
 

1 

 

 

Title: Electrically-Driven Proton Transfer Promotes Brønsted Acid Catalysis 

by Orders of Magnitude 

Authors: Karl S. Westendorff1, Max J. Hülsey2, Thejas S. Wesley1, Yuriy Román-Leshkov1,2*, 

Yogesh Surendranath1,2* 
5 

Affiliations:  

 
1Department of Chemical Engineering, Massachusetts Institute of Technology; Cambridge, 

Massachusetts 02139, United States 

 10 
2Department of Chemistry, Massachusetts Institute of Technology; Cambridge, 

Massachusetts 02139, United States 

*Corresponding author. Email: yroman@mit.edu, yogi@mit.edu 

 

Abstract:  15 

Electric fields play a key role in enzymatic catalysis and can enhance reaction rates by 100,000-

fold, but the same rate enhancements have yet to be achieved in thermochemical heterogeneous 

catalysis. Herein, we probe the influence of catalyst potential and interfacial electric fields on 

heterogeneous Brønsted acid catalysis. We observe that variations in applied potential of ~360 mV 

lead to a ~100,000-fold rate enhancement for 1-methylcyclopentanol dehydration catalyzed by 20 

carbon-supported phosphotungstic acid. Mechanistic studies support a model in which the 

interfacial electrostatic potential drop drives quasi-equilibrated proton transfer to the adsorbed 

substrate prior to rate-limiting C-O bond cleavage. Large increases in rate with potential are also 

observed for the same reaction catalyzed by Ti/TiOyHx and for the Friedel Crafts acylation of 

anisole with acetic anhydride by carbon-supported phosphotungstic acid. This work highlights the 25 

important role interfacial electrochemical potential can play in Brønsted acid catalysis. 

 

One-Sentence Summary:  

Varying the surface electrochemical potential promotes the rate of Brønsted acid catalysis by up 

to 100,000-fold. 30 
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Main Text:  

Electrically-Driven Proton Transfer Promotes Brønsted Acid Catalysis by Orders of 

Magnitude 

Nature generates strong, oriented electric fields in enzymes by precisely placing charged amino 

acid residues around substrate binding pockets to promote biological catalysis (1–3). Similarly, 5 

when electrode surfaces are electrically charged, the accumulation of opposing ionic charge in 

solution generates a sharp electrostatic potential gradient and a correspondingly large oriented 

electric field at the metal/solution interface (4). For electrochemical half-reactions which involve 

the net transfer of electrons to or from the electrode, the change in free energy and corresponding 

rate of the half-reaction is known to be strongly dependent on the electrode potential. Thus, small 10 

changes (on the order of 100s of mV) in surface electrochemical potential lead to orders of 

magnitude enhancements in reaction rate (Fig. 1a) (5–11). This contrasts with redox neutral 

thermochemical reactions, where there is no net exchange of electrons to or from the catalytic 

interface and therefore no change in the reaction’s free energy upon varying surface potential. 

Consequently, attempts to utilize surface potentials to promote thermochemical transformations 15 

generally scale weakly with potential, and the mechanisms underlying these relatively modest 

promotional effects remain unclear (Fig. 1b) (12–17).  

For many electrochemical half-reactions, varying the applied potential acts to augment the half-

reaction rate by driving rate-controlling elementary proton-coupled electron transfer (PCET) steps 

in the reaction sequence (18–20). We therefore posited that if an elementary PCET step were 20 

embedded within an overall thermochemical reaction, the strong potential-dependence of the 

PCET step could be leveraged to promote non-Faradaic thermochemical catalysis. Since interfacial 

PCET (I-PCET) reactions involve proton exchange across the electric double layer, the foregoing 

logic suggests that thermochemical reactions catalyzed by proton transfer, namely those subject to 

Brønsted acid catalysis (BAC), could be dramatically promoted via the polarization dependence 25 

of rate-controlling elementary I-PCET steps (Fig. 1c). Importantly, this promotion strategy does 

not require additional energy input into the system beyond polarizing the catalytic interface, 

exposing a highly energy-efficient approach for accelerating redox-neutral thermochemical 

reactions. 

