxyphenyl)(4-(hydroxymethyl) 

phenyl)methylene)cyclohexa-2,5-dien-1-one (5) in one pot.57–61 

Then, the alkene functional group was successfully introduced 

(i.e., to form 6) by a substitution reaction under basic 

conditions.32,62,63 Next, this precursor molecule was bound to 

the polysiloxane backbone through a Karstedt reagent-

catalyzed coupling reaction to form the PGMS-H.64–66 These 

compounds were characterized by 1H NMR spectroscopy and 
13C NMR spectroscopy (Figure S1 - Figure S3), and they were 

found to be of high purity. Finally, the PGMS open-shell 

macromolecule was created through a straightforward 

oxidation reaction.67 However, we note that we were unable to 

achieve complete conversion of the PGMS-H to PGMS (i.e., only 

a fraction of the pendant groups contained an redox-active 

open-shell unit), due to the sluggish reaction conditions of the 

final oxidation step. 

 To evaluate any potential effects of molecular weight on the 

final properties of the materials, three polysiloxane parent 

polymers were utilized with number-average degrees of 

polymerization of 4, 24, and 39 repeat units in the main chain, 

respectively. Thus, three different molecular weights of PGMS 

were synthesized, and their properties were compared to those 

predicted by the computational results. All of the closed-shell 

polymers (i.e., the three different molecular weights of PGMS-

H synthesized) showed similar ultraviolet-visible (UV-Vis) light 

absorption spectra with a peak absorption at 400 nm, and their 

absorption profiles are independent of the number of repeat 

units present (Figure 2). After oxidation to the functional open-

shell PGMS species, the peak at 400 nm decreased while a new 

peak at 480 nm emerged, and this is consistent with the 

absorption spectrum of previously-reported galvinoxyl radical-

containing materials.16,60,67 In the samples with more repeat 

units, PGMS-24 and PGMS-39, there was additional local 

absorption maximum observed around a wavelength of 600 nm, 

which is likely due to the relatively lower solubility of this higher 

molecular weight sample and the subsequent aggregation of 

the materials in solution. 

 

Figure 2. The normalized UV-Vis light absorption spectra of the 

closed-shell PGMS-H polymers and the open-shell PGMS radical 

polymers with different molecular weights when the polymers 

were dissolved in THF. 

 

 The electron paramagnetic resonance (EPR) spectrum of the 

galvinoxyl radical small molecule showed its characteristic 

signal, with two symmetric large peaks and two minor peaks 

(Figure 3a). Then, when the galvinoxyl radical moieties were 

coupled into a single polymer chain for the radical polymer 

samples, a Lorentzian signal was observed in the EPR spectra 

(Figure 3b). This is consistent with intrachain radical-radical 

interactions, and these data highlight the ability to couple the 

small molecule galvinoxyl radical precursor material to the 

polysiloxane chains. Moreover, PGMS macromolecules with the 

larger molecular weights showed the same shape and position 

of EPR peaks as PGMS-4, which suggests that there was little 

impact of molecular weight with respect to the coupling 

reaction (over the limited molecular weight range evaluated 

here). The radical content of all the PGMS polymers was 

between 13% and 36% of the maximum value, and larger radical 

loadings were had when larger excesses of 4 (i.e., the vinyl-

containing small molecule precursor) were used in the coupling 

reaction. The conformer search simulation provides a potential 

explanation for this relatively low radical content. The number 

of energetically accessible conformers significantly decreased 

when more pendent groups were coupled to the backbone, 

which indicated that it would be difficult to couple the 

galvinoxyl pendent groups to every repeating unit in the 

polymer chain. Thus, it is likely that the low radical content is 

due to steric interactions impacting the coupling reaction, and 

it is not due to the final oxidation step as this step has been used 

in an efficient manner previously. 16,67,68 Therefore, the steric 

interactions of the chosen coupling reaction appear to limit the 

maximum radical content present in the macromolecules to 

~36% of the maximum possible loading (i.e., only one open-shell 

unit per every two or three repeat units was achieved as 

opposed to the maximum possible radical loading of one open-

shell species per repeat unit). 
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Figure 3. The normalized EPR spectra of (a) the small molecule 

galvinoxyl radical in toluene and (b) PGMS-4, PGMS-24, and 

PGMS-39 radical polymers in toluene. 

