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A stochastic description of pH within nanoscopic water pools 
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3Materials and Process Simulation Center, California Institute of Technology, Pasadena, CA 
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SUMMARY

The nature of pH in a pure water pool too small to have a continuous population of ions formed 

by water dissociation is not settled. We use stochastic kinetics simulations of the water 

dissociation reaction in pools ranging from 103  to 1016 waters to characterize water ion lifetimes 

and populations. An availability coefficient is defined to quantify the intermittent presence of ion 

pairs during an arbitrary observation period, and used in a proposed definition for the effective 

pH of nanoscopic pools. The effective pH converges to the bulk value of 7 for water pools in the 

range of 1010 waters. The lifetimes of water ion pairs are found to increase with increasing water 

pool size due to the balance between their formation and recombination kinetics, with a 

maximum near the size where bulk-like characteristics begin to dominate and ion pairs are 

continuously present. 
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INTRODUCTION

One of the most important fundamental properties of water is the dynamic equilibrium 

between H 2 O molecules and its ions (H+¿¿ and OH−¿¿).1-3

H 2 O ⇌ H+¿+OH−¿¿
¿ (1)

This reaction generates small quantities of water ions that play key roles in many kinds of 

chemical reactions, the concentrations of which can be controlled by the addition of acids, bases, 

and salts.4 The dynamic balance between the activities of H+¿¿ and OH−¿¿ in aqueous media is 

quantified as the solution pH, calculated from the equilibrium constant KW  = 10−14 for Eqn (1), 

using the thermodynamic definition 

KW =a
H +¿×

aOH−¿

a H2 O
¿
¿ (2)

where a is activity. Because H 2 O is in its standard state, its value for ais defined by 

thermodynamics to be 1. The thermodynamic definition for pH is given as

pH=−log10 ¿ (3)

where γ  is the activity coefficient for protons at the specified pH, and ¿¿ is the standard proton 

concentration, defined to be 1 M with an activity coefficient of 1. In solutions where ion 

concentrations are low, ion pair interactions are assumed to be minimal, and γ=1 for H+¿¿ and
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OH−¿¿. This situation applies for water ions in an aqueous solution, particularly near neutral pH, 

where the ion concentration is many orders of magnitude smaller than the undissociated water 

concentration. Eqs (2) and (3) apply to bulk water, however, it has been recognized for some 

time that as pure water pool volumes become very small, at some point there will be too few 

waters present to ensure that there will be at least one proton at all times in that pool at a 

particular pH. 5,6 At pH = 7, when Eqn (2) is substituted into Eqn (3) the minimum number of 

waters needed is 107. This number corresponds to a spherical pool with a radius of about 42nm. 

For smaller pools, water ions would be present with an average number of < 1, meaning they can

only be present intermittently. This situation is not uncommon in biological systems.7 For 

example, techniques have been developed by Shon and Cohen to describe the fluctuations 

associated with intermittency in terms of Poisson statistics.8  Eqns (2) and (3) are no longer 

strictly valid for these pools, and other ways must be found to describe pH within them. 

Understanding how chemistry within nanoscopic pools depends on fluctuating concentrations of

H+¿¿ and OH−¿¿ at a quantitative level will advance our understanding of chemistry in systems 

ranging from cells in living organisms to membrane-electrode assemblies to emulsions, and of 

acid-base reactions in confined volumes in general. 

In the present study, we propose a description of pH in small water pools that is 

specifically based on the intermittent populations of the water ions in them and is rooted in the 

thermodynamics and kinetics of water chemistry. We use stochastic chemical kinetics 

simulations to examine in depth the influence that the chemical equilibrium Eqn (1) has on the 

composition of pure water pools ranging from a few nanometers in size to volumes large enough 
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to exhibit bulk properties. The modeled system is illustrated in Figure 1.  The intermittent 

formation and recombination of OH- and H3O+ has been examined previously for a few dozen 

waters and very short times (ps) using molecular dynamics techniques,9,10 providing important 

information on localized interactions that influence water reactions. Stochastic chemical kinetics 

using validated rate coefficients allows a much broader exploration of ion pair formation and 

recombination – spanning many orders of magnitude in time and water pool size – thereby 

providing key information on how water reactions control the nature of pH from a transient 

quantity at the nanoscale to its thermodynamically defined characteristics at the bulk scale. 

Figure 1. Schematic of the chemistry in a pure water pool. H 2 O dissociat.ion events in a 
water pool generate ion pairs that can separate and later recombine. The simulation volume is 
assumed to be an instantaneously and uniformly mixed single compartment. Although the 
diffusion physics are important to describe the dynamics, they are not explicitly included here as 
discussed in the Computational Methods Section. 

RESULTS
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Benchmarking the kinetic model against ab initio Molecular Dynamics simulations 

We directly compare the predictions of our stochastic kinetics simulations to a previous 

ab initio molecular dynamics (AIMD) study of water ion recombination by Hassanali et al.10 in a 

system of 64 H 2 O molecules placed in a cubic compartment. This is intended as a benchmark to 

validate the use of stochastic chemical kinetics at the nanoscale, and to assess any potential 

impacts of the assumption of a well-mixed volume on the stochastics of water ion pair 

recombination. In the AIMD study, ion pairs were introduced at the beginning of the calculations

to perturb the system away from equilibrium and the recombination process was studied. Their 

trajectories provided insights into recombination as a function of initial distance between the 

initial ion pairs, and they generated a statistical distribution for the ion pair lifetimes using them. 

