
ll
OPEN ACCESS
Article
Electrochemical polymerization of
polyhydrocarbons by reductive
dehalogenation of chlorinated methanes
Jae Hong Seo, Rajmohan

Rajendiran, Sun Hwa Lee,

Rodney S. Ruoff

sunhlee@ibs.re.kr (S.H.L.)

rsruoff@ibs.re.kr (R.S.R.)

Highlights

Key mechanistic steps in the

electrochemical polymerization of

polyhydrocarbons are probed

Deprotonation and reduction of

CH3CN and CHxCly are observed

at the anode and cathode

Propagation is studied via

electrochemical techniques

combined with NMR and FT-IR

Proof of termination step is

obtained using isotope-labeled

chemicals
Electrochemistry could be a useful technique for mild polymer synthesis, but the

reactions are often challenging to understand. Here, Seo et al. investigate the

mechanism of the electrochemical polymerization of polyhydrocarbons,

identifying the initiation, propagation, and termination processes with combined

electrochemical and spectroscopic techniques.
Seo et al., Cell Reports Physical Science 4,

101373

April 19, 2023 ª 2023 The Author(s).

https://doi.org/10.1016/j.xcrp.2023.101373

mailto:sunhlee@ibs.re.kr
mailto:rsruoff@ibs.re.kr
https://doi.org/10.1016/j.xcrp.2023.101373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2023.101373&domain=pdf


ll
OPEN ACCESS
Article
Electrochemical polymerization
of polyhydrocarbons by reductive
dehalogenation of chlorinated methanes

Jae Hong Seo,1,2 Rajmohan Rajendiran,1 Sun Hwa Lee,1,* and Rodney S. Ruoff1,2,3,4,5,*
SUMMARY

Electrochemistry is a useful technique for mild synthesis of poly-
mers, but the mechanisms of electrochemical polymerization are
challenging to fully understand. Here, we focus on understanding
the reaction mechanisms during the electrochemical polymerization
of polyhydrocarbons. The overall synthetic pathway for hyper-
branched polyhydrocarbons is investigated using electrochemical
methods combined with spectroscopy, namely nuclear magnetic
resonance (NMR) and Fourier transform infrared (FT-IR). The oxida-
tion and reduction occurring on the anode and cathode are investi-
gated by cyclic voltammetry and NMR analyses to distinguish the
functions of each electrode at the reaction initiation. Real-time FT-
IR measurements during electrochemical polymerization are used
to decipher the propagation steps. The termination by various sup-
pliers of hydrogen atoms (such as aqueous hydrochloric acid) is
examined via NMR spectroscopy using deuterium-labeled acetoni-
trile and chloroform. The participation of chlorinated methanes
and of the solvent acetonitrile in the electrochemical polymerization
is interrogated. Overall, these findings advance understanding of
the key steps in the polymerization reaction.
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INTRODUCTION

Electrochemistry is a growing typical method for green and mild reactions.1 It is now a

versatile method for organic synthesis, energy storage, sensing, conversion technolo-

gies, surface science, pollutant removal, and real-time analysis/screening.2–12 Unlike a

conventional wet-chemical reactions, it does not require harsh oxidizing and reducing

agents in the reaction. As a result, the formation of undesired by-products can bemini-

mized.13Owing to thesecharacteristics, organic synthesis by electrochemical reactions,

including electrochemical polymerization, has been reported.14–19 Many electrochem-

ical studies on the hydrodehalogenation of halogenated hydrocarbons have been re-

ported.20–22 However, electrochemical polymerization using chlorinated hydrocarbons

has not been thoroughly investigated. We have previously reported on the synthesis23

and structural analysis24 of polyhydrocarbons (PHCs) through electrochemical polymer-

ization. Here,mechanistic analysis is used to understand the reaction processes in terms

of radical polymerization.

