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ABSTRACT 

Surface electrostatic potential Ψ is a key characteristics of colloid particles. Since the surface of the particles absorbs various compounds and facilitates chemical reactions between them, Ψ largely affects their properties and governs the flow of chemical reactions occurring between adsorbed reactants. One of the most popular methods for estimating Ψ in hydrophilic colloids, such as micellar surfactant solutions and related systems, is the application of molecular probes, predominantly acid-base indicator dyes. The Ψ value is calculated from the difference of the probe's indexes of apparent acidity constant between the examined colloid solution and, usually, some other colloid solution with non-charged particles. Here we show how to implement this method in silico using alchemical free energy calculations within the framework of Molecular Dynamics simulations. The proposed implementation is tested on surfactant micelles and is shown to predict experimental Ψ values with quantitative accuracy depending on the kind of surfactant. The sources of errors of the method are discussed, and the recommendations for its application are given.
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1. INTRODUCTION 

Hydrophilic colloidal solutions have long taken their place among the most common liquid systems. They include micellar solutions of colloid surfactants, microemulsions, phospholipid bilayers, water-soluble macromolecules, and a number of related systems. 

Surfactant aggregates are valuable not only in themselves as reaction media but also as reduced models of biomembranes and polypeptides in water [1–8]. The surfactant molecules aggregate and form an interface with water. Its formation is possible because the surfactant molecules have a hydrophilic ‘head’, pointing towards the aqueous solution, and a hydrophobic ‘tail’, that escapes water and forms the ‘dry’ core of an aggregate. A particular kind of aggregates is micelles, which are characterized by compact shape (spherical, ellipsoidal, cylindrical) and size of several nanometers. 

The reason of the thermodynamic stability of such hydrophilic colloid systems is the good hydration of the aggregate/water interface in concert with the formation of the electrical double layer, EDL, at charged surfaces. Accordingly, the main parameter of EDL is the surface electric potential Ψ0. Considering micelles, EDL is formed by ionic surfactant head groups and counterions in solution. Due to their hydrophilic nature, the head groups arrange between micelle's hydrocarbon core and bulk solution and bind some fraction of counterions relatively strongly. The corresponding region is called the micellar Stern layer or surface layer. While its inner boundary is the aggregate of surfactant tails, the position of the outer boundary is not precisely defined. Usually, in ionic micelles its thickness δ is estimated to be 0.3 – 0.5 nm. [9, 10] According to an accepted scheme, the electrostatic potential of the Stern layer Ψδ corresponds to the outer Helmholtz plane of this part of EDL, while Ψ0 corresponds to the inner Helmholtz plane; the potential drop within the Stern layer is linear. These are illustrated in Fig. 1. 

[image: image23.bmp]
Figure 1. Left: schematic structure of the Stern layer of ionic surfactant micelle or layer. Right: the profile of electrostatic potential around the micelle or layer. Zones colored gray, orange, and blue denote hydrocarbon core, the Stern layer, bulk solution, respectively. Shaded orange and yellow circles represent surfactant head groups and counterions, green ellipse means adsorbed molecular probe, zigzag lines are hydrocarbon chains. The meaning of the values are explained in the text.

A generally accepted concept interprets the totality of micelles’ Stern layers in solution as a pseudophase [11, 12]. The pseudophase is the location where molecules and ions are adsorbed. Hence, its electrical charge and potential govern the association of different ions with the micelles [11–13], protolytic reactions on the micellar surface [3, 4, 8, 14–16], acceleration/deceleration of the rates of chemical reactions [11–13, 17, 18], the behavior of surfactant foams [19], etc. Let us consider the methods used to estimate the interfacial electric potential. 


It should be noted that Ψ is a kind of the Galvani potential, i.e. in fact it is an extrathermodynamic value. This implies that the precise Ψ value, strictly speaking, is experimentally unavailable.

2. METHODS OF DEFINING AND MEASURING THE INTERFACIAL ELECTRIC POTENTIAL: AN OVERVIEW


2.1. Theoretical methods. One of the most often used approaches was proposed by Ohshima, Healy, and White. [20] It is based on the approximate analytical solution of Poisson-Boltzmann equation for spherical or cylindrical charged colloidal particle, for which planar-shaped EDL model is too simplistic due to significantly curved surface. For surfactant micelles the method was adapted by Hartland et al. [21] and was often used [16, 22, 23]. Note, that the application of this approach requires the knowledge of a set of micelle characteristics (radius, surface charge density, degree of counterion binding), thus, it can be used only for well-defined species like those formed by cetyltrimethylammonium bromide, CTAB, or sodium n-dodecyl sulfate, SDS.