 30 
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Fig. 1. Similarities and contrasts between typical electrochemical and thermochemical 

reactions, and this work. (A) For electrochemical reactions, varying the applied potential alters 

the overall free energy change for the reaction (left) and can induce large changes in reaction rate 

(right). (B) For thermochemical reactions, varying potential does not change the free energy of 5 

reaction (left) and most thermochemical reactions have modest dependence on rate (right). (C). 

We show that polarization can dramatically impact the rate of a thermochemical reaction sequence 

with an embedded interfacial PCET step (left). The electrostatic potential drop at the surface drives 

protons to the substrate upon positive polarization, and this driving force increases with applied 

oxidative potential (right).  10 

In this work, we examined the potential-dependence of BAC. For a model dehydration reaction of 

1-methylcyclopentanol with carbon-supported phosphotungstic acid (PTA), we find that 

interfacial polarization can alter BAC turnover frequencies (TOFs) by as much as 5 orders of 

magnitude, with potential-dependent scale factors similar to those of electrochemical 

transformations (10× per ~100 mV) despite no change in the net reaction free energy. Mechanistic 15 

studies suggest that the strong potential dependence arises from an electrically-driven shift in the 

reaction quotient for a pre-RDS equilibrium proton exchange step between PTA and 1-

methylcyclopentanol which precedes rate-determining C-O bond cleavage. Varying the potential 

serves to alter the catalyst’s effective acidity, resulting in an accumulation of protonated alcohol 

species reacting in the rate-limiting step, thereby enhancing the reaction rate. We further find that 20 

polarization promotes BAC by oxide-coated titanium electrodes and for a Friedel-Crafts acylation 

reaction, evincing the generality of this promotion mechanism. These findings emphasize the 

powerful role that interfacial polarization can play in thermochemical catalysis.  

Brønsted Acid Catalytic Activity is Strongly Dependent on Interfacial Potential  

To investigate the effect of electrochemical potential on BAC catalysis, we examined the 25 

dehydration of 1-methylcyclopentanol in acetonitrile (MeCN) catalyzed by phosphotungstic acid 

(PTA) supported on Vulcan carbon (PTA/C). Tetrabutylammonium hexafluorophosphate 

([TBA][PF6]) served as the supporting electrolyte. This probe system was selected specifically to 
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circumvent any convolution from Faradaic reactions, as the WVI centers in PTA are immune to 

oxidation, the MeCN solvent has a large electrochemical window, and tertiary alcohols are 

resistant to oxidation at the potentials used in this study (21–23). We initially focused on an alcohol 

dehydration because of its relatively simple mechanism compared to other BAC reactions. In this 

system, all reactions were run at 40°C in a solution of a 0.1 M 1-methylcyclopentanol with 0.1 M 5 

[TBA][PF6] as electrolyte and 0.1 M tri-tert-butylbenzene as internal standard. We report all rates 

vs. the decamethylferrocene redox couple (DmFc/DmFc+) in this solution unless otherwise stated. 

We conducted initial experiments in a batch reactor using a colloidal suspension of PTA/C and 

measured reaction rates by product formation as quantified by NMR spectroscopy of reaction 

aliquots. Since every active site in a PTA/C colloidal suspension cannot be wired to an external 10 

circuit, we conducted our initial studies by “wirelessly” polarizing the catalyst using redox buffers 

in solution. 

In this polarization method, the reduced and oxidized components of a redox buffer in solution 

add and remove electrons from the conductive colloidal carbon particles, respectively, to establish 

electrochemical equilibrium at the carbon/solution interface. This equilibrium sets the 15 

electrochemical potential of the carbon particles in a Nernstian fashion based on the standard 

reduction potential of the redox species and the ratio of its reduced and oxidized components. We 

previously demonstrated the efficacy of this polarization method and employ it here to set the 

potential of the PTA/C catalyst suspension (24).  