The resulting lifetime distribution as a function of time after the trajectories were initiated are 

shown in the upper panel of Figure 2. We extracted ion pair lifetimes from the results of 

stochastic kinetics simulations of a 64-water pool over an observation time t of hundreds of 

seconds using Eqn (11) in the Computational Methods Section, and plot them in Figure 2, lower

panel. Because we simulate both formation and recombination of the ion pairs, we calculate the 

lifetimes by subtracting the time at which the ion pair is formed from the time at which it 

recombines. 
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Figure 2. Ion pair lifetime distributions in a pool of 64 H 2 O molecules. The upper panel 
(cyan) is from the AIMD study10 and the lower panel (purple) is from the stochastic simulations. 
Both distributions are plotted using 75 bins to span the full time range. The black bars represent 
the scatter for events obeying Poisson statistics, i.e. √¿of events. 

Figure 2 shows that the stochastic simulations do not capture the peak in the statistical 

distribution found by AIMD for the first 500 fs, attributed to in-cage recombination.10 Instead, 

these events are spread out over the entire 2.7 ps time range, and the distribution is flatter. In the 

prior AIMD study, the influence of the H-bonded water cage on recombination was of particular 

interest, examining the importance of recombination of ions initially generated within the cage to

those generated outside the cage. The overall numbers of ion pairs showing lifetimes up to 2.7 ps

is similar in the AIMD and the stochastic kinetics calculations. However, by using a single 

compartment for the stochastic kinetics, the specific influence of the water cage on ion pair 

recombination is not accessible. In particular, the physics revealed to be important by AIMD 

such as a mechanistic step of compressing a H 2 O wire structure prior to ion pair recombination 

is not captured. This compression step was estimated to have a characteristic time of 65 fs. Full 

3-D simulations using stochastic kinetics with multiple compartments containing a single water 

6

97

98
99

100
101
102

103

104

105

106

107

108

109

110

111

112

113

114



cage (5-8 waters) can be performed to build in such physical detail however they are highly 

cumbersome for more than a few compartments when lifetime information is sought, and were 

not implemented here.

Although information on recombination within the initial water cage is not easily 

included, because of its computational efficiency the stochastic method can simulate the H 2 O 

reactions for much longer times, providing information on the lifetimes of ion pairs that do not 

immediately recombine and even on the autoionization reaction of water. The 64 H 2 O ion pair 

lifetime distribution obtained in the stochastic kinetics simulations is a compilation of 21 

independent simulation runs examining water ion formation and recombination over a total 

simulation period of around 500 seconds. Each run was initiated with a different starting random 

number seed, resulting in distinct sequences of random numbers for event selection and time step

calculations. The lifetime data revealed that many pairs have lifetimes of 10s of ps, well beyond 

the 3 ps time range accessible by AIMD (Figure 2). The resulting ion pair lifetime probability 

distribution normalized to 1 is shown in Figure 3. 
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Figure 3. Normalized ion pair lifetime distribution with exponential decay fitting for 
stochastic kinetics simulations of a 64 H 2 O pool. A total of 1050 ion pair lifetime data points 
are included in the distribution. The figure inset shows 331 ion pair lifetime data points to 2.7 ps 
(also shown in Figure 2). 

Analysis of the 1050 ion pair lifetimes in Figure 3 using Eqn (11) in the Computational 

Methods Section shows that both the mean ion pair lifetime and its standard deviation have a 

value of  7.5 ps. According to the stochastic simulations, the shortest observed ion pair lifetime is

12 fs and the longest observed ion pair lifetime is 56 ps. The shortest ion pair lifetime is 

comparable to the 65 fs lifetime component from the fit to the prior AIMD calculations. 

Properties of water pools from 103 – 1010 H 2 O
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Having examined the consistency between the stochastic kinetics results and AIMD 

results for a 64-water pool, stochastic simulations of water ion chemistry in the range of water 

pool sizes that are listed in Table 1 in the Computational Methods Section and plotted in Figure 

4 were performed to identify key trends. As shown in Figure 4(B), small pools have at most one 

water ion pair at a time, but as the pool increases beyond 106 waters, multiple ion pairs can be 

present simultaneously.

Figure 4. Fundamental properties of H 2 O pools as a function of number of waters, ranging 
from 103 to 5 ×109. (A) Pool radius, calculated from the pool volume assuming a spherical 
geometry; (B) maximum number of ion pairs observed to be present simultaneously; (C)
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Average ion pair generation interval; (D) Instantaneous proton concentration for a water pool 
having a single ion pair only. The insets show details for the water pool range where the intervals
and concentrations converge rapidly to bulk water properties.

Trends in water ions relevant to chemical kinetics are shown in Figure 4. Figure 4(C) 

indicates that ion pairs are generated much more frequently as the pool size increases, which is 

expected because there are more chances for water to autoionize in a given time interval when 

more waters are present. For instance, in pools having 5 ×109 waters the average ion generation 

interval is 14 μs, while the average wait time between ion generation events is around 40 s for 

pools having 103 waters. The infrequent ion pair formation in extremely small water pools is a 

result of having only a few H 2 O in the tail portion of the thermal Boltzmann distribution with 

sufficient internal energy to undergo autoionization.11 Figure 4(D) shows concentration trends 

with pool size. When a single ion pair is present in pool having fewer than 108 waters, the 

corresponding instantaneous ¿¿ or ¿¿ is much higher than  10−7M, the value expected for bulk 

pure water in its standard state at chemical equilibrium. This is entirely due to the small volumes 

of the pools. Shon and Cohen have also pointed out that reactant concentrations subject to small 

volume confinement are high.8 Higher concentrations of reactants lead to faster reaction kinetics. 

In this study, the higher water ion concentrations in the smaller pools lead to shortened ion 

lifetimes within them. 
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Figure 5.  H+¿¿concentration profiles as a function of water pool size, simulated for specific 
time periods. (A) 107 H 2 O, 10s, with inset showing details to 0.25 s; (B) 108 H 2 O, 10s; (C) 109

H 2 O, 1s; (D) 1010 H 2 O, 0.1s. 

