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ABSTRACT: An electrochemically controlled synthesis of multiblock copolymers by alternating the redox states of 
(salfan)Zr(OtBu)2 (salfan = 1,1’-di(2-tert-butyl-6-N-methylmethylenephenoxy)ferrocene) is reported. Aided by electrochem-
istry with a glassy carbon working electrode, an in situ potential switch alters the catalyst’s oxidation state and its subse-
quent monomer (L-lactide, -butyrolactone, or cyclohexene oxide) selectivity in one pot. Various multiblock copolymers 
were prepared, including an ABAB tetrablock copolymer, poly(cyclohexene oxide-b-lactide-b-cyclohexene oxide-b-lactide), 
and an ABC triblock copolymer, poly(hydroxybutyrate-b-cyclohexene oxide-b-lactide). The polymers produced using this 
technique are similar to those produced via a chemical redox reagent method, displaying moderately narrow dispersities 
(1.1 – 1.5) and molecular weights ranging from 7 to 26 kDa.

INTRODUCTION 

Through billions of years of evolution, Nature has 
evolved a sophisticated machinery to produce biopolymers 
with precise sequence control. This level of precision has 
inspired chemists to discover tools and methodologies to 
control the primary structure of synthetic polymers1-6 such 
as controlled radical polymerization7-9 and switchable ca-
talysis.10-17 Switchable catalysis employs a single precursor 
capable of accessing multiple, distinct catalytically active 
states by employing external triggers. These states can dis-
play different reactivity rates for the same monomer or ex-
hibit orthogonal monomer reactivity. Using this approach, 
copolymers can be synthesized via switching back and 
forth between the different active states. 

The use of potentiostatic coulometry or 
chronoamperometry18 offers specific advantages in 
addition to temporal control, such as tuning the extent of 
the electron transfer process and alleviating the need for 
the repeated addition of chemical redox reagents.19-

20 Electrochemical control of polymerization reactions has 
been demonstrated previously; the first example was re-
ported in 2011 by Matyjaszewski and coworkers, who used 
an electric current to toggle reversibly an on/off atom 
transfer radical polymerization (ATRP) reaction mediated 
by a copper(I)/copper(II) redox couple.21 Recently, electro-
chemically controlled polymerizations by mechanisms dif-
ferent than ATRP have been reported.22-27 However, elec-
trochemical control of ring-opening polymerization (ROP) 
has garnered less attention than that of cationic or radical 
polymerizations. ROP typically employs metal catalysts 
that offer good control and can be used to produce a wide 
variety of polymers, including polyesters, polyethers, and 
polycarbonates.28 

Electrochemistry has been used to control ROP reac-
tions either by altering monomer selectivity of a catalyst or 
activating a dual metal catalyst system (Figure 1). For ex-
ample, Byers and coworkers reported a redox switchable 
ROP system using an iron precatalyst.24 Oxidation and re-
duction toggled the selectivity of the catalyst versus spe-
cific monomers, i.e., the neutral iron species was active to-
ward lactide (LA) polymerization, while the oxidized, cati-
onic iron species was active toward cyclohexene oxide 
(CHO) polymerization (Figure 1a). The activity could be 
turned on or off by switching between the two oxidation 
states. This system only produces diblock copolymers due 
to catalyst limitations, and the electrochemical setup em-
ploys an intricate polymer-coated, ion selective membrane 
that must be fabricated prior to electrolysis.  

In another example, Fors et al. reported a ferrocenyl acid 

that could be switched on and off for lactone (-valerolac-
tone, VL, and -caprolactone, CL) polymerization (Figure 
1b).26 A decrease in pKa upon oxidation leads to activation 
of the monomer via protonation, and then polymerization. 
Propagation can be halted via reduction of the ferrocene 
unit that, in turn, deactivates the monomers and stops 
polymerization. A diblock copolymer, poly(CL-b-VL), 
could be synthesized by the sequential addition of the two 
monomers.  

Recently, Tong and coworkers reported a Co/Zn dual 
catalyst system that can be activated using an electric po-
tential toward the ROP of O-carboxyanhydrides (Figure 
1c).27 This work uses electrochemistry in a more involved 
manner than the previous examples, in that the anode 
helps promote the oxidative addition of a C-O bond, while 
the cathode acts as an electron reservoir for reductive de-
carboxylation. High molecular weight, isotactic polyesters 



 

containing varying functional groups are produced in ad-
dition to stereoblock, diblock, and triblock copolymers ob-
tained by the sequential addition of monomers.  