We chose [Fe(phen)3][PF6]2 and [Fe(phen)3][PF6]3 and their hexamethylated derivatives [Fe(5,6-20 

Me2-phen)3][PF6]2 / [Fe(5,6-Me2-phen)3][PF6]3 as redox buffers because of their fast outer-sphere 

electron transfer rates and because these organometallic complexes are coordinatively saturated, 

thereby inhibiting covalent binding interactions with the catalytic surface. Indeed, we found that 

these redox buffers have negligible catalytic activity on their own and that varying the overall 

concentration of the redox buffer does not significantly influence the rate (Figs. S12 and S13) of 25 

the BAC reaction.  

We find that BAC of 1-methylcyclopentanol dehydration at 40°C is strongly dependent on 

potential in these spontaneous polarization studies. Using a 1:1 [Fe(5,6-Me2-phen)3][PF6]2 / 

[Fe(5,6-Me2-phen)3][PF6]3  buffer to set the potential of the catalyst to 1170 mV, we measured a 

TOF of 0.029 s-1. We increased the potential of the catalyst up to 1260 mV with a 1:5 30 

[Fe(phen)3][PF6]2 / [Fe(phen)3][PF6]3 redox buffer and measured a TOF of 0.84 s-1, evincing a ~30 

fold increase in TOF upon increasing the pinned potential by 90 mV (Fig. 2, blue points). We find 

that unmodified carbon powder is responsible for <10% of the observed rate when polarized.  

To further extend the potential range and explore the extent of the promotion effect, we examined 

BAC catalysis with PTA deposited on Sigracet 39 BB carbon paper electrodes. These modified 35 

carbon electrodes served as the working electrodes in a conventional undivided three-electrode 

electrochemical cells, allowing for direct polarization of the interface via a potentiostat (Fig. S14). 

We measured rates by product formation via NMR spectroscopy of reaction aliquots under the 

same reaction conditions as employed in the wireless polarization experiments. At an applied 

potential of 1390 mV, we measured a TOF of 41 s-1 which increased to 2860 s-1 at an applied 40 

potential of 1530 mV (Fig. 2, red points). The background reactivity of the carbon support was 

subtracted from the raw rates to produce these TOF values (Fig. S16). The TOF vs. potential data 

for both the wired and wireless experiments fall on a common trendline with the TOF increasing 

by approximately five orders of magnitude over a potential range of 360 mV (Fig. 2). The common 

trendline displays a slope corresponding to a ten-fold increase in rate per 76 mV increase in catalyst 45 
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potential. Immobilization of PTA on carbon is known to attenuate BAC rates relative to that of 

homogeneous PTA (25) (Fig. 2, orange dotted line), yet electrical polarization exposes BAC rates 

that exceed that of homogeneous PTA by several orders of magnitude. These data indicate that 

Brønsted acid catalyzed alcohol dehydration by PTA/C is strongly dependent on the 

electrochemical potential of the catalyst.  5 

 

Fig. 2. Turnover frequency (TOF) dependence on applied electrochemical potential for 

PTA/C catalyzed dehydration of 1-methylcyclopentanol. Potential dependence of the TOF of 

colloidal 5% PTA/C polarized by exposure to varying molecular redox buffers (blue data points). 

Potential dependence of TOF for PTA/C electrodes polarized potentiostatically (red data points). 10 

TOF for unpolarized homogeneous PTA (orange dotted line). All reactions were run at 40°C in a 

solution of a 0.1 M 1-methylcyclopentanol in MeCN with 0.1 M [TBA][PF6] as electrolyte and 

0.1 M tri-tert-butylbenzene as internal standard. Reaction conditions are further detailed in 

Supplementary Sections 3.5 and 4.3.  