Recently, two simultaneous publications [2, 23] considered the abovementioned theoretical models, and more elaborate approaches were proposed and compared with the experimental data. There, the distribution of electrostatic field around SDS [2, 23] or CTAB [23] micelles was computed by numerical solution of Poisson-Boltzmann equation either for a spherical geometry with homogenous surface charge density [2] or for realistic shape with discrete charges obtained from Molecular Dynamics simulation [23]. The distribution was then interpreted in terms of the surface potential Ψ0 and the Stern layer potential, Ψδ.

2.2. Measurement of electrophoretic mobility. Nowadays, several standard apparatuses are commercially available that make, despite some technical and theoretical difficulties, the calculation of the electrokinetic potential, or zeta potential ζ, possible [24]. Normally, 
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 does not exceed ca. 100 mV. This potential, however, is not the value of Ψδ, because it corresponds not to the Stern layer but to the electrokinetic plane of share dζ, Fig. 1 [21, 25, 26]. In other words, this is a potential difference between two points in the same phase and therefore it is measurable as a kind of the Volta potential. On the other hand, according to Lyklema [25, 26], the layer of the so-called stagnant water is thin and the ζ value in some cases can be close to that of Ψδ. Yet, these works describe rather hydrophobic systems with hard surface, whereas Aniasson assumed that in the case of surfactant micelles the difference between ζ and Ψδ is not distinct because it is smeared by the dynamic character of rough micellar surface [27].  Pro and contra can be found in refs. [21, 28]. In any case, because 
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 the measurements can be used to independently verify the Ψδ values estimated by different methods. The small angle neutron scattering method can also be mentioned as an alternative experimental approach [29, 30].

2.3. Utilization of acid-base indicators. A conceptually different approach deduces micelle characteristics by interpreting changes in the properties of compounds, called molecular probes, caused by bringing them to the colloid solution. It should immediately be stated that the introduction of such molecular probes results in some distortion of the initial structure of the entire micelle. Contrary to the pH or acidity functions of homogeneous solutions measurements using indicators, where the small concentration of the latter are much lower than those of other components, in the case of micelles the influence of the reporter molecule upon the system of interest is inevitable. However, the indicator methods are most popular and numerously discussed [4, 8, 15, 16, 21, 22, 31–36]. The standard method consists of application of the acid-base indicator dyes. Also, the dependence of the fluorescence of the probe on the Ψ value can be used [37]. Some useful additional information concerning the polarity provide solvatochromic indicators, for instance the Reichardt dyes [1, 16, 38] and other reagents [8, 36].


2.4. Basic theory. The essence of the method is as follows. An acid-base indicator is introduced into the micelle by means of adsorption. The concentrations are chosen to have any micelle accounting for no more than one indicator molecule to avoid probe – probe interactions. The volume of the pseudophase is usually no more than 1% of the total volume of the solution. The key parameter is the so-called apparent acidity constant 
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The pH value is determined in the water phase; 
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. The ratio of the equilibrium concentrations of the equilibrium forms of the indicator, HBz and Bz–1, in the micellar pseudophase, are usually obtained via spectrophotometric method [3, 4, 14–16, 21, 22, 31, 32, 35, 36, 39], the measurements of fluorescence [21, 34], or ESR [40]. Normally, the complete binding of the acid-base indicator couple HBz/Bz–1 is reached by introducing hydrophobic hydrocarbon tails, systems with incomplete binding of the indicator are beyond the scope of the present paper. The consistent development of the ideas about the systems of interest has led to an equation that will rightly be called the Hartley – Mukherjee – Fromherz – Funasaki equation, HMFF [16, 31–36]: 
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Here, 
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 refers to water; 
[image: image9.wmf]i

g

 stands for the transfer activity coefficient from water to the pseudophase, R, T, and F have their usual meanings, θ = RT ln10/F = 59.16 mV at 25°C. Therefore, knowing the intrinsic acidity constant index 
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 value can be estimated via:
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In the ideal case, if the ionizing group of the indicator is located at the end of the Stern layer, it can be expected that Ψ approaches Ψδ. In reality, it is commonly thought that various probes are localized differently, which affect their reported Ψ values.

