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Abstract

:

We investigate how the size, the number, and the spatial arrangement of identical nonoverlapping reactive patches on a sphere influence the overall reaction kinetics of bimolecular diffusion-limited (or diffusion-controlled) reactions that occur between the patches and the reactants diffusing around the sphere. First, in the arrangement of two patches, it is known that the overall rate constant increases as the two patches become more separated from each other but decreases when they become closer to each other. In this work, we further study the dependence of the patch arrangement on the kinetics with three and four patches using the finite element method (FEM). In addition to the patch arrangement, the kinetics is also dependent on the number and size of the patches. Therefore, we study such dependences by calculating the overall rate constants using the FEM for various cases, especially for large-sized patches, and this study is complementary to the kinetic studies that were performed by Brownian dynamics (BD) simulation methods for small-sized patches. The numerical FEM and BD simulation results are compared with the results from various kinetic theories to evaluate the accuracies of the theories. Remarkably, this comparison indicates that our theory, which was recently developed based on the curvature-dependent kinetic theory, shows good agreement with the FEM and BD numerical results. From this validation, we use our theory to further study the variation of the overall rate constant when the patches are arbitrarily arranged on a sphere. Our theory also confirms that to maximize the overall rate constant, we need to break large-sized patches into smaller-sized patches and arrange them to be maximally separated to reduce their competition.
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1. Introduction


In reaction kinetics, competition effects have been a central theme in understanding the details of reaction processes and in calculating accurate physical quantities, such as rate coefficients [1]. For example, in a bimolecular reaction between reactants A and B, if there is more than one molecule of A, there is competition among the molecules of A for a molecule of B. Specifically, in this example, because any molecule of A has the possibility to react with a molecule of B, in principle, all those possibilities should be addressed in considering the kinetics. This consideration should also be noted for a reactant that has multiple reaction sites, which can be observed in many chemical systems. For example, some enzymes have multiple active sites, and the active sites compete with each other for a substrate [2,3]. Another example is a cell surface with multiple receptors for ligands [4]. Moreover, recently, an enzyme with multiple active sites was created by rational engineering [5], which implies that the number of examples will likely increase in the future.



The competition among reactive sites on a reactant molecule (or among reactant molecules) substantially affects the overall reaction kinetics. However, it is not easy to determine the strength of the competition effect, because the strength is influenced by the complicated interplay among many factors, such as the spatial distribution of competing reaction sites over a molecule; the density, size, and reactivity of reaction sites; and the accessibility to reaction sites. Therefore, depending on the molecular properties of the reaction sites, the kinetics could be significantly different from reactant molecule to reactant molecule. Thus, many theoretical studies have focused on general principles using simple models rather than on cases of particular reactant molecules because of difficulty in obtaining the aforementioned molecular properties. The simple models used in theoretical studies are designed to be simple yet capture the essential physics; for example, a reactant molecule can be approximately modeled as a sphere that has the same volume as that of the molecule. The advantages of using such models are that we can easily understand the fundamental aspects of physics without the complications associated with real systems, and we can extend simple models to understand a particular real system by incorporating the relevant molecular features into the models. Therefore, a mathematically well-defined and physically interesting model can be effectively applied to specific chemical systems and provide a general understanding of the corresponding processes. For example, the simple reaction models proposed by Berg and Purcell have been used to understand the physics of chemoreception in microorganisms [4]. In this work, we also focus on a discussion of simple reaction models, which are explained in detail later, and these models may be applicable to many interesting phenomena in real systems, such as the effect of the distribution of receptors on a cell in signal transduction.



In fact, to better understand the competition that occurs in reactions, many theoretical studies have been conducted [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. The models used in these studies include multiple spherical reactants (sinks) [8,9,10,14,15,16,20,23,24,25] and two nonoverlapping reactive patches on a sphere [11,12,13,21]. A common feature of these studies is that, as competing reactants or competing reactive patches are moved away from each other, the overall rate constant increases. Therefore, in an infinite space, to maximize the overall rate constant, we can simply put the competing reactants in infinite separation. However, in a finite space where the separation distance between reactants is limited or upper bounded, we cannot arrange competing reactants in infinite separation, and thus, we cannot completely remove the competition between reactants. Therefore, in a confined space or on a restricted surface area, we can speculate that the key to achieving the maximal overall rate constant is to arrange the reactants or the reactive patches in a way that they are maximally separated under a given constraint. In particular, the latter case of a restricted surface area arises in a model of  N  reactive circular or curved disk-like patches on a sphere, which can be considered a simple model for ligand binding on a cell surface [4]. This model, called the Berg-Purcell (BP) model, and its variant models have been studied with a various number of  N  patches [4,26,27,28,29,30,31,32,33,34,35,36]. In fact, the competition-minimization problem in this  N -patch model is similar to the one in finding the spatial arrangement of  N  electrons (or electron pairs) on a sphere in the Thomson problem [37,38] (or valence shell electron pair repulsion (VSEPR) theory [39]) giving the minimum potential energy. A more relevant minimization problem would be the geometric optimization problem called the Tammes problem, which is a packing problem of circles on a sphere for finding the arrangement of circles that maximizes the minimal distance between circles [40,41].



