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Introduction. The introduction of programmable 

catalysts with surfaces that change with time on the 

time scale of a catalytic turnover changes the strategy 

for molecular reaction control and chemical energy 

management.[1,2] The ability to modulate catalytic 

transition states by modification of catalytic states is 

the opportunity provided by programmable catalysis 

to accelerate and control surface reactions. By using 

external perturbation of surfaces with light, charge, or 

strain to modulate a catalyst between physical or 

electronic states with time, molecules reacting on the 

surface experience a change in binding energy as the 

chemistry proceeds.[3,4,5,6] Adsorbates release energy 

as the catalyst state shifts to stronger binding 

conditions and absorb energy as the catalyst state 

shifts to weaker binding conditions.[7] However, each 

surface species responds uniquely to changes in 

catalyst state, such that variation in catalyst state 

changes the elementary heat of surface reaction and 

corresponding reaction transition states.[2] 

As depicted in Figure 1a, one variation of a 

programmable catalyst is depicted for simple two state 

(green and blue) catalyst systems with a single 

elementary surface reaction. This endergonic reaction 

proceeds by the following steps: (i) reactant red 

molecule A(g) adsorbs to form A* in the weak-binding 

catalyst state (blue), (ii) the catalyst switches from the 

weak-binding to the strong-binding catalyst state 

(green) with energy output, (iii) in the strong-binding 

catalyst state, the red molecule A* readily traverses the 

transition state to form the purple molecule product 

B*, (iv) the catalyst state switches from strong-binding 

to weak-binding with significant energy input, and (v) 

the purple molecule desorbs from the surface in the 

weak-binding catalyst state to form the product B(g). 

The programmable catalytic mechanism has two 

unique characteristics. As shown in Figure 1a, the 

input energy associated with the external perturbation 

switching the catalyst from the strong-binding to the 

weak-binding catalyst state (green to the blue) is 

Abstract. Catalytic reaction networks of multiple elementary steps operating under dynamic conditions via a 

programmed input oscillation are difficult to interpret and optimize due to reaction system complexity. To understand 

these dynamic systems, individual elementary catalytic reactions were evaluated to identify their three fundamental 

characteristics that define their ability to promote reactions away from equilibrium. First, elementary catalytic reactions 

exhibit directionality to promote reactions forward or backward from equilibrium as determined by a ratchet 

directionality metric comprised of the input oscillation duty cycle and the reaction rate constants.  Second, catalytic 

ratchets are defined by the catalyst state of strong or weak binding that permit reactants to proceed through the transition 

state. Third, elementary catalytic ratchets exhibit a cutoff frequency which defines the transition in applied frequency 

for which the catalytic ratchet functions to promote chemistry away from equilibrium. All three ratchet characteristics 

are calculated from chemical reaction parameters including rate constants derived from linear scaling parameters, 

reaction conditions, and catalyst conditions. The characteristics of the reaction network’s constituent elementary 

catalytic reactions provided an interpretation of complex reaction networks and a method of predicting the behavior of 

dynamic surface chemistry on oscillating catalysts. 
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significantly greater than the energy output associated 

with switching the catalyst from the weak-binding to 

strong-binding (blue to the green) catalyst state. More 

importantly, when switching from strong to weak-

binding states (green to blue), the purple product 

molecule has preferential kinetics for desorbing rather 

than reacting backwards to form the red reactant 

molecule. In the weak-binding state, the catalyst has a 

higher transition state energy than the purple molecule 

in the gas phase, forming what has been referred to as 

an ‘energy ratchet.’[8,9]  The net positive energy input 

has the role of promoting the reaction forward in a 

mechanism that has been shown to promote reactions 

past chemical equilibrium,[2,10,11] raising the surface 

product energy using input work.  

The core component of the programmable catalyst 

mechanism is the ‘energy ratchet’ which changes in 

both intermediate and transition state energies (Figure 

1a)[1,12,13] as opposed to the ‘information ratchet’ 

which only changes in transition state barrier 

energies.[14,15] For an energy ratchet oscillating 

between two or more states, the barrier for reaction 

progression changes allowing molecules to traverse a 

transition state in some catalyst states and limiting 

reverse traversal in other catalyst states. These energy 

ratchets can be driven by multiple possible physical 

mechanisms including chemical reaction (also called 

‘catalysis-driven ratchets’), such that the catalyst 

changes state stochastically upon reaction (i.e., 

stochastic energy ratchets).[16,17,18] Alternatively, 

energy ratchets that utilize external mechanisms such 

as charge, light, or strain will change in catalyst state 

via a pre-determined sequence (i.e., programmable 

energy ratchets) that provides the additional capability 

of temporal catalyst control.[3,10,19,20,] Energy ratchets 

can also be further categorized by whether they 

promote a reaction (i.e., catalytic ratchet)[1,21,22] or 

molecular motion (i.e., pumping ratchet or molecular 

motor).[23,24,25] With the addition of energy input or 

removal, the ratchet results in preferential change of 

molecules in a reaction away from equilibrium, as has 

been observed for many non-catalytic 

systems[12,26,27,28,29] and catalytic systems.[2,10] 

The quality of the ratchet, generally defined as the 

ability of the free energy profile to limit reaction to 

predominately one direction, therefore determines the 

energy efficiency of the programmable catalytic 

mechanism. As shown in Figure 1, the performance of 

the catalytic ratchet for preferentially promoting 

molecules energetically uphill depends on at least two 

criteria. An effective catalytic ratchet (Figure 1a) has 

a low forward (A* → B*) transition state barrier in the 

strong-binding (green) catalyst state while also having 

a high reverse (B* → A*) transition state in the weak-

binding (blue) catalyst state (relative to the next 

elementary step of desorption, B* → B(g)). If the 

weak-binding state reverse transition state barrier is 

decreased and closer in energy to the B* desorption 

energy as depicted in Figure 1b, then B* desorption 

competes with the reverse reaction (B* → A* in blue 

state) and the ratchet can be referred to as ‘leaky.’ For 

even lower weak-binding catalyst state transition state 

energies in Figure 1c, the reverse reaction (B* → A* 

in blue state) is kinetically preferable to desorption, 
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Figure 1. Programmable Catalyst Ratchet Quality. (A) A programmable catalyst operating between two states blue and 

green, exhibits a high blue state transition energy, prohibiting purple product molecules to react backwards in a ‘ratchet’ 

mechanism. (B) For programmable catalysts with blue state transition energies closer to the desorption energy of surface 

products, competition between desorption and backwards reaction over the transition state ‘leaks’ molecules back through 

the ratchet mechanism. (C) For programmable catalysts with low blue state transition energy relative to the purple molecule 

desorption energy, surface products primarily react backwards and move in an internal loop. Programmable catalytic ratchets 

are defined by the number of elementary steps (e.g., two-step) and the associated dynamic parameters of each elementary 

step, i (e.g., αi, βi, γi, δi). 
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and the programmable catalyst becomes a reaction 

system that undesirably moves molecules in a loop 

converting work to heat.  

In this work, programmable catalytic ratchets are 

evaluated at their component level of single 

elementary steps to understand the combinations of 

energy profiles leading to ratcheting behavior for 

varying programmable catalyst inputs such as 

frequency or duty cycle. When decomposed to their 

fundamental design parameters, each mechanism can 

be varied within large parameter space such that 

identifying conditions of effective operation cannot 

currently be determined a priori, including the 

direction of the programmable ratchet (forward or 

reverse bias), the condition at which molecules 

traverse the ratchet (weak or strong catalyst binding 

state), and the temperatures and applied frequencies 

for which the ratchet becomes relevant to a catalytic 

reaction system. While characterization of stochastic 

energy ratchets has been extensively examined,[11,12] 

this work will focus on the characteristics of 

programmable energy ratchets for catalysis. These 

fundamental descriptors of elementary catalytic 

ratchets will then serve to understand the more 

complicated behaviors of multi-step catalytic 

Parameter Units Description 

α None Bronsted-Evan-Polanyi (BEP) relationship slope, the proportionality constant between 

the heat of the surface reaction (C* ↔ D*) and the activation energy of the forward 

direction of the reaction. 

β eV BEP relationship constant offset.  A constant defining the activation energy of the 

forward direction of the surface reaction (C* ↔  D*) in the case of the elementary 

reaction step being energetically neutral (heat of the surface reaction equals zero) 

𝛾𝐷/𝐶 None Linear scaling relationship parameter: the linear slope between driven changes in the 

binding energy of species D* to the corresponding change in the binding energy of 

species C* 

δC-D eV Linear scaling relationship parameter:  An enthalpy corresponding to the catalytic state 

in which surface species C* and D* have equivalent surface enthalpies.  