 

 The reversible reduction of the galvinoxyl radical in PGMS 

(Figure 4a) was confirmed using cyclic voltammetry (CV) with a 

peak-to-peak width of 0.26 V vs. an Ag/AgCl reference 

electrode. The results of PGMS-39 are shown in Figure 4b due 

to the higher solution stability (i.e., a lower degree of solubility 

in the electrolyte) of the higher molecular weight sample 

relative to the two lower molecular weight polymers. We note 

that the lower molecular weight PGMS samples behaved in a 

similar manner to PGMS-39 in the first a few redox cycles, but 

they dissolved into the solvent rapidly. A notable shift in the 

position of the redox reaction (−0.71 V) in comparison to the 

literature was observed, which is potentially attributed to the 

lack of organic base additives oft-utilized in the CV of galvinoxyl 

moiety, as this known to affect the redox peak position.9,16 A 

satellite oxidative peak at +0.12 V more closely coincides with 

that of galvinolate oxidation to galvinoxyl neutral radical in the 

oxidative scans reported in the literature,9,16 which may arise 

from internal charge transfer between swollen yet undissolved  

 

 

Figure 4. (a) The reversible redox reaction of PGMS. (b) Cyclic 

voltammogram of PGMS-39 (radical content 29%) on a gold 

working electrode using platinum as the counter electrode, 

recorded at a scan rate of 0.1 V s-1 in 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) in N,N-

dimethylformamide (DMF). The voltammogram shown was 

obtained after 5 conditioning cycles. 

 

higher molecular weight species. Overall, the redox stability of 

PGMS in organic electrolytes combined with the useful redox 

potentials of this n-type radical polymer hints that, with well-

contemplated molecular design and a changeable molecular 

weight, galvinoxyl-bearing non-conjugated polymer may be 

utilized in charge (and ion) conducting applications. 

 Despite the relatively bulky, redox-active galvinoxyl radical 

being present on the side chain of the PGMS macromolecules, 

the radical polymers maintained a relatively low glass transition 

temperature value (Tg ~–20 °C for PGMS-4, Figure S4), which is 

consistent with the flexible backbone of the polysiloxane parent 

polymer. Because PGMS-4 had a relatively low glass transition 

temperature, it was brought forward for electronic conductivity 

testing experiments. Figure 5 shows the impact of temperature 

on the electronic conductivity of two different PGMS-4 samples 

with different radical loadings. In particular, the radical content 

of different batches of the PGMS-4 polymer were manipulated 

by changing the relative amount of oxidant to the number of 

closed-shell repeat units in PGMS-H-4 during the final synthetic 

step. Thus, PGMS-4-13 and PGMS-4-36 represent a PGMS-4 

macromolecule with 13% and 36% radical content on average 

(where 100% would be 1 open-shell unit on every repeat unit of 
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every radical polymer chain in the batch), respectively (Figure 

S5).  

Aside from the difference in radical loading, we note that 

the PGMS-4 samples with different radical content showed little 

difference in their thermal and electrochemical behavior. In the 

electrical conductivity experiments, thin films were cast into 

device structures were the channels had lengths of 400 nm and 

widths of 1 mm (Figure S6a) such that the in-plane conductivity 

of the PGMS thin films could be evaluated. Once cast, the thin 

films were immediately placed in a vacuum probe station, and 

the temperature was reduced to well below the Tg of PGMS. In 

these measurements, the two PGMS samples showed relatively 

high conductivities of 10-4 and 10-2 S m-1. Moreover, both PGMS 

samples maintained these high conductivity values when the 

temperature was increased well beyond their glass transition 

temperature (Figure S6b and Figure S6c). Thus, it appears that 

the relatively high mobility of the PGMS chains and their ability 

to support polymer chain rearrangement allowed for the thin 

films to find local order from the processing method applied. 

As the glass transition temperature of PGMS is ~40 °C lower 

than room temperature, locally ordered domains, which 

facilitate electronic communication between open-shell groups, 

form readily as the solid-state film is cast. Thus, there was no 

large spike in conductivity due to local domain formation as we 

have seen in previous radical polymer systems.32 Moreover, 

PGMS thin films demonstrated electronic conductivity 

properties that were weakly temperature-dependent after the 

annealing process, and this is consistent with our previous 

results regarding radical polymers.31,32 While the electronic 

conductivity of PGMS is only a weak function of temperature, it 

is highly dependent on radical content as there is a two order of 

magnitude jump in conductivity among different PGMS thin 

 

Figure 5. Electronic conductivity of PGMS as a function of 

temperature for a 400 nm channel length. The conductivity of 

the thin films did not change significantly despite an increase in 

temperature of > 100 K. An increase in radical content increased 

the conductivity of the thin films from PGMS-4-13 to PGMS-4-

36. Each data point represents the average of 4 different PGMS 

thin film measurements and the error bars represent the 

standard deviation from the average. 

