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Starting with a distance-based definition of molecules consisting of non-interacting

atoms, which is in line with IUPAC terminology, we construct an ideal gas reference

for chemical association and dissociation reactions. The corresponding ideal equa-

tions for equilibria and kinetics reveal the mathematical structure, known for real

systems, in comprehensible clarity. The ideal gas reference corresponds to the limit

of an entirely flat potential energy surface of the system where chemical equilibria

and kinetics are determined by “unspecific” particle number combinatorics according

to the reaction stoichiometry. The ideal equilibrium and rate constants provide a

reference for the definition of excess equilibrium and rate constants of real reactions

that quantify all “system-specific” contributions resulting from the particular shape

of the potential energy surface. The ideal gas reference therefore enables a distinction

between unspecific and system-specific aspects in the equilibria and kinetics of chem-

ical association/dissociation reactions. Whereas conventional equilibrium and rate

constants suffer from incompatibility between reactions of different stoichiometry,

excess equilibrium and rate constants can be consistently compared across different

reaction orders. Furthermore, whereas the conventional treatment requires an arbi-

trary specification of reference concentrations, e.g. at standard conditions, the ideal

gas framework introduces an intrinsic concentration scale that is equal to the inverse

of a molecular volume.
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I. INTRODUCTION

At the very basis of chemistry lies the concept of a chemical reaction, which is the trans-

formation of a number of chemical species, the reactants, into a number of other chemical

species, the products. According to IUPAC terminology, a chemical species is an “ensemble

of chemically identical molecular entities”1. Hence, the edifice of chemistry rests on the

notion of a molecular entity, which IUPAC defines as a “constitutionally [. . . ] distinct atom,

molecule, [. . . ] etc., identifiable as a separately distinguishable entity”1. This definition

invokes a spatially distinct arrangement of the molecular entity’s constituents, e.g. atoms,

in a way that allows to identify the molecular entity as being separate from other entities.

Clearly, this requires the constituents being “close” to each other and “far” from other en-

tities. The idea of a molecular entity thus implicitly relies on a certain critical distance, or

length scale, below which different constituents form a molecular entity, and above which

they are considered to be separate. Such critical distance would naturally be of the order

of a chemical bond length so in the range of a few Å. In addition to the spatial aspect,

the temporal dimension indirectly matters, because, in order to be identifiable, the question

of the lifetime of a molecular entity arises. Throughout this work, we will use the terms

“constituents” and “atoms” interchangeably, and the same for the terms “molecular entity”

and “molecule”. It is important to note that, in this context, the term “atom” is not lim-

ited to an atom in the strict sense, but it denotes any clearly defined constituent unit of a

molecular entity. In particular, the term “atom” can also stand for an own molecular entity

if the latter represents a well distinguishable building block of a larger molecular entity, e.g.

the ligands of a complex.

Based on this reasoning, we define an ideal gas reference for chemical association and

dissociation reactions. The ideal gas is the archetype model in thermodynamics, and ther-

modynamic quantities of real systems are commonly referenced to ideal gas behavior. How-

ever, no comparable archetype model exists for association and dissociation reactions in

chemistry. In the present Part I. of this series, we propose an ideal gas model for chemical

association/dissociation reactions. We first define molecular entities in ideal gas mixtures

and derive an ideal law of mass action. Then, we turn to the ideal kinetics of associa-

tion and dissociation to find a particularly symmetric structure of the rate equations for

elementary reactions of different molecularity. Subsequently, we discuss a simple isotropic
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transition state model to include reaction barriers and binding energies into our considera-

tion. This model precisely reproduces the equations for equilibrium and kinetics of the ideal

gas reference in the limit of zero activation and binding energy. The ideal gas reference thus

represents the limit of an entirely flat potential energy landscape. Turning to real associa-

tion/dissociation reactions, we define excess equilibrium constants and excess rate constants

that measure the deviation from ideal gas reference and quantify the effect of the uneven-

ness of the system-specific potential energy surface. Remarkably, we find a renormalization

scheme that makes rate constants comparable between different reaction orders. In this way,

the ideal gas reference subtly cures an unsatisfactory aspect of the typical formulation of ki-

netic rate equations that produces incompatible rate constants for different reaction orders.

Finally, we highlight the symmetry between the ideal gas reference for volume reactions

and the typical treatment of surface reactions. In Part II. of our series, we will discuss the

relevance of the ideal gas reference for electrochemical association/dissociation reactions, in

particular the electrolysis of water.

II. THEORY

A. Chemistry in Ideal Gases: Equilibrium

To begin with, we pose a philosophical question: Does it make sense to define molecules

AB consisting of non-interacting atoms A and B? Intuitively, one would rather answer

with “No”. If atoms A and B do not interact, they cannot form chemical bonds, and

thus no molecules. However, we begin with a gedankenexperiment and give the counter-

intuitive answer “Yes”. Following the reasoning given in the Introduction, we simply define

a molecule AB as any pair of atoms A and B that are closer than some critical distance `ch.

We implicitly include in this definition that no additional atoms must be within the same

distance, otherwise the molecule would not be denoted AB but rather ABX including all

other X constituents. Reasonable choices of `ch will be of the order of a few Å as discussed

further below. For now, we merely acknowledge that there exists a certain “chemical length

scale” `ch at which matter is microscopically ordered, defining whether atomic constituents

belong together or are to be considered as separate. This simple definition of molecules also

works for the case of non-interacting atoms: Any time, along their individual trajectories,
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FIG. 1. (a) Trajectory of atom B in the rest frame of atom A, both of which taken as point-like

ideal gas particles. For the time interval that their distance is less than `ch, the pair is defined to

form a molecule AB. The gray-shaded circular area indicates the molecular region, ` is the length

of the trajectory segment therein, and rcl is the distance of closest approach. (b) Schematic of the

isotropic transition-state model represented in the relative coordinate ~r = ~rB−~rA of the atom pair.

The transition state (TS) corresponds to a spherical shell around the spherical volume of the AB

molecule. Outside the TS shell, both atoms are considered to be free (A+B). (c) Potential energy

E(r) as a function of the reaction coordinate r = |~rB − ~rA| for the isotropic TS model.

two atoms A and B get closer to each other than `ch, we call the pair a molecule AB as

schematically visualized in Figure 1a. Obviously, the lifetime of such molecules will be

extremely short, because the atoms simply “fly by” in the absence of interactions.

What is the equilibrium concentration of such molecules AB in a mixture of ideal gases

A and B? For the sake of clarity, we exclusively focus on the constituent atom pair in the

present example and the resulting equations (1) and (2) must be regarded as approxima-

tions. The influence of all other atoms of the gas mixture will be included in the general

mathematical treatment in the subsequent paragraph. We assume point-like ideal gas par-

ticles that do not interact with each other. For a total of N tot
A atoms of A and N tot

B atoms

of B, there are a total of N tot
A N tot

B pairs. For a given pair, the probability pAB of being a

“molecule” is given by the probability of atom B residing within a volume Vch = (4/3)π`3
ch

of radius `ch around atom A, which is simply given by pAB = Vch/V if the total volume of

the gas mixture is V . The expectation value of the number of molecules is thus equal to
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NAB = pABN
tot
A N tot

B and the corresponding equilibrium concentration

cAB =
NAB

V
= ctot

A ctot
B Vch =

ctot
A ctot

B

cch

, (1)

where we define a “chemical reference concentration” cch = 1/Vch, and ctot
A/B = N tot