For an arbitrary number  N  of identical circular reactive patches on a sphere, it is intuitively appealing that the patch arrangement giving the maximal reaction rate is the one with maximally separated patches from each other, as in the Tammes problem. However, it is mathematically challenging to prove this proposition rigorously for any  N . Even in the Tammes problem, the general solution for arbitrary N is not known, and solutions for a limited number of  N  are available. From the studies of the Tammes problem, the known solutions for the arrangements of patches for  N  = 2, 3, 4, 6, and 12 have very symmetrical structures, and they are the opposite ends of a diameter, an equilateral triangle in the equator plane, a regular tetrahedron, a regular octahedron, and an icosahedron, respectively [41]. In fact, in previous studies of two patches on a sphere [13], it was shown that the solution for  N  = 2 is that the two patches are arranged at the two opposite poles of the sphere, which is equal to the Tammes solution for  N  = 2. To see if other solutions of the Tammes problem are also the solutions for the cases of reaction, we investigate the cases of  N  = 3 and 4 using numerical methods by calculating the rate constants for various arrangements deviating from an equilateral triangle in the equator plane and regular tetrahedron, respectively. Additionally, this investigation allows us to study the nature of the variations in the rate constant due to the patch arrangement, as well as the maximum value of the overall rate constant.



For the symmetric arrangements that we expect to give the maximum values of the overall rate constant, Northrup performed a series of Brownian dynamics (BD) simulations for given numbers of identical patches and compared the rate constants from the symmetric arrangements with those from random arrangements [26]. From this comparison, it was found that the rate constant from a symmetric arrangement corresponds to the maximum value of the rate constant obtained from various random arrangements, within the statistical errors. Another interesting finding is that the ensemble-averaged rate constant from random arrangements is very close to the rate constant from a symmetric arrangement, which means that the values of the rate constant are narrowly distributed near the maximum value. Note that in this Northrup system, the patch size was fixed, and the size of a disk-like patch (or spherical cap) was relatively small in the sense that the rate constant of a single patch on a sphere could be approximated by the rate constant of a disk in a plane (or the Hill rate constant [42]). Therefore, the main variable determining the rate constant in the Northrup system was not the spatial arrangement nor the size of the patches, but the number of patches.



Instead of fixing the patch size, Lu fixed the fraction of total reactive patch area over the entire surface area, while the patch size was free to change [29]. In this study with BD simulations, random arrangements were used, and the rate constant was calculated from the ensemble-averaged value of the arrangements. One interesting finding from the study is that, as the patch size decreases, the rate constant increases and eventually can reach the Smoluchowski rate constant, which is obtained when the whole surface of the reactant is fully reactive [1,43]. Additionally, Wu and Lu investigated how the spatial distribution of patches, characterized by a quantity called the separation index, affects the overall reaction kinetics [30]. They defined the separation index as a measure of relative patch-patch distance. In that study, they used two sizes of patches, which was the same size used in the original Northrup system and a size whose patch area was 25 times larger than the area of the Northrup patch. For each case of patch size, they generated identical patches randomly distributed on a sphere, calculated the overall rate constant for each patch distribution, and obtained the distribution of the rate constants. Interestingly, they found that the distribution of the rate constants was very narrow for both cases, which is consistent with Northrup’s narrow distribution. However, they did not directly compare the ensemble-averaged rate constant with the rate constant from symmetric arrangements, as in Northrup’s work. For this comparison, we employ the kinetic theories that provide us with the formulas for the rate constant for symmetric or uniformly distributed patches.



In fact, in addition to numerical studies based on BD simulations, theories explaining the kinetics for  N  patches on a sphere have been developed for evenly or uniformly distributed patches, and these theories can also be practically applicable to cases of randomly distributed patches. A theoretical study on this subject was initially carried out by Berg and Purcell [4] with their famous Berg-Purcell model. They assumed that the patches were evenly distributed over a sphere and derived a simple formula for the overall rate constant as a function of the patch size, the number of patches, and the radius of the sphere. Later, Shoup and Szabo derived the same formula from an idea that a sphere partially covered with reactive patches can be effectively replaced by a uniformly partially reactive sphere of the same size [31]. After that, Zwanzig derived an improved formula based on an effective medium approximation, [32] and the formula gave better agreement with the BD simulation results of random patch arrangements by Northrup [26]. With the help of BD simulations of random patch arrangements, Berezhkovskii et al. proposed another formula based on the boundary homogenization (BH) theory [33,34]. Interestingly, using a mathematical approach named the matched asymptotic analysis, Lindsay, Bernoff, and Ward (LBW) obtained a general formalism of the rate constant for an arbitrary patch arrangement, from which a simple formula can be derived for a uniform patch distribution [35]. In addition to these formulas, we recently obtained another new formula [27] by incorporating the curvature effect of patches [44] and the asymptotic behavior of the rate constant near   σ ~ 1   [34] into the Zwanzig formalism [32]. We showed that, overall, our formula and the BH formula give better results than others in a comparison of all the formulas except the LBW formula in the Šolc-Stockmayer, curved reactive surface (CRS), and BP models, although the Zwanzig formula only gives the best agreement with the BD simulation performed by Northrup for the BP model [27].