The electrochemical reductive cleavage of a series of chlorinated hydrocarbons,

such as chlorinated methanes, chloroaromatics, and chloroalkenes, has been inves-

tigated using various electrodes, including Ag, Pt, Cu, Pd, Ni, Mo, Fe, glassy carbon

(GC), and stainless steel (SS).22,25–27 The Gennaro group reported the electrocata-

lytic reduction of volatile chlorinated methanes on the Cu, Pd, and GC/Ag
Cell Reports Physical Science 4, 101373, April 19, 2023 ª 2023 The Author(s).
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electrodes.4,28–30 Fe, Ni, and Mo electrodes also reportedly exhibited high faradaic

efficiency for the reductive cleavage of chlorinated hydrocarbons.21 Based on the

perceived formation of hydrocarbon radicals by electrochemical reactions, there

are reports of electrochemical polymerization using chloroform (CHCl3), hexachloro-

ethane (C2Cl6), and 1,1,1-trichloroethane (CH3CCl3).
19,31,32 The authors did not

report any investigation of the reaction mechanism(s) related to electrocatalytic

reduction and polymerization.

Cyclic voltammetry (CV) involves monitoring the current response during continuous

potential cycling. It provides information about the thermodynamics of the redox

process, the energy levels of the analyte, and the kinetics of the electron transfer re-

action. Here, real-time analysis of the oxidized or reduced species has been accom-

plished using electrochemical analysis combined with nuclear magnetic resonance

(NMR), Fourier transform infrared (FT-IR), and UV-visible (UV-vis) spectroscopy. CV

shows high chemical specificity and detects dynamic processes, such as metastable

and short-lived phases. Gray et al. reported a change in lithium and sodium battery

states by in situ NMR combined with electrochemistry.33–35 Kato et al. reported

tracking the movement of electrons through an in situ FT-IR method combined

with electrochemistry.36 The Shi-Gang Sun group reported using both electrochem-

ical-NMR (EC-NMR) and in situ FT-IR methods to improve the analysis of intermedi-

ate species in the formation of glycerol. They reported the changes in chemical

structure according to potential or reaction time.37 For CV combined with in situ

NMR, there are three reported challenges: (1) changing sample conditions, (2)

NMR signal broadening, and (3) EC-NMR circuit interference.34 We thus chose to

measure both FT-IR and 1H-NMR within a short period of time after extracting a vol-

ume of the solution (according to the reaction time) to study the evolution of the

electrochemical reaction, without changing the sample conditions in NMR and

thus eliminating the effect of circuit interference.

Here, we introduce a reaction pathway to electrochemically synthesize PHC using

chlorinated hydrocarbons in three steps: (1) initiation, (2) propagation, and (3) termi-

nation, and we have also studied the role of acetonitrile (CH3CN) as a solvent—which

we learned also participates in certain reactions. In our previous research, we re-

ported that the molecular structure and composition of the obtained PHC varied de-

pending on whether dichloromethane (CH2Cl2), CHCl3, or carbon tetrachloride

(CCl4) was used as the monomer.23,24 In an attempt to understand the initiation pro-

cess, the cathode and anode redox reactions were separately analyzed using the CV

method. Combining FT-IR and NMR analyses was found to be very useful in tracing

intermediate products during the propagation process. The hydrogen and carbon

incorporation was studied using a deuterated monomer (CDCl3), a deuterated sol-

vent (CD3CN), and 13C-labeled chloroform (13CHCl3). By using isotope-labeled

monomers, we also studied the role of CH3CN during the electrochemical synthesis

of PHC. Note that hydrochloric acid HCl(aq) was typically used for purification. We

observed an electrochemical reduction utilizing CH2Cl2, CHCl3, and CCl4 as mono-

mers and here suggest how the electrochemical synthesis of PHC under our condi-

tions progress from each monomer in the presence of acetonitrile as solvent. And in

particular, we focus on themonomer CHCl3, as we chose to study it most extensively.
RESULTS AND DISCUSSION

Synthesis of PHCs

The PHCs were synthesized by an electrochemical polymerization process using

CH2Cl2, CHCl3, and CCl4 as monomers and CH3CN as the solvent.23 Lithium
2 Cell Reports Physical Science 4, 101373, April 19, 2023



Scheme 1. Oxidation of metals at the SS316 anode
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hexafluorophosphate (LiPF6) acted as an electrolyte in CH3CN. The chlorinated

methane solutions were contained in an electrochemical cell composed of working,

counter, and reference electrodes (Ag/AgNO3), with stirring by a magnetic bar to try

to keep the solution homogeneous.

Oxidation at the anode during the initiation step

Chlorinated methanes are not electrically conductive, making electrolysis difficult.