To elucidate the origin of this dramatic promotion in reaction rate, we carried out a series of control 15 

experiments. For both the wireless and wired experiments, rate data were collected under 

conditions of differential conversion and the rate of product formation was found to be constant 

over time (Figs. S17 and S18). This finding precludes convolution from reaching equilibrium 

conversion and likely precludes substantial active site deactivation or active site generation over 

the course of our measurements. To assess whether the applied potential altered the bulk reaction 20 

medium, we examined the homogeneous catalytic activity after the reaction by retaking NMR 

measurements of reaction aliquots after the PTA/C catalyst was removed from the reaction 
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medium. We observed no significant changes in product yield over time upon removing the 

PTA/C, suggesting that neither catalyst leaching nor the generation of a soluble protic species is 

responsible for the observed scaling of reaction rate with potential (Figs. S19 and S20). This 

finding is also consistent with the observed linear reaction profiles. To examine whether Faradaic 

pathways significantly contribute to the observed trend in reactivity with potential, we calculated 5 

ratios of the measured molar rates of product formation over the steady-state currents for the wired 

polarization experiments. At 1390 mV, this ratio is over 1100, and at 1530 mV vs. DmFc/DmFc+ 

this ratio is over 430. Similar ratios were found at intermediate potentials with no clear trend, 

suggesting that parasitic Faradaic reactions are not responsible for the observed promotion in BAC 

(Fig. S21). To determine whether the observed promotion effect could be ascribed to a permanent 10 

change in catalyst structure, we examined the reversibility of the promotion effect by modulating 

the potential of the working electrode in a single experiment. Switching from 1530 mV to 1390 

mV led to an immediate drop in TOF from 1230 s-1 to 8 s-1, and a TOF of 1230 s-1 was immediately 

recovered upon switching back to 1530 mV (Fig. S22). These findings suggest that the observed 

change in catalytic rate cannot be attributed to an irreversible change in the catalyst or support 15 

structure. We additionally measured the reaction order with respect to 1-methylcyclopentanol to 

test whether transport artifacts could convolute the measured rates. We found that the reaction rate 

is 0th order in reactant concentration, indicating that transport artifacts do not substantially 

convolute our rate measurements (Fig. S23, see Supplementary Section 5.8 for detailed 

discussion).  20 

Next, we conducted a set of experiments to better understand the dehydration reaction mechanism. 

To examine whether C-O bond cleavage is reversible, we conducted an 18O isotope tracing 

experiment by injecting H2
18O into the reaction solution and analyzing 18O incorporation in the 

reactant after measurable conversion (Fig. S25). We found no detectable 18O incorporation into 1-

methylcyclopentanol via GC-MS after running the reaction to a conversion comparable to that in 25 

our kinetic studies, suggesting that C-O bond cleavage is irreversible in this system (Fig. S26) 

(26).  

To probe the effect of the interfacial potential drop and corresponding field strength on the 

reaction, we varied the electrolyte concentration and measured the reaction rate scaling with 

potential. Whereas, we observed a 10× rate enhancement for every 70 mV change in potential in 30 

a 0.1 M [TBA][PF6] electrolyte, the scaling attenuates to 10× every 120 mV in 0.05 M electrolyte, 

and we observe no significant scaling with potential in 0.005 M electrolyte (Fig. S27). This trend 

suggests the potential-driven kinetic enhancements are sensitive to the gradient in electrostatic 

potential profile in the double layer rather than solely the absolute value of the potential at the 

surface (4, 27). We note substitution of [TBA][PF6] with [TBA][TFSI] returns the same reaction 35 

rate at the highest potential sampled, suggesting that the electrolyte is not directly participating in 

the reaction other than establishing the double layer potential profile.  