Several approaches were proposed for estimating the 
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 value [8, 15, 16, 21, 22, 31–36, 40]. The most popular method consists of equating this value to the value that the same indicator dye has in micelles of nonionic surfactants, where Ψ is assumed to be zero: 
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 [15, 16, 21, 22, 36, 40]. As nonionic surfactants compounds with oxyethylene chains, such as Triton X-100, Brij 35, etc., are usually used. Importantly, the Ψ values obtained with different indicators for a given kind of micelles as a rule do not coincide [15, 16], this fact is discussed in more detail in section 5.2 and the accompanying paper [41].

It should be noted that the described method is used not only for the investigation of micellar-like systems, such as calixarene aggregates [42], cucurbiturils [43], polyelectrolytes [44], and phospholipid bilayers [45, 46], but for a variety of different systems as well, such as detonated nanodiamond particles [47], fullerenols [48], metal surfaces [49], and air bubbles [50]. Proteins were also examined with this method [51], up to a complete bacteriophage virus capsid [52].

Interestingly, the same factors accounted for in Eq. 2 cause the so-called ‘protein error’, hindering pH determination with indicators [53, 54].


2.5. Proposed computational implementation. In our recent work [55] we proposed an approach for computing pKa changes of acid-base indicators on going from water to micellar solutions using traditional classical Molecular Dynamics (MD) simulations.


Here, we show how to implement the ‘wet’ indicator method of estimating Ψ in silico. In general, finding the pKa difference of an acid between two media is the problem of obtaining the difference between Gibbs free energy values characterizing its dissociation process ΔGa , Eq. 4. For this we adopt the thermodynamic cycle from [55] by placing nonionic micelles instead of pure water, Fig. 2. Accordingly, the stated quantity equals to the difference between the Gibbs free energies of deprotonation of the acidic form to the basic one ΔGdeprot  in the two media. This is because no proton transfer from water to colloid particles occurs: in 
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 the definition of the H+ activity in bulk water appears (Eq. 1). What remains is, hence, to compute ΔGdeprot of the considered indicator in the media, and MD is a very suitable method for this (as justified in detail in [55]), Eq. 4.
ΔGa(nonionic)
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Figure 2. Thermodynamic cycle for computing Ψ. Double arrows denote transfer between media. m1 is the pseudophase of nonionic micelles, m2 is that of ionic ones.
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In the text below the Ψ quantity appearing in Eq. 4 will be denoted by ‘calc’ subscript to distinguish it from the experimentally measured one, which will be marked by ‘expt’.

3. SIMULATION SETUP

3.1. Systems for testing the approach. As an object for assessing the surface electrostatic potential we selected micelles of ionic surfactants sodium n-dodecyl sulfate (SDS, anionic) and cetyltrimethylammonium bromide (CTAB, cationic), which are traditional targets for fundamental research, but also have wide application in industry. As a nonionic surfactant we chose Triton X-100 (TX-100 in short), Fig. 3.
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Figure 3. Colloid surfactants considered in this paper.


As the probes we chose four acid-base indicators, which were previously investigated both in vitro and in silico: 2,6-dinitro-4-n-dodecylphenol (DDP), 7-n-heptadecyl-4-hydroxycoumarin (HHC), n-decylfluorescein (DF), and N,N’-di-n-octadecylrhodamin (DODR), Fig. 4. On one hand, numerous experiments have been done so far aimed at determining Ψ of various supramolecular aggregates [16, 22, 39, 56, 57]. On the other hand, the microscopic characteristics of these indicators in micelles of the chosen surfactants were comprehensively examined from microscopic perspective using Molecular Dynamics simulations [22, 58]. In general, all of them are weak acids (DF dissociates by two stages) and have one or two long hydrocarbon radicals ensuring complete binding by micelles.
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Figure 4. Structural formulas of the studied indicators and their acid-base equilibria.


For this study we carried out MD simulations of the indicators in TX-100 micelles aimed at determining the ΔGdeprot values as the final result. 

3.2. Simulation parameters. The MD simulations were done following the setup of our previous computations of ΔGdeprot values in ionic micelles [55]. For each indicator and each protonation state, an individual MD cell was assembled. It was the water solution of a beforehand equilibrated TX-100 micelle of 110 molecules, which had an indicator molecule placed on its surface. The value 110 corresponds to the typical aggregation number of this surfactant [8]. Each cell was simulated for 50 ns in order to produce an equilibrated configuration for the ‘indicator + micelle’ complex. The latter was then used as the initial configuration for free energy simulations lasted for 50 ns or, in the case of deprotonating DF molecule, 80 ns. Such times are much longer than needed for ionic micelles, where ca. 20 ns were enough to achieve converged ΔGdeprot values. We observed similar situation previously in the context of examining DDP hydration in TX-100 micelles; it was attributed to higher viscosity and thickness of the surface layer than in ionic micelles, which slows down the probe molecule's movements. [59]