Details of proton concentration stochastics as a function of water pool size are shown in 

Figure 5, for pools containing 107, 108, 109 and 1010 H 2 O molecules. The data show every 

formation and recombination event occurring during the simulation period: each spike in proton 

concentration corresponds to an ion pair generation event, and each dip in proton concentration 

correspond to an ion pair recombination event. The four panels reveal the transition from single 

ion pairs being present sporadically to multiple ion pairs being present continuously. For the case

of a pool containing 107 H 2 O (Figure 5(A)), having more than one ion pair present at a time is a
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rare event. The pool contained two ion pairs on only one occasion for this simulation run. As the 

water pool sizes increase, instances when multiple ion pairs are present become more frequent. 

As shown in Figure 5(D) for a 1010 H 2 O pool, generation of ion pairs outpaces recombination 

from the very beginning until a steady state condition is reached, where ion pairs are always 

present. At steady state, the ion concentrations are on average ¿¿mol/L. The data in Figure 5 

indicate that a water pool of 1010 waters can sustain a consistent presence of ion pairs (albeit with

a fluctuating population of ion pairs), whereas smaller pools cannot. 

Ion pair lifetimes and mean diffusion distances 

The simulation data tracking individual ion pair formation and recombination events 

allow the lifetime of a transient ion pair to be extracted. Because the particles represent 

molecules, water ions are indistinguishable in the simulations. Only lifetimes calculated from 

observation times where just one pair is present can uniquely be assigned to the process of 

forming and recombining that particular pair, so only those data are used for lifetime estimates. 

We use Eqns (5) and (6) and the single ion pair lifetime distributions shown in Supplemental 

Information Note S1 Figure S1 and Note S2 Table S1) to determine mean ion pair lifetimes as 

a function of water pool size. The results are shown in Figure 6(A) (cyan). 
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Figure 6. Ion pair characteristics as a function of water pool size. (A) Ion pair lifetimes. The 
data in cyan are from the simulations, corresponding to when only one pair is present. The data 
in black are lifetimes for a single pair calculated from the rate equations (4) and (5) as a function 
of water pool size. Data points approaching the singularity as the denominator in Eqn (8) 
approaches zero are omitted from the plot but are provided in Table S1. (B) Water ion diffusion. 
Estimated diffusion distances for H+¿¿ (cyan) and OH−¿¿ (purple) ions based on the self-diffusion
coefficients are shown with the corresponding mean ion pair lifetime data. The upper x-axis 
shows the pool radii from Table 1 in the Computational Methods Section for the corresponding 
pool size (lower x-axis). See also Figures S1 and S2.

Figure 6(A) shows that the single ion pair lifetime extracted from the simulations 

initially increases as pool size increases, reaching a maximum lifetime at around 5 ×108 H 2 O. 

Further increases in pool size lead to a decrease in the calculated ion pair lifetime. To 
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quantitatively explain this behavior, we consider the deterministic rate expression for 

disappearance of a single H+¿¿ in a specific pool size, derived from Eqn (1)

−d ¿¿¿ (4)

The left-hand side of Eqn (4) is the rate of disappearance of a H+ in a time interval dt, where the 

specific condition of conversion of a pool having one H+ to a pool having no H+ is indicated by 

the subscript 1→ 0.On the right-hand side of Eqn (4), kD [ H2 O ] is the ion pair generation rate for 

the pool and  kR ¿¿ is the instantaneous ion pair recombination rate when there is only one ion 

pair present in the pool (i =1).  The recombination rate is represented as being second order in 

[H+] for mathematical convenience because ¿¿ is always equal to ¿¿ in pure water. The 

generation rate is essentially constant for all water pool sizes because the dissociation of one 

water has minimal impact on [H 2 O]. The recombination rate for a single ion pair, however, 

decreases nonmonotonically with increasing pool size because the ion concentrations decrease, 

as shown in Figure 4(D). As described in SI Note S2, we rearrange Eqn (4) to calculate dt from 

the rate equation, 

dt=d ¿¿¿ (5)

where dt is now an estimate of the ion pair lifetime for a specific water pool size. Calculations of

dt for each water pool size are presented in Figure 6(A) (black). 

Figure 6(A) shows that there is good agreement between the lifetimes estimated using 

Eqn (5) and Eqn (11) in the Computational Methods Section, and that the maximum value of dt 

with pool size corresponds to the maximum of mean ion pair lifetime. As shown in SI Table S1, 
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the deterministic rate expression Eqn (5) almost perfectly predicts the ion pair lifetime for pool 

size containing less than 108 waters. Beyond this size, however, Eqn (5) overpredicts the ion pair

lifetime by a value that reaches an order of magnitude at the peak, corresponding to a water pool 

size of  5 ×108 H 2 O. We attribute the deviation to the fact that the denominator of Eqn (5) 

approaches zero as the instantaneous rate of recombination approaches that of generation, and dt 

becomes undefined. As the H 2 O pool size increases further, the presence of multiple ion pairs 

becomes more prevalent (Figure 4(B)). When there are multiple ion pairs, the mean ion pair 

lifetime decreases. This is because the rate of ion pair recombination increases while the rate of 

their generation remains essentially constant (Eqn (4)). As a result, the mean lifetime presented 

in Figure 6(A) (cyan), which is calculated when only one ion is present in the pool, should be 

considered to be an upper bound to the true lifetimes of ion pairs in larger pools.  SI Note S3 

Figure S2 shows how the presence of multiple ion pairs affects the mean ion pair lifetimes 

estimated using Eqn (5). 