A/B/V are

the total concentrations of atoms A and B, respectively, counting both the “free” atoms

and those that are part of molecules AB at a given instant of time. The chemical reference

concentration can be expressed more comprehensibly as cch = Nch/V , where Nch = V/Vch is

the total number of “chemical volume elements” Vch. We will see below that Eq. (1) is valid

up to first order in (ctot
A /cch) and (ctot

B /cch). The equilibrium concentrations of free atoms

are given by cA = ctot
A − cAB = ctot

A (1− ctot
B /cch) and cB = ctot

B − cAB = ctot
B (1− ctot

A /cch). We

thus find

cAcB = ctot
A ctot

B

(
1− ctot

A

cch

)(
1− ctot

B

cch

)
=

ctot
A ctot

B

cch

(
cch − ctot

A − ctot
B +

ctot
A ctot

B

cch

)
= cAB

(
cch − ctot

A − ctot
B + cAB

)
= cAB (cch − cA − cB − cAB) = cAB c∗ , (2)

where c∗ = cch− cA− cB− cAB = (Nch−NA−NB−NAB)/V is the equilibrium concentration

of empty, or unoccupied, chemical volume elements Vch. Note that NA and NB refer to

the equilibrium numbers of free atoms only, without counting those atoms that are part of

molecules. If we think of the Nch chemical volume elements as the sites of a lattice, we

find that Eq. (2) has the same structure as the condition for equilibrium coverages on such

lattice. Thus the chemical volume elements Vch introduce a “chemical partitioning” of space,

and the resulting equations are equivalent to a “chemistry on a lattice” description, to be

discussed in more detail further below. Importantly, we highlight the natural appearance

of the concentration c∗ of empty, or unoccupied, chemical volume elements in Eq. (2) that

balances the units on both sides of the equation. In the dilute limit, we have c∗ ≈ cch.

Ideal Law of Mass Action. We now generalize our analysis to arbitrary molecular stoi-

chiometry. Considering an ideal gas mixture of a total of N tot
A atoms of type A, N tot

B atoms

of type B, and N tot
C atoms of type C contained within a volume V , we count the number

NAαBβCγ of molecules AαBβCγ with arbitrary integer stoichiometries α, β, γ. Further gen-

eralization to more than three different atom types will be straightforward. Here, we apply

the same definition of a molecular entity as before, namely we require that all constituents

reside within a volume Vch characterizing the size of the molecule, while all other atoms

of the ideal gas mixture must be outside of the molecular volume Vch. We do not require
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any specific arrangement, or ordering, of the constituents, so our definition of a molecular

entity is isotropic. Again, the constituent atoms are assumed to be point-like ideal gas

particles that do not interact with each other. Taking into account the indistinguishability

of atoms of same type, the total number of (α, β, γ)-tuples of atoms A, B, and C in the

entire ideal gas mixture is given by the product of binomial coefficients
(
Ntot

A
α

)(
Ntot

B
β

)(
Ntot

C
γ

)
.

For each of these tuples, the probability of being counted as a molecule AαBβCγ is given

by two factors: First, the probability of finding (α + β + γ − 1) of the constituents within

a critical distance `ch, i.e. within a volume Vch, around an arbitrarily chosen “first” con-

stituent, which is equal to (Vch/V )α+β+γ−1. And second, the probability of finding none of

the N tot
A +N tot

B +N tot
C − (α+β+γ) other atoms of the gas mixture within that same volume

element Vch, which is equal to (1− Vch/V )N
tot
A +Ntot

B +Ntot
C −(α+β+γ). We thus obtain

NAαBβCγ =

(
N tot

A

α

)(
N tot

B

β

)(
N tot

C

γ

)(
Vch

V

)α+β+γ−1(
1− Vch

V

)Ntot
A +Ntot

B +Ntot
C −(α+β+γ)

(3)

TL
=

1

α!β!γ!

(N tot
A )

α
(N tot

B )
β

(N tot
C )

γ

(Nch)α+β+γ−1

(
1− Vch

V

)Ntot
A +Ntot

B +Ntot
C −(α+β+γ)

, (4)

where we used
(
Ntot

A
α

) TL−→ (N tot
A )

α
/α! in the thermodynamic limit (TL), and likewise for

B and C, and we inserted the definition of the total number of chemical volume elements

Nch = V/Vch. It is interesting to note that we also have (1−Vch/V )N
tot
A +Ntot

B +Ntot
C −(α+β+γ) TL−→

exp(−ctot/cch), where ctot = ctot
A + ctot

B + ctot
C is the combined total atom concentration of

all species, and cch = Nch/V , as before. This “colligative” factor e−(ctot/cch) will frequently

appear throughout the following, because it is equal to the probability of all but a certain set

of atoms residing outside a given chemical volume element. Dividing Eq. (4) by the volume

V , we thus find the equilibrium concentration cAαBβCγ of molecules AαBβCγ

cAαBβCγ =
1

α!β!γ!

(ctot
A )

α
(ctot

B )
β

(ctot
C )

γ

(cch)α+β+γ−1
e−(ctot/cch) . (5)

We note that for the case α = β = 1 and γ = 0, we recover Eq. (1) but with the additional

colligative factor e−(ctot/cch). Importantly, the molecule numbers according to Eq. (3) fulfill

the requirement of yielding the correct total atom numbers,

Ntot
A∑

α=0

Ntot
B∑

β=0

Ntot
C∑

γ=0

αNAαBβCγ = N tot
A , (6)

and likewise for N tot
B and N tot

C , which can be readily verified using the binomial theorem.
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Equation (5) relates the actual molecular concentration to the total atomic concentra-

tions. We now seek an analogous form involving the actual concentrations of free atoms

instead. First, using α = β = γ = 0 in Eq. (4), we find the number N∗ = Nch (1 −
Vch/V )N

tot
A +Ntot

B +Ntot
C of empty, or unoccupied, chemical volume elements. Furthermore, we

use the respective numbers of free atoms NA = N tot
A (1−Vch/V )N

tot
A +Ntot

B +Ntot
C −1, and likewise

for NB and NC, to find

NAαBβCγ =
1

α!β!γ!

(NA)α (NB)β (NC)γ

(N∗)
α+β+γ−1

(7)

and

cAαBβCγ =
1

α!β!γ!

(cA)α (cB)β (cC)γ

(c∗)
α+β+γ−1

. (8)

This relation is of central importance for our further analysis. It has a particularly compre-

hensible form that relates the equilibrium concentration of a certain molecular species to the

stoichiometric product of the equilibrium concentrations of the corresponding free atomic

constituents. The number of concentration factors on both sides of the equation is balanced

by an appropriate power of the equilibrium concentration c∗ = cch e
−(ctot/cch) of unoccupied

chemical volume elements. We note that for the case α = β = 1 and γ = 0, we precisely

obtain Eq. (2).

Equation (8) can be regarded as the equilibrium condition for the reaction αA + β B +

γ C 
 AαBβCγ in an ideal gas mixture. For a general reaction

∑
i

ρi Ri 

∑
j

πj Pj (9)

with reactants Ri = (AαiBβiCγi) and products Pj =
(
AαjBβjCγj

)
an analogous equilibrium

condition directly derives from Eq. (8),[∏
i

(gRi)
ρi (cRi)

ρi

]
(c∗)

∑
j πj =

[∏
j

(
gPj

)πj (cPj

)πj] (c∗)
∑
i ρi , (10)

where cRi and cPj are the concentrations of reactants and products, respectively, and gRi =

(αi! βi! γi!) and gPj = (αj! βj! γj!) are stoichiometry-dependent combinatorial factors for each

of the reactants and products. Importantly, the number of concentration factors on both

sides of the equation is balanced by appropriate powers of the equilibrium concentration
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c∗ of unoccupied chemical volume elements. Equation (10) represents an ideal law of mass

action and it can be written in the form∏
j

(
cPj

)πj∏
i (cRi)

ρi = Kid (11)

with an ideal equilibrium constant

Kid = gr (c∗)
∑
j πj−

∑
i ρi (12)

being equal to the concentration c∗ of empty chemical volume elements raised to the power

of the stoichiometry imbalance between both sides of the reaction and multiplied with an

overall combinatorial factor of the reaction gr =
∏

i (gRi)
ρi /
∏

j

(
gPj

)πj . We emphasize that

all of the above was derived entirely and solely from the straightforward distance-based

definition of a “molecular entity”, which is in line with IUPAC terminology.