Figure 1.  Examples of electrochemically controlled ring-
opening polymerization methods with monomers used 
shown in boxes. a) Ring-opening polymerization of lactide 
and cyclohexene oxide by a redox-switchable pyri-
dinediimine iron complex to produce diblock copolymers 
(Ar = 4-methoxylphenyl; Ar’ = 2,6-dimethylphenyl). b) 
Electrochemical on/off control of -caprolactone and -
valerolactone via a redox-based change in the pKa of a fer-
rocenyl acid (X = phosphonic, (phenyl)phosphonic, or 
(phenyl)phosphinic acid). c) Electrochemical activation of 
a Co/Zn catalyst system toward O-carboxyanhydrides.  d) 
This work: electrochemical system capable of producing 
various di-, tri-, and tetrablock copolymers of lactide, -
butyrolactone, and cyclohexene oxide. 

Over the last decade, our group,29-46 as well as others,47-

57 has reported metal complexes for redox switchable 
polymerization. We employ ferrocene based ligands as a 
redox handle coordinated to various metals active for the 
ring-opening polymerization (ROP) of cyclic ethers, esters, 
and carbonates. A handful of these compounds exhibit or-
thogonal reactivity toward various monomers in different 
oxidation states. For example, (salfan)Zr(OtBu)2 (salfan = 
1,1’-di(2-tert-butyl-6-N-methylmethylenephenoxy)ferro-

cene) is active toward LA and -butyrolactone (BBL) in the 
reduced state, and CHO in the oxidized state.42 Using 
chemical redox reagents and a sequential addition process, 
we previously synthesized di- and multiblock copolymers 
from the aforementioned monomers. We envision that a 
simple electrochemical approach will allow for the one-pot 
synthesis of these copolymers, without the need for re-
peated monomer or redox reagent additions. Additionally, 
the system should be broadly applicable to the dozen re-
dox-switchable metal complexes used in our group. This 
group of metal complexes contains both early and late 

transition metals, which allow for a wider range of mono-
mer scope.  

Herein, we report an electrochemical system that main-
tains orthogonal reactivity and allows the formation of 
ABC and ABAB block copolymers (Figure 1d). This is the 
first time an orthogonal electrochemical switch has been 
used for the formation of a multiblock copolymer. Given 
its controlled nature, this system opens new avenues for 
the tailored and controlled synthesis of multiblock copol-
ymers using a one-pot approach. 

 

RESULTS AND DISCUSSION 

We hypothesized that a divided electrochemical cell (H-

cell) with an ultrafine (0.9 – 1.4 m porosity) frit separating 
the working compartment (glassy carbon plate working 
electrode and a silver wire pseudoreference electrode) 
from the counter compartment (magnesium foil counter 
electrode) would provide sufficient separation (Figures 2, 
S1).22 The working compartment was equipped with two 
small stir bars (5 and 10 mm diameter) to overcome mass 
transport limitations. When a bare silver wire as a pseudo-
reference electrode was inserted in the working compart-
ment, experiments with tetrapropylammonium 
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TPABArF) 
as the supporting electrolyte and (salfan)Zr(OtBu)2 led to 
uncontrolled CHO polymerization, presumably by AgBArF 

(Figure S44). Separating the silver wire from the working 
compartment with a Teflon frit mostly alleviated this issue, 
but occasionally the silver cations that leaked into the bulk 
solution interfered with the desired CHO polymerization. 
Such initial studies substantiated the need to use an alter-
native electrolyte. We found that tetrapropylammonium 
bistriflimide (TPANTf2, synthesis and characterization in-
cluded in the SI, Figures S4-5) was innocent toward CHO 
and LA polymerization (Table 1, entry 1; Figure S6) even 
when using a bare silver wire as a pseudo-reference elec-
trode . However, the separation of the silver pseudo-refer-
ence electrode with a Teflon frit was continuously em-
ployed for electrolysis reactions. After addressing such 
technical details, the cyclic voltammogram of 
(salfan)Zr(OtBu)2 dissolved in a 1,2-difluorobenzene solu-
tion of TPANTf2 reproducibly exhibited a reversible redox 
event at  360 mV versus Ag/Ag+ (Figure 2, bottom). There-
fore, we chose bulk electrolysis potentials a few hundred 
millivolts to either side of the catalyst’s redox potential (Eca-

thodic = 0.1 V versus Ag/Ag+ and Eanodic = 0.7 V versus Ag/Ag+) 
to ensure complete electron transfer to and from the cata-
lyst. 