 

films. Such an increase in conductivity could originate from both 

the increase in the number of charge carriers as well as the 

charge transfer capability. The latter factor is intrinsically 

affected by the former factor in this system. That is, as we 

increase the radical content, more domains with enhanced 

radical-radical interactions occur such that there is an increased 

possibility of charge hopping events, and thus, a likely increase 

in charge mobility. In this manner, PGMS is similar to other high-

performing radical polymers, such as PTEO, which relies on high 

radical content and formation of local order for high electronic 

conductivity.32 However, it should be stressed that the radical-

radical aggregation of the galvinoxyl open-shell group predicted 

by theory, and noted in the UV-Vis absorption spectra above, is 

critical for these materials to achieve high conductivity values. 

This is because the relative loading of galvinoxyl radicals in these 

materials is quite low relative to what has been achieved in 

nitroxide-based radical polymers (e.g., PTEO). In fact, if these 

low loadings were present in nitroxide-based radical polymers, 

they would appear as electrical insulators. Thus, these data 

highlight that the design of the radical functionality is critical in 

terms of end-use performance. Moreover, we anticipate that 

even higher electronic conductivity values could be had with 

these materials if higher radical content were achieved, as 

higher radical loadings would facilitate rapid redox reactions 

between the pendant groups and allow for a corresponding 

increase in the macroscopic electronic conductivity. Ultimately, 

while the electronic properties of PGMS are advantageous due 

to its temperature-independence; its dependence on radical 

content must be considered for future solid-state applications. 

Conclusions 

 A first-of-its-kind n-type, low glass transition temperature 

polymer, PGMS, which bears pendant galvinoxyl radical groups 

was designed. Specifically, it was synthesized by attaching 

functionalized galvinoxyl small molecules to a polysiloxane 

backbone through a simple coupling chemistry to achieve 

different molecular weights that mirrored those of the 

commercially-available parent closed-shell polymers. By 

comparing the UV-Vis absorption, we discovered that molecular 

weight did not impact the optical absorption of the closed-shell 

derivatives (PGMS-H), but the higher molecular weight PGMS 

polymers aggregated in solution, which altered their light 

absorption behavior. Relative to the EPR spectrum of the small 

molecule galvinoxyl radical analog, there was clear evidence of 

intrachain radical-radical interactions for the PGMS polymers. 

Moreover, there appeared to be no impact on the radical-

radical coupling as a function of molecular weight. Because of 

the presence of the open-shell groups, clear and reversible 

redox peaks were present, and they illustrated the potential of 

these materials in next-generation applications. To this point, 

relatively high, temperature-independent conductivity ( ~10-2 S 

m-1) values were achieved in the solid state, as had been 

predicted by our theoretical calculations. These high electronic 

conductivity values are unique as they occur at relatively low 

radical loadings along the polymer pendant groups, as was 

initially suggested by our calculations. This highlights the import 
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of moving to next-generation open-shell groups in the 

application of radical polymers in solid-state devices, and it 

brings forward the idea that nitroxide-based radical polymers 

may have properties that are quite different from other classes 

of radical polymers, despite the large amount of attention paid 

to these first-generation materials to date. In summary, this 

work highlights the crucial fact that less frequently studied 

open-shell groups, like the galvinoxyl radical, will be key in 

moving diverse sets of radical polymer-based organic electronic 

devices forward in the future. 

Experimental 

Materials and General Experimental Procedures 

 The poly(methyl siloxane) macromolecule with 24 repeat 

units, on average, (Product code: HMS 991) was purchased from 

Gelest, Inc., and it was used as received. All other chemicals 

were purchased from Sigma-Aldrich, and all chemicals were 

used as received. All ultraviolet–visible (UV–Vis) light 

spectroscopy data were collected with the wavelength range of 

330 nm ≤ λ ≤ 800 nm by a Cary 60 spectrometer. Glass transition 

temperature values were evaluated using a TA Instruments Q20 

Series differential scanning calorimeter (DSC). The sample was 

sealed in Tzero hermetic pans and annealed at 70 °C under a 

nitrogen gas purge and then cooled to –60 °C before the trace 

shown, which begin at –60 °C and ended at 70 °C, was obtained. 