One reason for the improvement in our and the BH theories is taking into account the curvature effect explicitly or implicitly through BD simulations. The curvature effect is significant in large-sized patches, in the sense that the rate constant of a single disk-like patch on a sphere or a spherical cap largely deviates from the corresponding Hill rate constant, which is obtained when the disk patch is on a plane. Therefore, the theories for  N  patches based on the Hill rate constant of a single patch cannot be accurate for large-sized patches. However, since the previous comparison was made using BD simulations with small-sized patches and small reactive area fractions, and new theories and methods were recently proposed, it is necessary to extend the comparison to include cases with large-sized patches and new results from recently developed theories and other numerical methods. Specifically, in previous studies, relatively small-sized patches and small reactive area fractions  σ  were used:   a / R   = 0.063 with   σ ≤   0.25 in the work of Northrup [26];   a / R   = 0.025, 0.05, 0.1, and 0.2 with   σ ≤   0.5 in the work of Berezkowskii et al. [33];   a / R   = 0.063 and 0.314 with   σ ≤   0.4 in the work of Wu and Lu [30], where  a  and  R  are the radii of a curved disk and sphere; and  σ  = 0.125 and 0.25 in the work of Lu [29]. In fact, in addition to BD simulations, recently sophisticated numerical methods, such as the spectral boundary element method with Zernike polynomials [36], have been developed for the BP model. While these methods were applied to cases with a very large number of patches ( N  = 2000 [36] and 100,000 [45]), the values of  σ  were small;   σ ≤  0.25 in the work of Bernoff and Lindsay [36] and  σ  = 0.05 in the work of Kaye and Greengrad [45]. However, there has been no study with multiple large-sized patches with a large reactive area fraction. In this work, we investigate various cases, including those with large-sized patches and large total reactive area fractions, using a numerical method called the finite element method (FEM), which has been recently used for the study of a single reactive patch on a sphere [44].



Our research goal is fourfold. The first is to investigate whether a symmetric configuration gives the maximum value of the rate constant for the cases of  N  = 3 and 4, extending the previous study for  N  = 2. The second is to explore the cases with large-sized patches and large total reactive area fractions of patches using the FEM. The third is to test our recent kinetic theory by comparing its theoretical predictions with the numerical results that were previously reported in the literature (BD simulations) or are newly reported here (FEM). After validating our theory, the last goal is to further investigate the variations of the overall rate constant for a given constraint on patches using our theory.



Accordingly, our paper is organized as follows. In Section 2, we explain the details of the reaction systems and computational methodologies. In Section 3, we study the dependence of patch arrangements on the reaction kinetics for two, three, and four identical patches using the FEM to better understand the nature of competition effects. Then, we further study the reaction kinetics for two, three, four, six, and twelve identical patches with symmetric arrangements for various fixed sizes of patches. The rate constants calculated from the FEM are compared with the rate constants obtained from previous BD simulations and various kinetic theories. Additionally, instead of the fixed sizes of patches, we also study the kinetics of cases where the total reactive area fraction is fixed. After the validation of our theory by comparison with numerical results (FEM and BD simulations), we then use our kinetic theory to discuss the variation of overall rate constants for reactive patches on a sphere. In Section 4, we give our conclusions by summarizing our findings and discussing some implications of our work.




2. Methods and Materials


2.1. Reaction Models


In this work, we consider a diffusion-limited (or diffusion-controlled) bimolecular reaction between reactants A and B. For our convenience, we assume that reactant A has a spherical shape with a radius  R , has multiple nonoverlapping identical reactive patches on its surface, and is fixed at the origin of the coordinate system. Around reactant A, we assume that there are many point-like molecules of reactant B that do not interact with each other and freely move with a diffusion coefficient  D . When a molecule of reactant B contacts one of the reactive patches of reactant A, the reaction occurs immediately. This reaction process can be described by the Smoluchowski equation for the concentration of reactant B. Here, to further simplify, we normalize the concentration of reactant B by the bulk solution concentration of B, which is the concentration far away from A, so that the concentration    c B    is a dimensionless variable. We also assume that our model system is in a steady state. To solve the Smoluchowski equation, we set up the boundary conditions as follows: (1) on the reactive patches of A,    c B    is zero (absorbing boundary condition); (2) on the remaining nonreactive surface area of A, the flux of B onto A is zero (reflecting boundary condition); and (3) at locations far away from A,    c B    is 1 (bulk-solution concentration), meaning no reactions occur when B is far from A. We can define an outer boundary for boundary condition (3); for example, in Figure 1a, the red sphere represents an outer boundary condition. By solving the Smoluchowski equation, we obtain    c B    and calculate the rate constant  k  by calculating the fluxes of B at the reactive patches of A. For more details, one can refer to our previous work [44].