B. Chemistry in Ideal Gases: Kinetics

Having established the ideal equilibrium conditions for the concentration of molecules in

ideal gas mixtures, we turn to the ideal kinetics of association and dissociation, i.e. the rates

of formation and decay of such molecules. As before, we start with the case of a biatomic

molecule AB formed in an elementary reaction

A + B
Ra

�
Rd

AB . (13)

In a non-interacting gas mixture, molecules AB will only live for the time of the constituent

atoms’ fly-by, i.e. for the time the constituents are closer than `ch from each other. Since the

atoms A and B do not interact, their trajectories are straight lines. Accordingly, also their

relative trajectory is a straight line characterized by a certain distance of closest approach

rcl in the xy-projection plane perpendicular to their relative trajectory, see Figure 1a. For

a given rcl, the lifetime of the molecule τ(rcl) = `(rcl)/vth is simply given by the length of

the trajectory segment `(rcl) = 2
√
`2

ch − r2
cl inside the “molecular volume”, i.e. inside the

sphere with radius `ch, divided by the average relative thermal velocity vth of atoms A and

B. Since any relative xy-position in the projected plane is equally probable, we can simply

average τ(rcl) over the circular molecular cross-section to find the average lifetime of an AB

molecule

τ =
2π

σ

∫ `ch

0

`(rcl)

vth

rcl drcl =
4

3

`ch

vth

, (14)
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where we used polar coordinates and σ = π`2
ch is the cross-section area. Accordingly, the

molecular dissociation rate Rd per volume is given by the concentration of AB divided by

the average lifetime,

Rd =
cAB

τ
e
− ctot
cch = cAB

(
c∗
cch

)
kd = cch

(
cAB

cch

)(
c∗
cch

)
kd , (15)

where we used e−(ctot/cch) = c∗/cch and introduced the dissociation rate constant kd = 1/τ =

(3/4) vth/`ch. The additional factor e−(ctot/cch) appears in Eq. (15) for the following reason:

A dissociation event according to the reverse direction of reaction (13) requires both of the

resulting atoms A and B to be free, meaning that no other atom resides within a chemical

volume element Vch around them. This produces an extra factor e−(ctot/cch), in addition to

the one that is implicitly contained in the concentration cAB. Note that e−(ctot/cch) ≈ 1 for

dilute gas mixtures, so that Rd ≈ cAB kd, as expected. In the last step of Eq. (15), we wrote

the concentration factors cAB and c∗ as fractions of the chemical reference concentration cch.

We will see later on that this form can be conveniently generalized.

The rate of formation of AB molecules is directly obtained from the collision rate of

atoms A and B, whereby “collision” is simply meant to be the instant in time at which the

distance between A and B becomes equal to `ch. Note that both atoms’ trajectories remain

entirely unchanged in the ideal gas scenario. Any such “collision” results in the formation

of one molecule, because, due to the unchanged relative trajectory, the distance between

the involved atoms will necessarily become smaller than `ch after the collision event, thus

fulfilling our definition of a molecular entity. Hence, the AB association rate Ra is equal to

the two-body collision rate in an ideal gas mixture, which, using the collision cross section

σ = π`2
ch, is obtained from a standard textbook exercise, Ra = cAcB vthσ = cAcB k

(2)
coll, where

k
(2)
coll = vthσ is the corresponding rate constant of collision theory.

We will now redefine the rate constant in order to make the symmetry between the

forward and backward reaction rates visible. Because Vch = (4/3)π`3
ch = 1/cch, we can write

the two-body collision cross section in the form σ = π`2
ch = (3/4)Vch/`ch = 3/(4 `chcch) to

obtain

Ra = cAcB vth σ =
cAcB

cch

(
3

4

vth

`ch

)
= cch

(
cA

cch

)(
cB

cch

)
ka , (16)

where we introduced the association rate constant ka = (3/4) vth/`ch, which is related to the

typically used two-body collision rate constant by ka = cchk
(2)
coll. We note that the association
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rate constant is precisely equal to the dissociation rate constant introduced in Eq. (15),

ka = kd. This allows us to describe the association and dissociation rates of molecules AB

in an ideal gas mixture by the very same ideal rate constant kid being the inverse of the

molecular lifetime,

kid =
3

4

vth

`ch

. (17)

Importantly, the equality of the rate constants ka = kd = kid guarantees that the association

and dissociation rates, Eqs. (16) and (15), fulfill the condition of detailed balance, or micro-

scopic reversibility. At equilibrium, characterized by Eq. (8), we have cABc∗ = cAcB, from

which the dynamic equilibrium Ra = Rd of reaction (13) follows. The value of the ideal rate

constant kid depends on the choice of the critical distance `ch. Furthermore, via the relative

thermal velocity vth =
√

8kBT/πµ, it depends on the reduced mass µ = mAmB/(mA +mB)

of the atom pair, and it is proportional to the square root of the temperature T . For `ch

of the order of few Å and a typical thermal velocity at room temperature of the order of

100–1000 m/s, we have kid ≈ 1012–1013 s−1. For comparison, the corresponding conventional

two-body collision rate constant has a value k
(2)
coll ≈ 10−10 s−1cm3, different both in magnitude

and units.

Of apples and oranges. For elementary reactions of type (13) in ideal gas mixtures, we

found identical rate constants for the forward and backward reaction after renormalizing

the two-body collision rate constant k
(2)
coll by extracting a factor 1/cch. This is remarkable,

because conventionally one would use the second-order rate constant k
(2)
f = k

(2)
coll to describe

the bimolecular forward reaction and the first-order rate constant k
(1)
b = kd for the unimolec-

ular backward direction. Obviously, such conventional rate constants for different reaction

orders are like “apples and oranges” and cannot be compared, neither in magnitude nor in

units. Our approach enables a consistent “apples-to-apples” comparison of rate constants for

different reaction orders. Furthermore, conventional second-order rate constants describing

bimolecular reactions are dependent on the reference concentration chosen for the concen-

tration factors of the rate equation. Our renormalization scheme yields effective first-order

rate constants that are independent of such choice. These aspects will be discussed again in

the context of the excess rate constants further below.

Elementary reactions of molecularity ≥ 3 do not occur in ideal gas mixtures. According

to our definition, a termolecular elementary reaction A + B + C → ABC would correspond
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to a three-body collision event when at least two of the pairs A–B, A–C, and B–C have

a distance precisely equal to `ch. This is equivalent to two two-body collisions happening

at the very same instant in time, the probability of which is zero. Therefore, in ideal gas

mixtures, a reaction A + B + C → ABC necessarily proceeds in two bimolecular steps, e.g.

A + B + C → AB + C → ABC. The ideal kinetics of bimolecular reactions of type (13) are

therefore sufficient to describe any reaction in ideal gas mixtures.