GROMACS 5 software was used in this work [60]. The equilibration and production runs were carried out at the standard conditions (temperature of 298 K, pressure of 1 bar), which were maintained with Berendsen thermostat and barostat, respectively. The time step was 2 fs, three-dimensional periodic boundary conditions were imposed, all covalent bonds were constrained with LINCS algorithm. Electrostatic interactions were computed using particle mesh Ewald technique, while for van der Waals interactions the cut off at 1 nm was used. The interatomic interactions were described with OPLS-AA force field.
The free energy simulations were performed within the framework of alchemical transformation technique involving the coupling parameter λ [61]. For each indicator, six production runs were performed according to the following λ-schedule: {0; 0.2; 0.4; 0.6; 0.8; 1}. It was applied to electrostatic interactions only, because the rest of the interactions did not show dependence on λ. An exception was DODR, where for the deprotonated form two additional runs were carried out with λ-schedule {0.5; 1} for van der Waals interactions. This was needed because one O atom in the deprotonating carboxyl group changed its Lennard-Jones parameters upon deprotonation. In order to reduce the time needed for equilibration, the runs with λ < 0.5, where the probes were in predominantly protonated states, were started from the equilibrated configuration of ‘protonated indicator + micelle’ complex, while the rest were started from the ‘deprotonated indicator + micelle’ complex equilibrated configuration.
3.3. Processing. The subsequent calculation of ΔGdeprot in TX-100 micelles was performed using Eq. 5.
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Here, ΔGdeprot raw is the free energy of depronotation of the indicator, as obtained from MD; ΔΔGDSC, ΔΔGNET, ΔΔGUSV, ΔΔGRIP are four finite-size corrections, which arise from the fact that the ΔG calculation is done for the process between initial and final states of the system differing in the total charge. ΔGdeprot is the final corrected deprotonation free energy.
Postprocessing of the simulation data to find ΔGdeprot raw was done by multistate BAR method, as implemented in gmx bar utility. First 5 ns (DDP, HHC) or 20 ns (DF, DODR) of MD runs were discarded as equilibration. The protocol of calculating finite-size corrections is based on the work of Rocklin et al. [62] and is described in detail in the paper discussing pKa [55].
The deprotonation free energies in the nonionic (TX-100) and examined (SDS, CTAB) micelles were substituted to Eq. 4 to get the target Ψcalc value. Its uncertainty was estimated as the sum of the uncertainties of both ΔGdeprot (raw) values reported by gmx bar, scaled by F–1, Eq. 4.
4. RESULTS

First of all, the simulations prove the expectation that the molecules of the indicators reside in the surface layer of the ionic micelles, therefore they should experience the influence of their electrostatic potential [22, 58]. Regarding the nonionic micelles, the probes stay on the boundary between the hydrophilic shell and water.

The values of raw deprotonation free energies of the indicators in TX-100 micelles and corrections to them are summarized in Table 1. The final Ψcalc obtained via Eq. 4 are collected and compared to the experimental counterparts in Table 2. The latter data are visualized in Fig. 5. For the ionic micelles ΔGdeprot were taken from ref. [55], while Ψexpt values were collected from refs. [16, 22, 39, 56, 57] and then recalculated to ionic strength 0.05 M if the original ionic strength was different [22, 55].
Table 1. Values of ΔGdeprot raw in TX-100 micelles, finite-size corrections to them, and final ΔGdeprot (all in kJ/mol).
	Indicator
	ΔGdeprot raw
	ΔΔGDSC 
	ΔΔGNET + ΔΔGUSV
	ΔΔGRIP
	ΔGdeprot

	DDP
	–94.67
	68.85
	0.33
	1.38
	–24.11

	HHC
	–261.20
	68.85
	0.33
	1.54
	–190.48

	DODR
	–191.63
	68.85
	–0.33
	1.10
	–122.01

	DF cation
	–147.85
	68.85
	–0.33
	1.06
	–78.27

	DF neutral
	–233.42
	68.85
	0.33
	1.24
	–163.00


Table 2. Experimental and calculated values of the surface electrostatic potential of the micelles. The values correspond to the ionic strength of 0.05 M. The uncertainty of Ψexpt is ca. ±5 mV.
	indicator
	CTAB
	SDS