In our model, the reactive patches of reactant A have a spherical-cap or disk-like shape, as shown in Figure 1b. For example, in Figure 1b, the disk-like reactive patches, whose fraction of the total reactive area over the entire surface, or  σ , is 0.2, are distributed over reactant A. The  N  patches ( N  > 1) are symmetrically distributed such that they are maximally distant from each other. In general, these patches can have different sizes and various arrangements, and, moreover, the number of patches can be arbitrary. Here, to simplify, we assume that all the patches are identical. That is, in a given system, all patches are spherical caps or curved disks, and they have the same surface area. For our convenience, we denote the area of a single patch as   π  a 2   , which is the same area as that of a disk with a radius  a  on a plane, and, here, the length  a  is regarded as the characteristic length determining the size of a patch.



Since identical reactive patches on a sphere can have various numbers  N  and sizes  a  of patches with various arrangements  Ω , the overall rate constant  k  is a function of  N ,  a , and  Ω , or   k   =   k  (  N ,   a ,   Ω  )   . Here, we study the rate constant for the following three cases: (1) (the effect of arrangement)  N  and  a  are fixed while  Ω  is free to change; (2) (the effect of the number of patches)  a  is fixed while  N  and  Ω  are free to change; and (3) (the effect of patch size) the fraction of total reflective area  σ  is fixed while  a ,  N , and  Ω  are free to change under a fixed value of  σ . In Section 3, we study the detailed kinetics of the systems in each case.




2.2. Computational Methods


When  σ  is 1, or all the surface area of a sphere with a radius  R  is reactive in an unbounded domain, where the outer boundary is located at an infinite distance from reactant A, the rate constant  k  is given by    k  S M     =   4 π R D  , the Smoluchowski rate constant [1,43]. However, when the surface has nonreactive areas, or   σ   < 1, the exact closed-form solution of the Smoluchowski equation is not generally known, although an exact but formal expression for the reaction rate was recently derived in a general case, based on a spectral decomposition [46]. Therefore, we need to employ a numerical method to solve the equation, obtain the concentration, and calculate the rate constant. Specifically, in this work, we numerically solve the Smoluchowski equation using the FEM [47,48]. Alternatively, we may use a BD simulation method [26,29,30,33], another numerical method based on a stochastic equation equivalent to the Smoluchowski equation. However, since the FEM allows us to directly solve the Smoluchowski equation even with complicated geometric boundary conditions, we use the FEM. For the FEM calculations, we use the software COMSOL (COMSOL Multiphysics® v.5.4, COMSOL AB, Stockholm, Sweden), an FEM software package. In our systems, to achieve high accuracy in the FEM calculations, we use very fine meshes in the regions of and near the reactive patches; in the mesh construction, the mesh for the region of the reactive patches is “extremely fine” in the predefined setting of COMSOL, or it is finer than the “extremely fine” setting, while the mesh for the remaining regions has “fine” or a more refined mesh setting. Depending on the systems, the numbers of mesh vertices, tetrahedrons, and the element volume ratio (the minimum element volume divided by the maximum element volume) are various; for example, for the systems in Figure 2, the number of mesh vertices is from ~105 to ~106, the number of tetrahedrons is from ~106 to ~107, and the element volume ratio is ~10−5 to ~10−9. With this mesh setting, calculations with COMSOL give a high accuracy. For example, in reaction models where the exact solutions are known, the relative error between the exact and numerical solutions is less than or approximately 1% [44]. The FEM calculation is typically finished within a few minutes on a standard desktop computer. COMSOL is also used to visualize the results shown in the figures with xmgrace (http://plasma-gate.weizmann.ac.il/Grace/), which is used for plotting and fitting curves to the data.



When we use the FEM, we introduce an outer boundary located 10  R  from the center, since it is impossible to create meshes for an infinite space. For a bounded domain that is confined between a spherical reactant with a radius of  R  at the center and the spherical outer boundary with a radius of 10  R , the exact rate constant  k  for     σ   = 1 is known [44]. This rate constant corresponds to the Smoluchowski rate constant    k  S M     for an unbounded domain with    R  o u t e r     =   ∞  , and, therefore, it can be denoted     k ′   S M    . With this Smoluchowski constant     k ′   S M     for a bounded domain, we define the normalized rate constant   k ¯   in the bounded domain as    k ¯    =   k /   k ′   S M    . Additionally, a finding from our previous work [27] indicates that if the size of the outer boundary    R  o u t e r     is larger than the size of patch  a , which is satisfied for all our cases,   k ¯   is essentially independent of the value of    R  o u t e r    , which means the normalized rate constants are essentially the same whether    R  o u t e r     is 10  R  or infinite. That is,    k ¯    =     k   w i t h    R  o u t e r     =   10 R     k ′   S M     w i t h    R  o u t e r     =   10 R   ≈   k   w i t h    R  o u t e r     =   ∞    k  S M     w i t h    R  o u t e r     =   ∞    . Therefore, we use the FEM results obtained from the bounded systems with    R  o u t e r     = 10  R  for comparison with the results from other methods for an unbounded domain, where    R  o u t e r     is at an infinite distance from reactant A.