θi None Surface coverage of species i  

θi,eq None The equilibrium surface coverage of species i 

𝜃 𝑖,ℎ𝑓  None The time-averaged surface coverage of species i at frequencies much larger than the 

cutoff frequency (f >> fc) 

𝜃 𝑖  None The time-averaged surface coverage of species i at any frequency or temperature 

Temperature (T) K Temperature of the reactor and catalyst 

BEi eV Binding energy of species i relative to the gase phase species i 

ΔHr,A-B eV Heat of reaction between A(g) and B(g) 

ΔBEi eV The amplitude of change in binding energy of species i resulting from an external 

oscillating perturbation 

f s-1 The frequency of the oscillating perturbation applied to the catalyst surface 

fc s-1 The ‘cutoff’ frequency is defined as the boundary of the catalytic surface’s frequency 

response, defined here as the frequency that results in a change in time-average surface 

coverage equal to half of the equilibrium value and the high frequency value, 𝜃 ℎ𝑓 . 

DB % Duty cycle defined for the blue catalyst state: for square waveforms, the duty cycle 

describes the percentage of time the catalyst exists in the blue state. 

λ None The elementary catalytic ratchet directionality metric. Values greater than unity indicate 

a ratchet that favors surface products (e.g., D*) versus surface reactants (e.g., C*), while 

values less than unity indicate a ratchet that favors surface reactants (e.g., C*) versus 

surface products (e.g., D*). 

 

Table 1. Model parameters for programmable dynamic simulations of elementary catalytic ratchets. 
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mechanisms that exist in important surface reactions 

for energy and chemical technologies.  

 

Methods. Elementary Ratchet Calculations. The 

kinetic behavior of elementary catalytic ratchets was 

assessed for each catalyst state (blue or green) via the 

forward and reverse rate constants for surface species 

A* and B* (or any other intermediate surface species 

such as C* or D*). 

 
𝑑𝜃𝐶

𝑑𝑡
= −𝑘1𝜃𝐶 + 𝑘−1𝜃𝐷        (1) 

 

Integration of equation 1 and application of a site 

balance yields the surface coverage of C*, θC, on a 

surface at time, t, from initial surface coverage of C*, 

𝜃𝐶
° , as a function of the rate constants of that particular 

catalyst state, written in two forms. 

 

𝜃𝐶  =  
𝑘−1− [𝑘−1 − 𝜃𝐶

° (𝑘1 + 𝑘−1)]𝑒
−(𝑘1 + 𝑘−1)𝑡

(𝑘1 + 𝑘−1)
          (2a) 

 

𝜃𝐶  = 𝜃𝐶,𝑠𝑡𝑎𝑡𝑒
𝐸𝑄

 + [𝜃𝐶
° − 𝜃𝐶,𝑠𝑡𝑎𝑡𝑒

𝐸𝑄
]𝑒−(𝑘1 + 𝑘−1)𝑡   (2b) 

 

Because the catalyst oscillates between two states 

(blue and green), the surface coverage was averaged 

over the time of each catalyst state by calculating the 

integral over the state period, 

 

𝜃 𝐶,𝑠𝑡𝑎𝑡𝑒  =

(
1

𝜏𝑠𝑡𝑎𝑡𝑒
) ∫  

𝑘−1− [𝑘−1 − 𝜃𝐶
° (𝑘1 + 𝑘−1)]𝑒

−(𝑘1 + 𝑘−1)𝑡

(𝑘1 + 𝑘−1)
𝑑𝑡

𝜏𝑠𝑡𝑎𝑡𝑒
0

 

     (3) 

 

The average coverage of surface species C* was then 

determined for each catalyst state written in two forms. 

 

𝜃 𝐶,𝑠𝑡𝑎𝑡𝑒  =
𝑘−1

𝑘1+𝑘−1
−

1

𝜏𝑠𝑡𝑎𝑡𝑒
(
𝑘−1−𝜃𝐶

𝑜(𝑘1+𝑘−1)

(𝑘1+𝑘−1)
2 (1 −

𝑒−(𝑘1+𝑘−1)𝜏𝑠𝑡𝑎𝑡𝑒))         (4a) 

 𝜃̅𝐶,𝑠𝑡𝑎𝑡𝑒−𝜃𝐶,𝑠𝑡𝑎𝑡𝑒
𝐸𝑄

 

𝜃𝐶
𝑜−𝜃𝐶,𝑠𝑡𝑎𝑡𝑒

𝐸𝑄 =
1−𝑒−(𝑘1+𝑘−1)𝜏𝑠𝑡𝑎𝑡𝑒

(𝑘1+𝑘−1)𝜏𝑠𝑡𝑎𝑡𝑒
    (4b) 

To determine the average surface coverage in the limit 

cycle as it oscillates at temperature, T, and frequency, 

f, the average surface coverage was iteratively 

calculated for each state (blue then green) until the 

average surface coverage achieved a constant value to 

four decimal places. 

Reaction Simulation. Reactions were modeled 

using Julia (version 9.0). Included in the model was the 

single elementary reaction of C* to form D*; C* and 

D* could desorb to form C(g) and D(g), which could 

also re-adsorb to form C* and D*. The overall reaction 

energy was defined as ∆𝐺r. The surface reaction in the 

model was unimolecular and reversible,  

 

𝐶∗  
𝐾1
↔  𝐷∗              (5) 

 

The catalyst was forced to change between catalyst 

binding states (weak and strong) leading to variation 

of the binding energy of each surface species, C* and 

D*. The catalyst states were described via the binding 

energy of species C* equal to the opposite of the heat 

of adsorption (−𝛥𝐻𝐶
𝑎𝑑𝑠 = BEC), and the applied 

surface square wave oscillation was defined as having 

amplitude based on the change in binding energy of 

species C* (∆𝐵𝐸𝐶). The applied surface oscillation 

also had frequency, f, a shape (square), and a duty 

cycle, DB, defined as the fraction of the oscillation 

period that was in the blue weak-binding catalyst state. 

After specifying the binding energy of C* in both 

catalyst states (strong and weak binding), the binding 

energy of D* and the activation energy (i.e., transition 

state energy) are defined relative to the binding energy 

of species C* using linear scaling relationships. The 

surface product, D*, is linearly scaled with C* via two 

parameters: gamma, γ, and delta, δ. The linear slope 

between the two binding energies is defined by 𝛾, 

while 𝛿𝐷−𝐶  represents the catalytic state in which two 

surface species have equivalent surface enthalpy.[30,3] 

 

𝛾𝐷/𝐶 =
∆𝐵𝐸𝐷

∆𝐵𝐸𝐶
     (6) 

 
𝐵𝐸𝐶 = 𝐵𝐸𝐷  = 𝛿𝐷−𝐶                   (7) 

 

The binding energy of D*, BED, is then determined 

from the binding energy of species C* via equation 8,  

 

𝐵𝐸𝐷 = 𝛾𝐷/𝐶  𝐵𝐸𝐶 + (1 − 𝛾𝐷/𝐶) 𝛿𝐷−𝐶      (8) 

 

The forward reaction of the unimolecular elementary 

step has an activation energy, Ea,C, that is determined 

by the Brønsted-Evans-Polanyi (BEP) 

relationship,[31,32,33]  which defines a linear relationship 
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between the heat of surface reaction, ∆𝐻𝑅,1, and the 

activation energy, Ea,C. 

 

𝐸𝑎.𝐶 = 𝛼1∆𝐻𝑅,1 + 𝛽1   (9) 

 

The average free energy of the reactant, A(g) and 

product, D(g), binding energies of the four surface 

species, and activation energies of the five elementary 

steps at each catalytic state provide the necessary 

information to form the full microkinetic model. To 

compute the forward rate constants, the pre-

exponential factors were calculated using transition 

state theory, assuming a transmission coefficient of 1. 

These rate constants were computed at the set reaction 

temperature. The reverse reaction activation energy 

was be determined by the forward activation energy 

and the surface heat of reaction. 

To model the adsorption and desorption of gas-

phase molecules C and D, a CSTR reactor model was 

used. This reactor model was specified using the 

reactor volume (2.60 × 10-4 L), number of active 

catalytic sites (2.76 × 10-6 mol), and inlet mole fraction 

of C(g) (1.0 mol-C/mol-total).[34] A target conversion 

(e.g., XC = 1%) was set and an initial guess for the 

flowrate was provided to begin the simulation. The 

model was forward integrated using 

DifferentialEquations.jl[35] with the RadauIIA5 

solver[36] until a steady-state solution (i.e., limit cycle) 

was reached. 