C. Reaction Barriers, Transition States, and Binding Energy

Having discussed equilibrium and kinetics of ideal gas reactions, we take a step towards

a more realistic model by including the possibility of an energetic barrier between reactants

and products, and a binding energy in the molecular state. We will adopt Eyring’s statistical

treatment2 and demonstrate that our ideal gas framework smoothly couples to transition

state theory (TST). Again, we consider a bimolecular elementary reaction according to

Eq. (13). As before, we consider point-like atoms and define a molecule AB as an atom pair

where atom B is located within a sphere of radius `ch around atom A. We now include the

possibility of a change in potential energy to a binding energy EAB ≤ 0 in the molecular

state, where the potential energy zero refers to the free atomic state. Furthermore, we

include a transition state (TS), or activated complex, with potential energy ETS ≥ 0 that

corresponds to a spherical shell of width δTS � `ch around the spherical molecular volume

Vch in the configuration space of the atom pair, as shown in Figure 1b. This simple transition

state model is isotropic and the reaction coordinate is the distance r between atoms A and

B. The potential energy along the reaction coordinate thus reads

E(r) =


EAB for r ≤ `ch

ETS for `ch < r ≤ `ch + δTS

0 for `ch + δTS < r

, (18)

which is shown in Figure 1c. Although highly simplified, this isotropic TST (iTST) model

contains the essential features of TST, namely a distinct part of the system phase space

representing the summit region of the potential energy barrier that separates product states

from reactant states. In fact, Eyring2 used a very similar model to demonstrate how his

TST rate expression reduces to the one from collision theory. Following Eyring’s approach,

we write the rate of the forward (association) direction of reaction (13) as the decay rate of
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the TS towards the product AB, given by

RiTST
a =

NANB

V

1

2

(
Z

(1)
TS

Z
(1)
A Z

(1)
B

)
〈|vr|〉th
δTS

, (19)

where 〈|vr|〉th is the average magnitude of the relative thermal velocity of A and B in the ra-

dial direction along the reaction coordinate. The factor (1/2) accounts for the fact that only

half of the activated complexes move towards AB association along the reaction coordinate

(the other half moving towards dissociation).

Z
(1)
A = V∗

(
2πmAkBT/h

2
)3/2

(20)

and

Z
(1)
B = V∗

(
2πmBkBT/h

2
)3/2

(21)

are the ideal gas partition functions per free atom of A and B, respectively. Here, V∗ =

N∗Vch = V e−(ctot/cch) is the empty volume accessible for free motion that is slightly reduced

compared to the total volume V by the colligative factor e−(ctot/cch). The TS partition

function

Z
(1)
TS =

(
2π[mA +mB]kBT

h2

)3/2(
2πµkBT

h2

)3/2

V∗VTS e
− ctot
cch e

−ETS
kBT (22)

can be split into the center of mass motion and the relative motion of the TS constituents

A and B with reduced mass µ. The latter is confined to the TS volume VTS and it carries

a Boltzmann factor e−ETS/kBT of the TS potential energy. An additional factor e−(ctot/cch)

appears in Eq. (22) for the following reason: The free atom partition functions, Eqs. (20)

and (21), both implicitly contain such a factor as part of the empty accessible volume V∗ =

V e−(ctot/cch). This stems from the fact that each free atom defines an exclusion volume Vch

where no other atoms must be present. In the transition state partition function, Eq. (22),

one such factor is implicitly retained in V∗. However, we also need to preserve the second

factor, because the special atomic configuration of the transition state defines an exclusion

volume of ≈ 2Vch. Only in the product state AB, the total exclusion volume gets contracted

to ≈ Vch, for which reason the AB partition function given in Eq. (25) below does not contain

the additional factor e−(ctot/cch).

Since δTS � `ch, the volume of the spherical TS shell of width δTS and radius `ch is well

approximated by VTS = 4π`2
chδTS = 3δTS/`chcch, where we used Vch = (4/3)π`3

ch = 1/cch.

12



Furthermore, it is shown in the Supplementary Material that 〈|vr|〉th = vth/2 =
√

2kBT/πµ,

where vth is the same as in Eqs. (16) and (17). The kinetic energy factors in the quotient of

the partition functions in Eq. (19) exactly cancel, so that the association rate reads

RiTST
a =

NANB

V

VTS

2V∗
e
− ctot
cch e

−ETS
kBT

vth

2 δTS

=
cAcB

cch

(
3

4

vth

`ch

)
e
−ETS
kBT

=
cAcB

cch

(
kid e

−ETS
kBT

)
= cch

(
cA

cch

)(
cB

cch

)
kiTST

a , (23)

where we used V∗ = V e−(ctot/cch). The association rate of the isotropic TST model is equal to

the ideal association rate according to Eq. (16) multiplied by an Arrhenius factor e−ETS/kBT

with an activation energy ETS equal to the potential energy difference between the transition

state and the free atomic reactant states. This is consistent with collision theory where the

presence of an activation barrier of height ETS reduces the reaction rate by such an Arrhenius

factor. Importantly, we again find that the association rate of the isotropic TST (iTST)

model can be described by a renormalized first-order rate constant kiTST
a = kid e

−ETS/kBT

being the ideal rate constant kid of Eq. (17) multiplied by the Arrhenius factor e−ETS/kBT .

The isotropic TST model further enables the computation of the rate of the backward

(dissociation) direction of reaction (13) as the decay rate of the TS towards the free reactant

atoms A and B. Analogous to Eq. (19), it is given by

RiTST
d =

NAB

V

1

2

(
Z

(1)
TS

Z
(1)
AB

)
〈|vr|〉th
δTS

. (24)

In this case, we assume the TS to be equilibrated with the molecular AB states. The

partition function per molecule of AB is given by

Z
(1)
AB =

(
2π[mA +mB]kBT

h2

)3/2(
2πµkBT

h2

)3/2

V∗Vch e
−EAB
kBT , (25)

where we used the fact that the molecular volume VAB is, by definition, equal to the chemical

volume element, VAB = Vch. Inserting Eqs. (22) and (25) into Eq. (24), we obtain

RiTST
d =

NAB

V

VTS

2Vch

e
− ctot
cch e

−ETS−EAB
kBT

vth

2 δTS

= cAB e
− ctot
cch

(
3

4

vth

`ch

)
e
−ETS−EAB

kBT

= cAB

(
c∗
cch

)(
kid e

−ETS−EAB
kBT

)
= cch

(
cAB

cch

)(
c∗
cch

)
kiTST

d , (26)

where we used VTS/Vch = VTScch = 3δTS/`ch and e−(ctot/cch) = c∗/cch. Also here, we find

that the dissociation rate of the isotropic TST model is equal to the ideal dissociation rate
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according to Eq. (15) multiplied by an Arrhenius factor e−(ETS−EAB)/kBT with an activation

energy (ETS − EAB) equal to the potential energy difference between the transition state

and the molecular state. The corresponding rate constant kiTST
d = kid e

−(ETS−EAB)/kBT is

thus given by the ideal rate constant kid of Eq. (17) multiplied by the Arrhenius factor.

The dynamic equilibrium condition for the isotropic TST model requires the association

and dissociation rates of Eqs. (23) and (26), respectively, to be equal. We obtain

cAB c∗ = cAcB e
−EAB/kBT . (27)

The equilibrium concentration of AB molecules in the isotropic TST model is given by

the ideal expression from Eq. (2) multiplied with a Boltzmann factor e−EAB/kBT . Since the

molecular binding energy EAB ≤ 0, the AB equilibrium concentration of the iTST model is

generally larger than the ideal equilibrium concentration, as expected.

We conclude that the isotropic TST model precisely yields the expressions for associa-

tion/dissociation in ideal gas mixtures, both in terms of equilibrium and kinetics, in the

limit ETS → 0 and EAB → 0 of zero activation and binding energy, respectively. Thus,

our distance-based definition of molecules in ideal gas mixtures simply corresponds to the

transition state theory limit of an entirely flat potential energy landscape.

D. Chemical Potentials and Free Energy of Reaction

We use the partition functions of Eqs. (20), (21), and (25) with EAB = 0 to compute

the ideal chemical potentials µA, µB, and µAB of free atoms A, B, and ideal molecules

AB, respectively. Using the relation Z(N) = (Z(1))N/N ! between the N -particle and single-

particle partition functions for each of these species, together with the Helmholtz free energy

A = −kBT lnZ(N) and the Stirling approximation lnN ! ≈ N lnN − N , we obtain A =

−NkBT
[
ln(Z(1)/N) + 1

]
from which we compute the chemical potential µ = (∂A/∂N)T,V =

−kBT ln(Z(1)/N). The single-particle partition functions can be written in the form Z
(1)
A =

V∗/λ
3
th,mA

, Z
(1)
B = V∗/λ

3
th,mB

, and Z
(1)
AB = V∗Vch/λ

3
th,µλ

3
th,(mA+mB) with the corresponding

thermal wavelengths λth,m = h/ (2πmkBT )1/2. Together with V∗ = V e−(ctot/cch), we thus find
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the chemical potentials

µA = kBT ln
(
λ3

th,mA
cA e

ctot
cch

)
, (28)

µB = kBT ln
(
λ3

th,mB
cB e

ctot
cch

)
, (29)

µAB = kBT ln
(
λ3

th,µλ
3
th,(mA+mB)cABcch e

ctot
cch

)
, (30)

where Vch = 1/cch was used in the last equation.