	
	Ψcalc, mV
	Ψexpt, mV
	Δ, mV
	Ψcalc, mV
	Ψexpt, mV
	Δ, mV

	DDP a
	187 ± 26
	172
	+15
	–124 ± 27
	–96
	–26

	HHC b
	115 ± 10
	127
	–12
	–198 ± 8
	–114
	–84

	DODR c
	105 ± 20
	100
	+5
	–82 ± 18
	–58
	–24

	DF cation d
	85 ± 15
	78
	+7
	–209 ± 22
	–178
	–31

	DF neutral d
	142 ± 45
	119
	+23
	–169 ± 42
	–118
	–51


a ref. 22; b refs. 39, 55;  c ref. 56;  d ref. 16.
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Figure 5. Calculated vs experimental values of Ψ. Black squares: DDP, green diamonds: HHC, red circles: DF (filled for neutral, hollow for cationic), brown triangles: DODR. Blue solid line is the linear fit over SDS and TX-100 points, red solid line is the linear fit over CTAB and TX-100 points, gray dashed line is y = x.


For CTAB micelles, the quantitative match between the predictions and the reference values was obtained: the difference is mostly within the limits of experimental uncertainty. For SDS micelles the coincidence is reasonable (±30 mV) except for the two cases where only the order of magnitude is preserved. Putting all points together, the correspondence between Ψcalc and Ψexpt is described by Eq. 6 and characterized by R2 = 0.97. The intercept is set to zero because assuming zero Ψ in nonionic micelles constitutes the very principle of the discussed method. Importantly, if fitting was done with non-zero intercept allowed, then its value appears to be –19 mV that is rather small in comparison to the average |Ψcalc| (ca. 140 mV). The fact that Ψcalc of the nonionic micelles is predicted to be close to zero additionally proves the adequacy of the method.

Ψcalc = 1.20 Ψexpt
(6)


A closer look reveals a pronounced trend in overestimating the magnitude of Ψ in SDS micelles: the mean absolute error is –44 mV here, while in CTAB it is close to zero (–7.5 mV). Consequently, it makes more sense to separately fit Ψcalc vs. Ψexpt for the surfactants, which provides Eq. 7 (R2 = 0.99) and Eq. 8 (R2 = 0.97).

Ψcalc(CTAB) = 1.06 Ψexpt(CTAB)
(7)


Ψcalc(SDS) = 1.35 Ψexpt(SDS)
(8)


In other words, the values calculated for SDS micelles should be scaled by 1/1.36 ≈ 0.74 to stay in line with the reference data.

The uncertainty of Ψcalc, especially for neutral DF, is mostly caused by the uncertainty of the ΔGdeprot(nonionic) term. As was stated in Simulation setup, its convergence requires relatively long simulation time to achieve.
5. DISCUSSION



5.1. Non-uniform accuracy. The unequal success of predicting Ψ in cationic and anionic micelles (nearly perfect match for the former and systematic overestimation for the latter) is surprising and requires explanation. We argue that the main factor governing the magnitude of the error is the degree of hydration of the indicators in the micelles, which is similarly low in CTAB and TX-100 micelles but relatively high in SDS ones. In turn, the origin of the error is the failure of the potential models to accurately reproduce the interaction energy between the indicator ions and water.


The ions of the indicators are hydrated and have strong ion–dipole interactions with the surrounding water molecules. The exact value of this interaction energy may be distorted to some extent (reproduced with some error) by the potential models or force field because they were not specifically parameterized for this quantity. Strictly speaking, such parameterization is not feasible at all because the hydration energies of single ions are extrathermodynamic quantities, which cannot be measured experimentally in a rigorous way without employing more or less adequate assumptions. The solvation of the probe ion at water – hydrocarbon interface is expected to occur with a lower energy effect that is a fraction of its hydration energy in pure water. The fraction depends on the amount of interacting water molecules around the indicator, i.e. on its hydration degree. The absolute value of the parameterization-related error will be proportionally scaled down by the same fraction, as well.

 The Ψcalc values are obtained by subtracting the indicator – solution interaction energies between the ionic (SDS, CTAB) and nonionic (TX-100) micelles, which leads to the partial cancellation of this error. But for complete cancellation the indicator's hydration must be similar in both micelles. According to our calculations, for CTAB micelles this is usually true. [41] As a consequence, their Ψcalc values appeared almost undistorted. In contrast, the indicators are rather strongly hydrated in SDS micelles, which leads to a higher error that is not cancelled out completely.