SS316 electrodes were used as the cathode and anode to activate the dissociation

of chlorinated methanes. The oxidation of metals from the SS316 anode promoted

electron transfer by increasing the electroconductivity of the reaction solution. The

oxidation of the electrode is shown in Scheme 1.

SS316, which was used as the electrode, is stated to contain Fe, Ni, Cr, Mo, and Mn.

Fe and Ni reportedly promote reducing chlorinated hydrocarbons (in studies to

eliminate volatile organic compounds [VOCs]).21 When measuring the CV of the re-

action solution containing a particular monomer, CH3CN, and LiPF6, at potentials

from 0.00 to 6.00 V, the current was proportionally increased due to the oxidation

of the anode. Figures S1A–S1C show that the oxidation of the three monomers

was commonly observed. CH3CN was stable in the first cycle between 0.00 and

1.45 V, thus within its well-known ‘‘solvent window,’’ for each of the 3 monomers.

However, the solvent window region disappeared after the first cycle. We attempted

to evaluate any chemical change in CH3CN in our electrochemical cell at applied po-

tentials outside the solvent window of CH3CN. We thus explored the reduction pro-

cess using CH3CN with LiPF6 alone, with no monomer. The yellow box in Figure S2A

shows that reduction occurred at �2.68 V in the first cycle, but no reduction peaks

were observed after the second cycle. The absolute current value at �6.00 V

decreased as the cycle progressed. CH3CN formed by-products, and this caused

the electrode surface to be passivated.38 1H-NMR spectra were obtained for sam-

ples collected right after reaching 0 V (in red box) at each cycle (1, 5, 10, 30, and

50 cycles), as shown in Figure S2B. As the cycle ended, it was found that the product

derived from CH3CN had 1H-NMR peaks at 3.48 and 3.93 ppm. These peaks were

attributed to the dimers or oligomers of CH3CN.39 The hydrocarbon groups marked

in the gray box of Figure S2B were observed owing to the addition of LiPF6 in CH3CN

(see Figure S2C). When LiPF6 was added to the solvent, the intensity of the hydrocar-

bon peak was increased. Chronoamperometry (CA) of CH3CN revealed that the

absolute value of the current decreased to �0.13 mA from 0 to 2 h and remained

constant until the end of the reaction, as shown in Figure S3A. The 1H- and
13C-NMR results in Figures S3B and S3C show that the dimer or oligomer of

CH3CN was synthesized on the cathode. The deposited products appeared to inter-

rupt the redox reaction on the cathode.39–41 The hydrogen atoms of the methyl

group might be predominantly dissociated. The radical formation from CH3CN is

displayed in Scheme 2.

The metal ions generated at the anode, activated CH3CN, and protons were mass

transported to the cathode by diffusion and migration.
Scheme 2. Oxidation of CH3CN on the anode

Cell Reports Physical Science 4, 101373, April 19, 2023 3



Figure 1. CV curves detailing reaction at the cathode

CV results of the cathode using 6.2 M (A) CH2Cl2, (B) CHCl3, and (C) CCl4 with CH3CN and 23 mmol LiPF6. The inset graphs show the high magnification

of each first cycle. The potential was swept from 0 to �6 V five times with a scan rate of 10 mV/s at room temperature.
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Reduction at the cathode during the initiation step

The voltammograms for CH2Cl2, CHCl3, and CCl4 in CH3CN were determined at a

scan rate of 10 mV/s from 0.00 to �6.00 V, as shown in Figure 1. The first (ER1) and

second (ER2) reduction peaks at �1.83 and �2.78 V, respectively, indicated the

cleavage of the C–Cl bond in the first cycle for the CH2Cl2 solution (see Figure 1A).

The CH2Cl2 monomer, the electrolyte, and the solvent, all decomposed when the

potential dropped below �3.37 V, which is beyond the electrochemical stability of

CH3CN, and the absolute current increased. The two oxidation peaks, EO1 and

EO2, appeared at�2.73 and�1.69 V, respectively, when the potential was reversed.

These peaks indicate the oxidation of the decomposed monomer and solvent

species.

Unlike the peaks observed in Figures 1B and 1C, there were no oxidation peaks rep-

resenting the cathodic stripping effect.42 The absolute current values of CH3CN and

CH2Cl2 reactions at �6.00 V decreased linearly with time when holding at �6.00 V.