With suitable electrolysis conditions established, the 
ability of this system to perform homopolymerization re-
actions of L-lactide and cyclohexene oxide was surveyed 
next. First, controlled reactions were carried out. The 
polymerizations of LA (Table S1, entry 1, Figure S8) in a 1,2-
difluorobenzene solution of TPANTf2 showed that the elec-
trolyte did not interfere with the controlled polymerization 
process.  



 

 

Figure 2. Electrochemical setup (top); inset of the general 
electrolysis reaction for switchable polymerization of L-
lactide and cyclohexene oxide; iR corrected cyclic voltam-
mogram of (salfan)Zr(OtBu)2 (5 mM) in 1,2-difluoroben-
zene with TPANTf2 (75 mM) as an electrolyte (bottom). 

 

 

 
Figure 3. Left: control of LA polymerization mediated by 
an electrochemical switch of (salfan)Zr(OtBu)2, conversion 
and Mn versus time of LA on/off polymerization; first gray 
region: electrochemical oxidation, second gray region: ca-
thodic electrolysis. Right: SEC traces of the corresponding 
LA polymer aliquots. Traces b – e are nearly superimposed 
and only two are shown for clarity. 

Next, the homopolymerization of CHO was performed. 
Application of an anodic potential to (salfan)Zr(OtBu)2 
produced [(salfan)Zr(OtBu)2]+ (see Figures S2-3 for repre-
sentative current vs. time curves) and the pale yellow solu-
tion turned brown, similar to the results obtained when us-
ing chemical oxidants. The electrochemically generated 
[(salfan)Zr(OtBu)2]+ is active in CHO polymerization, re-
sulting in a polymer with a unimodal size exclusion chro-
matography (SEC) trace and a dispersity of 1.4 (Table S1, 
entry 2, Figure S9), typical of (salfan)Zr(OtBu)2.42 These re-
sults demonstrate the feasibility of using an electrochemi-
cal system for the homopolymerization of LA and CHO. 
Electrode washing with CH2Cl2 after both anodic and ca-
thodic electrolysis indicated very little polymer/electrolyte 
was deposited during the reaction (See Figures S9-10). 

Table 1. Synthesis of various copolymers of L-lactide (LA) and cyclohexene oxide (CHO) using an electrochemical switch 
of (salfan)Zr(OtBu)2. 

entry mon. 1 mon. 2 mon. 3 mon. 4 catalyst time (h) conv. (%)a Mn, exp
b 

(kDa) 
Mn, calc

c
 

(kDa) 
Đ 

1 LA CHO -- -- -- 22 < 3  -- -- -- 

2 LA CHO -- -- red-ox 1.5-18 93-54 13 10 1.3 

3 CHO LA -- -- ox-red 4-2 70-79 18 9.1 1.5 

4 LA CHO -- -- red-ox 2-20 95-55 16 9.5 1.4 

5 LA CHO LA -- red-ox-red 1.5-18-2 47-70-88 15 10 1.5 

6d LA CHO LA CHO red-ox-red-ox 0.75-16-
2-24 

31-25-90-57 26 24 1.3 

7e BBL CHO -- -- red-ox 24-24 84-30 11 10 1.3 

8f LA CHO BBL  red-ox-red 2-18-12 88-42-25 14 15 1.5 

Conditions: 75 mM TPANTf2 solution, 1.5 mL of 1,2-difluorobenzene. 0.01 mmol precatalyst, 100 equiv monomer, unless otherwise 
noted; LA and CHO polymerizations were carried out at 100 and 25 ºC, respectively; red = (salfan)Zr(OtBu)2; ox = 
(salfan)Zr(OtBu)2

+; all entries were conducted using a one pot approach except entries 2, 3, and 8 which used a sequential addition 



 

approach; [a] determined by 1H NMR spectroscopy by integrating polymer to monomer peaks and reported as total conversion of 
that monomer; [b] determined by SEC; [c] calculated by 1H NMR ratio of polymer to monomer peaks assuming two initiating 
groups; [d] 200 equiv LA and 400 equiv CHO; [e] 200 equiv each; [f] 100 equiv LA, 200 equiv CHO, 400 equiv BBL.