As examples of the FEM calculations, Figure 2 shows the solutions of the Smoluchowski equations solved by COMSOL with    R  o u t e r     = 10  R , and these solutions are represented by color maps of the normalized concentration    c B    around reactant A (sphere at the center). The rate constant  k  is calculated from the fluxes of reactant B at the reactive patches of reactant A. To calculate the normalization constant used in   k ¯   (1/    k ′   S M    ), we also solve the Smoluchowski equation for the case in which the entire surface is fully reactive, or σ = 1, with    R  o u t e r     = 10  R  to obtain     k ′   S M    .




2.3. Kinetic Theories


As discussed in Section 1, Berg and Purcell first proposed a model (the BP model) for multiple reactive patches on a sphere and formulated the kinetics involved in the model [4]. Specifically, they derived a formula for the rate constant   k   using a mathematical analogy between chemical kinetics and electrostatics. Their formula for  N  disk-like reactive patches, each with a patch area of   π  a 2   , on a sphere of radius  R  is given by


   k  B P     =    k  S M     N a   N a + π R    



(1)




where    k  S M     =   4 π R D  . Here, the subscript in the rate constant (BP, in this case) is introduced to indicate the theory used to obtain the formula. Additionally, it should be noted that a disk-like patch (spherical cap) whose area is   π  a 2    is characterized by the polar angle  θ  (see Figure 3a). From the area equation of   π  a 2    =   2 π  R 2   (  1 − cos θ  )   , we obtain a relation between  a  and  θ , which is   a   =   2 R sin  θ 2   .



From Equation (1), the normalized rate constant is defined as     k ¯     B P     =      k    B P      k  S M      . Furthermore, with   2  N   σ    =     N a  R   ,     k ¯   B P     can also be expressed in terms of  σ (  =     N π  a 2    4 π  R 2     ), the fraction of the total area of reactive patches over the total surface area of the sphere, as follows:     k ¯     B P     =     2  N   σ    2  N   σ  + π    , which is useful for the cases when  σ  is fixed.



Shoup and Szabo derived Equation (1) based on the idea that a sphere with  N  reactive patches can be kinetically equivalent to a sphere with uniformly partial reactivity [31]. Zwanzig further developed this idea of homogenization and proposed an effective medium theory, which gives an improved formula in that it produces the correct value at  σ  = 1, or it becomes the Smoluchowski constant    k  S M     [32]. Specifically, the Zwanzig (Z) formula for the rate constant is given by


   k z  =  k  S M     N a   N a + π R  (  1 − σ  )     



(2)







Later, Berezhkovskii et al. combined the BH theory with BD simulation results from random patch arrangements to find a more accurate formula for the rate constant [33,34]. They provided two formulas, but since they produce similar results, we used the later version of the formula [34], which is


   k  B H     =    k  S M     N a  (  1 + 0.34  σ  + 0.58  σ 2   )    N a  (  1 + 0.34  σ  + 0.58  σ 2   )  + π R    (  1 − σ  )   2     



(3)







Lindsay, Bernoff, and Ward derived a formula for a uniform distribution of patches using a matched asymptotic expansion analysis, especially for the low surface coverage limit,   σ « 1  , as follows:


   k  L B W     =    k  S M     N a   N a + π R  (  1 −  4 π   σ  +  a  π R   ln  (  4  e  − 1    σ   )  +    a 2    2 π  R 2   σ     )     



(4)







However, this formula gives an incorrect asymptotic value for     k ¯   L B W    , in that     lim   σ → 1     k ¯   L B W     =     2  N    2  N  + π  (  1 −  4 π  +  2  π  N    ln  (  4  e  − 1    )  +  2  π N    )     .



In addition to these formulas, we recently derived a new formula [27] based on the surface curvature-dependent kinetic theory [44] with correction for the asymptotic behavior as  σ  goes to 1 [34]. Our general formula with a parameter     κ ¯   p e a k     is given by


   k E    =    k  S M     N a  (  1 +  π 2  A  σ  −  π 2  B σ  )    N a  (  1 +  π 2  A  σ  −  π 2  B σ  )  + π R    (  1 − σ  )   2     



(5)




where   A   =     2  (  π − 2  )    κ ¯   p e a k     π  (  2   κ ¯   p e a k   − 1  )      and   B   =      (  π − 2  )    π  (  2   κ ¯   p e a k   − 1  )     .