This decrease suggested that cathodic stripping, including the lithium component,

did not occur as the solid-electrolyte interphase (SEI) layer on the cathode surface

became thicker.43–47 In contrast, the absolute current values of the CHCl3 and

CCl4 solutions at �6.00 V were constant in time; this suggests that the Li and other

metal components from the SS316 electrode were stripped off the cathode, and

then the SEI layer was ruptured.

After each of the CV cycles, the intensity of the C–Cl reduction peaks increased and

the peaks broadened owing to the reduction of CH2Cl2, but the reduction rarely

occurred after the third cycle. This appeared to be related to the decrease in the ab-

solute current at�6.00 V as the CV cycles proceeded. The electrochemical reactions

were gradually interrupted by the by-product deposited on the cathode. The first CV

cycle of CHCl3 has ER1 and ER2 at�1.85 and�2.82 V, respectively. This is associated

with the removal of two chlorine atoms from CHCl3, resulting in the formation of the

intermediate species, *CHCl (* = radical). The absolute values of reduction poten-

tials were slightly higher than the dechlorination potentials of CH2Cl2 (see Figure 1B).

The dechlorinated intermediate compounds were further reduced at the higher

negative potential of �3.40 V. The residual C–Cl bonds in the activated monomer

were also dissociated at �3.40 V.22,28,29 Once the potential was �3.40 V, Li+ from

the electrolyte was reduced and deposited on the SS316 cathode and formed a
4 Cell Reports Physical Science 4, 101373, April 19, 2023



Scheme 3. Reduction of chlorinated methane on the cathode
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black/brown passivation layer on the cathode, with decomposed solvent, intermedi-

ate monomer compound(s), or both. The black/brown layer was composed of 35.8

atom % carbon, 18.4 atom % lithium, 17.0 atom % oxygen, 9.57 atom % nitrogen,

8.93 atom % chlorine, 5.16 atom % silicon, 3.60 atom % iron, and 1.48 atom % chro-

mium by X-ray photoelectron spectroscopy (XPS), as shown in Figure S4. As the po-

tential reached �6.00 V, the absolute value of the current did not decrease as more

cycles were imposed, unlike the CV depicted in Figure 1A. The relatively large EO1

and EO2 in the reversed scan appeared at the potentials �2.94 and �2.72 V, which

indicated the stripping of Li from the passivation layer, and EO3 and EO4 at �1.76

and �1.23 V corresponded to the oxidation of solvent and partially activated mono-

mers, respectively. During the subsequent cycles, these oxidation peaks, including

those for Li stripping from the passivation layer, shifted and merged to form a single

oxidation peak.

We switched the electrolyte to tetrabutylammonium hexafluorophosphate (TBAPF6)

to test the Li stripping phenomenon. No strong oxidation peak was observed at the

potential of �3.40 V (see Figure S5). However, employing TBAPF6 instead of LiPF6
resulted in a smaller solvent window for CH3CN. That is, there is improved stability

of acetonitrile with the Li electrolyte.

The first cycle in the CV graph of CCl4 showed that the first reduction peak appeared

at �1.83 V related to the first C–Cl bond cleavage, and further chlorine reduction

peaks from �2.33 to �3.75 V were not distinguishable. After reaching �3.70 V,

the electrolyte and acetonitrile began to decompose, as shown in Figure 1C. The

first oxidation peak at �3.00 V indicates Li extraction from the passivation layer.

The second and third oxidation peaks at�1.82 and�0.87 V are due to the oxidation

of decomposed solvent and monomers. The first reduction peak, ER1, shifted

to �1.53 V with increasing current intensity. As the cycles progressed, it shifted

toward �1.20 V. Based on the results for the cathode, it can be deduced that the

chlorinated hydrocarbon monomers were reduced by C–Cl bond cleavage, which

is expressed as outlined in Scheme 3.