The data were collected at scan rate of 10 °C min-1. Electron 

paramagnetic resonance (EPR) data were obtained by Bruker 

EPR-EMX spectrometer. PGMS samples were dissolved in 

toluene at a concentration of 1 mg mL-1 and small molecule 

galvinoxyl radicals were prepared in the same way as a 

standard. In these experiments, 0.2 mL of solution were added 

to the EPR tubes, and the data were collected at room 

temperature. All nuclear magnetic resonance (NMR) 

spectroscopy data were collected using a Bruker AV-III-400-HD 

NMR spectrometer. The concentration of the molecules in 

deuterated chloroform was ~5%, by weight. 

 

Synthesis of (4-bromo-2,6-di-tert-butylphenoxy) 

trimethylsilane (Compound 3) 

 4-bromo-2,6-di-tert-butylphenol (10 g, 35 mmol, 1) was 

added to a 250 mL round bottom flask with 100 mL of 

anhydrous THF. The flask was cooled to –78 °C, and n-butyl 

lithium (2.5 M, 21 mL, 52 mmol) was injected dropwise. After 

stirring for 1 h, trimethylsilyl chloride (TMS-Cl) (7.6 mL, 60 

mmol) was added slowly, and the reaction was slowly warmed 

to room temperature. After another 1 hour, the reaction was 

stopped, and the product was precipitated in hexane to form 

white crystals with 80% yield. 1H NMR (400 MHz, CDCl3): δ 7.32 

(s, 2H), 1.38 (s, 18H), 0.40 (s, 9H). 

 

Synthesis of methyl 4-(((trimethylsilyl)oxy)methyl)benzoate 

(Compound 4) 

 Methyl 4-(hydroxymethyl)benzoate (4 g, 24 mmol, 2) was 

added to a 250 mL round bottom flask with 125 mL anhydrous 

THF. The flask was cooled to 0 °C, and then triethyl amine (6.6 

mL, 48 mmol) was added. TMS-Cl (4.6 mL, 36 mmol) was 

injected dropwise. After the reaction was stirred for 1 h, the ice 

bath was removed, and the reaction warmed to room 

temperature. After 24 h, all the inorganic white solid was 

removed via filtration, and the organic residue was 

concentrated using a rotary evaporator. The mixture was 

purified by column chromatography. (hexane:ethyl acetate = 

1:1 v/v) to give a solid with 85% yield. 1H NMR (400 MHz, CDCl3): 

δ 8.03 (d, J = 8.4 Hz, 2H), 7.41 (dd, J = 8.1, 0.5 Hz, 2H), 4.77 (s, 

2H), 3.93 (s, 3H), 0.19 (s, 9H).  

 

Synthesis of 2,6-di-tert-butyl-4-((3,5-di-tert-butyl-4-

hydroxyphenyl)(4-(hydroxymethyl) 

phenyl)methylene)cyclohexa-2,5-dien-1-one (Compound 5) 

 In this reaction, 3 (4.85 g, 13.58 mmol) was dissolved in 20 

mL of anhydrous THF and added to a Schlenk flask under a 

nitrogen environment. The flask was cooled to–78 °C, and n-

butyl lithium (2.5 M, 15 mmol) was injected dropwise. After the 

reaction stirred for 30 min, 4 (1 g, 6.11 mmol) dissolved in THF 

was added, and the reaction color changed rapidly. The flask 

was warmed slowly to room temperature, and the reaction was 

allowed to stir for 24 h. Next, KOH (2.3 g, 41 mmol) in 40 mL 

water was added to the reaction slowly, and the reaction was 

stirred for another 24 h. To neutralize the reaction, an HCl (2M) 

solution was added dropwise until the reaction turned orange. 