The range of catalyst oscillation amplitudes viable 

for consideration extend to binding energy shifts of ~1-

to-2 eV (~100 to 200 kJ/mol). Experiments have 

demonstrated that adsorbates such as carbon monoxide 

can be varied in binding energy by ~20 kJ/mol on 

hafnia-based catalytic condensers with capacitance of 

200-to-300 nF/cm2.[37,38] Recent experiments using 

catalytic condensers based on ion gel films have 

achieved capacitance as high as 20,000 nF/cm2, [39] 

providing the possibility that binding energy shifts 

could increase by at least an order of magnitude to 

hundreds of kilojoules per mole. 

All simulations except the data of Figure 11 used 

the method described in equations 1-4 of iterative 

solving of equations 1-4.  The data of Figure 11 was 

obtained by the simulation in Julia as described. 

 

Results and Discussion.  Catalytic ratchets are a 

unique phenomenon that can occur with 

programmable surface reactions due to the dynamic 

variation of the catalytic surface with time. 

Conventional catalysts such as supported metals or 

metal oxides with static electronic state absent external 

perturbation will promote reactions only towards 

equilibrium; a generic reaction of R(g) to P(g) on a 

surface through intermediates R* and P* (and 

transition state, R-P‡) with zero ΔGrxn will proceed to 

equal gas-phase concentrations of each species. 

However, dynamic catalysts with forced-dynamic 

energy profiles (i.e., energy ratchets)[1,8,40] that form 

ratchets can promote reactions away from 

equilibrium.[2,34] Originally proposed by William P. 

Jencks in 1969, an oscillating enzyme catalyst was 

thought to promote a reaction either forwards or 

backwards.[41] As the enzyme switches between two 

states of E and E’, the reaction energy profiles 

connecting the bound reactant and bound product 

change, resulting in distinct transition states for each 

enzyme state. This avoids violating the principle of 

microscopic reversibility, since the transition state is 

accessible in either reaction direction in either enzyme 

state, E or E’. More recently, kinetic simulations of an 

enzyme in an electric field oscillating between two 

states was shown to promote chemistry away from 

equilibrium, as predicted by Jencks.[41,42,43] 

Elementary Catalytic Ratchet. An energy ratchet 

in programmable heterogeneous catalysis also imparts 

directionality (forwards or backwards) to surface 

reactions.[10,30] For the simplest case of gaseous A(g) 

reacting to gaseous B(g) through surface intermediates 

A* and B* with transition state AB‡, each of the state-

to-state energy transitions are quantifiable and can be 

related to the ratchet performance. In more realistic 

reactions, the entire chemical surface mechanism is 

comprised of many elementary steps in series and 

parallel combinations in addition to the adsorption and 

desorption of chemical species (Figure 2a).[44,45] Each 

elementary reaction, i, exhibits unique reaction energy 

between intermediates as well as unique transition 

states all of which are defined for variation of catalyst 

state (e.g., weak- and strong-binding states) by the four 

linear scaling parameters of αi and βi for the transition 

state energy and γi and δi for the intermediate species 

energies (Table 1). Moreover, catalyst state 

oscillations are described by the change in energy of a 

single intermediate, ∆BEi, at varying frequencies, f. 

The breadth of parameters and resulting multi-state 

energy profiles for a single elementary reaction step 

currently results in sufficient complexity to prevent 

kinetic behavior by inspection, even when elementary 

steps exist independent of other elementary steps (e.g., 

other reactions or adsorption/desorption). 
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Insight into the general behavior of elementary 

reaction step ratchets is obtained by considering a 

single case depicted in Figure 2b.  In this example, the 

catalyst oscillates between the weak binding state 

(blue) and the strong binding state (green); the 

depicted oscillation forcibly oscillates surface species 

C* (∆BEC = 0.6 eV), with species D* and the transition 

state C-D‡ changing in energy as defined by the four 

linear scaling parameters (α = 0.78, β = 0.67 eV, 𝛾𝐷/𝐶 

= 2.0, δC-D = 0.3) selected to distinctly demonstrate 

elementary ratchet behavior. A key feature of this 

example is the difference in equilibrium between 

catalyst states; the weak-binding state (blue) 

overwhelmingly favors C*, while the strong-binding 

state (green) overwhelmingly favors state D*. As all 

reactions are first order, it is visually apparent that the 

fastest rate is k1 in the strong-binding state (green) with 

barrier of 0.44 eV, with the second fastest rate being k-

1 in the weak-binding (blue) state with barrier of 0.60 

eV.  

A simulation of this elementary reaction ratchet is 

depicted in Figure 2c at 223 K and a catalyst 

oscillation frequency of 1.0 Hz. Starting from a surface 

coverage of 𝜃𝐶
°  of 0.75 and 𝜃𝐷

°  of 0.25, the initial weak-

binding (blue) state (0 < t < 0.5 s) slowly increases the 

surface coverage of C*, after which the catalyst green 

state (0.5 < t < 1.0 s) rapidly converts C* to D* and 

achieves the surface equilibrium of θC,EQ ~ 10-7 of the 

strong-binding catalyst state (green). Thereafter, the 

oscillation has achieved its final limit cycle.  In the 
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Figure 2. Elementary programmable catalytic ratchet behavior. (a) A catalytic reaction is comprised of multiple 

elementary steps including adsorption, desorption, and reactions associated with bond-breaking and bond-making events. A 

single elementary reaction is considered for the conversion of C* to D*.  (b) A single set of dynamic parameters describe 

the conversion of C* to D* for a catalyst that oscillates between a weak-binding catalyst state (blue) and a strong-binding 

catalyst state (green) with varying intermediate binding and transition state energies (α = 0.78, β = 0.67 eV, 𝛾𝐷/𝐶  = 2.0, δC-

D = 0.3, ∆BEC = 0.6 eV).  (c) Starting from an initial surface coverage of θC = 0.75 and θD = 0.25, the surface coverages of 

C* and D* vary about seven orders of magnitude between catalyst states in blue and green at a temperature of 223 K and 1.0 

Hz. (d) Oscillation of the elementary step between C* and D* exhibits a average surface coverage of C* (θC) at the limit 

cycle that varies with temperature and applied oscillation frequency (10-2 < f < 106); the yellow region with average coverage 

of θC ~ 0.5 indicates the conditions whereby the ratchet does not function and the reaction equilibrates. Tabulated data 

available in Table S1 of the supporting information. 
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weak-binding catalyst state (blue), D* slowly reacts to 

C* increasing the surface coverage of C* (e.g., 1.0 < t 

< 1.5), after which the strong-binding catalyst state 

(green) rapidly returns the surface coverage of C* to 

low value (θC ~10-7). An interesting observation is the 

time-averaged surface coverage and how it compares 

with the equilibrium coverage that would result in a 

non-oscillatory system.  The time averaged surface 

coverage of C* for this elementary ratchet at these 

conditions (223 K, 1 Hz) is only 𝜃 𝐶~ 0.05, which is far 

below the ratchet equilibrium surface coverage of 

𝜃 𝐶,𝑒𝑞 = 0.5 (equation 10).  This is a forward elementary 

catalytic ratchet that promotes the conversion of C* to 

D* beyond the equilibrium surface coverage.  

The ratchet system of Figure 2b was further 

simulated for a range of temperatures (193 < T < 393 

K) and applied catalyst frequencies (10-2 < f < 106) to 

determine the steady state time-averaged catalyst 

surface coverages, which are presented as a 

logarithmic heat map (10-5 < 𝜃 𝐶 < 1) in Figure 2d; the 

site balance of θC and θD sum to unity. Inspection of 

the data indicates two general regions of behavior, 

indicating that an elementary step catalytic ratchet 

varies in performance with both applied temperature 

and frequency. At higher temperatures and lower 

applied catalyst oscillation frequencies, the average 

coverage of C* matches the equilibrium surface 

coverage of the catalytic ratchet, 𝜃 𝐶,𝑒𝑞, defined as the 

averaged equilibrium coverage in each state of weak 

(W, 𝜃𝐶,𝑊
𝐸𝑄

) or strong (S, 𝜃𝐶,𝑊
𝐸𝑄

) binding, 

 

𝜃 𝐶,𝑒𝑞  =  (
1

2
) (𝜃𝐶,𝑆

𝐸𝑄
+ 𝜃𝐶,𝑊

𝐸𝑄
)  (10a) 

 

𝜃 𝐶,𝑒𝑞  =  (
1

𝑛𝑗
)∑ 𝜃𝐶,𝑗

𝐸𝑄
𝑛𝑗   (10b) 

 

The averaged equilibrium coverage can be calculated 

for any multi-state system with nj catalyst states. In the 

ratchet system of Figure 2b, 𝜃𝐶,𝑆
𝐸𝑄

 ~ 0 while the 𝜃𝐶,𝑊
𝐸𝑄

 ~ 

1, which results in an average equilibrium coverage of 

𝜃 𝐶,𝑒𝑞 ~ 0.5, which is yellow in Figure 2d. In these 

conditions that yield the average equilibrium coverage 

(low frequency, high temperature), the ratchet applies 

no directionality to the reaction and is dysfunctional. 