We have previously reported that the yield of PHCs linearly increased with the reac-

tion time.23 In particular, the yield increased as the absolute value of the current

increased. This might mean that the synthesis of PHCs proceeded as a chain-growth

process.
Propagation step at the cathode

FT-IR spectra were obtained (sample preparation described below) in time steps as

the experiment progressed in an attempt to observe the propagation of the acti-

vated monomer on the cathode. The results are depicted in Figure 2A. We particu-

larly focused on the use of CHCl3 as a monomer to delve more deeply into various

issues related to the growth of PHCs as a function of time. The samples were pre-

pared by placing KBr pellets in the extracted solution according to the reaction

time. All KBr pellets had the same thickness and were immersed in the extracted

solution for 1 min. The FT-IR spectrum of the sample before electrochemical poly-

merization (0 h, black line) showed the IR pattern of oxidized LiPF6 when exposed

to oxygen andmoisture.48 It was observed that the oxidation of CH3CN and the elec-

trolytes became stronger with time. The peak intensities at 2,325 and 2,240 cm�1
Cell Reports Physical Science 4, 101373, April 19, 2023 5



Figure 2. Identification of propagation steps in the electrochemical polymerization

(A) FT-IR spectra in the range 4,000–400 cm�1, obtained by extracting solutions from the cell under electrochemical polymerization using CHCl3 at

specific times (0, 1, 4, 8, 16, and 24 h) and high-magnitude regions from 2,950 to 2,900 cm�1 in the yellow box.

(B) 1H-NMR spectra using the extracted solution according to the reaction time (0, 1, 4, 8, 18, and 24 h). CHCl3 was reduced to the polymer (or oligomer)

of hydrocarbons at 0.81 ppm in the methyl group and 1.23 ppm in the methylene group.
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increased, indicating the formation of by-products with nitrile groups from CH3CN.

The IR pattern for the 2,950 to 2,900 cm�1 region (yellow box) shows that the peaks

in the C-H stretch region steadily increased, a clear indication that the polymer grad-

ually formed over time.

The hydrocarbon peaks at 0.81 (methyl group) and 1.23 ppm (methylene group)

increased with the reaction time, as shown by the NMR spectra of each solution (Fig-

ure 2B). CH2Cl2 and dichloroethene, a dimer of CHCl3, were also formed, and simul-

taneous hydrogenation, not polymerization, occurred. However, as the reaction pro-

gressed, the NMR peaks of the monomer and the solvent broadened, due to Knight

shift,34,49,50 and the by-product from CH3CN appeared at 2.56 ppm. When CA was

performed at �3 V.00 for 24 h, the potential was within the solvent window of

CH3CN, and the absolute value of the current was constant and close to 0, as shown

in Figure S6: the polymerization did not occur even though�3.00 V is over the reduc-

tion potential of the monomer; thus, CH3CN plays a role in PHC synthesis, which will

be addressed in more detail in the section about termination below. Based on the

experimental data of the product reported earlier,24 we know that the C–Cl bonds

of the chlorinated monomers are randomly cleaved ‘‘on’’ the cathode, and each of

the activated monomers is thus irregularly making covalent bonds (propagation pro-

ceeds) when the potential exceeds the solvent window of CH3CN. The propagation

scheme for the reaction of activated monomers with radicals is as shown in

Scheme 4.
Investigation of termination step using deuterated chemicals

After purification (‘‘work up’’) using hydrochloric acid (HCl), the empirical formula of PHC

using CHCl3 was close to CH2.
24 This empirical formula indicates that employing the

monomer of CHCl3 increased the ratio of hydrogen atoms per carbon atom. Thus, there

had to be other (or another) hydrogen atom suppliers. There are several possible candi-

dates: (1) CH3CN, which is used as the solvent, (2) HCl(aq), used to remove metal impu-

rities during the purification process, and (3) moisture in the air. We thus synthesized

PHCs using deuterated acetonitrile (CD3CN) and deuterated chloroform (CDCl3). The

kinetic isotope effect (KIE) must be considered: heavier isotopes typically have a lower

reaction rate.51,52 Indeed, we found a difference in yield: (1) the yield for CHCl3 with

CH3CN was 2.28%,23 (2) the yield for CDCl3 with CH3CN was 2.18%, (3) the yield for

CHCl3 with CD3CN was 0.49%, and (4) the yield for CDCl3 with CD3CN was 0.39%.
6 Cell Reports Physical Science 4, 101373, April 19, 2023



Scheme 4. Propagation process of chlorinated methanes on the cathode

P represents the propagated oligomer or polymer and am represents the activated monomer. The

activated monomers are *CHCl2, *CHCl, and *CH from CHCl3. (i and j are integers, and d represents

radicals.)
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The molecular weight of the deuterated PHC (2, 3, and 4) was too small to be detected

by gel permeation chromatography multi-angle light scattering (GPC-MALS) when the

deuterated chemical was used. We thereby learned that CH3CN plays an important

role in the electrochemical reaction. We compared 1H-NMR spectra to determine the

hydrogen atom supplier (see Figure 3).