Taking the mean ion pair lifetimes in Figure 6(A), we can estimate the diffusion distance 

for separated proton and hydroxide ions during their lifetime within a pool using

distance=√ Dion dt
(6)

where Dion is the self-diffusion coefficient for the ion. Agmon has estimated that DH +¿
=7 ×10−5 cm2

/s ¿ 

by subtracting the H 2 O self-diffusion coefficient, 2.3 ×10−5 cm2
/s, from the proton diffusion 

coefficient, 9.3 ×10−5 cm2
/s.12 We estimate the hydroxide self-diffusion coefficient DOH−¿

¿ using 

the conductivity measurements reported for protons (CH +¿
=3.62× 10−3 cm2 V−1 s−1

¿) and hydroxides
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COH−¿
=1.98× 10−3 cm2 V−1 s−1

¿,13 and assuming that DOH−¿
=D

H+ ¿×
COH−¿

CH+¿¿
¿¿

¿  =  3.8 x 10-5 cm2/s.  Using the values 

for mean ion pair lifetimes compiled in SI Table S1, the ion pair diffusion distance as a function 

of H 2 O pool size is as shown in Figure 6(B).

Figure 6(B) indicates that both proton and hydroxide can undergo significant 

displacements before recombining. For a pool of 5×108 H 2 O, which has the longest single ion 

pair lifetime (3.55 x 10-5 s), the estimated diffusion distance is on the order of 500 nm for protons

and 300 nm for hydroxides, respectively. The distances are comparable to or larger than the 

water pool sizes (Table 1 in the Computational Methods Section), indicating that the ions are 

likely to be found anywhere in the pool if they do not immediately recombine within their water 

cage after formation, supporting the assumption made in the Computational Methods Section  

that the water pools can be considered to be well-mixed. This prediction by the stochastic 

kinetics simulations is consistent with the study by Geissler et al9 of the role of molecular-level 

fluctuations in the recombination process, pointing out that changes in local water structure could

result in large separations between ion pairs. In the present work, the rate coefficients for 

recombination and diffusion capture these physics. 

Ion availability coefficient αi>0

To quantify the intermittency of ion pairs in a small pool and understand how the 

intermittency evolves as a function of water pool size, we use the simulation results to determine 

the timespans during which one ion pair τ 1, two ion pairs τ 2, three ion pairs τ 3etc, are present in 

a pool of a specific size. These times τ i can be summed to calculate the total time during which at
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least one ion pair is present in that pool (i.e. τ i  for i >0) during an observation time. We then 

normalize this sum by the observation (simulation) time T ¿ (equal to t in the general Poisson 

distribution, Eqn (10) in the Computational Methods Section) to calculate a dimensionless 

availability coefficient, αi>0 for that pool size. This coefficient represents the intermittent 

presence of ion pairs in the nanoscopic pool:

αi>0=

∑
i=1

n

τ i

T ¿

(7)

where n is the maximum number of ion pairs observed to be formed simultaneously in a pool of 

a given size (Figure 4(B)). For small pools that cannot sustain more than one pair of ions (i.e. i =

1), τ i=1 is then equal to dt in Eqn (5).  Figure 7 shows αi>0 for pool sizes between 103 to 1010 

waters at two temperatures (25℃ and 37℃). The trend with temperature shows that the pool 

size for which pH is not defined is temperature-dependent. This dependence primarily reflects a 

shift of the equilibrium constant KW '  in Eqn (9) in the Computational Methods Section toward a 

more frequent generation of ion pairs as temperature increases. SI Note S4 lists the values 

plotted in Figure 7 and Tsim for each case.

17

282

283

284

285

286

287

288

289

290

291

292

293

294

295



Figure 7. Availability coefficient, αi>0,as a function of water pool size at two temperatures. 
The temperatures 25℃ and 37℃. are selected to evaluate the value of αi>0 in typical situations 
where small water pools may be involved: ambient room temperature and physiological 
temperature. See also Table S2 and Figure S3.

Figure 7 shows that there is a transition of αi >0 from a very small value to unity as

water pool sizes increase, which corresponds to a transition from ion pairs being present in a 

pool intermittently to being present continuously (Figure 5(D)). To visualize this transition, we 

show the contributions of specific numbers of ion pairs (Figure 4(B)) to αi>0 for a pool of 107,

5 ×108, 109 and 2 × 109 H 2 O in Figure 8. In the case of 107 waters, where the maximum number 

of ion pairs observed to be present at a time is two (Fig. 4(B)), for 99.967% of the observation 
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time no ion pairs are present in the pool. As the pool size increases, the period of time during 

which no ions are present decreases, and eventually a persistent population distribution of ion 

pairs develops. The complementary value 1−αi>0 gives the probability for H 2 O to exist in its 

undissociated form, (SI Note S5 Figure S3).

Figure 8. Fraction of time ion pairs are present in selected water pools. This is shown using 
a breakdown of the availability coefficient αi>0 into contributions from the number of ion pairs 
present during the observation time.

Effective pH in small water pools

Based on the simulation data, we propose a quantitative expression for the effective pH in

small water pools, where there is no pH for periods of time, as an extension of Eqn (3). The 

phrase effective pH has two common meanings in the literature: the pH range over which a 

buffer system with a particular pKa can maintain a desired pH (or buffer capacity14), and the 

apparent pH for systems where direct measurement of pH is challenging.15 We use the term in 
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this second sense, with a specific focus on defining what effective pH is at the nanoscale. We 

start from the thermodynamic concept of an activity coefficient, which measures the fraction 

between zero and one of a chemical species that is available to react in ideal and non-ideal 

solutions.  is taken to be 1 for species in dilute solutions where interactions beyond simple 

solvation are minimal, meaning that the species can always react. The availability coefficient αi>0

for H+ is << 1 for pools in the range of 107 waters or less (Figure 8). This means that protons are 

mostly not present, so cannot react, and we propose that this means that should also be << 1. 

By equating αi>0 with , we introduce a way to measure protons being present in the pool for 

very short periods of time and being completely absent the rest of the time, extending Eqn (3) to 

the transient regime. The other key term in Eqn (3) is [H+], the concentration of protons when 

they are present, which is pool-size-dependent and much larger than 10-7 mole/L in pools of 107 

waters or less (Figure 4(D)). For example, a pool of 107 waters would have a pH of about 5 for 1

s every 5 ms or so (Figure 4(C)), and no pH the rest of the time. Combining the availability 

coefficient and the instantaneous concentration results from the simulations, and taking [H+]0 to 

be 1 in its standard state, we obtain Eqn (8) 

effective pH (¿ of H 2 O)=−log ⁡¿ (8)

where αi is the availability coefficient for a specific water pool size as defined in Eqn 7, and ¿¿ 

denotes the instantaneous molar concentration of protons when i pairs are present in that pool. 