This point of view is supported by the fact that the discussed method of calculating Ψ from pKa difference in ionic and nonionic micelles significantly outperforms the previously reported method for computing pKa changes on going from water to ionic micelles. Namely, the latter were uniformly underestimated by ca. 2 units in average (if no calibration involving experimental data was done). As the underlying reason, the distortion of the hydration energy of the indicators was assumed. It affected both kinds of surfactants similarly strongly because the probes were transferred from pure water, where they were completely hydrated, to the micellar pseudophase, providing just 30 – 50% hydration. Hence, the remaining 50 – 70% of the hydration energy distortion were not cancelled out and propagated to the calculated pKa change. 


Here, for Ψcalc we see much smaller deviations from the experiment, which is natural from this perspective: now, the transfer occurs between two micellar pseudophases, where the probe's hydration degrees differ to much lesser extent.

5.2. Spread of values. As was stated in Introduction, the measured values of Ψexpt vary for the same sort of micelles. A crucial observation is that the proposed method rather accurately restores this variation: the Ψcalc vs. Ψexpt dependence is almost monotonic. This proves the internal consistency of the presented computational results: the totality of physicochemical factors, which make an indicator sensing high or low Ψ values, is proportionally recapitulated in the simulation of its ‘indicator + micelle’ complex with quantitative accuracy. Such that the proposed in silico approach is capable of predicting exactly those Ψ values, which particular indicator reports in the colloid solution of interest.

The origin of this variation and its effect on the interpretation of Ψexpt values are explained in detail in the subsequent paper [41].

5.3. Method applicability. We suggest the following recommendations for using the proposed computational method to predict Ψ values within the framework of indicator method: 

· The colloidal object of interest must be a non-electrolyte or a strong electrolyte. The weak electrolytes are able to (reversibly) change their protonation state in time, which is impossible to represent in traditional Molecular Dynamics. However, the use of modern techniques of constant-pH MD or reaction ensemble MD for free energy simulation of the ‘indicator + colloid particle’ complex would make the method applicable for weak electrolytes as well.
· As in the original, ‘wet’ implementation the indicator should be bound to the object without desorption to the bulk solution during simulation. Usually this is achieved by extending the acid-base molecule with long hydrocarbon radicals if the object of interest is hydrophobic.
· Computing ΔGdeprot in nonionic micelles like TX-100 may require much longer simulations than in the ionic ones (perhaps due to high thickness and viscosity of the hydrophilic shell), therefore the convergence of ΔGdeprot(nonionic) values must be checked carefully.
· To check the accuracy of in silico prediction, the hydration degree of the used indicator should be estimated in both the object of interest and the nonionic micelles. The closer they are, the more accurate the results are.

· If the accuracy is expected to be limited due to the difference of hydration degrees than calibration may be performed to improve it. For this, Ψcalc should be obtained for the same object of interest using 1-2 indicators, for which Ψexpt are known. The average ratio Ψcalc/Ψexpt can then be used to scale the value computed with the indicator of interest.
· A valuable feature of the proposed method is its suitability for colorless organic acids or bases adsorbed on colloid particles, where Ψ is hard to find experimentally. Especially this is of importance for biological systems. It is because the regularities governing their protolytic behavior on charged interfaces are the same.
CONCLUSIONS

A new computational method for evaluating the surface electrostatic potential of colloidal particles is proposed. It is a direct in silico implementation of the well-known and commonly used experimental method based on the measurement of pKa of acid-base indicators in colloid solutions. The method shows a notable accuracy ranging from nearly precise match (±10 mV by magnitude) for cationic micelles of CTAB to a reasonable correspondence (overestimate by 36% on average) for anionic micelles of SDS. The reason of the discrepancy was found to be the distorted reproduction of the indicator hydration energy by the used potential models or force field joined with unlike hydration degree of the indicator in ionic and nonionic micelles: it is similar in TX-100 and CTAB but different in SDS. Introducing a scaling coefficient to compensate for this distortion limits the error for SDS micelles to 28% at most. The method is found applicable to other colloidal objects of interest as well.

Along with surprisingly close Ψcalc and Ψexp values for a particular indicator, especially for cationic micelles, these values for different indicators in the given micelles vary substantially. On one hand, it gives a strong support to the efficacy of MD simulations in understanding surfactant micelles. On the other hand, this finding gives hope to use the same tool to solve the problem of the true Ψ value of a given kind of micelles. This is the subject of the accompanying paper [41].
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