These five 1H-NMR spectra were from the use of the same solution concentration and

normalized based on the NMR solvent peak (CDCl3, d = 7.26 ppm). Assuming that

theNMR solvent peak area (d=7.26ppm) is 1, the integration of the hydrocarbon region

from0.50 to1.80ppm is 153.18, as shown in Figure 3A.WhenCDCl3 was used insteadof

CHCl3, a sharp methyl peak at 0.88 ppm, a methylene peak at 1.25 ppm, and a methine

peak at 1.58 ppm were observed, as shown in Figure 3B. The integration of these

groups, as shown in Figure 3B, yielded 126.62. However, when CH3CN was changed

to CD3CN with CHCl3 as the monomer, the intensity of the hydrocarbon groups of

PHC in the 1H-NMR spectrum was significantly reduced, as shown in Figure 3C. Thus,

CH3CN played a significant role as a hydrogen atom supplier. With CDCl3 and

CD3CN used, as shown in Figure 3D, the intensity of the ‘‘hydrocarbon region’’ was

smaller than that of the 1H-NMR spectrum in Figure 3C. The integration of the hydrocar-

bon region in Figures 3C and 3D yielded 51.74 and 37.99, respectively.

TheparticipationofCH3CNwas confirmedbydeuteriumNMR (2H-NMR) (please see Fig-

ure S7). When CDCl3 was used instead of CHCl3, a deuterated carbon peak was barely

observed in the hydrocarbon region as shown in Figure S7A; however, as shown in

Figures S7B and S7C, when CH3CN was changed to CD3CN, significant peaks at 2.10

ppm were observed. 2H-NMR generally shows a similar NMR pattern to 1H-NMR, but

the signal-to-noise ratio (SNR) of 2H-NMR is much lower compared with that of
Figure 3. 1H-NMR spectra of PHCs for identification of the termination process
1H-NMR spectra of PHCs synthesized by (A) CH3CN + CHCl3, (B) CH3CN + deuterated chloroform

(CDCl3), (C) deuterated acetonitrile (CD3CN) + CHCl3, (D) CD3CN + CDCl3, and (E) CD3CN + CDCl3
purified with deuterium chloride (DCl) in deuterium oxide (D2O).

Cell Reports Physical Science 4, 101373, April 19, 2023 7



Scheme 5. Termination process of the formed oligomer or polymer by hydrogen atoms
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1H-NMR.53 Therefore, although thedeuteratedcarbonpeakdid not showpeakpositions

clearly assignable as hydrocarbon (group) peaks, 2H-NMR showed that CH3CN is the

main hydrogen supplier to the PHC product. With CDCl3 and CD3CN used (Figure 3D),

the small value obtained from the integration of the hydrocarbon region indicates that

there were other candidates for the hydrogen atom supplier.

In an attempt to determine the effect of HCl(aq), purification was performed using

deuterium chloride DCl(aq) in deuterium oxide (D2O), as shown in Figure 3E.We syn-

thesized PHC using CD3CN and CDCl3 and purified it using a DCl aqueous solution;

the obtained hydrocarbon peak region was much smaller than that obtained using

HCl(aq): with the integration of the hydrocarbon region, it is 12.77. This means

that HCl(aq), as a hydrogen atom supplier, helped terminate the reaction. The final

candidate (that we can think of) is moisture in the air. Figure S8 shows the 1H-NMR

spectra for the extracted solutions collected before the start of the reaction (black

line), immediately after the electrochemical polymerization (red line), and after

exposure to air for 30 min post the reaction (blue line). The CH3CN peak at

1.94 ppm broadened due to paramagnetic compounds (Knight shift),54 and there

was no change in the peak position despite exposure to air. Based on all of these

NMR results, CH3CN is a main hydrogen atom supplier, except for the hydrogen

already present in CHCl3, in the electrochemical polymerization for the synthesis

of PHC, and other HCl(aq) also contributes hydrogen atoms in terminating the

reaction.
Calculation of carbon participation percentage for CHCl3 and CH3CN

In addition, carbon participation (as a percentage) could be calculated using the

SNR in the quantitative 13C-NMR spectra because carbon has little difference in

atomic mass ratio between 12C and 13C, so the reaction rate is not greatly influ-

enced.55,56 13C is present at �1.1 atom % in nature. 13CHCl3 was used to synthesize

10 and 99 atom% 13C PHC, and quantitative 13C-NMR analysis was performed under

the same NMR conditions, including the same concentration (see Figure S9). The

SNR depends on the concentration of the 13C in the PHC samples and the NMR pro-

tocols: as noted, the number of scans and external magnetic fields were identical.