In order for this system to be compatible with synthesiz-
ing complex copolymers, it should impart on/off control 
during polymerization via an electrolysis event. Therefore, 
we demonstrated that during LA polymerization, an elec-
trochemical oxidation (Figure 3, first gray region) can halt 
LA polymerization. During this “off” phase (Figure 3, points 
c to d), the conversion of LA does not change, even when 
heated to 100 ºC, and the SEC traces are superimposable. 
These data suggest that this is a redox-based switch and 
not thermochemical and that electrolysis does not affect 
the integrity of the polymer backbone. After cathodic elec-
trolysis (Figure 3, second gray region), LA polymerization 
continues, evident by increasing its conversion and poly-
mer molecular weight, showing that bulk electrolysis had 
no detrimental effect on the polymer molecular weight and 
dispersity. Additionally, the initial rate of LA polymeriza-
tion before and after the redox switch are nearly identical 
(See Figures S19-20).  

We then set out to demonstrate a similar control over 
CHO polymerization. At 0.01 mmol catalyst loading, elec-
trolysis time (roughly 45-60 mins) and polymerization 
time for CHO (roughly 120 mins) were too close to impart 
a meaningful on/off activity with any control. We lowered 
the catalyst loading to 0.005 mmol to decrease electrolysis 
time and slow down CHO polymerization. After an initial 
anodic electrolysis, 300 equivalents of CHO was added, 
reaching 18% conversion after 15 minutes. Electrochemical 
reduction halted CHO polymerization and, after 90 
minutes, no additional CHO was polymerized. A subse-
quent oxidation reinitiated CHO polymerization, and re-
sulted in a total of 62% CHO polymerization after 6 hours 
(Figure S18). 

We propose that similar mechanistic considerations ap-
ply here as to the chemical system. Previous DFT studies 
investigated the nature of the redox-switchable chemose-
lectvity of (salfan)Zr(OtBu)2  toward LA and CHO;38 these 
studies found that LA initiation is favorable in both the re-
duced and oxidized state, however, LA propagation is only 
favorable in the reduced state. Additionally, CHO 
polymerization by the oxidized form of (salfan)Zr(OtBu)2  
was shown to favor a coordination-insertion mechanism. 
These mechanistic studies indicate that a single electron 
transfer process imparts monomer selectivity during 
polymerization (see Figure S43 for proposed mechanism).  

With homopolymerization activity and on/off control 
established, we set out to synthesize various copolymers 
using an electrochemical switch, initially with a sequential 
addition approach. Diblock copolymers of LA and CHO 
could be readily synthesized, both starting with LA and in-
itiating CHO incorporation via an electrochemical switch 
(producing pCHO-b-PLA, Table 1 entry 2; Figure S11) or via 
an initial anodic event to start CHO polymerization and 
subsequent electrochemical reduction to produce a PLA-
b-pCHO copolymer (Table 1, entry 3; Figure S12). These two 

copolymers exhibited a dispersity of 1.3 and 1.5, respectively 
(see Figures S47-48 for SEC traces), and produce similar 
polymers as the chemical reagent approach.42 These results 
were encouraging and showed that we could use this tech-
nique to forge distinct blocks in a controlled fashion dur-
ing polymerization.  