The organic mixture was washed with brine three times 

followed by an extraction with diethyl ether. The mixture was 

purified by column chromatography. (hexane:ethyl acetate = 

10:1 v/v) to give a solid with 50% yield. 1H NMR (400 MHz, 

CDCl3) δ: 7.40 (t, J = 6.0 Hz, 2H), 7.29 – 7.26 (m, 2H), 7.23 (t, J = 

2.5 Hz, 1H), 7.13 (t, J = 2.2 Hz, 1H), 7.01 (d, J = 3.0 Hz, 2H), 5.50 

(d, J = 3.3 Hz, 1H), 4.80 (t, J = 4.7 Hz, 1H), 1.79 (t, J = 5.8 Hz, 1H), 

1.40 (s, 18H), 1.28 (s, 9H), 1.25 – 1.22 (m, 9H). 

 

Synthesis of 4-((4-((allyloxy)methyl)phenyl)(3,5-di-tert-butyl-

4-hydroxyphenyl)methylene)-2,6-di-tert-butylcyclohexa-2,5-

dien-1-one (Compound 6) 

 Tetrabutylammonium hydrosulfate (0.05 g, 0.15 mmol), allyl 

bromide (0.33 mL, 4 mmol), and 5 mL of THF were added to a 

25 mL round bottom flask. A NaOH solution (3 mL, 50% by 

weight), was injected to the reaction next and the solution was 

stirred for 10 minutes. A solution of 5 (0.45 g, 0.8 mmol) in 3 mL 

of THF was then added dropwise into the mixture. The reaction 

was stirred for 48 h at room temperature. The organic phase 

was washed with brine three times followed by an extraction 

with ethyl acetate. The mixture was purified by column 

chromatography. (hexane:ethyl acetate = 5:1 v/v) to give a solid 

with 45% yield. 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.1 Hz, 

2H), 7.26 (d, J = 1.1 Hz, 1H), 7.25 – 7.22 (m, 2H), 7.13 (d, J = 2.6 

Hz, 1H), 7.02 (s, 2H), 6.00 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H), 5.50 

(s, 1H), 5.38 – 5.30 (m, 1H), 5.26 – 5.22 (m, 1H), 4.61 (s, 2H), 4.10 

(ddd, J = 6.1, 3.8, 2.3 Hz, 2H), 1.40 (s, 18H), 1.28 (s, 9H), 1.24 (s, 

9H). 

 

Synthesis of Poly(galvinoxyl-H methyl siloxane) (PGMS-H) 

Page 7 of 10 Polymer Chemistry



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 To begin, 6 (500 mg, 0.89 mmol) was dissolved with 1 mL of 

toluene and added to a 15 mL sealed tube. Then, poly(methyl 

siloxane) (5 mg, 0.05 mmol) dissolved in 1 mL of toluene was 

added. Next, Karstedt’s catalyst in xylene solution (with Pt ~2%, 

128 mg, 150 uL) was added. After three freeze-pump-thaw 

cycles, the sealed tube was slowly heated to 100 °C. After 24 h, 

the organic mixture was washed with DI water three times 

followed by a dilution with ethyl acetate. The polymer was 

purified by precipitation from hexane to give a soft material in 

68% yield. 

 

 

Synthesis of Poly(galvinoxyl methyl siloxane) (PGMS) 

 In this reaction, KOH (60 mg, 1.07 mmol), K3Fe(CN)6 (120 mg, 

0.36 mmol), and water (3 mL) were added to a 20 mL flask. 

PGMSH (15 mg) was dissolved with 3 mL diethyl ether and 

added to the flask. This two-phase reaction was vigorously 

stirred in dark condition. After 50 min, the reaction was 

stopped, and the color of the reaction solution had changed 

from red to purple. The organic phase was washed with DI 

water 10 times followed by a concentrating the solution using a 

rotary evaporator. The overall yield of the polymer was ~37%. 

 

Cyclic Voltammetry 

 Cyclic voltammetry data of PGMS samples were collected 

using a VersaSTAT 3 (Princeton Applied Research) workstation 

with a three-electrode setup. PGMS was mixed with an equal 

mass of an electrochemically-inert polymer, poly(vinylidene 

fluoride) (PVDF), whose weight-average molecular weight was 

nominally 534 kg mol-1, as reported by the vendor. These solids 

were stirred in DMF at 50 °C for 30 min. The homogeneous 

solution was then spun-coat onto a gold working electrode 

deposited on a glass substrate. The organic electrolyte (0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) in DMF) 

was deoxygenated by bubbling nitrogen through the solution 

for 30 min prior to the measurement. The CV plots were 

obtained at a scan rate of 100 mV s-1, and the data shown are 

from the fifth scan as the first four scans were used to condition 

the films. 