The trend in effective pH with water pool size is shown in Figure 9.

20

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341



 

Figure 9. Effective pH and pOH as a function of water pool size. In pure water pools too small 
to be bulk-like, with a persistent population of protons and hydroxides, Kw no longer applies and 
the effective pH is equal to the effective pOH. 

In the smallest volume (103 H2O), the effective pH = 12.7, decreasing to 7 as the water 

pool size increases. Eqn (8) can also be used to calculate the effective pOH because ¿¿ for pure 

water. Because thermodynamic equilibrium is not defined in this pool size range, pH and pOH 

do not add up to 14 as they would in the bulk. Figure 4(C) and Figure 9 together suggest that 

due to the long periods of time during which no water ions are present in water pools smaller 

than 109 waters, the influence of the reactive environment in the pool on redox chemistry is not 

the one we understand based on bulk water properties. Chemical reactions that are sensitive to 

acid will be in a microenvironment where acid is absent much of the time, and is therefore 

functionally alkaline. An analogous situation applies to chemical reactions sensitive to base. 
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Figure 10. Minimum number of H2O required to have a thermodynamically defined pH. 
Two sets of criteria are compared. The open circles are calculated assuming that there must be at 
least one molecule of both H3O+ and OH- present in the pool on average for pH to be defined, as 
described by Bal et al (Ref 5). The closed circles, calculated in this work, satisfy the requirements
that the effective pH has converged to a stable value and that at least one of each ion is present 
nearly 100% of the time for the pH of a pool to be defined. The associated pool radii for the 
points are shown. 

The analysis shown in Eqn (8) and Figure 9 can be used to estimate the minimum pool 

size required to have a bulk-like pH at pHs other than neutrality, shown in Figure 10. We have 

carried out additional stochastic simulations for acidic solutions by adding excess protons 

corresponding to the desired pH from pH = 0 to 6. OH- is present intermittently in these pools 

when they are too small to have bulk-like properties. We use two criteria to determine when 

pools are bulk-like: OH- must be present at all times in the pool (availability coefficient for OH- 
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very close to 1), and the pool’s effective pH must have converged to a constant value. This 

ensures that the pool is at thermodynamic equilibrium, that is, Kw is valid and pH + pOH = 14. 

We find that 8-9 water ion pairs must be present in a pool on average for both criteria to be 

satisfied at pH 0 to 6. Below this size limit, the fraction of time during which there are no ions 

and pH is undefined becomes significant. By symmetry these results also apply to alkaline 

environments, and the acidic results are mirrored to generate minimum pool sizes for pH 8 - pH 

14. Our results are compared in Figure 10 to a similar analysis by Bal et al,5 which used the 

criterion that on average at least one H3O+ and at least one OH- must be present in a pool, a more 

relaxed requirement than continuous presence. The predicted minimum pool sizes for bulk-like 

properties are significantly smaller. 

 

DISCUSSION

Water can be confined within a nanoscopic volume in natural and artificial 

microenvironments involving porous and roughened materials as well as biochemical organelles.

These microenvironments are often complex, which makes describing and controlling the water 

content and directly probing water ion chemistry in them challenging, especially when the 

volumes are likely to be too small to have bulk-like properties. The lack of a clear definition of 

pH within them has led by necessity to a blurring of bulk, thermodynamically defined pH with 

concepts of local acidity and basicity, for example in reverse micelles,16 membrane-electrode 

assemblies,17 at electrodes18 and in aerosol.19 This blurring points to an opportunity to improve 

our understanding of chemistry in confined nanoscale volumes through development of a 

systematic and quantitative description of how protons influence chemistry within them. The 

stochastic simulations presented here are a first step toward such a definition. We show that 
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water ions are best described as being sporadically present in these types of nanoscopic pools. 

When they are present, their instantaneous concentration is much higher than they would be in 

bulk water, [H+¿¿] = 10−7mol/L at 25℃ (Figure 4(D)). When they are absent, which is most of 

the time until the pools reach a diameter in the range of 200 nm (Table 1 in the Computational 

Methods section and Figure 8), there is no pH. Accordingly, acidity and basicity within these 

pools should be seen as a time-averaged combination of transient pH when ions are present, 

defined as in Eqn (3), and pure water with no ions. The simulations allow this combination to be 

quantified, resulting in an overall effective pH that characterizes the average aqueous 

microenvironment.   

The existing literature clearly anticipates the sporadic nature of the presence of water ions

in pools too small for Kw to apply. Goch and Bal20 point out that the stochastic nature of generic 

chemical reactions dominates at the picoliter volume and leads to an apparent equilibrium 

constant that can deviate significantly from the bulk value. The effective pH defined in Eqn (8) 

and plotted in Figure 9 conforms to the thermodynamic definition for pH (and the analogous 

expression for pOH), however because the effective pH + pOH > 14 the apparent equilibrium 

constant for small pools is expected to be very different from the bulk value. The criterion that 

both water ions must always be present in the pool for the pool to have bulk-like properties 

provides a simple way to determine assess whether the chemical kinetics in a pool of a given size

are likely to be governed by intermittency or by bulk properties. 