We can now compute the Gibbs free energy of reaction for the ideal gas association

reaction A + B → AB for given concentrations cA, cB, and cAB,

∆rGid = µAB − µA − µB = kBT ln

(
cAB cch

cAcB e
ctot
cch

)
= kBT ln

(
cAB c∗
cAcB

)
, (31)

where we used c∗ = cche
−(ctot/cch) in the last step. Note that all thermal wavelength factors

get canceled, which can be seen from the definition of the reduced mass µ = mAmB/(mA +

mB). Eq. (31) has a comprehensible form, and it should be emphasized that the intrinsic

appearance of c∗ makes the equation independent of the definition of a specific reference

state. Importantly, Eq. (31) is consistent with the ideal equilibrium condition of Eq. (2),

namely ∆rGid = 0 ⇔ cAB c∗ = cAcB.

We can readily generalize these results. The partition function of a single ideal molecule

AαBβCγ reads

Z
(1)
AαBβCγ

=
1

α!β!γ!

V∗V
α+β+γ−1

ch

λ3α
th,mA

λ3β
th,mB

λ3γ
th,mC

, (32)

from which we obtain the chemical potential

µAαBβCγ = kBT ln
(
α!β!γ!λ3α

th,mA
λ3β

th,mB
λ3γ

th,mC
cAαBβCγ c

α+β+γ−1
ch e

ctot
cch

)
. (33)

For the general reaction given in Eq. (9), the ideal Gibbs free energy of reaction therefore is

∆rGid = kBT ln


[∏

j

(
gPj

)πj (cPj

)πj] (c∗)
∑
i ρi

[
∏

i (gRi)
ρi (cRi)

ρi ] (c∗)
∑
j πj

 = kBT ln

(∏
j

(
cPj

)πj∏
i (cRi)

ρi

1

Kid

)
(34)

with the ideal equilibrium constant Kid of Eq. (12). At equilibrium, ∆rGid = 0, we recover

the ideal law of mass action, Eq. (11).
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III. DISCUSSION

A. Ideal Gas Reference for Real Association/Dissociation Reactions

The theoretical framework of association and dissociation in ideal gas mixtures developed

above provides a generalization of the ideal gas reference, commonly used in thermodynam-

ics, to chemical association and dissociation reactions. We therefore extend the respective

terminology and denote quantities that are defined relative to the ideal gas reference as

excess quantities.

1. Equilibrium Constant and Reaction Free Energy

Based on the ideal Eqs. (10)–(12), we define the excess equilibrium constant of a real

association/dissociation reaction of type (9)

Kxs =
Kc

Kid

=

(
1

gr

) ∏
j

(
ceq

Pj

)πj∏
i

(
ceq

Ri

)ρi (c∗)
∑
i ρi

(c∗)
∑
j πj

(35)

where Kc =
∏

j

(
ceq

Pj

)πj
/
∏

i

(
ceq

Ri

)ρi is the corresponding concentration-based equilibrium

constant. Note that here the concentrations ceq
Ri

and ceq
Pj

refer to the real equilibrium concen-

trations of reactants and products, respectively. Obviously, Kxs is a dimensionless quantity.

For the special case
∑

i ρi =
∑

j πj of balanced stoichiometries on both sides of the reaction,

the ideal equilibrium constant Kid simply reduces to the combinatorial factor gr, which typi-

cally is of order unity. In such case, the excess equilibrium constant is essentially equal to the

concentration-based equilibrium constant. For unbalanced stoichiometries
∑

i ρi 6=
∑

j πj,

the number of concentration factors in the numerator and denominator of Kxs is balanced

by an appropriate power of c∗, making Kxs independent of the choice of concentration units,

in contrast to Kc. Naturally, the excess equilibrium constant of an ideal reaction is equal to

one.

For the isotropic TST model of the reaction A + B 
 AB, we obtained the equi-

librium condition (27) corresponding to a concentration-based equilibrium constant Kc =

cAB/cAcB = (1/c∗) e
−EAB/kBT . The respective excess equilibrium constantKxs = cAB c∗/cAcB =

e−EAB/kBT is simply equal to the Boltzmann factor of the AB binding energy. The excess

equilibrium constant thus quantifies how well the reactant and product states are energeti-
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cally aligned on the potential energy surface of the system.

For non-equilibrium of a general reaction (9), characterized by a Gibbs free energy of

reaction ∆rG, we define a corresponding excess Gibbs free energy of reaction

∆rGxs = ∆rG−∆rGid (36)

with the ideal Gibbs free energy of reaction ∆rGid of Eq. (34). We write ∆rG in the form

∆rG = ∆rG
	 + kBT ln

(∏
j

(
aPj

)πj∏
i (aRi)

ρi

)
(37)

with the standard Gibbs free energy ∆rG
	 =

∑
j πj µ

	
Pj
− ∑i ρi µ

	
Ri

and activities aRi

and aPj of reactants and products, respectively. The activities are defined relative to the

standard state for each species and can be written in the form a = γc (c/c	), where c is the

respective concentration, c	 the concentration at standard state, and γc the concentration-

based activity coefficient. Using Eq. (34), we obtain the excess Gibbs free energy of reaction

in the form

∆rGxs = ∆rG
	 + kBT ln (gr) + kBT ln

∏j

(
c∗/c

	
Pj

)πj∏
i

(
c∗/c

	
Ri

)ρi
+ kBT ln (Γc,r) (38)

with the combinatorial factor of the reaction gr =
∏

i (gRi)
ρi /
∏

j

(
gPj

)πj introduced further

above, and the quotient of activity coefficients Γc,r =
∏

j

(
γc,Pj

)πj /∏i (γc,Ri)
ρi . For a con-

stant temperature, the only term in Eq. (38) that weakly depends on the actual experimental

conditions, i.e. concentrations, is the last one involving Γc,r. In Eq. (38), we explicitly take

into account the possibility that the standard-state concentrations c	 can be different for

different species, which is the case, e.g., when they are present in different aggregation states

at standard conditions. The consequences thereof and the physical relevance of the excess

Gibbs free energy of reaction ∆rGxs for electrochemical reactions will be discussed in detail

in Part II. of this series. We finally note that, at equilibrium with ∆rG = 0, the excess

Gibbs free energy of reaction is directly related to the excess equilibrium constant via

∆rG
eq
xs = −kBT ln (Kxs) , (39)

which follows from Eq. (36) with ∆rG = 0, in combination with Eq. (34) where we recognize

Kxs in the argument of the logarithm.
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As an example, we discuss the excess equilibrium constant of the water autoprotolysis

reaction H2O 
 H+ + OH−. The corresponding concentration-based equilibrium constant

is Kc = cH+cOH−/cH2O,` = 1.8 × 10−16 mol L−1, where we used Kw = cH+cOH− = 1.0 ×
10−14 (mol L−1)2 and the concentration of liquid water3 cH2O,` = 55.34 mol L−1 at T = 25◦C.