The SNR values at 1.1, 10, and 99 atom % 13C labeling were 109.14, 984.03, and

9,733.54, respectively, when the SNR was calculated based on the strongest peak

at 29.93 ppm. The participation of CHCl3 and CH3CN for carbon atoms in the

PHC was 98.30% and 1.70%, respectively, compared with the 1.1 and 10 atom %
13C PHC samples. Comparing the 1.1 and 99 atom % 13C PHC samples showed

that the carbon participation was 98.31% CHCl3 and 1.69% CH3CN. Thus, approxi-

mately 98.3% of the carbon atoms in the products are from CHCl3, and the

remainder are from CH3CN (see Note S1 for additional details). As mentioned

above, most of the hydrogen atoms in PHC products came from CH3CN. The termi-

nation scheme is as displayed in Scheme 5.

This explains the termination of electrochemical polymerization by several hydrogen

suppliers.

To summarize, as shown in Figure 4, it was found that as the SS316 anode was

oxidized, the current increased in the reaction solution. The CH3CN promoted the

termination process of PHC synthesis by deprotonation at the anode. The protons,
8 Cell Reports Physical Science 4, 101373, April 19, 2023



Figure 4. Schematic illustration of the electrochemical polymerization using CHCl3 and CH3CN

with LiPF6

M is a metal compound released from SS316 (M = Fe, Ni, and Mo), and H+ is a proton. Propagated

segments are represented by P. Activated monomers, which have radicals, are represented by am

(i, j, and n = integer).
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metal ions from the SS316 anode, and dissociated CH3CN molecules were trans-

ported to the cathode by stirring the solution. As the C–Cl bonds of the chlorinated

methanes were cleaved on the cathode, the reduction occurred by generating acti-

vated monomers; thus, the propagation proceeded by the activated monomers re-

acting with each other. Finally, the hydrogen atoms contributed by CH3CN and

HCl(aq) helped to terminate the reaction.

In summary, we studied the electrochemical polymerization of chlorinatedmethanes

using isotope-labeled chemicals and electrochemical analysis combined with FT-IR

and NMR. CV and NMR analyses showed that the oxidation process involves H

atoms coming from CH3CN and the release of metal ions from the SS316 electrodes

at the anode. In addition, the CV curves showed that the C–Cl covalent bonds in the

monomers were cleaved during the initiation process at the cathode. We observed

that the intensity of the C-H stretch region (peaks for different functional groups

CxHy) in the FT-IR spectra gradually increased according to the reaction time, and

NMR results on timed extractions of the reaction solution agreed with group number

ratios from the FT-IR spectra. Our prior studies on the synthesis of PHCs showed that

the stoichiometry of PHC from CHCl3 monomer was close to that of CH2
23; here, the

origin of the hydrogen atoms was identified through 1H-NMR analyses by using

CD3CN, CDCl3, and DCl(aq). CD3CN yielded a large decrease in the integrated

peak area of the hydrocarbon region in the 1H-NMR spectra: CH3CN is a significant

hydrogen atom donor. Additionally, HCl(aq), used for purification after electro-

chemical synthesis of the PHC, also provides H atoms on the periphery of the

PHC, as further assessed by purification by DCl (in D2O). Therefore, hydrogen atoms

came from CH3CN, CHCl3, and HCl(aq). Most of the carbon in the PHC product

came from CHCl3, elucidated from studies of 13C-labeled PHCs. We discovered

several aspects of how PHC grows and evolves in this type of electrochemical poly-

merization using CV, NMR, and FT-IR data together with isotopic labeling of CHCl3
(CDCl3 and

13CHCl3) and the acetonitrile solvent. Our approaches should be useful

to others who want to understand the time evolution of the growth of polymers by

electrochemical polymerization.
Cell Reports Physical Science 4, 101373, April 19, 2023 9
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Rodney S. Ruoff (rsruoff@ibs.re.kr or ruofflab@gmail.com).