There is sufficient thermal energy and time for 

molecules to equilibrate in each catalytic state (weak-

binding blue and strong-binding green), such that the 

catalytic ratchet has no impact on the surface coverage. 

In the other general region of Figure 2d (blue, top-left 

corner), average surface coverage of C* is less than 

0.5, indicating that this particular catalytic ratchet has 
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Figure 3. Variations of programmable elementary catalytic ratchet systems. Elementary ratchets exhibit a range of 

energetic variation promoting reactions forwards or backwards away from the overall intermediate surface state equilibrium, 

𝜃 𝐶,𝑒𝑞, that exists between each blue or green state surface equilibrium, 𝜃𝐶,𝑒𝑞. Forward or reverse ratchets promote surface 

coverages within the ratchet range on one of the sides of 𝜃 𝐶,𝑒𝑞. (a) A reverse ratchet with both blue and green states favoring 

high surface coverage of C*. (b) A reverse ratchet that with green and blue equilibrium surface coverages at extreme 

conditions, 0 < θC < 1, which has an operating ratchet steady state surface coverage above θC of 0.50.  (c) A forward ratchet 

with both blue and green states favoring low surface coverage of C*. All systems were evaluated at 273 K. 
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forward directionality that depletes the surface of C*. 

Increased ratchet performance, indicated by further 

deviation from the time-averaged equilibrium 

coverage, occurs at lower temperature and faster 

applied frequency, as indicated by lower time-

averaged coverage of C*. It is apparent that 

determination of a ratchet kinetics and directionality 

requires identification of both temperature and 

oscillation frequency. 

Variations of Elementary Ratchets. Elementary 

catalytic surface reactions that oscillate between two 

or more states form ratchets of varying degrees of 

thermodynamic differences between reactants and 

products and accompanying kinetics. As depicted in 

Figure 3a-3c, ratchets of elementary reactions can 

promote reactions either forward or backwards away 

from equilibrium. Another characteristic of a catalytic 

ratchet is the equilibrium surface coverage of each 

catalyst state (e.g., 𝜃𝐶,𝑆
𝐸𝑄

) and the equilibrium surface 

coverage of the catalytic ratchet, 𝜃 𝐶,𝑒𝑞; two categories 

exist with either each state thermodynamically 

favoring opposite surface species (Figures 2b and 3b) 

or both states thermodynamically favoring the same 

surface species (Figures 3a and 3c). 

The operation of the elementary catalytic ratchets 

of Figure 3 can be visualized on a line of surface 

coverage of surface species C*, θC. For Figure 3a, 

both blue and green catalyst states thermodynamically 

and kinetically favor the formation of C*, such that the 

equilibrium coverages of each state (and the average 

of both states) is close to 100%. Figure 3c depicts the 

opposite scenario, with both catalyst states favoring 

the formation of D*, and all equilibrium coverages of 

C* are close to zero. Alternatively, ratchets of catalyst 

states with opposite equilibrium surface coverages 

(e.g., Figure 3b) exhibit surface coverages over a 

larger range. The ratchet range depicted in purple 

identifies the surface concentrations that the oscillating 

catalytic ratchet can promote, dependent on the system 

temperature and oscillation frequency, as 

demonstrated in Figure 2d. 

The elementary catalytic ratchet energy diagrams 

highlight the definition of a catalytic ratchet as a 

mechanism that uses energy input to change catalyst 

states resulting in different kinetics for the forward and 

reverse reactions to drive surface chemistry away from 

equilibrium. Energy input occurs via the changing of 

the catalyst and surface species from strong to weak 

binding (i.e., green state to blue state transitions). The 

difference in forward and reverse kinetics derives from 

the differences in transition state energy according to 

linear scaling relations as required for changes in 

surface reaction free energy with change in state. In the 

example of Figure 2b, the catalyst in the strong-

binding state (green) favors the forward reaction to 

form D*, while the next fastest surface rate constant in 

the weak-binding state (blue) favors the reverse 

direction. The other two elementary reactions (forward 

in the blue state and reverse in green state) are 

significantly slower with larger transition state 

barriers. The result is net acceleration of the forward 

reaction as the catalyst oscillates between states, 

despite the catalytic ratchet exhibiting an equilibrium 

coverage of 𝜃 𝐶,𝑒𝑞 ~ 0.5. The ratchet hence promotes 

the reaction away from equilibrium, as shown in 

Figure 2d. The three catalytic ratchets of Figure 3 also 

show similar kinetic directionality, albeit with 

different adsorbate and transition state energies; all 

three systems exhibit an average surface coverage at 

equilibrium between the two state equilibria, with the 

forward and reverse bias ratchets promoting the 

reaction away from overall equilibrium towards 

surface coverages less than or greater than 𝜃 𝐶,𝐸𝑄, 

respectively. 

Elementary Catalytic Ratchet Directionality 

Metric. The directionality of an elementary catalytic 

ratchet can be determined from simulation (e.g., 

Figure 2c & 2d); the limit cycle average surface 

coverage deviates higher or lower than equilibrium, 

𝜃 𝐶,𝑒𝑞. However, each elementary catalytic ratchet can 

also be evaluated a priori via analysis of the 

constituent four kinetic rate coefficients (two for each 

catalyst state). For the range of possible parameters 

that define an elementary ratchet (α, β, γ, δ), one 

kinetic rate coefficient will be the fastest. For an 

elementary programmable ratchet that exhibits linear 

scaling behavior, the 2nd fastest rate coefficient exists 

in the opposite catalytic state relative to the fastest rate 

coefficient (i.e., if the fastest rate coefficient is in the 

blue state, the 2nd fastest will be in the green state). The 

ratchet behavior of this elementary step can therefore 

be characterized by these two fastest kinetic rate 

coefficients (with the other two slower rate 

coefficients contributing negligibly), which is defined 

as the ratchet directionality metric, λ, of the ratio of the 

sum of forward versus reverse rate coefficients 

weighted by the input oscillation duty cycle, DB, as 

derived in the supporting information (Eq. S12-S14). 
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𝜆 =  
(𝑘1,𝑏𝑙𝑢𝑒𝐷𝐵 + 𝑘1,𝑔𝑟𝑒𝑒𝑛(1−𝐷𝐵))

(𝑘−1,𝑏𝑙𝑢𝑒𝐷𝐵 + 𝑘−1,𝑔𝑟𝑒𝑒𝑛(1−𝐷𝐵))
   (11a) 

 

𝜆 =  ∑ 𝜏𝑗𝑘1,𝑗   / ∑ 𝜏𝑗𝑘−1,𝑗    𝑗𝑗    (11b) 

 

The ratchet directionality metric (Ea. 11a) can be 

written generally (Eq. 11b) for catalyst states j using 

the definition of the duty cycle. The duty cycle, DB, is 

defined as the fraction (0 < DB < 1) of an oscillation 

period (τ = 1/f) in a specific state, which in this case is 

the fraction of time of an oscillation period in the blue 

state. 

 

𝐷𝐵 = 
𝜏𝑏𝑙𝑢𝑒

𝜏𝑏𝑙𝑢𝑒 + 𝜏𝑔𝑟𝑒𝑒𝑛
   (12) 

 

The efficacy of the ratchet directionality metric, λ, 

was evaluated by simulating multiple variations of 

dynamic parameters as depicted in Figure 4 for DB of 

0.5. For each parameter set, the sum of the forward rate 

constants weighted by the duty cycle were plotted 

versus the sum of the reverse rate coefficients 

weighted by the duty cycle, such that the parity line 

represents the boundary between forward and reverse 

elementary ratchets (i.e., λ = 1). Parameter sets that 

exhibited forward directionality (i.e., steady state 

surface coverages of C* less than equilibrium, 𝜃 𝐶,𝑒𝑞) 

via simulation are depicted in purple, while reverse 

bias ratchet parameter sets identified by simulation are 

depicted in orange. As shown, all forward bias ratchets 

(purple) exist in the forward region (λ > 1), while all 

reverse bias ratchets (orange) exist in the reverse 

region (λ < 1). 