The corresponding excess equilibrium constant is Kxs = (1/gr) (cH+cOH−) / (cH2O,` c∗). The

combinatorial factor of the reaction is gr = 2. As discussed in detail in Part II. of this series,

it is reasonable for aqueous reactions to choose the chemical reference concentration cch in

a way that c∗ = cch e
−(ctot/cch) is equal to the concentration of liquid water. This choice

corresponds to a value of `ch ≈ 1.5–1.6 Å in the middle between the O–H bond length of

≈ 1 Å within a water molecule and the O· · ·H hydrogen bond length of ≈ 2 Å between

adjacent water molecules. The amount of arbitrariness introduced by the specific choice of

c∗ = cH2O,` = 55.34 mol L−1 is of order unity and unimportant for the present analysis. With

this, we obtain Kxs = (1/gr) (cH+cOH−) / (cH2O,`)
2 = 1.6× 10−18. In contrast to Kc and Kw,

the excess equilibrium constant Kxs is independent of the choice of concentration units. We

note another important quality of Kxs. The reaction equation of water autoprotolysis is often

written in the form 2 H2O 
 H3O+ + OH− with a hydronium ion in the dissociated state

rather than H+. Whereas this yields an entirely different concentration-based equilibrium

constant K
′
c = (cH3O+cOH−) / (cH2O,`)

2 = 3.3 × 10−18 both in magnitude and units, the

excess equilibrium constant remains mostly unaffected, K
′
xs = (1/g

′
r) (cH3O+cOH−) / (cH2O,`)

2.

Only the combinatorial factor g
′
r = 2/3 is slightly changed with an unimportant effect on

the value of K
′
xs. The intrinsic physical information contained in the excess equilibrium

constant of water autoprotolysis and the corresponding excess Gibbs free energy of reaction

∆rG
eq
xs = −kBT ln (Kxs) = 1.052 eV is discussed in detail in Part II. of this series, cf. Figure

II.3(b) therein.

2. Rate Equations and Rate Constant

We next analyze the kinetics of real association/dissociation reactions from the perspec-

tive of the ideal gas reference. The rate of a bimolecular elementary reaction A + B → AB

would conventionally be written in the form R = cAcBk
(2) using a second-order rate con-

stant k(2). Comparison with Eqs. (16) and (23) shows that k(2) = kid/cch for the ideal

association reaction, and k(2) = (kid/cch) e−ETS/kBT for the isotropic TST model. We thus
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find a renormalization scheme to reduce the second-order rate constant k(2) to an effective

first-order rate constant k
(1)
eff = cchk

(2). For the ideal case, k
(1)
eff = kid is precisely equal to the

unimolecular rate constant of the reverse reaction, which led us to introduce the ideal rate

constant kid of Eq. (17) to describe both reaction directions at once. We therefore define

the excess rate constant of a bimolecular elementary reaction kxs = k
(1)
eff /kid = cchk

(2)/kid.

Naturally, the excess rate constant of an ideal bimolecular reaction is equal to one. For the

isotropic TST model, we find k
(1)
eff = kid e

−ETS/kBT , and kxs = e−ETS/kBT is simply equal to

the Boltzmann factor of the potential energy barrier.

As discussed before, the probability of an elementary reaction with molecularity ≥ 3 is

zero in ideal gas mixtures. However, although rare, non-ideal termolecular reactions exist.

For a model of an elementary reaction A + B + C → ABC with short-range attractive

pairwise potentials, Smith4 derived a three-body collision rate R
(3)
coll = cAcBcC k

(3)
coll with

an approximate rate constant k
(3)
coll = π3`5

√
kBT/2πµ(3), where ` is the collision radius and

µ(3) =
√
mAmBmC/(mA +mB +mC) is the reduced mass of the three-body system. For ` of

the order of few Å, we obtain a room-temperature estimate k
(3)
coll ≈ 10−33 s−1cm6, which is en-

tirely different both in magnitude and units from the two-body collision rate constant k
(2)
coll ≈

10−10 s−1cm3 estimated further above. We generalize our renormalization apporach to third-

order rate constants k(3) to define an effective first-order rate constant k
(1)
eff = c2

ch k
(3) and a

corresponding excess rate constant kxs = k
(1)
eff /kid = c2

ch k
(3)/kid. Applied to Smith’s three-

body collision rate constant, it yields k
(1)
eff = c2

ch k
(3)
coll = (3π/16) (3vth/4`ch) = (3π/16) kid,

where we identified ` = `ch and used cch = 1/Vch = 3/(4π`3
ch) and vth =

√
8kBT/πµ(3).

Remarkably, we find that the renormalized three-body collision rate constant is again ap-

proximately equal to the ideal rate constant, and the corresponding excess rate constant

kxs = k
(1)
eff /kid = 3π/16 is of order unity. The ideal gas referencing scheme thus produces

consistently comparable renormalized rate constants from otherwise incompatible conven-

tional rate constants for reactions with different molecularities.

The unimolecular rate equations, Eqs. (15) and (26), reveal another important aspect.

Conventionally, the rate of a unimolecular decay reaction AB → A + B would be written

R = cABk
(1) with a first-order rate constant k(1). Comparison with Eqs. (15) and (26) shows

that k(1) = (c∗/cch) kid for the ideal association reaction and k(1) = (c∗/cch) kid e
−ETS−EAB

kBT for

the isotropic TST model. In both cases, we find an additional factor c∗/cch = e−(ctot/cch),

where c∗ is the concentration of unoccupied chemical volume elements, making Eqs. (15) and
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(26) effectively appear to be of second order. In the dilute limit, (c∗/cch) turns to one and can

be neglected. However, in general this factor has a profound influence on the structure and

symmetry of the reaction and rate equations. We remind the reader that c∗/cch = e−(ctot/cch)

is the probability of finding an empty chemical volume element. Two such empty volume

elements are required to accommodate both of the free product atoms, whereas only one

chemical volume element gets available from the decaying molecule. Therefore, a decay

event AB → A + B requires one additional chemical volume element, which produces the

factor c∗/cch. Effectively, the reaction thus reads AB + ∗ → A + B, where ∗ denotes an

empty chemical volume element Vch. In this form of the reaction equation, the number of

reactants and products is balanced by an appropriate number of ∗. This equation structure

is the same as encountered for surface reactions that proceed at a limited number of surface

sites, as further elaborated on below.

We find that the ideal gas reference for association/dissociation reactions can be described

as chemistry on a lattice. The lattice is defined by the chemical volume elements Vch that

produce a chemical partitioning of space. Each molecular entity occupies one lattice site

Vch. However, these lattice sites move together with the molecular entities, and the chemical

lattice defined by the ideal gas reference is therefore disordered and dynamical. Furthermore,

the number of sites Nch is very large, so that the reservoir of unoccupied sites ∗ is typically

large, especially in dilute gas mixtures. In such cases, the corresponding concentration c∗ is

close to the total concentration of chemical volume elements cch, and the factors c∗/cch can

be neglected.

We now generalize our insight into the structure of the rate equations for the unimolecular,

bimolecular, and termolecular cases to a general elementary reaction
∑

i ρiRi �
∑

j πjPj

with molecularities n =
∑

i ρi and m =
∑

j πj in the forward and backward direction,

respectively. If m > n, the number of molecular entities produced in the forward direction

is larger than the number of molecular entities consumed. As discussed for unimolecular

dissociation, we need to include a factor c∗/cch for each of the additional molecular entities

created, so (c∗/cch)m−n for the forward rate, and none for the backward rate. Vice versa,

if m < n, we include a factor (c∗/cch)n−m for the backward rate, and none for the forward

rate. Effectively, we can write the general reaction equation in the form
∑

i ρiRi + ρ∗ ∗ �∑
j πjPj + π∗ ∗, where ρ∗ = max(m− n, 0) and π∗ = max(n−m, 0) with max(. . . ) denoting
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the greater of the two arguments. Accordingly, we write the forward and backward rates as