24

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414



We provide a size estimate in Figure 10 for when a water pool can be considered to have 

bulk-like properties according to thermodynamics. This estimate is systematically larger than 

that reported by Bal et al.5 because of the requirement that both water ions be present 

continuously rather than on average. Which of these criteria is best, or whether other criteria 

should be used is worthy of study: it is not immediately clear whether in practice one is more 

accurate than the other for characterizing the properties of reacting chemical systems. Both show

the same key trend, however, that the minimum pool size for bulk-like pH to be present increases

rapidly with pH. Bal et al.5 discuss this trend in terms of the sizes of biological structures and 

how to understand their reported internal pH values, which are generally at near-neutral pH. The 

central question of whether a nanoscopic volume has bulk-like properties also applies to 

inorganic systems. Cathodes and anodes for (photo)electrochemical fuel generation can involve 

aqueous environments that are much more acidic or basic than biological ones, and these 

environments can change during operation.21,22 When these electrodes are nanostructured, the 

size of the resulting pools and their degree of connectivity with the bulk electrolyte can result in 

much larger, semi-isolated volumes whose pH is not defined. As an example, during 

electrochemical CO2 reduction the measured pH of the electrolyte near the cathode can increase 

from 6.8 to around 11.23-25 Assuming that the structural influence of interfaces on water ions can 

be neglected, the minimum spherical pool diameter for pH to be thermodynamically defined at 

all times near the electrode would then increase from about 600nm to about 14 m during this 

reaction. 
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Reactions that depend on the availability of protons, such as the hydrogen evolution 

reaction in acid, or hydroxide ions, such as metal cation hydrolysis in base, obtain them via 

interfacial dissociation of intact H 2 O most of the time. If such direct water dissociation is not 

feasible, acid- or base-dependent reactions in reacting systems can only occur following the 

infrequent generation of ion pairs, albeit with a much longer waiting period in between events. In

such a situation the dynamics of where the ion pair is formed relative to the reaction center, how 

big the pool is (governing instantaneous concentrations) and how far the ions can travel before 

they recombine become important. 

What do experimental results tell us about whether pH in a small pool looks bulk-like or 

not? Direct measurements on pure water pools without encapsulating molecules in the submicron

size range (for example, in aerosol form) have not been reported, although the pH of aqueous 

aerosol containing salts in the 1-20 m range has been investigated by Raman spectroscopy.19,26   

There is, however, a rich literature on the structure of water in contact with hydrophobic walls. 

Some examples include pure water droplets in hydrophobic fluids,27 and reverse micelles (RM), 

which are nanoscopic water pools surrounded by non-ionic, anionic or cationic surfactant 

molecules in an organic solution.28,29 The size of RMs is characterized using the value W 0, which 

is the molar ratio of water to surfactant concentration in the RM solution. RMs typically range in 

size from W0 = 0 to 70 for many systems,30 and a water pool with W0 = 40 contains about 3 x 105 

waters,6 corresponding to a pool whose volume would have a radius of about 13 nm if spherical. 

For all surfactants, water in RM is in two distinct interior regions, that next to the surfactants and

that toward the center of the enclosed water pool.6 These regions have been studied using probe 

molecules to reveal their structure and evaluate pH within them. Optical spectra of probes such 
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as phosphate,31 sucrose,32 and vanadate 16 introduced into RM and biological organelles have 

been used to evaluate pH in these small pools. Water pools with W0 > 20 have properties 

consistent with the presence of free water at their centers.33 Proton nuclear magnetic resonance 

showed that the surfactant dominates the measured pH for W0 = 15 or less.34 The spectroscopy 

studies have identified pH gradients within the RM, with pH next to the walls being lower 

(higher proton concentration) than in the middle.16 That a gradient could be present is supported 

by a Poisson Boltzmann model to described the charge distribution within RM resulting from the

presence of surfactants and counterions to form the micelle walls.15 

RM pool sizes are clearly too small to have a pH most of the time as noted by Bal5 and 

quantified in the present study. Proton-hydroxide pairs are formed from time to time, however, 

and can react with probes before they recombine. Therefore these probes report on their chemical

states in confinement compared to bulk solutions, not necessarily on free proton or hydroxide 

concentrations.5,35 The structural inhomogeneity of water within the RM36 complicates 

interpretation of the spectra: the use of probe spectra has been suggested to only provide an 

apparent pH.31 It has been recognized that using bulk pH concepts and calibration data to 

interpret the spectroscopy experiments is not ideal but necessary because of the lack of 

alternative ways of quantifying the activity of H+¿¿ in the complex RM environment.6 

It is evident that the chemical relationships resulting from water dissociation into its ions 

in RM and in bulk liquid remain to be fully characterized. New work addressing this question 

would be immensely valuable for our understanding of water pools in RM and in other types of 

27

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480



matrices such as nanoporous materials and organelles. Using suitable probes, it is possible that 

techniques such as single molecule localization microscopy could provide information on proton 

stochastics in addition to their use as diffusion monitors.37 Stochastic kinetics simulations 

extending the present work can be used to interpret such measurements, and to develop a 

physical picture of the protons within such environments, which are central and ubiquitous in 

technologies and in nature.

A significant result of the present study is that the lifetime for a single ion pair in pure 

water varies from 12 fs (i.e. shortest lifetime calculated for 64 H 2 O) to 394 μs (i.e. longest 

lifetime calculated for 5.56 ×108 H 2 O), as determined using fits to the Poisson distributions 

(Figure 6(A)). Both ions can have significant diffusion distances within these times relative to 

the size of the volumes containing them, assuming that the diffusion coefficient is in the same 

range as in bulk water. Under this assumption, for example, a separated ion pair generated inside 

a RM with a diameter of 2-40 nm,38 has a sufficient lifetime (on the order of 10−10 to 10−7s) for 

H+ to diffuse from about 1 to 30 nm and for OH- to diffuse from 0.7 to 22 nm prior to 

recombination. This lifetime range implies that water ion distributions in the interior of RM 

would be well-mixed, recognizing that the regions immediately adjacent to the surfactant walls 

have a separate character that may influence their dynamics. The simulation framework and 

analysis can be readily adapted to include the influence of organic or inorganic walls surrounding

the water volumes, and incorporate solutes to estimate their impact on the size dependence for 

when pools acquire bulk-like properties. Whether walls and solutes are present or not, no spatial 

inhomogeneities are likely to be continuously present in the interior of nm-scale pools.
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COMPUTATIONAL METHODS

Resource Availability

Lead Contact

The lead contact is Frances A. Houle

(fahoule@lbl.gov)

Materials availability

This computational study did not generate any materials.