A main objective of using the electrochemical approach 
was to circumvent the interference of a chemical oxidant 
during switchable catalysis. Previously studied oxidants ei-
ther interfere with the reaction by rapidly polymerizing 
CHO, irreversibly oxidizing the catalyst, or leading to deg-
radation products; in all cases, the synthesis of multiblock 
copolymers via a one pot approach became unattainable.42 
We hypothesized that this electrochemical approach could 
alleviate this drawback. Combining both monomers with 1 
led initially to a PLA polymer; upon electrolysis, the reac-
tivity switched from PLA to CHO incorporation. The dis-
persity of the resulting diblock copolymer (Table 1, entry 4; 
Figure S13) was 1.4, suggesting that the reaction time for 
CHO (16 hours) was sufficiently longer than the electroly-
sis time and did not prevent control over the polymeriza-
tion process. Diffusion ordered spectroscopy (DOSY) was 
performed to confirm the synthesis of a copolymer (Figure 
S23); the 1H NMR peaks of the LA and CHO blocks diffused 
at the same rate, suggesting the two blocks were connected 
as a copolymer and not two homopolymers. Additionally, 
heteronuclear multiple bond correlation (HMBC) and het-
eronuclear single quantum coherence (HSQC) experi-
ments (Figures S41 & S42) were performed on the smaller, 
13 kDa diblock copolymer (Table 1, entry 2) to assign the 
junction units between LA and CHO blocks. A magnified 
1H NMR spectrum of the isolated copolymer with proton 
assignments is shown in Figure 4, confirming the block co-
polymer nature. 

Next, we looked at the feasibility of synthesizing multi-
block copolymers, such as tri- or tetrablock. Using the 
same redox switch to make the pCHO-b-PLA diblock co-
polymer, followed by an additional cathodic electrolysis to 
reinitiate LA polymerization led to the formation of a PLA-
b-pCHO-b-PLA triblock copolymer (Table 1, entry 5; Figure 
S14). An SEC trace of each step of the copolymer formation 
was taken (Figure S50) indicating the molecular weight of 
the copolymer increased during each block polymeriza-
tion. Additionally, the DOSY data suggests that PLA and 
pCHO combined as one copolymer (Figure S24). 

We took this one step further using three electrolysis 
events to make a tetrablock copolymer (Figure 5). We in-
creased the amount of LA and CHO to 200 and 400, respec-
tively, to ensure enough of each monomer remained for the 
third and fourth blocks while a polymer with a large 
enough molecular weight for SEC analysis was isolated. 



 

 
Figure 4. Magnified view of the 1H NMR (500 MHz, 25 ºC, 
CDCl3) spectrum of the pCHO-b-PLA copolymer with peak as-
signments for bulk and junction units. 

Using a reduced-oxidized-reduced-oxidized method, a 
pCHO-b-PLA-b-pCHO-b-PLA tetrablock copolymer (Ta-
ble 1, entry 6; Figure S15) could be obtained. The final pol-
ymer molecular weight agreed with the theoretical value 
(26 kDa versus 24 kDa) while maintaining a relatively nar-
row dispersity of 1.3. The SEC trace of each step of copoly-
mer formation and the final copolymer DOSY are shown in 
Figure 5 and both point to the formation of the assigned 
block copolymer. The 13C{1H} NMR spectrum of the iso-
lated copolymer is shown in Figure S36. 

To expand the scope of our electrochemical system, we 
investigated -butyrolactone (BBL) as another monomer 
for redox-switchable copolymerization. In the reduced 
state, (salfan)Zr(OtBu)2 polymerizes BBL at 100º C; in the 
oxidized state, there is minimal activity at 100 ºC and no 
activity at room temperature, making it an ideal candidate 
for copolymerization with CHO.42 Combining 1 with 200 
equiv of both BBL and CHO and undergoing a red-ox cat-
alyst switch led to the production of a pCHO-b-PHB (PHB 
= polyhydroxybutarate) copolymer (Table 1, entry 7; Figure 
S16). The copolymer exhibited a unimodal SEC trace with 
a molecular weight of 11 kDa and a dispersity of 1.3 (Figure 
S51). 

Furthermore, an ABC triblock copolymer was obtained, 
where LA could be polymerized first, followed by CHO and 
BBL using a red-ox-red switch. Because LA and BBL can be 
copolymerized at 100 ºC in the reduced state, a sequential 
addition approach was taken. Initial LA polymerization 
reached 88% conversion, followed by an electrochemical 
switch that initiated CHO incorporation. Subsequent re-
duction and addition of BBL initiated the third block and 
led to the formation of an ABC triblock copolymer (Table 
1, entry 8; Figure S17). Although the final ‘C’ block had a 
smaller percent conversion of BBL monomer (25%), the fi-
nal 1H and 13C spectra (Figures S39-40) of the isolated pol-
ymer spectra indicated its presence in the copolymer. Ad-
ditionally, a unimodal SEC trace of the final copolymer 
(Figure S52) and DOSY (Figure S26) indicated that all 1H 
polymer peaks diffuse at the same rate and both suggest 
the formation of a triblock copolymer. 