Rf = kf
xs kid cch

(
c∗
cch

)ρ∗ ∏
i

(
cRi

cch

)ρi
(40)

and

Rb = kb
xs kid cch

(
c∗
cch

)π∗ ∏
j

(
cPj

cch

)πj
, (41)

respectively, with corresponding excess rate constants kf
xs and kb

xs. Note that the forward

and backward rate equations are entirely symmetric with an identical number of max(n,m)

concentration factors. Conventionally, these rate equations would be written in the form

Rf = k
(n)
f

∏
i (cRi)

ρi and Rb = k
(m)
b

∏
j

(
cPj

)πj with an nth-order rate constant k
(n)
f and

an mth-order rate constant k
(m)
b . Comparison with Eqs. (40) and (41) yields the general

relation between the dimensionless excess rate constant kxs and the conventional nth-order

rate constant k(n),

kxs =

(
cn−1

ch k(n)

kid

) (
cch

c∗

)max(m−n,0)

, (42)

where the first factor
(
cn−1

ch k(n)/kid

)
is dominant. At equilibrium, Rf = Rb, we find from

Eqs. (40) and (41)

kf
xs

kb
xs

=

∏
j

(
ceq

Pj

)πj∏
i

(
ceq

Ri

)ρi (c∗)
∑
i ρi

(c∗)
∑
j πj

= grKxs . (43)

The ratio of the excess rate constants of forward over backward reaction is equal to the excess

equilibrium constant Kxs of the reaction, cf. Eq. (35), multiplied by the combinatorial factor

gr that is typically of order unity. This demonstrates the consistency of the ideal gas reference

in terms of both equilibrium and kinetics.

Based on our discussion of the unimolecular, bimolecular, and termolecular cases, we

consider kxs as a measure of the “ideality” of the kinetics. In cases where the reaction rate

is limited by an activation energy barrier, kxs is essentially determined by the correspond-

ing Boltzmann factor, yielding kxs < 1. For kxs → 1 approaching ideal kinetics, the rate

of reaction becomes limited by the thermal velocity of the reactants. Ideal kinetics thus

represent an upper bound for the velocity of most real association/dissociation reactions.

Exceptions from that rule, however, could exist in cases where long-range attractive forces

act between the reactants, in combination with a negligible activation energy barrier. The
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effective collision cross section would then be larger than the molecular cross section, result-

ing in super-ideal kinetics with kxs > 1. Nevertheless, we regard ideal kinetics as an effective

upper bound for the reaction velocity in most practical cases. Taking into account c∗ < cch

in Eq. (42) and setting kxs ≤ 1, we obtain an upper bound estimate for the nth-order rate

constant k(n) ≤
(
kid/c

n−1
ch

)
. If we further consider cch as an upper bound for any of the reac-

tant concentrations, we find an overall upper bound for the rate of an elementary reaction

R ≤ cnch
(
kid/c

n−1
ch

)
= cch kid = Rmax which is the same for any molecularity n. For `ch of

the order of few Å, we have cch ≈ 10–100 mol L−1. Together with our room-temperature

estimate kid ≈ 1012–1013 s−1, we obtain Rmax ≈ 1013–1015 mol L−1s−1.

So far, we restricted the discussion to the kinetics of elementary reactions. For stepwise

reactions, no general form of an overall rate law exists due to the nonlinearity of the system

of rate equations of all elementary steps. Nevertheless, excess rate constants can be defined

for each of the individual steps. Furthermore, many multistep reactions still yield an overall

rate law of the simple form (40) with integer reaction orders. This is the case, e.g., when

either the first step is rate determining, or when there are no “spectator” intermediates

during the rate-determining step (rds) that do not participate in the rds. In such cases, an

overall excess rate constant ktot
xs = K

(0,rds)
xs krds

xs of the multistep reaction can be defined that

is given by the product of the excess rate constant krds
xs of the rds and the excess equilibrium

constant K
(0,rds)
xs of all reaction steps preceding the rds.

Whereas conventional rate constants of reactions with differing reaction orders cannot

be compared, excess rate constants enable comparison of kinetics across different reaction

orders. As an example, we again consider the water autoprotolysis reaction H2O 
 H+ +

OH−. The second-order rate constant of the hydronium–hydroxide recombination reaction

was reported5 with a value k
(2)
rec = 1.3× 1011 s−1(mol L−1)−1. The corresponding excess rate

constant is krec
xs = cch k

(2)
rec/kid according to Eq. (42). The aqueous value of `ch ≈ 1.5–1.6 Å,

discussed above, corresponds to cch ≈ 100 mol L−1, which yields krec
xs ≈ (1.3× 1013 s−1) /kid ≈

1 for a value of kid ≈ 1013 s−1 at room temperature as estimated before. We find that the

hydronium–hydroxide recombination kinetics are essentially ideal, characterized by an excess

rate constant close to unity. The first-order rate constant k
(1)
diss of the water dissociation

direction is obtained from the requirement that the total water dissociation rate Rdiss =

cH2O,` k
(1)
diss must be equal to the total recombination rate Rrec = cH+ cOH− k

(2)
rec = 1.3 ×

10−3 mol L−1s−1 at equilibrium. With cH2O,` = 55.34 mol L−1, we obtain k
(1)
diss = 2.3×10−5 s−1,
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which corresponds to an excess rate constant of kdiss
xs =

(
k

(1)
diss/kid

)
(cch/c∗) according to

Eq. (42) with m = 2 and n = 1. With c∗ = cH2O,` = 55.34 mol L−1, as before, we find

kdiss
xs ≈ 4 × 10−18. Whereas the recombination kinetics were found to be essentially ideal,

the dissociation kinetics are extremely slowed down by the difference in potential energy

between the dissociated product state and the molecular water reactant. This aspect is

further discussed in Part II. of this series, cf. Figure II.3(b) therein.

B. Surface Reactions

The rate and equilibrium equations obtained from the ideal gas framework naturally

include the concentration c∗ of unoccupied chemical volume elements. Furthermore, all

concentration factors ci/cch in the general rate equation (40) are referenced to the total

concentration cch of chemical volume elements. These factors can be interpreted as coverages

ωi = ci/cch = Ni/Nch on a “chemical lattice” with a total number of Nch sites, each of which

representing one chemical volume element Vch. In particular, the rate equation (40) of a

general volume reaction can be written in the form

R = Rmax kxs (ω∗)
ρ∗
∏
i

(ωRi)
ρi , (44)

where Rmax = cchkid = (Nch/V ) kid is the upper bound for the volume-specific reaction rate.

We find that the ideal gas reference for general association/dissociation reactions yields

equations of the same structure as those of surface reactions proceeding on a lattice of surface

sites. Whereas the reactions considered so far are described by volume-specific rates, i.e.

number of reactions per time and volume, surface reactions are described by area-specific

rates. Assuming a surface with area A subdivided into a total number Ns of sites, we

generalize the ideal gas reference to a surface reaction∑
p

σp Sp + σ∗ ∗s +
∑
i

ρiRi + ρ∗ ∗ch �
∑
q

τqTq + τ∗ ∗s +
∑
j

πjPj + π∗ ∗ch , (45)

where Sp and Tq denote reactant and product species, respectively, that are adsorbed to, i.e.

occupying, surface sites, and σp and τq are the corresponding stoichiometric coefficients. The

coefficients σ∗ and τ∗ account for the net number of unoccupied surface sites (∗s) becoming

either occupied (σ∗ > 0) or liberated (τ∗ > 0) during the reaction. The non-adsorbed gas-

phase species Ri, Pj, coefficients ρi, ρ∗, πj, π∗, and unoccupied chemical volume elements
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∗ch are defined as before in the context of Eqs. (40) and (41). The area-specific rates of the

forward and backward reaction can be written in the form

rf = rmax k
f
xs (θ∗s)

σ∗ (ω∗ch)ρ∗
∏
p

(
θSp

)σp∏
i

(ωRi)
ρi (46)

and

rb = rmax k
b
xs (θ∗s)

τ∗ (ω∗ch)π∗
∏
q

(
θTq

)τq∏
j

(
ωPj

)πj , (47)

respectively, where rmax = (Ns/A) kid is the upper bound for the area-specific reaction

rate, analogous to Rmax in Eq. (44). All reactant and product species, both adsorbed and

non-adsorbed, enter these rate equations via coverage factors, either in the form of surface

coverages θi = Ni/Ns or volume coverages ωi = Ni/Nch. Likewise, the unoccupied surface

sites and the unoccupied chemical volume elements appear in the form of the empty-site

fractions θ∗s and ω∗ch , respectively. Note that the ideal rate constant kid in rmax is the same

as before, being equal to the inverse of the average time that it takes for an ideal gas particle

at thermal velocity to traverse the volume element defined by a surface site. Therefore, in

the context of surface reactions, kid can also be interpreted as the ideal turnover frequency

(TOF) per surface site. As discussed before, its value is in the range of few THz at room

temperature.