Data and Code Availability

The data used to prepare the Figures in this work are available from Zenodo: 

10.5281/zenodo.7806995. Standard Python library functions were used in scripts for the Poisson 

statistics calculations, no new software was written.

Methods Overview

In this study, we investigate a single reversible reaction, Eqn (1), taking place in water pools of 

varying size (Figure 1). The size range spans pools large enough to have bulk-like properties 

down to nanoscale pools containing 103 waters. As noted in the Introduction, a pool must have a 

minimum size to have persistent water ions, below that size the ion pairs are only present from 

time to time. This fluctuation in ion pair concentrations within the pools cannot be modeled using

continuum, deterministic methods as has been pointed out in early publications.39,40 As discussed 
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below, stochastic methods have been developed to simulate chemical kinetics in such systems 

that treat the reaction steps as a collection of probabilities, unlike deterministic methods that 

determine a smooth function that can describe the system at all points in time. We describe the 

stochastic method used for this work, then present the mechanistic elements used in the 

simulations, and the Poisson statistical analysis used to analyze the simulation results.

Stochastic chemical kinetics method 

The computational method used in this work is stochastic chemical kinetics,39,41,42 which 

provides a rigorous solution to the master, or time evolution, equation for the species in the 

system according to the steps in their reaction mechanism.42 Stochastic chemical kinetics 

calculations for very simple reversible reactions like Eqn (1) can be made using analytical 

methods to solve for concentrations in reacting systems,40,43 however the analytical expressions 

are not readily derived for systems where the average concentration of certain components is less

than one molecule in the entire volume, or where strong fluctuations in concentrations occur.39 

As an alternative, stochastic chemical kinetics calculations using an iterative algorithm involving

random selection of probability-weighted events as described by Bunker and later Gillespie 

provide an accurate solution for a broader set of cases.41,42 The advantages of this algorithm are 

that it is accurate and suitable for predictive simulations of a wide range of complex chemical 

systems. 

We use an open-access implementation of the Bunker-Gillespie stochastic chemical 

kinetics method, the Kinetiscope code package.44 In this simulator, populations of reactants and 

products are represented using particles, where each particle is defined to be a certain number of 
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molecules. For the present simulations, each particle is set to represent a single molecule so that 

the detailed statistics could be captured. To perform the simulations, the reaction steps (Eq (1) in 

this case), the associated rate coefficients, and the dimensions of the water pool are the only 

inputs required. The reaction steps and their associated rate coefficients fully describe the 

conversion of reactants to products. They and the reactant populations present are used to 

calculate instantaneous reaction rates, which are equated to reaction probabilities by normalizing 

them to the total of all rates at each point in time. The next reaction event is randomly selected 

among the probability-weighted mechanistic steps, the populations of species updated using the 

stoichiometry of the selected step, and the associated time step is calculated from the total of all 

rates. If the rate coefficients and populations are accurate, the time step is accurate and the 

overall time base for the calculation is absolute. After this sequence, probabilities are 

recalculated and a new event selection cycle begins. In order to capture the full statistics, the 

state of the system is saved after every event in the present study. The dynamic range of time 

intervals between events accessible by this method is limited by the 64-bit accuracy of the 

computer’s microprocessor. In this study we have resolved ion lifetimes of femtoseconds (fs) 

with ion formation events spaced by many seconds.

Stochastic Model Construction

We model the forward reaction as a unimolecular dissociation of H 2 O into its ions, 

consistent with the kinetic model proposed by Eigen and De Maeyer.1 A number of studies have 

examined water structure and dynamics confined to small pools and planar interfaces.27,30,45-49 The

current picture is that the influence of the contacting surface on the adjacent water structure is 

limited to about 1 nm, with water becoming bulk-like at longer distances. The hydration shell 
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and hydrogen bonding network play key roles in water ion formation and recombination 

reactions at the molecular level.2,9,50-53 We do not directly incorporate the molecular-level physics 

in the kinetic description. Instead, we take advantage of the fact that the elementary rate 

coefficients for these steps incorporate these molecular-scale influences. In particular, given that 

recombination is diffusion-controlled,1,3 the recombination rate coefficient contains information 

on the detailed intermolecular interactions involved as the ions approach each other. 

It Is known that the structure of liquids confined in pools near the interfaces that contain 

them can be more rigid than toward the edges of the pool, leading to higher viscosity and slower 

diffusion.36 In the present work, however, we have no containing interfaces and therefore assume 

that diffusion coefficients are constant throughout the volumes. Because water and water ion 

diffusion are fast relative to local water ion generation and recombination frequencies in a small 

volume, we model water pools as instantaneously mixed compartments of uniform composition. 

This not only conforms to the homogeneous mixing condition that Gillespie  outlined,39,42 but 

also simplifies analysis of the stochastics, in particular for the determination of water ion 

populations and lifetimes as a function of water pool size. This assumption is examined in the 

Results Section.

The representation of the water pools in this way carries two important characteristics. 

First, instantaneous mixing of reactants and products in a single compartment means that water 

ion diffusion is not represented explicitly. Second, because the particles are indistinguishable in 

the simulation compartment, tracking the lifetimes of multiple specific ion pairs across broad 

time and length scales requires a full 3D reaction-diffusion simulation. Kinetiscope supports such
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models, however the requirement that many millions of spatial distributions be recorded to 

obtain useful statistics makes the simulations impractical. As an alternative, we analyze the 

numbers of ion pairs as a function of time to extract specific physical details. Although they are 

important, as noted above, we do not include interfacial interactions at this stage, focusing 

instead on characterizing in depth the pure water chemistry. The present model can be readily 

extended, however, to capture differences in ion pair formation and recombination kinetics at the 

interface between a water pool and another medium within a multidimensional reaction-diffusion

model. Such an extension is key to applying the model to real systems, and will be made in 

future work as experimental and theoretical data become available to describe how interfaces 

affect Kw in Eqn (2).