From a numerical comparison with an FEM calculation, we determined     κ ¯   p e a k     in our previous work [27]. Here, we use 0.75 for the value of     κ ¯   p e a k    .


   k E    =    k  S M     N a  (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    N a  (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π R    (  1 − σ  )   2     



(6)







In a way to define     k ¯   B P    , instead of the original forms of rate constants given by (1)-(6), we also use the dimensionless forms of rate constants that are normalized by the Smoluchowski rate constant    k  S M    , which are denoted     k ¯  Z   ,     k ¯   B H    ,     k ¯   L B W    , and     k ¯  E   . We use these formulas in Equations (1)-(6) from various theories for comparison with the numerical results from BD simulations (previous works) and the FEM (our current work), as discussed in Section 3.





3. Results and Discussion


3.1. Dependence of Reaction Kinetics on Patch Arrangement


The spatial arrangement of reactants can significantly affect the reaction kinetics due to the competition between the reactants [14]. Likewise, the arrangements of reactive patches on a sphere can affect the overall reaction kinetics through the competitions between patches. To understand the effect of the distribution of reactive patches on the overall rate constant, we first examine the simplest case, two identical patches on a sphere, and see how the overall rate constant is dependent on their relative distances. Here, the distance between the patches on a sphere is characterized by the angular distance  ø , the angle formed by the two directional vectors from the center of sphere to the centers of the two patches, as shown in Figure 3a. When  ø  is zero, the two patches perfectly overlap with each other, and when  ø  is  π , they are located at opposite poles of the sphere. For this study, we use two patches with a polar angle  θ  = 10 ° , which are shown in Figure 3a. Therefore, the contact angle  ø  between the two patches is     20 π   180     or 20 ° . By using the FEM, we calculate the overall normalized rate constant defined as    k   ( 2 )    / 2  k   ( 1 )     , a function of  ø  for a range from     20 π   180     to  π , or from 20 °  to 180 ° . Here, the overall rate constant for two patches on a sphere, or    k   ( 2 )     , is normalized by the rate constant when the two patches are independent of each other (no competition), or   2  k   ( 1 )     , which is two times the rate constant of a single patch on a sphere, or    k   ( 1 )     . The result obtained from the FEM calculation is shown in Figure 3a.



In Figure 3a, to validate our numerical FEM results, we compare the FEM results with the results from the theory by Kang et al. [13]. They show good agreement in that the relative difference is less than 1%. The plots show the trend that, as  ø  increases, the overall normalized rate constant increases. From this trend, one may expect that the maximum would be at  ø  = 180 ° . In fact, the maximum value of the normalized rate constant appears at ø = 170 ° . However, considering the numerical error, two values at  ø  = 170 °  and 180 °  are essentially the same, and we may say that the expectation is true.



From the results in Figure 3a, we can address three points. First, the normalized rate constant can be very close to 1 but is less than 1. This means that because of the competition between the patches on a sphere, the rate constant of each patch is reduced, compared to the rate constant in the absence of competition. Second, the competition effect observed here is short-ranged in the sense that, when two patches are separated by larger than the angular distance of three times their own size, which is  ø  = 60 ° , the normalized rate constant is larger than 0.95. Third, the normalized rate constant is very close to 1 near  ø  = 180 ° , which implies that, when the patches are maximally separated, the competition almost disappears. From this analysis, we may conclude that, in general, as the angular distance  ø  increases or the two patches become more separated, the overall rate constant increases. Therefore, to maximize the overall rate constant for two identical patches, we need to arrange them at two opposite poles, which means the patch distribution has a    D  ∞ h     symmetry, as in homonuclear diatomic molecules.



Furthermore, we study the cases of three and four identical reactive patches with  θ  = 10 °  that are the same patches used in the two-patch case shown in Figure 3a. To generate various patch distributions, we consider the change in the angular distance  ø  from the top patch to one of the other patches, which is defined as the angle between the directional vector from the center of the sphere to the center of the top patch and the directional vector to the center of any of the other patches, as illustrated in Figure 3b,c. Note that, in this variation scheme, the angular distances ø are the same, and, moreover, in the four-patch case, the three patches except for the top patch are equally distributed on a plane passing through their centers. Therefore, once a single parameter of  ø  is determined, the relative arrangement of patches is completely determined. However, for a more general case, one may consider the cases where the patches are arbitrarily arranged. Note that when  ø  = 120 °  for three patches and  ø  = 109.5 °  for four patches, the patch arrangements are most symmetric and are equilateral triangular and tetrahedral, respectively.