Unique Elementary Ratchets. The simplicity of the 

ratchet directionality metric, λ, can also be tested by 

considering unique and extreme ratchet parameter sets. 

In Figure 5a, the strong-binding catalyst state (green) 

exhibits impartial equilibrium (ΔGgreen = 0), and the 

two fastest rate coefficients (k1,green and k-1,green) 
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Figure 4. Programmable elementary catalytic ratchet 

directionality metric, λ. Multiple combinations of dynamic 
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Figure 5. Unique programmable elementary catalytic ratchets. (a) A catalytic ratchet with ΔGrxn in the strong-binding 

state (green) with low barrier relative to both weak-binding state (blue) barriers violates transition state linear scaling with α 

< 0. (b) A catalytic ratchet with ΔGrxn = 0 in the strong-binding state (green) with ratchet directionality metric less than one.  

(c) A dynamic catalytic elementary step that exhibits no ratcheting behavior due to equal forward and reverse kinetics for a 

duty cycle of DB = 0.5. Ratchet dynamic parameters are: α = 0.5, β = 0.375, γ = 2, δ = 0.25, ΔBEC = 0.5. 
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associated with the two lowest energy barriers (both 

0.20 eV). When simulated at varying temperatures and 

applied frequencies, this elementary ratchet system 

operating at 50% duty cycle (τblue = τgreen) appears to 

violate the ratchet directionality metric with λ < 1 

while exhibiting forward ratchet bias in simulations 

(Figure S2 in supporting information). However, the 

ratchet of Figure 5a exhibits nonviable linear scaling, 

making it unlikely to exist over viable oscillations in 

binding energy. The nonviability arises from the 

energetics in this system.  Specifically, the smaller 

barrier of k-1,green (0.20 eV) relative to that of k-1,blue 

(0.25 eV), despite the reverse reaction of the blue 

catalyst state exhibiting negative reaction energy (ΔG-

1,blue = -25 eV), would require a non-realistic transition 

state scaling parameter, α, less than zero. However, the 

similar yet viable ratchet of Figure 5b is consistent 

with the ratchet directionality parameter; it is a 

backwards directionality ratchet with λ < 1 (Figure S3 

in the supporting information), which is possible since 

k-1,green < k-1,blue. 

Another unique elementary dynamic reaction 

exists when the two catalyst states are equal and 

opposite, as depicted in Figure 5c. As shown, both 

catalyst states have fast kinetics with barriers of 0.25 

eV and slow kinetics with barriers of 0.5 eV. For a duty 

cycle of DB = 0.5, this corresponds to a ratchet 

directionality metric of unity (λ = 1), and this particular 

ratchet does not promote the reaction away from 

equilibrium when simulated (Figure S3 in the 

supporting information). Moreover, all elementary 

parameter sets that have exhibit equal and opposite 

kinetics between catalyst states will have λ of unity at 

equal state time constants (DB = 0.5) and will not 

behave as catalytic ratchets. 

Weak and Strong Pass Ratchets.  The unique 

combinations of energy barriers and rate constants lead 

to many possible catalytic ratchets which can be 

categorized by their enabling catalyst states. If a 

ratchet has two (or more) catalytic states, then under 

functioning conditions such as viable temperature 

ranges (described later for viable cutoff frequencies) 

the ratchet will permit molecules to react through the 

transition state under one catalyst state and prohibit 

significant reaction in the other catalyst state(s).  

Ratchets can be further defined by the condition of 

reaction described by the strength of adsorbate binding 

as depicted in Figure 6. In one type of ratchet, the 

strong binding catalyst state (green) exhibits large 

energy barriers (0.60 and 0.46 eV) for both the forward 

and the reverse reaction (Figure 6a), while the weak 

binding state (blue) has a small forward barrier (0.26 

eV) that allows C* to readily react to D* relative to all 

other rate constants. This is therefore a ‘weak pass’ 

forward ratchet (i.e., the fastest reaction occurs in the 

weak-binding state of the catalyst). In contrast, 

ratchets also exist as depicted in Figure 6b, with large 

barriers in the weak-binding catalyst state (blue), while 

the strong binding state (green) has barriers readily 

traversable at accommodating temperatures (0.55 eV) 

in the forward direction, thus making this a ‘strong 

pass’ forward ratchet.  
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Figure 6. Programmable elementary catalytic ratchet pass condition. Catalytic ratchets exhibit a wide range of kinetic 

parameters leading to two classes of ratchets that allow for reaction through a transition state preferentially in either the 

weaker or stronger binding catalyst state. (a) A forward catalytic ratchet with weak pass conditions allows for C* to form 

D* under weak-binding catalyst conditions (blue).  (α = 0.7, β = 0.5, γ = 0.3, δ = 0.5, ΔBEC = 0.7). (b) A forward catalytic 

ratchet with strong pass conditions allows for C* to form D* under strong-binding conditions.  (α = 0.9, β = 1.0, γ = 2.0, δ = 

0.5, ΔBEC = 1.0) 
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The type of ratchet, ‘strong pass’ or ‘weak pass,’ 

is identifiable by the catalyst state with the lowest 

reaction energy barrier. This characteristic, 

identifiable for individual ratchets in a multi-step 

series reaction, becomes important when considering 

the sequence of elementary steps. The order of ratchets 

determines if molecules can traverse multiple 

elementary steps at once; alternatively, a series of 

ratchets that switch between ‘strong pass’ and ‘weak 

pass’ characteristics would require multiple catalyst 

state changes to complete a catalytic reaction. 

Elementary Catalytic Ratchet On/Off 

Temperatures and Frequencies. The elementary 

catalytic ratchet of Figure 2 exhibits two general 

regions of behavior. At high temperature and low 

applied frequencies, the ratchet is disabled and the 

average surface coverage of C* in a C*-to-D* 

reversible surface reaction equals the equilibrium 

surface coverage of 𝜃 𝐶,𝑒𝑞 ~ 0.5 (yellow region in 

Figure 2d). However, at lower temperatures and 

higher applied frequencies, the ratchet becomes 

functional and drives the reaction away from 

equilibrium, which for this particular ratchet is towards 

D* (and lower surface coverages of C*). The interface 

between the two ratchet behaviors exists with a sharp 

transition, indicative of on/off behavior of the ratchet, 

that varies both with applied frequency, duty cycle, 

and temperature. 

The ratchet on/off transition can be predicted by 

modeling the ratchet as a frequency response filter as 
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Figure 7.  Programmable catalytic ratchets, steady state coverage, and cutoff frequencies. Points are simulation, and 

lines are equation 13. (a) A forward catalytic ratchet of C* reacting to D* at temperatures of 213-393 K decreases in surface 

coverage of C* with increasing applied frequency. α = 0.78, β = 0.67, γ = 2, δ = 0.3, ΔBEC = 0.6 eV. (b) A reverse ratchet 

of C* reacting to D* at temperatures of 213-293 K increases in surface coverage of C* with increasing applied frequency. α 

= 0.7, β = 0.5, γ = 1.2, δ = 0.5, ΔBEC = 0.2 eV.   (c) A reverse ratchet of C* reacting to D* at temperatures of 193-273 K 

increases in surface coverage of C* with increasing applied frequency: α = 0.5, β = 0.5, γ = 2, δ = 0.3, ΔBEC = 0.5 eV. (d) 

Cutoff frequencies of the three ratchets determining their on/off states.  All data is presented for duty cycles of DB = 0.5. 

Tabulated data available in Tables S3 of the supporting information.  
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described in equation 13. The time-averaged surface 

coverage of C*, 𝜃 𝐶,𝐴𝑣𝑔, depends on the equilibrium of 

the two catalytic states, 𝜃 𝐶,𝑒𝑞, defined in equation 10. 

The surface coverage is modulated from equilibrium 

by the band pass equation with time constant 1/kII, 

where kII is the second fastest rate constant of the four 

in the two-state elementary catalytic ratchet. This is 

multiplied by the time associated with state associated 

with the second fastest time constant, τII, divided by 

four, which is determined by the applied frequency, f, 

and the duty cycle, DB (i.e., the fraction of time in the 

oscillation period that exists in the blue state). This 

quantity in equation 13 is multiplied by the difference 

between the equilibrium surface coverage and the 

inverse of λ plus one, a quantity that determines the 

surface coverage at high frequency (hf) ratchet 

function (derived in the supporting information). 