At equilibrium, rf = rb, we obtain the excess equilibrium constant of the surface reaction,

as in Eq. (43),

Kxs =
1

gr

kf
xs

kb
xs

=

(
1

gr

) (θ∗s)
∑
p σp
∏

q

(
θeq

Tq

)τq
(θ∗s)

∑
q τq
∏

p

(
θeq

Sp

)σp (ω∗ch)
∑
i ρi
∏

j

(
ωeq

Pj

)πj
(ω∗ch)

∑
j πj
∏

i

(
ωeq

Ri

)ρi (48)

with the net combinatorial factor gr =
[∏

p

(
gSp

)σp∏
i (gRi)

ρi
]
/
[∏

q

(
gTq

)τq∏
j

(
gPj

)πj] of

the reaction, where the combinatorial factors gi for each species are defined as before. The

number of coverage factors in the numerator and denominator is again balanced by the

fractions of unoccupied surface sites and chemical volume elements.

The ideal gas reference leads to a symmetric description of volume and surface reactions,

with the chemical volume elements Vch being the volume equivalent of the surface sites. The

main difference between gas phase reactions and surface reactions is the availability of empty

sites. For volume reactions in the gas phase, the number of volume sites Nch is generally

24



much larger than the number of molecular entities present. Therefore, the volume coverages

ωi � 1 are typically small and the fraction of unoccupied chemical volume elements ω∗ch ≈ 1

is close to one, with the consequence that the ω∗ch factors in the respective rate equations

can usually be neglected. For surface reactions, in contrast, the number of surface sites Ns

is generally limiting and the surface coverages θi are anything between zero and one. The

fraction of unoccupied surface sites θ∗s is often significantly smaller than one and can have

a strong influence on the reaction rates.

To maximize the rate of an elementary surface reaction step, described by a rate equa-

tion (46), all the involved surface coverages must not be too small, and therefore of a similar

magnitude. On the contrary, if one adsorbate species has a dominating binding energy, its

coverage becomes close to one and all the other coverages are close to zero, making the

product of coverages in the rate equation extremely small. This is the well-known Sabatier

principle of heterogeneous catalysis, which requires a fine balance between the binding ener-

gies of all adsorbed species for an optimal catalyst, resulting in approximately equal surface

coverages of all involved species. The requirement of balanced binding energies corresponds

to an alignment of the various reaction intermediates at a similar “height” within the po-

tential energy surface. As further discussed below, the ideal gas reference is equivalent to

the limit of an entirely flat potential energy landscape with all states being aligned. There-

fore, the Sabatier principle is closely related to the ideal gas reference, with the energetic

alignment of reaction intermediates being quantified by the respective excess equilibrium

constants.

C. Physical Interpretation

Excess constants. The ideal gas reference yields rate and equilibrium equations in a

consistent form regardless of the molecularity and reaction orders involved. Beyond this

aesthetic quality, we also expect a practical benefit by enabling comparison between reac-

tions with otherwise incompatible rate and equilibrium constants. The dimensionless excess

constants could thus be useful descriptors, e.g., for machine learning applications in chem-

istry.

Furthermore, the excess equilibrium and rate constants have a comprehensible physical

meaning. From the discussion of the isotropic TST model, we saw that the ideal gas reference
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FIG. 2. Schematic of the potential energy of a system of atoms A and B as a function of their

distance. The potential energy is negative in the bound molecular state AB that is separated

by a positive potential energy barrier from the dissociated state. A natural choice for `ch is the

distance between A and B at the transition state, indicated by a vertical line. Scaling the potential

energy unevenness down to zero (indicated by the dashed curves), whilst preserving `ch, yields the

ideal gas reference for association/dissociation that corresponds to an entirely flat potential energy

landscape (horizontal solid line).

corresponds to the limit of an entirely flat potential energy landscape. In this sense, our

initial, somewhat artificial definition of a molecular entity based on an arbitrarily chosen

critical distance `ch is justified in hindsight as being simply the zero barrier limit of the

intuitive notion of a molecular entity being held together by a certain binding energy and

separated by its surroundings through a potential energy barrier, as schematically shown in

Figure 2. The excess equilibrium and rate constants of a real reaction, which are defined by

normalizing the actual constants with those of the ideal gas reference, quantify the system-

specific effects resulting from the unevenness of the potential energy surface. All aspects

that are independent of the shape of the potential energy landscape, and thus unspecific,

are characterized by the ideal gas reference.

Choice and meaning of `ch. Initially, `ch was introduced as an arbitrarily chosen crit-

ical distance defining when non-interacting atomic constituents are considered to belong

together and form a molecular entity. We then found that the same formalism of associa-

tion/dissociation chemistry in ideal gases is obtained from the limit of a real system where
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all unevenness of the potential energy surface is scaled down to zero, as schematically visu-

alized in Figure 2. Performing this limit, it becomes clear that a natural choice for `ch is the

distance between atomic constituents at the transition state for association/dissociation, as

indicated by the vertical line in Figure 2. Since this depends on the molecule at hand, it

appears appropriate to define different `ch for different molecules to account for differences

in molecular size. The molecular volume Vch and the reference concentration cch = 1/Vch

would then become species-dependent in the general rate equations (40) and (41). Such

a distinction could, of course, be included in the definition of the excess equilibrium and

rate constants. However, variations in molecular volumes and bond lengths are typically of

order unity, and therefore unimportant in an analysis of equilibrium and rate constants that

typically vary by orders of magnitude. We therefore consider it most practical to choose a

common value for `ch at a certain average radius of the species involved in a given reaction.

We finally note that `ch introduces a chemical length scale. If the average distance between

molecules is large compared to `ch, each molecule can be well distinguished from the others,

representing the dilute gas limit. Conversely, if the average distance between molecules is

close to `ch, which happens when the concentrations turn towards cch, the distinction of

molecular entities becomes ambiguous and the system reaches the condensed matter limit.

It is interesting to note the analogy between the chemical length scale `ch and the thermal

wavelength λth that defines a critical concentration cth = 1/λ3
th above which the classical

picture of distinct individual particles fails and the quantum mechanical wave character

becomes manifest.

IV. CONCLUSIONS

The definition of molecular entities in mixtures of ideal gases provides an ideal gas refer-

ence for chemical association and dissociation reactions. This framework leads to an ideal

law of mass action and ideal kinetic rate equations, characterized by ideal equilibrium and

rate constants, respectively. These are the basis for the definition of excess equilibrium and

rate constants for real reactions, which quantify the deviation from ideal behavior. Unlike

the conventional equilibrium and rate constants, their excess counterparts enable consistent

comparison across reactions with different reaction orders. Moreover, the ideal gas reference

is precisely obtained when scaling all unevenness in the potential energy surface of a real
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system down to zero. The excess constants thus quantify the effect of the system-specific

shape of the potential energy landscape on equilibria and kinetics of association/dissociation

reactions.

SUPPLEMENTARY MATERIAL

See supplementary material for the calculation of relative thermal velocities.
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