Figure 3b,c show the rate constants as functions of  ø  for three and four patches, which are also normalized by the rate constants   3  k   ( 1 )      and   4  k   ( 1 )     , respectively, when the reactive patches do not compete with each other. For three patches, within numerical errors, the maximum value of the normalized rate constant is at  ø  = 120 ° . Likewise, for four patches, the maximum value is at  ø  = 109.5 ° . Note that, when  θ  = 168.4 ° , the three patches, except for the top patch, are aggregated near the opposite side to the top patch, and they contact each other without overlaps, as shown in the inset of Figure 3c.



From these considerations, in general, to obtain the maximum rate constants, one may need to arrange the patches in symmetric ways, such that the reactive patches are maximally separated, as in the Thompson (or VSEPR) or Tammes problems. The reason for this is that, as the patches become more separated, the competition between them is reduced, and, consequently, the overall rate constant is higher.



Instead of normalizing the overall rate constant    k   ( N )      for  N  patches by the rate constants   N  k   ( 1 )      in the absence of competitions, we can also use the Smoluchowski rate constant    k  S M     for the normalization, so that we can compare the three rate constants in one plot, which is shown in Figure 4. This normalized rate constant can be denoted   k ¯  , and this normalization is a typical way to represent the rate constants in dimensionless form. The plots in Figure 4 indicate that, for a given size of a patch (in this case,  θ  = 10 ° ), as the number of reactive patches increases from  N  = 2 to  N  = 4, the rate constant   k ¯   increases accordingly because of the increase in the total reactive area (see any vertical lines parallel to the y-axis). On the other hand, for a given number of patches, the rate constant has a range of values, depending on the arrangement of the patches (see the variation along each colored curve). That is, the rate constant   k ¯   is the minimum when the patches are aggregated without overlaps or the competition effect is maximized, and it is the maximum when the patches are arranged in the most symmetric way or the competition effect is minimized. Moreover, if we assume that the patches are merged into one larger single patch while keeping the total reactive area fixed, we have a lower value of the minimum, as is represented by the solid mark on the y-axis in Figure 4. In this case, the competition effect is stronger. In addition to the variation above under the fixed number of patches, the variations in the rate constant under other types of constraints are also discussed in the following sections in detail.



Additionally, the maximum values of   k ¯   in Figure 4 can be used to evaluate the accuracy of the various kinetic theories, since the maximum values are also calculated from the formulas given by Equations (1), (2), (3), (4), and (6), with    k ¯    =    k   k  S M       and   a   =   2 R sin  θ 2   . A comparison between the FEM results and the results from the kinetic theories is given in Table 1. Our theory and the LBW theory give the closest values to those from the FEM numerical results.




3.2. Dependence of Reaction Kinetics on the Number of Reactive Patches Under a Fixed Patch Size


In Section 3.1, we discuss the effect of patch arrangement on the overall rate constant. However, instead of the patches being arranged in specific ways in Section 3.1, the patches would be randomly distributed on a sphere. In this case, we can raise a fundamental question: what is the average overall rate constant for random patch arrangements?



Interestingly, from BD simulations, Northrup found that the ensemble-averaged value of the rate constant for random patch arrangements is very close to the value of the rate constant for the symmetric arrangement with maximum patch separation [26]. In fact, from an analysis of the distribution of rate constants for an ensemble, Northrup discussed that, in a large number of arrangements, the patches are located at large distances from one another and behave almost independently, and thus, the distribution of rate constants is biased toward the maximum value of the rate constant, at which the competition effect is minimized [26]. Berg and Purcell also discussed that the diffusive current (flux) to reactive patches for a random patch arrangement would be only slightly smaller than that for the uniform (symmetric) patch arrangement if the number of patches is sufficiently large [4]. Later, Wu and Lu also investigated the distributions of rate constants in BD simulations of random patch arrangements with two fixed patch sizes, and they found that the distributions of rate constants are very narrow for both cases [30], which is consistent with Northrup’s results [26].



The reasons why the distribution of rate constants is narrow and the average value of the rate constant is close to the maximum value may be understood from an analogy of the spatial distribution of  N  particles in a box. That is, when we randomly place  N  particles in a box, the most probable configuration is that the particles are homogeneously or evenly distributed in the box. Therefore, if we consider the probability distribution of  N  particle configurations, the probability distribution has the maximum probability when the particles are evenly distributed. Furthermore, if  N  increases, we expect that the probability distribution of the configurations will become narrower around the maximum probability. Likewise, for the distribution of patch arrangements, the most probable patch arrangement is that the patches are evenly distributed, which we call the symmetric patch arrangement. Therefore, because of this characteristic of the probability distribution, the ensemble-averaged value of the rate constant for the random patch arrangements is close to the maximum value of the rate constant corresponding to the symmetric patch arrangement.



From the above discussion, once the number of patches,  N , and the size of patches,  a  or  θ , are given, the ensemble-averaged rate constant for random patch arrangements is practically completely determined from the most symmetric arrangement, without consideration of all possible patch arrangements. Therefore, in   k   =   k  (  N ,   a ,   Ω  )   , when we consider only an average value of the rate constant, the variation in patch arrangement  Ω  does not play an important role, and the dependence of the overall rate constant  k  on  N  and  a  (or  θ ) is more interesting.