Water pool dimensions

In Kinetiscope, we model water pools using single cubic compartments. This is 

appropriate for water pools because we do not include interfacial physics and chemistry which 

would be affected by the shape of the simulation volume. The volume of a cube for a pool having

a specified number of waters is calculated from the density of water at 25℃, 55.34 moles/L.54 

The range of water pool sizes used in this work is given in Table 1, shown for both the 

compartment dimension and the radius of a sphere having the same volume. This water pool size

range spans that of systems where water is trapped inside reverse micelles38 and nanopores,55 

biological cellular components,5 porous metal organic frameworks,56 and highly roughened 

electrode surfaces.57,58
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Table 1. Range of H 2 O pools and compartment dimensions 

# of H 2 O

molecules

Compartment dimensions

(nm× nm × nm)

Pool volume

pL

Pool radius a

R (nm)
103 3.11 3 ×10−11 1.93
104 6.69 3 ×10−10 4.15
105 14.42 3 ×10−9 8.95
106 31.07 3 ×10−8 19.28
107 66.95 3 ×10−7 41.53
108 144.23 3 ×10−6 89.48
109 310.74 3 ×10−5 192.77
1010 669.47 3 ×10−4 415.31

a Calculated from the pool volume for the case where the shape is a sphere.

Water reaction kinetics 

KW  as defined in Eqn (2) is the thermodynamic definition of the equilibrium constant. 

However, the equilibrium constant also has a kinetics definition, KW ', in terms of concentrations 

as shown in Eqn (9)

KW '=
k D

k R
=¿¿¿ (9)

where kD is the rate coefficient for H2 O dissociation, the recombination rate coefficient kR has 

been measured experimentally, and KW '=KW  / [ H 2 O ]=1.82 ×10−16 mole/ L .1  The true value of 

the water dissociation equilibrium has been a contentious topic, as has been pointed out in the 

literature.59 In the thermodynamics definition, activities are used and the activity of H 2 O at 

standard state is defined to be 1. In the chemical kinetics definition, water is treated as a reactant 

and its concentration (i.e. 55.34 mol/L),54 not its activity, is used. Either value of the equilibrium 

coefficient is correct, so long as one consistently uses the same definition. Since we model water 

ion chemistry using chemical kinetics, we use KW '. The accuracy of the rate coefficients governs 
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the predictive power of our model. Using an electric pulse to perturb neat water from equilibrium

and measure the system relaxation time, Eigen and De Maeyer1 measured kR=1.4 ± 0.2 ×1011 M-

1s-1 at 25℃. The measurements of kR have proven to be robust, with multiple studies60-62 

reporting similar values within a range of 30%. kD is too slow to be measured directly, however, 

so it has been calculated by multiplying KW 'by kR. Taking KW '=1.82 × 10−16 mole /L , the rate 

coefficient for H 2 O dissociation kD  = 2.55 ×10−5 s-1.1,62 We have validated our reaction model 

by incorporating the Eigen and De Maeyer rate constants as inputs, successfully predicting water

ion concentrations of 10−7 mol/L (i.e. pH 7) in pools containing 1010 waters. Further details are 

provided in SI Section S6. 

We have performed a series of calculations for 25℃ and 37℃ to examine the influence 

of temperature on water ion populations. The temperature dependent values for kD were 

calculated using the temperature dependent values of KW ' which are 1.82 × 10-16 at 25℃  and 

4.37 × 10-16 at 37℃5 to determine the corresponding values for kD . The value for kR was 

assumed to be constant with temperature, as indicated by experimental studies of the temperature

dependence of kR by Natzle and Moore62 over a range from 0℃ to 48℃. At T = 0.13 ± 0.4℃,

kR=6.30 ± 0.36 ×1010 M-1s-1, at T = 21.1±1.2℃, kR=1.03± 0.02 ×1011 M-1s-1, and at T =

47.6± 0.4℃, kR=1.65× 1011 M-1s-1 (no error bars were reported at this temperature). Their data 

indicate that the value of kR=1.4 ± 0.2 ×1011 M-1s-1  reported by Eigen and De Maeyer1 at 25℃  

can be used for both temperatures. Accordingly, kD  = 2.55 ×10−5 s-1 at 25℃ and 6.12 x 10-5 s-1 at 

37℃.

Simulation data analysis
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The calculations generate a time history for each water pool consisting of the 

instantaneous populations of water and water ion pairs, where the intervals between water ion 

formation and recombination events appear to be random.  In stochastic chemical kinetics, 

chemical reactions follow the Markov chain model, i.e., the probability that a specific reaction 

step takes place is independent of the history of the system. Therefore, the simulation results for 

Eqn (1) can be analyzed as a Poisson process Pn(t): 

Pn ( t )=
( λt)n

n ! e− λt (10)

where t  is the observation time, n is number of events that occur during the observation time, and

λ is the average rate of the events taking place per unit time. Since time steps are calculated from

reaction probabilities that vary continuously throughout the simulation there is variability in time

intervals. In a Poisson process, the time interval between consecutive events follows an 

exponential decay distribution f(x; ) where x is the time interval: 

f (x ; λ )=
1
λ e

−x
λ (11)

In the context of water ion pairs, the time interval of interest is the one between the time when 

water ions are formed and when they recombine. By calculating the average rate  over a long 

period and extracting these intervals from the simulations and compiling their distributions, Eqn 

(11) can be used to fit the distributions to obtain a mean ion pair lifetime for a specific size of 

water pool. 
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