 

  
Figure 5. Left: SEC traces of each stage of the tetrablock co-
polymer formation; black: PLA, red: diblock, blue: triblock, 
green: tetrablock (from Table 1, entry 6, left); right: DOSY of 
the final tetrablock copolymer (right). 

1H and 13C NMR spectroscopy was performed on all iso-
lated copolymers and their assigned spectra can be found 
in the SI (Figures S27-40). The 1H NMR integrations were 
used in conjunction with the experimental molecular 
weights to calculate the degree of polymerization (DP, Ta-
ble S2). The DP of each block is sufficiently large to de-
scribe the copolymers formed as discrete block copoly-
mers.58 Additionally, thermal gravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) was con-
ducted on the block copolymers synthesized to investigate 
their thermal properties. The TGA trace for PLA shows a 
Td50 of 309 ºC and a decomposition range of ca 240 ºC to 
350 ºC, while pCHO shows a Td50 of 251 ºC and a decompo-
sition range of ca 200 – 410 ºC, although with a greater ini-
tial thermal decomposition until ca 275 ºC followed by a 
slower decomposition until 410 ºC (Figures S53-54). The co-
polymers of LA and CHO (Figures S55-57) exhibit broader 
decomposition ranges, roughly 225 – 340 ºC for the pCHO-
b-PLA diblock copolymer, 250 – 375 ºC for the PLA-b-
pCHO-b-PLA triblock copolymer, and 240 – 340 ºC for the 
pCHO-b-PLA-b-pCHO-b-PLA tetrablock, consistent with 
the combined ranges for both PLA and pCHO.  The pCHO-
b-BBL thermal decomposition showed two steps, an initial 
decomposition starting around 250 ºC and the second step 
around 350 ºC, with a Td50 value of 280 ºC (Figure S58). The 
ABC triblock copolymer primarily decomposed in one step 
ranging from 260 ºC to 340 ºC with a Td50 of 314 ºC, but also 
exhibited a slower decomposition process from 350 to 400 
ºC (Figure S59), similar to that of pCHO.  

DSC analysis (Figures S60-64) shows glass transition 
temperatures (Tg) of 58 ºC, 50 ºC, and 54 ºC for the LA/CHO 
diblock, triblock, and tetrablock copolymers, respectively, 
and melting temperatures of ~ 154 ºC. The Tg value lies on 
the lower end for lactide-containing polymers, which is a 
known phenomenon in block copolymers containing lac-
tide.59 The pCHO-b-PHB copolymer showed a Tg of 6 ºC, 
presumably corresponding to the PHB block, and a melting 
temperature of 82 ºC. Interestingly, the PHB-b-pCHO-b-
PLA triblock copolymer exhibited a Tg of 25 ºC which falls 



 

between the typical Tg of the homopolymers (5 ºC for 
PHB,60 and roughly 50-70 ºC for pCHO and PLA).  

 

CONCLUSIONS 

In summary, we report a simple electrochemical system for 
the redox switchable ring-opening copolymerization of L-

lactide, -butyrolactone, cyclohexene oxide using 
(salfan)Zr(OtBu)2 as a precatalyst. Our system was sur-
veyed for the homopolymerization of both LA and CHO, 
which exhibited good control, similar to the reactions em-
ploying chemical redox reagents. Potentiostatic electroly-
sis could be used to toggle on/off the reactivity for LA, BBL, 
and CHO polymerization, and, furthermore, could switch 
monomer selectivity between the two monomers. A one-
pot approach was used to produce diblock, triblock, and 
tetrablock copolymers. Using a one pot approach to pro-
duce larger tri- and tetrablock copolymers via a redox 
switchable approach has not been demonstrated using ei-
ther chemical redox reagents or electrochemical switching. 
Therefore, we showed how the structure of a polymer 
backbone can be tuned via successive applications of an 
electric potential during the polymerization process. This 
approach also offers a unique method to control block co-
polymer molecular weight distributions, both by adjusting 
relative comonomer concentrations or slowing the elec-
tron transfer during bulk electrolysis. Lastly, because this 
technique is compatible with a one-pot approach, it may 
serve as a new method to control monomer connectivity 
precisely via the temporal application of an electric poten-
tial.  
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