 

𝜃 𝐶,𝐴𝑣𝑔  =  𝜃 𝐶,𝑒𝑞 + (
1

(1+𝑘𝐼𝐼𝜏𝐼𝐼/4)
2) (

1

1+ 𝜆
− 𝜃 𝐶,𝑒𝑞)  (13)  

 

𝜏𝐵𝑙𝑢𝑒
𝑑𝜃𝐶

𝑑𝑡
|
𝐵𝑙𝑢𝑒

+ 𝜏𝐺𝑟𝑒𝑒𝑛
𝑑𝜃𝐶

𝑑𝑡
|
𝐺𝑟𝑒𝑒𝑛

 = 0      (14a) 

 

𝜃 𝐶,ℎ𝑓  =  
1

1+ 𝜆
       (14b) 

 

The quantity, λ, is again the ratio of sum of forward 

rate constants to the sum of reverse rate constants 

weighted by the input program duty cycle, as written 

in equation 11; it was derived in the supporting 

information beginning from equation 14. By equation 

13, the deviation from equilibrium, 𝜃 𝐶,𝑒𝑞, occurs when 

the oscillation frequency is sufficiently high and τII is 

sufficiently small. It is important to note that equation 

13 is a semi-empirical model, inspired by transfer 

functions commonly employed in the analysis of band 

pass filters/amplifiers.  Error analysis of multiple 

model forms are presented in the supporting 

information in Figure S1, where variations of transfer 

functions were considered. While many variations of 

transfer functions in equation 13 approximate the 

average surface coverage of C* at steady state 

oscillatory conditions, all of the considered models 

were only effective at representing the data when using 

the second-fastest rate constant, kII, thereby indicating 

its importance in regulating ratchet kinetics. 

The utility of the equation 13 approximating the 

catalytic ratchet was evaluated by comparison with 

simulation, as shown in Figure 7. The first ratchet in 

Figure 7a is forward bias of the C*-to-D* surface 

reaction with equilibrium surface coverage of 𝜃 𝐶,𝑒𝑞 ~ 

0.5; this is the same ratchet as evaluated in Figure 2. 

As temperature increased, the applied frequency 

necessary to achieve time-averaged surface coverages 

less than equilibrium increased, resulting in average 

surface coverages at steady state that are small 

fractions of a surface (0.0001 < 𝜃 𝐶 < 0.01). Data points 

are the simulations, while the lines are equation 13, 

using the kinetic parameters of each catalytic state; as 

shown, equation 13 describes the equilibrium coverage 

at low applied frequency, the constant steady state 

coverage of species i at high frequency, 𝜃 𝑖,ℎ𝑓 = (1 / (1 

+ λ)), and the transition between extreme coverage 

values. 

Another ratchet type of reverse bias depicted in 

Figure 7b exhibits two catalytic states that both favor 

high surface coverage of C* with parameters: α = 0.7, 

β = 0.5, γ = 1.2, δ = 0.5, ΔBEC = 0.2 eV. With a high 

equilibrium C* surface coverage (0.95 < 𝜃 𝐶,𝑒𝑞 < 0.99) 

at each temperature, the surface coverage further 

increases with increased applied frequency. This 

ratchet is also unique due to the significant differences 

in equilibrium surface coverage, 𝜃 𝐶,𝑒𝑞, which varies at 

each temperature.  In comparison, the kinetic behavior 

of another reverse bias ratchet is depicted in Figure 7c, 

which is the same ratchet as described in Figure 3b. 

This catalytic ratchet has 𝜃 𝐶,𝑒𝑞 of ~0.50, due to the 

opposing thermodynamics of the two catalyst states, 

while the time-averaged steady state coverage of C* is 

𝜃 𝐶  > 0.8 at high applied frequency. In all of these 

ratchets with unique kinetic characteristics, equation 

13 describes the kinetic response of the simulation 

data. 

For a catalytic ratchet oscillating at equal time in 

each state, the f ~ 1/(2τII) corresponds to a duty cycle 

of DB of 50%. For this condition, the cutoff frequency, 

fc, can be calculated from equation 13 when the 

transfer function equals half of its value, 

 

(
1

(1+𝑘𝐼𝐼𝜏𝐼𝐼/4)
2) =  

1

2
,   𝑓𝑐  =  

𝑘𝐼𝐼𝐷𝐼𝐼

4(√2−1)
   (15) 

 

The cutoff frequency, fc, where the ratchet becomes 

kinetically relevant (i.e., turns ‘on’) is readily 

calculable for each ratchet at each temperature using 

the second fastest rate constant, kII, and the duty cycle 

as defined for the catalyst state with the second fastest 

rate constant. The quantity, DII, is the duty cycle of the 

state which has the 2nd fastest rate coefficient; DII 

equals DB if kII is in the weak-binding blue state, or DII 
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equals (1-DB) if KII is in the strong-binding green state.  

For each of the three ratchets, the cutoff frequencies 

are depicted as a function of inverse temperature, 

indicating the transition between functioning and non-

functioning catalytic ratchets dependent on the kinetics 

of each elementary step. 

Negative Scaling.  The description of elementary 

catalytic ratchets to this point has focused on positive 

scaling (𝛾𝐷/𝐶  > 0), but some intermediates respond to 

catalyst stimuli via opposing changes in binding 

energy.[34] As one adsorbate strengthens in binding 

energy, the other adsorbate weakens in binding energy; 

this corresponds to negative gamma scaling (𝛾𝐷/𝐶 <

0). As depicted in Figure 8a, negative scaling 

elementary catalytic ratchets exhibit free energy 

profiles that change in opposite directions (α = 0.7, β 

= 0.7, 𝛾𝐷/𝐶 = −2, δ = 0.1, ΔBEC = 0.2 eV). In this 

particular example, the fastest step and smallest barrier 

is the forward direction in the weak-binding catalyst 

state (blue), making this a forward ratchet, while the 

second fastest step and second highest barrier is the 

reverse direction in the strong-binding catalyst state 

(green). 

Simulation of the negative ratchet is depicted in 

Figure 8b for five temperatures (273-353 K) over a 

range of 0.01 to 106 Hz. At low applied frequency, the 

average steady state coverage of C* is 0.5, as expected 

for an elementary ratchet that exhibited significant 

changes in overall reaction energy in both states (0.30 

and -0.30 eV). As applied frequency increased, the 

ratchet began to promote deviation of average surface 

coverage of C* to lower values (i.e., forward ratchet). 

The ratchet turned on (i.e., cutoff frequency) between 

~1 Hz at 273 K up to ~10,000 Hz at 373 K. Final steady 

state surface coverages for each temperature matched 

the expected quantity at high frequency (𝜃 𝐶,ℎ𝑓 = 1 / (1 

+ λ)). These simulated data were also predicted by 

equation 13, indicating that positive and negative 

gamma scaling ratchets exhibit comparable and 

predictable behavior. 

Ratchet Duty Cycle & Mixed Timescales.  A 

catalyst surface input program has design options that 

include applied frequency, amplitude, and oscillation 

offset, but another option is the duty cycle setting (DB). 

The duty cycle, DB, is the fraction (0 < DB < 1) of an 

oscillation period in a specific state, which in this case 

is the fraction of time of an oscillation period in the 

blue state. Up to this point, the duty cycle has been 

fixed at DB of 50%. With varying DB corresponding to 

longer and shorter duration of each oscillation in each 

catalyst state, the chemistry has more or less time to 

approach equilibrium in each particular state, 

ultimately achieving different average surface 

coverage throughout the limit cycle.  

The implications of duty cycle were assessed in 

Figure 9a by simulating the elementary catalytic 

ratchet of Figure 2 (points are simulation, lines are 

equation 13) with varying duty cycle (0.0001 < DB < 

0.999) and defined linear scaling parameters (α = 0.78, 

β = 0.67 eV, γ(D/C) = 2.0, δC-D = 0.3, ∆BEC = 0.6 eV). 

This forward ratchet at a duty cycle of 0.50 exhibited 

a cutoff frequency of fc~21 Hz and varied from the 
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Figure 8. A negative-scaling programmable elementary catalytic ratchet.  (a) An elementary ratchet with negative 

scaling (γ = -2) exhibits opposing changes in binding energy between reaction intermediates C* and D*. (α = 0.7, β = 0.7, δ 

= 0.1, ΔBEC = 0.2 eV)  (b) The elementary catalytic ratchet exhibits forward bias that decreases surface coverage of C* from 

its equilibrium value of 0.5 at increasing temperature; points are simulation, and lines are equation 13. All data is presented 

for duty cycles of DB = 0.5. Tabulated data available in Table S4 of the supporting information. 

https://doi.org/10.26434/chemrxiv-2024-x2hfz-v2 ORCID: https://orcid.org/0000-0001-5810-1953 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-x2hfz-v2
https://orcid.org/0000-0001-5810-1953
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

____________________________________________________________________________ 
 
Murphy, et al.   Page 14 

equilibrium surface coverage of 𝜃 𝐶,𝑒𝑞 of ~0.50 to the 

high frequency (f >> fc) coverage of 𝜃 𝐶,ℎ𝑓 = 7.910-4. 