The preceding control experiments and mechanistic studies provide the basis for a mechanistic 

model for potential-dependent BAC depicted in Fig. 3a. Due to the 0th order dependence on 1-

methylcyclopentanol concentration, we infer that the active sites are fully saturated with adsorbed 40 

alcohol (28), making the surface bound alcohol the most abundant surface species. Alcohol 

adsorption is followed by a putative potential-dependent proton transfer step (an I-PCET reaction) 

from a W-OH moiety to the adsorbed 1-methylcyclopentanol. We then invoke rate-limiting C-O 

bond cleavage to release water and generate a tertiary carbocation, which rapidly transfers a proton 

to the PTA/C active sites, regenerating the catalyst and furnishing the olefin product upon 45 

desorption. The rate-limiting C-O cleavage step is supported by the lack of 18O scrambling in the 
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system and agrees with previous literature that found E1 mechanisms dominate at solid-liquid 

interfaces for tertiary alcohols (29, 30).  

In this proposed mechanism, the potential-dependence of the dehydration rate arises from shifting 

the position of the quasi-equilibrated I-PCET step (K2(E) in Fig. 3) towards product, thereby 

increasing the population of the pre-RDS oxonium intermediate and lowering the apparent 5 

activation free energy of the reaction (Fig. 3b). To derive the rate scaling, we apply the following 

assumptions: (a) the I-PCET step to form the oxonium intermediate resides in minor-equilibrium 

across the full potential range explored; (b) proton binding to the PTA can be described by a 

Langmuirian isotherm; (c) the proton traverses the full electrostatic potential drop at the interface 

in this I-PCET step. With these assumptions, the quasi-equilibrium surface population of the 10 

oxonium intermediate will increase by one decade for every 62 mV increase in applied potential 

under the reaction conditions (at 40°C), and the scale factor for this I-PCET elementary step is 

expected to translate fully into the scaling of TOF with potential for the overall reaction (see 

Supplementary Section 6 for full rate law, potential-dependence derivation, and discussion of 

potential drop length scale) (31–35). This predicted scale factor is in close agreement with 15 

observed 76 mV/decade scale factor (Fig. 2). The effect of electrolyte concentration on potential-

rate scaling further supports this model. At high electrolyte concentrations (0.1 M), the 

electrostatic potential drop is sufficiently steep that we invoke that the adsorbed alcohol 

experiences a local electrostatic potential comparable to that of bulk solution. Thus, the proton 

traverses the majority of the interfacial potential drop in the I-PCET step leading to high potential-20 

rate scaling. In contrast, at low electrolyte concentrations (0.005 M [TBA][PF6]), the electrostatic 

potential gradient at the interface is shallower, but the length scale for proton transfer from PTA 

to the adsorbed substrate remains largely unchanged. Consequently, the proton traverses a smaller 

fraction of the overall potential drop at reduced electrolyte strengths, leading to dramatic 

attenuation of the potential-rate scaling (Fig. S28). Altogether, these data are consistent with a 25 

picture of the polarized catalytic interface depicted in Fig. 3c.  

 

Fig. 3. Schematics of the overall dehydration catalytic cycle, the pre-RDS free energy 

landscape of the dehydration reaction, and an illustration of the polarized catalytic interface. 

(A) Putative catalytic cycle for PTA/C-catalyzed dehydration of 1-methylcyclopentanol. The key 30 

potential-dependent I-PCET step is highlighted in red. (B) Free energy landscape diagram of the 

dehydration reaction (black), illustrating the effect of shifting the pre-RDS equilibrium on the 

apparent activation free energy of the reaction with applied potential (red). (C) Cartoon of the 

polarized carbon interface with PTA sites donating protons to the substrate. The presence of an 

interfacial potential drop drives proton transfer, and the proton is invoked to traverse the majority 35 

potential drop to recover the experimentally measured rate scaling with potential.  
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We note that since the dehydration reaction does not involve electron exchange in net (i.e. it is not 

an electrochemical half-reaction), varying the applied potential cannot alter the overall free energy 

change for dehydration. Consequently, any effect of the applied potential on the forward I-PCET 

step (K2(E), Fig. 3a) must be balanced by an opposing effect on the reverse I-PCET step (K4(E), 

Fig. 3a) that regenerates the catalyst. Thus, in this model, catalyst regeneration via I-PCET from 5 

the carbocation to the PTA is expected to be inhibited by 10× for every 62 mV increase in applied 

potential (at 40°C). However, since this reverse I-PCET is after the RDS, its inhibition with 

increasing applied potential does not substantially influence the observed kinetics, leading to the 

observed monotonic increase in reaction rate with positive polarization. 