 

Electronic Conductivity Measurements 

 Silicon substrates with a thermally-grown silicon dioxide 

layer were cleaned with a piranha solution [H2O2
 (30%, by 

weight):H2SO4
 (96%, by weight) in water, 1:3, by volume) for 20 

min, and the substrates were then rinsed with DI water. Then, 

they were baked for 100 °C for 60 s to remove any residual 

water. Positive poly(methyl methacrylate) (PMMA) (495 kg mol-

1, A4 resist) was spun-coat for 60 s at 3,000 rpm to create an 

~200 nm-thick film. Electron-beam (e-beam) lithography (Raith 

e-Line) was used to pattern channels with lengths and widths of 

400 nm and 1 mm, respectively. The parameters for the e-beam 

lithography were an energy of 20 keV, an aperture of 60 µm, 

and an area dose 250 µC cm-2. Afterwards, the substrates were 

developed in methyl isobutyl ketone: isopropyl alcohol 

(MIBK:IPA) (1:3, by volume) for 60 s and rinsed with 

isopropanol. Then, 5 nm of Ti and 50 nm of Au were evaporated 

onto the substrates using a thermal evaporator. PMMA was 

then removed through ultrasonication in acetone for 20 min. 

PGMS was dissolved in chloroform and cast from a 

concentrated solution onto the channels to create films. PGMS-

4-13 thin films had an average thickness of ~20 µm while PGMS-

4-36 thin films had an average thickness of ~ 6 µm, as measured 

using a Dektak profilometer. While drop-casting can cause film 

uniformity issues, this was not observed here as the standard 

deviation from the average values of the film thicknesses were 

< 15%. A scanning electron microscope (SEM) was used to image 

the substrates using a Raith SEM with an accelerating voltage of 

20 keV. 

 Current-voltage (I-V) measurements were acquired by 

sweeping voltages across the range of −1 V ≤ V ≤ +1 V and 

recording the current values. The measurements were 

performed under vacuum in a PS100 Lakeshore probe station 

with a Keithley 2400 source meter. Temperature measurements 

were performed from –60 °C to 100 °C with a step size of 20 °C. 

Each temperature was held for 30 min prior to any electrical 

conductivity measurement to ensure that the sample had reach 

thermal equilibrium at the given temperature. 

 

Computational Methods 

 Initial geometries were generated for the closed-shell 

polysiloxane precursor macromolecule and the galvinoxyl-

containing radical polymers based on a universal force field 

(UFF)69 as implemented in Avogadro,70 followed by  

optimization at the semi-empirical GFN2-xTB level.71 Starting 

from these optimized structures, the conformer-rotamer 

ensemble sampling tool (CREST), as implemented within the xTB 

package, was used to identify all conformers within 6 kcal mol-1 

of the lowest energy structure using the iMTD-GC algorithm. For 

the CREST calculations, an integration time step of 5 fs, and a 

total run time of 10 ps were used. Five parallel CREST 

trajectories were performed at each loading to facilitate 

comprehensive sampling. The trajectory that discovered the 

lowest energy conformer at each loading was used for further 

analysis and reported in the main text. The resulting conformers 

were further characterized based on the radius of gyration (𝑅𝑔), 

the relative energy compared with the lowest energy conformer 

(∆𝐸), and the galvinoxyl nearest-neighbor distance (NND). The 

radius of gyration was calculated according to Equation 1. 

𝑅𝑔 = √
∑𝑖=1

𝑁  𝑚𝑖 |�⃗� 𝑖− �⃗� 𝐶𝑂𝑀|

∑𝑖=1
𝑁  𝑚𝑖

    Equation (1) 

 

Here, 𝑚𝑖 is the atomic mass, 𝑟 𝑖 is the atomic position, 𝑟 𝐶𝑂𝑀 is the 

polymer center of mass, and the summations run over all 

polymer atoms. The energy difference (∆𝐸) was calculated as 

the single point energy (i.e., the total electronic energy 

calculated at the GFN2-xTB level) difference of each conformer 

with the lowest energy conformer at each radical loading. The 

galvinoxyl-galvinoxyl NND was calculated as the average over 

the NND for each galvinoxyl in the polymer. For 25% loading, 

only a single galvinoxyl is included in the polymer, and thus, the 

NND metric is not reported. 
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