Variation of the duty cycle altered the surface coverage 

response by changing both the high frequency 

coverage 𝜃 𝐶,ℎ𝑓 and cutoff frequency, fc. Lower duty 

cycles (DB < 0.5) exhibited lower cutoff frequencies 

(<10 Hz) and lower C* surface coverages at high 

frequency (𝜃 𝐶,ℎ𝑓 < 0.5), while higher duty cycles (DB 

> 0.5) exhibited higher cutoff frequencies (>10 Hz) 

and larger C* surface coverages at high frequency 

(𝜃 𝐶,ℎ𝑓 > 0.5). However, all considered duty cycles 

resulted in a ratchet with forward bias (λ > 1) that 

favored formation of D* relative to equilibrium, 𝜃 𝐶,𝑒𝑞. 

The impact of duty cycle on ratchet directionality 

is more significant in the simulation of Figure 9b, 

which applies varying duty cycle to the elementary 

catalytic ratchet of Figure 5c with defined linear 

scaling parameters (α = 0.5, β = 0.375 eV, 𝛾𝐷/𝐶 = 2.0, 

δC-D = 0.25, ∆BEC = 0.5 eV). Simulations are 

represented by points, while the model of equation 13 

are lines. For a neutral duty cycle of DB = 0.5, this 

ratchet exhibited no directional bias to the reaction 

with all steady state time-averaged surface coverages 

of C*, 𝜃 𝐶,𝐴𝑣𝑔, equal to the 𝜃 𝐶,𝑒𝑞 of ~0.50. However, 

variation of the duty cycle away from DB of 0.5 

imposed directional bias on the catalytic ratchet; 

forward bias existed for this ratchet for duty cycles 

below 0.5, and reverse bias existed for this ratchet for 

duty cycles above 0.5. The switching of ratchet bias 

was predicted by the ratchet metric, λ, in equation 11, 

where the reaction rate constants were modified by the 

duty cycle. However, the duty cycle only sufficiently 

influences the ratchet directionality metric, λ, when the 

fastest two rate constants are comparable in value or at 

extreme values of the duty cycle, DB.  

Multi-Step Mechanisms and Elementary Ratchet 

Symbols. The single elementary catalytic ratchet has 

no significance outside of a full catalytic reaction. Yet, 

the entire reaction network comprising a catalytic 

reaction can be described using a combination of 

multiple elementary steps. This approach of ‘detailed 

chemistry’ or ‘microkinetics’ has been the foundation 

of heterogeneous catalysis modeling for the past half 

century, with mean field kinetic models describing 

each elementary reaction describing complex reaction 

networks.[46] Description of the kinetics of each 

elementary reaction is challenging due to the extent of 

required model characteristics; this challenge is further 

increased for kinetic reaction models that aim to 

describe programmable catalytic reactions on dynamic 

surfaces. 

The proposed benefit of understanding the 

dynamic behavior of each independent elementary step 

is that the combined reaction model with 
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Figure 9.  Variable duty cycle elementary catalytic ratchets.  (a) An elementary reaction of C* to D* at 273 K with 

defined linear scaling dynamic parameters and binding energy shift exhibits variable steady state average surface coverage 

of C* with varying duty cycle, 0.0001 < DB < 0.999. (α = 0.78, β = 0.67 eV, 𝛾𝐷/𝐶 = 2.0, δC-D = 0.3, ∆BEC = 0.6 eV).  (b) An 

elementary reaction of C* to D* at 153 K with defined linear scaling dynamic parameters and binding energy shift exhibits 

variable steady state average surface coverage of C* with varying duty cycle, 0.0001 < DB < 0.9999. (α = 0.5, β = 0.375 eV, 

𝛾𝐷/𝐶 = 2.0, δC-D = 0.25, ∆BEC = 0.5 eV). This particular elementary catalytic ratchet shifts from a forward ratchet to a reverse 

ratchet below and above a duty cycle of 0.5, respectively. Tabulated data available in Table S5 of the supporting information. 
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characteristics of the individual elementary step 

dynamics can be evaluated to understand its general 

behavior under varying temperature and applied 

frequency input programs. To consider this possibility, 

an example generic reaction network is depicted in 

Figure 10a converting A(g) to E(g) through surface 

species A*-to-E* at temperature T1 and applied 

frequency, f. For the selected temperature, T1, the 

kinetic parameters of each elementary step were 

calculated for each catalyst state (k1,g, k-1,g, k1b, k-1b) 

and the three characteristics of each elementary 

catalytic ratchet can be calculated:  (1) the ratchet 

directionality depicted as an arrow (→ or ←) was 

determined by calculating λ, (2) the cutoff frequency 

was calculated by equation 15, and (3) the pass 

condition was identified as the strong- or weak-

binding catalyst state (S or W) with the fastest rate 

constant. Each of these characteristics are listed next 

to the reaction network of Figure 10a. 

The reaction network is summarized on the 

frequency diagram of Figure 10b, where each 

elementary reaction is depicted in the strong- or weak-

pass column at the calculated cutoff frequency; each 

elementary ratchet directionality is shown as a forward 

or backwards arrow. These cutoff frequencies are then 

compared with the applied program frequency, f = 500 

Hz, shown as a dashed line; all ratchets below 500 Hz 

are functional, while the single ratchet associated with 

C*-to-D* elementary reaction is dysfunctional at these 

conditions. 

Without simulating this reaction network, it 

becomes possible to anticipate the catalytic reaction 

progression under dynamic conditions (T1, f = 500 Hz). 

In the strong binding state of the catalyst, A(g) adsorbs 

to form A*, which then reacts to form B* and then F*. 

When the catalyst switches to the weak binding state, 

F* reacts to form G*.  Switching back to the strong 

catalyst state, G* reacts to form C*. At this point C* 

has two other possible reaction paths; C* will likely 

not react to form B* in the strong binding catalyst state, 

since it would need to pass through a weak-pass 

elementary ratchet. Instead, C* will likely react to 

form D*; even though the C*-to-D* ratchet has reverse 

directionality, its cutoff frequency is higher than the 

applied frequency and the reaction can proceed in 

either catalyst state. While the catalyst is still in the 

strong binding state, D* will then react to form E*, 

which will then desorb to form E(g) product. The 

entire catalyst reaction requires a sequence of strong-

to-weak-to-strong catalyst binding states for 

progression from A(g) to A* to E* to E(g). 

It is unknown if the proposed interpretation of 

Figure 10 would agree with a detailed simulation of 

the entire reaction network; will this overall approach 

of interpreting combined elementary ratchets by their 

three characteristics provide an a priori interpretation 

of complex networks of programmable catalytic  
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Figure 10. Multi-step programmable catalytic surface reaction mechanism with series and parallel elementary 

ratchets. (a) A sequence of series and parallel elementary steps comprise a complete reaction to convert A(g) to E(g). For 

dynamic perturbation of the catalyst, each elementary reaction forms a catalytic ratchet that exhibits forward or reverse bias 

with cutoff frequency, fc, for given temperature, T1, and strong (S) or weak (W) binding condition that allows molecules to 

traverse the transition state. (b) Summary of the reaction network characteristics at temperature, T1, and frequency, f = 500 

Hz. 
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Figure 11. Series three-step catalytic escapement mechanism. (a) The reaction of A(g) to D(g) occurs on a catalytic 

surface through A*, B*, C*, and D* in two catalytic states that are strong (green) or weak (blue) binding. (b) The intermediate 

and transition state linear scaling parameters of the reaction from A* to D*. (c) All three surface reactions are weak-pass 

catalytic ratchets; their directionality was calculated by determining λ1, λ2, and λ3. (d) The cutoff frequencies of the three 

elementary catalytic ratchets, fc,i, was calculated as a function of reaction temperature. Three temperatures were considered 

of 263, 303, and 343 K.  (e) Simulation of the three-step surface reaction determined the time-averaged turnover frequency 

at three temperatures over a frequency range of 10-6 to 107 Hz. Moderate applied frequencies exhibited turnover frequencies 

equal to the applied frequency. Maximum dynamic turnover frequency was achieved above the elementary reaction 1 cutoff 

frequency fc,1, depicted as vertical dashed lines for each temperature. (f) Static simulation of the three-step reaction at varying 

binding energy of A* results in Sabatier volcano peaks for three temperatures. (g) Surface coverages of A*, B*, C*, and D* 

on the dynamic three-step reaction for varying applied frequencies at 303 K. Tabulated data available in Figure S6 of the 

supporting information. 
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reactions? Future work will simulate complex reaction 

networks and compare the flux of chemistry through 

different pathways and assess the viability of 

interpreting combinations of simple elementary 

catalytic ratchets.  