Potential-Dependent BAC Extends to Ti/TiOyHx interfaces.   10 

The mechanistic model depicted in Fig. 3 implies that polarized-induced promotion of BAC should 

not be limited to a specific material. Indeed, any polarizable interface with surface -OHx groups 

should, in principle, be able to function as tunable BACs that respond to interfacial polarization.  

To examine this hypothesis, we investigated the same dehydration reaction with polarized Ti foils 

as working electrodes in a single cell, three-electrode setup connected to a potentiostat. Due to 15 

rapid reaction with O2, Ti foils invariably contain passivating layers of TiO2 under reaction 

conditions (36). We envisioned that TiOyHx defects in this passivating layer could serve as 

potential-dependent hosts for BAC catalysis. Assuming all surface-exposed Ti(IV) ions on a Ti 

foil electrode host active sites, we observe a lower-bound TOF for 1-methylcyclopentanol 

dehydration of 0.03 s-1 at 1810 mV. This TOF rises to 0.49 s-1 at 1930 mV, evincing a 16× increase 20 

in TOF upon increasing the applied potential by 120 mV (Fig. 4a). This corresponds to a decade 

change in TOF for every 87 mV of applied potential.  

We next conducted a series of control experiments, analogous to those for the PTA/C system, to 

better understand the promotion mechanism for the Ti/TiOyHx catalyst. Rate data were collected 

under conditions of differential conversion, and reaction profiles were again linear over the course 25 

of the reaction (Fig. S31). This suggests that substantial active site deactivation, active site 

generation, or approaching equilibrium conversion likely do not significantly contribute to our 

kinetic measurements. We again found no significant changes in product concentration over time 

for a given aliquot of reaction solution, suggesting that neither catalyst leaching nor the generation 

of other soluble protic species contributes to our measured kinetics (Fig. S32). We then calculated 30 

ratios of measured molar rates over steady-state currents for this system. At 1810 mV, this ratio 

was over 1350, and at 1930 mV this ratio was over 5000. Intermediate potentials had ratios of 

similar values, indicating that parasitic Faradaic reaction contribute negligibly to the observed 

reactivity, just as for the PTA/C catalyst (Fig. S33).  

We again examined whether the promotion effect could be ascribed to irreversible catalyst 35 

structural changes by modulating the potential back and forth in a single experiment. Switching 

from 1930 mV to 1810 mV led to an immediate drop in the lower-bound TOF from 0.33 s-1 to 

0.003 s-1, and a lower-bound TOF of 0.12 s-1 was immediately recovered upon switching back to 

1900 mV (Fig. S34). Substrate concentration order studies on this system yield the same 0th order 

dependence on alcohol concentration as in the PTA/C catalyst, indicating that active sites are 40 

saturated with reactant and that transport artifacts do not contribute to the observed kinetics (Fig. 

S35). We further examined for the presence of transport artifacts via rotating cylinder electrode 

experiments and measured the catalyst TOF as a function of rotation speed. We found the TOF to 

be independent of rotation speed, indicating that transport artifacts do not contribute substantially 

to the observed kinetics (Fig. S39). This corroborates the zero-order dependence on reactant 45 
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concentration for this system. Together, these findings suggest a similar mechanistic model for 

this Ti/TiOyHx catalyst as for the PTA/C catalyst.  