Materials availability

All materials generated in this study are available from the lead contact .

Data and code availability

Any requests related to data will be fulfilled by the lead contact upon reasonable

request.
Chemicals and characterization

LiPF6 (battery grade, R99.99% trace metal basis; Sigma Aldrich) was used as

received. CH2Cl2 (R99.5%; Daejung) and CCl4 (R99.5%, anhydrous; Sigma-

Aldrich) were used as received. CHCl3 (R99%, containing amylenes as a stabilizer;

Sigma-Aldrich) and anhydrous acetonitrile (CH3CN) (99.8%; Sigma-Aldrich) were pu-

rified using a solvent purifier from Vacuum Atmospheres Company before use.

CDCl3, acetonitrile-d3 (CD3CN), and deuterium chloride (DCl) (35 wt % in D2O,

R99 atom % D) were purchased from Sigma-Aldrich. 13CHCl3 (99%) was purchased

from Cambridge Isotope Laboratories. HCl (37%, Sigma-Aldrich) was used during

the purification in the synthesis process. SS sheets (SS316; KwangEun) were washed

with acetone, isopropyl alcohol, and deionized (DI) water and dried at 80�C in an air

oven for 24 h before use. Silica gel 60 (0.040–0.063 mm; Merck) was used for column

chromatography.

CV and CA results were obtained using a Gamry Reference 600+ system. The

potential range from 0.00 to �6.00 V (and +6.00 V) was applied to the solution

with a 10 mV/s scan rate using an Ag/AgNO3 reference electrode and SS316 work-

ing and counter electrodes. 1H-NMR and 13C-NMR spectra were recorded using a

Bruker Ascend 400 spectrometer (400 MHz). Chloroform-d (CDCl3) was used as the

NMR solvent for 1H- and 13C-NMR experiments. The 1H-NMR spectra were cali-

brated using a residual non-deuterated solvent shift (CHCl3 = 7.26 ppm), and

the 13C-NMR spectra were calibrated using a solvent chemical shift (CHCl3 =

77.16 ppm). FT-IR spectra were obtained using an Agilent 600 series spectrometer

in the transmittance mode. XPS was done using a Thermo Scientific ESCALAB

250Xi instrument.
Electrochemical polymerization

All reactions were performed inside an argon-filled glove box. The electrochemical

cell was composed of working, counter, and reference electrodes. The area of the

cathode and anode is 4 3 4 cm2, and the thickness of these electrodes is 0.9 mm.

The surface-to-volume (S/V) ratio of the electrode is 2.3 mm�1. The distance be-

tween the electrodes is 3 cm. The reference electrode was an Ag/AgNO3 non-

aqueous reference electrode. Chlorinated monomer solutions (6.2 M) in CH3CN

were prepared in the presence of 23 mmol LiPF6 as the electrolyte. Electrochemical

polymerization was conducted at �6.00 V (direct current) for 24 h at room temper-

ature. The insoluble material was removed via vacuum filtration. The residual sol-

vents in the filtered solution were evaporated using a rotary evaporator, and the

dried raw product was dissolved in CHCl3 (100 mL). The solution was washed with

3.7% diluted HCl (100 mL 3 5 times) using a separation funnel. After drying the
10 Cell Reports Physical Science 4, 101373, April 19, 2023
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washed solution, the obtained product was purified using silica column chromatog-

raphy. CHCl3 was used as an eluent.

CV measurement

Thepotential in the cyclic voltammogramsof each chlorinatedmonomerwas swept from

0.00 to �6.00 V, or from 0.00 to 6.00 V, at a scan rate of 10 mV/s at room temperature.

Extraction of solution in the electrochemical reaction and sampling for FT-IR

and NMR

Electrochemical reactions were conducted in a glove box. A solution sample (1 mL)

was extracted from a point close to the working electrode based on the reaction

time. For FT-IR spectroscopy, KBr pellets were prepared in advance and immersed

in the extracted solution for 1 min. FT-IR spectra were measured immediately after

being pulled out of the glove box. After mixing 0.1 mL extracted solution (0.7 mL

with CDCl3 and the NMR solvent [d = 7.26 ppm]), the impurities were filtered through

a syringe filter. The NMR spectra were immediately measured.
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