A more simple three-reaction-step catalytic system 

was assessed via simulation in Figure 11, which 

consisted of A(g) reacting to D(g) through the surface 

species A*, B*, C*, and D*. As shown in Figure 11a, 

this exergonic reaction exhibits overall -2.5 eV in free 

energy change overwhelmingly favoring the formation 

of D(g) relative to A(g). This programmable reaction 

is depicted for an oscillation amplitude of ΔBEA of 1.8 

eV, and all four surface intermediates and their 

transition states change in accordance with the linear 

scaling relationships and the parameters of Figure 

11b. 

The exergonic reaction of Figure 11 is particularly 

interesting as compared to the endergonic reaction of 

Figure 1. The catalytic ratchet of Figure 1 operates at 

specific amplitudes and frequencies to promote the 

unfavorable conversion of A(g) to B(g) using a net 

energy input to change catalyst states. In contrast, the 

series of catalytic ratchets in Figure 11a serve the 

reverse purpose; the reaction pathway depicted by the 

red molecule follows a sequence of state changes and 

elementary reactions resulting in a net energy output 

(|ΔGA*,b→g| > |ΔGC*,g→b|) such that the reaction is 

generating work. In this manner, the series of catalytic 

elementary ratchet steps act as an ‘escapement,’ 

essentially metering out the reaction to proceed at the 

rate of applied frequency (similar to a mechanical 

watch). The total ‘net’ work will be negative 

(generating work) if the reaction proceeds through the 

A* blue-to-green transition as drawn; at sufficiently 

high temperatures and lower frequencies, the reaction 

could alternatively proceed in the blue state (weak 

binding) to B* and then react over TS2 to C*, where it 

primarily releases heat. Selection of the applied 

frequency and reaction temperature will determine 

which path (work or heat generating) occurs. 

The catalytic system of Figure 11 was interpreted 

via the three characteristics of each catalytic 

elementary ratchet in Figure 11c.  All three 

elementary steps are weak-pass ratchets; ratchets 2 and 

3 are forward directionality, and ratchet 1 is backward 

directionality.  The cutoff frequencies of all three 

ratchets are calculated by equation 15 and plotted as a 

function of inverse temperature in Figure 11d. 

Reaction 3 always has the lowest cutoff frequency, 

while reactions 2 and 3 are similar higher frequencies. 

The three-step reaction in Figure 11a was 

simulated under dynamic conditions to determine the 

time-averaged turnover frequency (Figure 11e) to 

form D(g) for varying temperature (263, 303, and 343 

K) and varying applied frequency (10-6 to 107 Hz) at 

1% conversion of A(g). Simulations at all three 

temperatures exhibit three regions of catalytic 

behavior.  At low applied frequencies, the 

programmable catalyst acts like two independent static 

catalysts averaged at a 50% duty cycle. At moderate 

applied frequencies, there exists parity between time-

averaged TOF with the applied frequency; every 

turnover of the catalyst yields a catalytic turnover.  At 

high frequency, the programmable catalyst achieves a 

maximum catalytic rate that is constant with applied 

frequency.  

The observed dynamic catalytic behavior is 

consistent with prior examples and can be interpreted 

with the fundamental characteristics of elementary 

ratchets.[1] For the three considered temperatures (263, 

303, and 343 K), the static catalytic rates at 1% 

conversion of A(g) are depicted in Figure 11f. This 

reaction yields a Sabatier volcano with varying 

binding energy of A*, such that the maximum static 

catalytic rate exists at BEA~1.6 eV. Moreover, 

oscillation of the binding energy of A* with time 

exhibits catalytic turnover frequencies in excess of the 

Sabatier peak by several orders of magnitude (compare 

Figure 11e to 11f), as previously demonstrated.[1]  

The transition between the parity region (equal 

applied frequency and TOF) and the maximum TOF at 

high applied frequency occurs at the cutoff frequency 

of the first elementary reaction. As marked with a 

vertical dashed line in Figure 11e, the cutoff 

frequency of step 1 predicted by equation 15 changes 

with temperature to demarcate the onset of the 

maximum time-averaged TOF. The overall rate limit 

imposed by step 1 is more apparent when observing 

the time-averaged surface coverage of all four surface 

species depicted in Figure 11g.  Below the step 1 

cutoff frequency, fC,1, the time-averaged surface is 

comprised of equal fractions of A* and C*; this is 

consistent with the escapement mechanism, whereby 

the surface fills with A* in the weak state then fills 

with C* in the strong state. However, at the step 1 

cutoff frequency, the surface coverage of C* decreases 

and A* increases as the rate of molecules traversing 

TS1 decreases. The only backwards ratchet in the 

mechanism becomes the overall rate limitation once it 
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is turned on at frequencies above its cutoff frequency. 

B* is merely a short-lived intermediate in this 

mechanism. 

The Independent Ratchet Interpretation. The 

utility of interpreting independent catalytic elementary 

ratchets that are part of a larger reaction mechanism 

remains to be assessed. It is of course desirable to use 

the characteristics of each elementary ratchet 

(directionality, cutoff frequency, pass condition) to 

predict the catalytic behavior of a complex reaction 

network, as described in Figures 10 and 11. A reaction 

network operating under programmed dynamics is an 

amalgamation of reaction frequencies; each forward 

(e.g., k1) or backwards (e.g., k-1) rate constant 

corresponds to a frequency. Assessing the cutoff 

frequency of each elementary reaction aids in 

identifying the relevant frequency for comparison with 

the applied frequency, which is shown in this work to 

be the cutoff frequency calculated from the second 

largest rate constant.  

Beyond simple model systems, it has already been 

shown that complex reaction networks of real 

chemistries exhibit complex behavior under dynamic 

programmable operation. For example, dynamic 

variation of surface strain of ruthenium catalyst 

surfaces in ammonia synthesis exhibited unique 

chemical behavior; the catalytic rate and extent of 

formation of ammonia was shown to change either 

above or below equilibrium with varying applied 

frequency.[10] These behaviors could result from 

applied frequencies existing above or below different 

ratchet cutoff frequencies within the ammonia 

synthesis mechanism, changing the direction of 

reactions and yielding different catalytic rates. As 

these examples demonstrate, identification of the three 

key characteristics of elementary catalytic ratchets is 

just the beginning; future work is required to 

understand the impact of combinations of elementary 

ratchets in dynamic complex catalytic mechanisms. 

 

Conclusions. Catalytic elementary reactions 

exhibiting ratchet-like behavior were evaluated to 

determine their fundamental behaviors under 

oscillating catalyst conditions to control chemistry and 

promote reactions away from equilibrium. Simulations 

evaluated oscillatory conditions that switched between 

two catalyst states of strong and weak binding of 

surface species to identify three characteristics that 

define elementary catalytic ratchets. First, promotion 

of surface chemistry in the forward or reverse direction 

away from equilibrium by elementary catalytic 

ratchets can be determined by a ratchet directionality 

metric based on the applied catalyst program duty 

cycle and the kinetic rate constants, which are based 

on the applied amplitude of surface energy oscillation. 

Second, each elementary catalytic ratchet oscillating 

between two catalyst states can be identified by one of 

its two states, strong or weak adsorbate binding, for 

which reactants traverse through the transition state. A 

third characteristic is the cutoff frequency of the 

elementary catalytic ratchet, which is the frequency 

which defines the transition of the ratchet between on 

and off conditions; applied frequencies above the 

cutoff frequency of a ratchet lead to promotion of 

reactions away from equilibrium, while applied 

frequencies below the cutoff frequency do not. These 

three characteristics of elementary ratchets are 

predictable by the kinetic rate constants of the catalytic 

ratchet and the characteristics of the applied oscillation 

to the catalyst surface; ratchet behavior was modeled 

for both time-averaged surface coverage of species and 

cutoff frequency behavior. It is proposed that future 

work can evaluate programmable complex reaction 

networks by assessing the three fundamental 

characteristics of elementary catalytic ratchets in each 

step of overall multi-step reaction networks. 
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