Since the measured rate-potential scale factor of 87 mV/decade is similar to the 76 mV/decade 

scaling observed for the PTA/C catalyst, we invoke an analogous picture of the polarized catalytic 

interface (Fig. 4b). Notably, the above mechanism predicts that the reaction rate will become 5 

independent of applied potential at sufficiently high potentials that drive the I-PCET step to major 

equilibrium (K2(E) in Fig. 3b >1). Under these conditions the oxonium intermediate becomes the 

most abundant surface species and the rate of the reaction is governed purely by the potential-

independent rate of C-O bond cleavage (Fig. S40). This translates to a potential-independent 

plateau in the TOF. This plateau region was inaccessible for PTA/C due to substantial parasitic 10 

background current beyond 1530 mV, but is observed for the more inert Ti/TiOyHx at potentials 

beyond 1960 mV, with the TOF remaining at ~0.76 s-1, invariant with potential up to 2310 mV 

(Fig. S41). We note explicitly that the reaction is still 0th order in substrate in this potential-

independent regime, and so the observed potential-independence does not arise from transport 

artifacts. Together, this observation of a potential-independent regime further supports the pre-15 

equilibrium I-PCET mechanistic model put forward in Fig. 2.  

 

Fig. 4. Potential-dependence of Ti-foil catalyzed dehydration of 1-methylcyclopentanol and 

a cartoon of the polarized interface. (A) Lower-bound TOFs for Ti-foil catalyzed 1-

methylcyclopentanol dehydration as function of applied potential. Lower-bound TOFs values were 20 

calculated assuming that all surface-exposed Ti atoms host active sites. (B) Cartoon depicting 

polarization-driven proton transfer to the substrate from -OH defects on the passivating TiOyHx 

surface layer. All reactions were run at 60°C in a solution of a 0.1 M 1-methylcyclopentanol in 

MeCN with 0.1 M [TBA][PF6] as electrolyte and 0.1 M tri-tert-butylbenzene as internal standard. 

Reaction conditions are further detailed in Supplementary Section 7.1. 25 

It is notable that comparable TOFs of the PTA/C and Ti/TiOyHx electrodes are achieved at 

substantially different potentials. While the lower-bound TOFs for the Ti/TiOyHx system may be 

gross underestimates, this factor alone is insufficient to explain the 630 mV potential offset in 

TOFs between the two catalysts. We speculate that differences in the onset potential of reactivity 

stem at least partially from the innate acidity of these materials. As TiOyHx is an intrinsically 30 

weaker acid than PTA, the former requires a greater applied potential to lower its effect pKa to a 

level sufficient to turn on Brønsted acid catalysis at measureable rates (37, 38). We further 
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speculate that the slightly higher scale factor, 87 vs. 76 mV/decade, may arise from a small 

potential drop through the dielectric titanium oxide layer that separates the metallic Ti from the 

surface-exposed TiOyHx active sites (39). Overall, these data point to the generality of the observed 

BAC promotion effect via interfacial electrical polarization and suggest that a wide variety of 

catalysts may be promoted via this methodology.  5 

The Promotion Effect Extends to Brønsted Acid Catalyzed Acylation 

To explore the generality of interfacial electric field promotion, we examined a completely 

different BAC reaction class, a Friedel Crafts acylation, which results in net C-C bond formation 

rather than dehydration. Specifically, we investigated the acylation of anisole with acetic 

anhydride to produce para-methoxyacetophenone and acetic acid. Akin to the dehydration reaction 10 

system described previously, the overall reaction cannot reasonably be broken down into Faradaic 

half-reactions.  

We conducted wired polarization experiments, analogous to those for the 1-methylcyclopentanol 

dehydration reaction, for this acylation reaction. We again used PTA dropcast onto carbon paper 

as a working electrode and varied its potential in the same cell configuration as the dehydration 15 

systems. We again measured the rate of product formation via NMR spectroscopy of reaction 

aliquots (Figs. S42 and S43). The reaction was run at 70°C in a solution of a 9:1 molar ratio of 

anisole:acetic anhydride with 1.2 M [TBA][PF6] as electrolyte. 

As for the dehydration reaction, we find that acylation is also strongly potential dependent. The 

TOF for PTA/C catalyzed acylation increases from 0.66 s-1 at 1250 mV vs. Ag/AgCl to 11120 s-1 20 

at 1295 mV (Fig. 5). We observed no background activity from the carbon paper support. The 

TOF vs. potential data produce a trendline where the TOF increases approximately four orders of 

magnitude over a potential range of 45 mV, thereby representing a scale factor of a 10-fold change 

in TOF for every ~13 mV of applied potential.  

 25 

Fig. 5. Potential-dependence of PTA/C catalyzed acylation of anisole. TOF for PTA/C 

catalyzed acylation of anisole with acetic anhydride as a function of applied potential. All reactions 

were run at 70°C in a solution of a 0.84 M acetic anhydride in anisole with 1.2 M [TBA][PF6] as 
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electrolyte and internal standard. Reaction conditions are further detailed in Supplementary 

Section 8.1. 

We performed control experiments analogous to those for the PTA/C and Ti/TiOyHx dehydration 

systems to better understand the potential dependence observed here. To minimize contributions 

from changes in reaction concentrations, we collected rate data at differential conversion. As for 5 

the dehydration reactions, we again observed reaction profiles that are linear over the course of the 

reaction suggesting that changes in active site identity, quantity, or activity are likely negligible in 

our system over the timescale of the reaction (Fig. S44). To quantify any contributions to catalysis 

from the reaction solution, we measured the concentration of products over time in a reaction 

aliquot which is no longer in contact with the polarized interface (Fig. S45). We found no 10 

significant change in the amount of product over time, suggesting that catalysis is confined entirely 

to the electrode interface. To determine whether the observed potential dependence was Faradaic 

in nature, we calculated ratios of molar rates to the steady state current. At the lower potentials 

tested (~1250 mV vs. Ag/AgCl) these ratios are 0.05-0.2, but they quickly rise to over 2.5 at 1275 

mV and to 8.5 at 1295 mV vs. Ag/AgCl (Fig. S46). This more complex medium contains species 15 

known to undergo oxidative decomposition via, for example, Kolbe oxidation of acetic acid, 

contributing to much higher parasitic Faradaic currents. Irrespective of the source of the parasitic 

Faradaic current, the large changes in the above ratios across the potential range suggest that 

Faradaic processes are not the cause of the observed promotion. We ascribe the large changes in 

these ratios to the much stronger potential dependence of the BAC promotion relative to parasitic 20 

background Faradaic processes.  

This finding suggests that potential-dependent Bronsted acid catalysis can be applied across a 

variety of reactions. While the scale factor of 13 mV per decade in rate is extremely steep and 

measured over a small potential window, this observation nonetheless emphasizes the importance 

of measuring and controlling catalyst potential in BAC. While a detailed mechanistic model for 25 

this potential-dependent is not yet in hand, we speculate that the dramatic potential dependence 

may arise from a combination of multiple rate-controlling I-PCET steps and/or cooperative non-

Langmuirian adsorption isotherms in this exotic reaction medium. 

Conclusions 

This work highlights the powerful influence interfacial potential has on the activities of Brønsted 30 

acid catalysts. Although more studies are needed to determine which BAC reactions are most 

impacted by interfacial potential and the precise mechanistic bases behind their potential 

dependencies, these findings establish that dramatic changes in rate can be obtained by altering the 

driving force for interfacial proton transfer steps embedded within an overall non-Faradaic 

reaction. Altogether, these results indicate that the interfacial potential may play a critical role in 35 

heterogeneous BAC reactions, and we posit that other thermochemical reaction classes may also 

be significantly influenced by this previously underappreciated reaction parameter. (40–50) 
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