To study the effect of the number of patches  N  on the overall normalized rate constant   k ¯  , we can again consider the BP model. To study with this BP model, Northrup considered multiple reactive patches with a patch size of   θ   = π / 50   =   3.6 °   on a sphere and performed a series of BD simulations with different numbers of patches randomly distributed on a sphere. Northrup also compared the BD simulation results with results from the BP theory and concluded that the BP results only deviated to some extent from the BD simulation results in the intermediate patch coverage regime. However, this comparison was conducted with only small-sized patches whose surface area fraction was 0.000987, or 0.0987%, and up to  N  = 256, which corresponds to a  σ  value of 0.253, or 25.3%. Therefore, to completely understand the kinetics, it is necessary to extend this study up to the full coverage ( σ ~1) and to consider cases with larger patches, where the curvature effect is not ignorable. Moreover, since this comparison was made by Northrup, there has been substantial progress in theoretical approaches and numerical methods, and, thus, we need to include results obtained from other new theoretical and numerical methods in the comparison. In the following subsections, we first consider the original Northrup reaction system with an extended comparison of the rate constant, and then we consider the same Northrup reaction system but with larger sizes of patches. We also use these results to evaluate the accuracy of the theories addressed in Section 2.3.



3.2.1. Original Northrup Reaction System


First, we focus on the original reaction system studied by Northrup [26]. In the Northrup system, the size of a reactive patch is specified by the angle  θ  = 3.6 °  (or    π  50    ). This patch size corresponds to a surface area fraction of 0.000987, which means that we can put ~1000 patches on a sphere without overlap between patches. Therefore, we consider  N  = 1000 ( σ  = 0.987) as an upper limit of  N  in this study. Additionally, we extend the original comparison by Northrup by adding the results from another numerical method, the FEM, and other theories. In fact, we performed this comparison without the FEM and LBW results up to  N  = 256 in our previous work [27].



For the comparison with the theories, we use the formulas in Equation (1) for the BP theory, Equation (2) for the Zwanzig (Z) theory, Equation (3) for the BH theory, Equation (4) for the LBW theory, and Equation (6) for our theory with    k ¯    =    k   k  S M      ,   a   =   2 R sin  θ 2   , and    σ    =    N  sin  θ 2   . Additionally, for a comparison with a single patch into which all the patches are merged under the same value of  σ , we also add the rate constant for the single patch, which corresponds to the lower bound of the rate constant for a given  σ  value. To calculate the rate constant for a single patch, we use the formula obtained from our curvature-dependent kinetic theory. Specifically, the formula for the rate constant normalized by the Smoluchowski rate constant    k  S M     is given by


    k ¯   E , s i n g l e    ( σ )    =   −   2  (  π − 2  )   π   σ  3 / 2   +   3  (  π − 2  )   π  σ +  2 π   σ  1 / 2    



(7)




where   σ   =     N π  a 2    4 π  R 2      [27]. The accuracy of this formula is discussed in Appendix A.



An extended comparison is shown in Figure 5. As discussed in our previous work [27], the comparison indicates that the Zwanzig results give the best agreement with the Northrup simulation results among the theories. However, as shown in the inset of Figure 5, compared to our FEM results, the normalized rate constant from the Zwanzig theory is underestimated, and the LBW theory, our theory, and the BH theory give better agreement with the FEM results than the Zwanzig theory.



Additionally, since another set of BD simulation results with  θ  =    π  50     and     5 π   50     is available from the Wu and Lu work [30], we also compare the normalized rate constants   k ¯   from the BD simulations and various theories in terms of the total reactive area fraction  σ . For direct comparison with the original data provided by Wu and Lu, we use  σ  in the comparison, but we can easily convert from  σ  to  N  through   σ   =     N π  a 2    4 π  R 2      =   N    (  sin  θ 2   )   2    The results are displayed in Figure 6. A comparison with the results from the BD simulations clearly shows that the LBW theory, our theory, and the BH theory give the best agreement with the BD simulation results, while the Zwanzig theory only gives the best agreement with the Northrup simulation results shown in Figure 5. These differences may be due to differences in the details of the BD simulation methods.



Here, we can point out two features observed in Figure 5 and Figure 6. One feature is that as  N  increases,   k ¯   from all the theories except for the BP and the LBW theories correctly approaches 1. For example, as shown in Figure 5,   k ¯   from the BP and the LBW theories approach     2    N  m a x       2    N  m a x     + π   ≈ 0.953   and     2    N  m a x       2    N  m a x     + π  (  1 −  4 π  +  2  π    N  m a x       ln  (  4  e  − 1    )  +  2  π  N  m a x      )    ≈ 1.013  , respectively, where    N  m a x     =    1    0.000987       =   1013   as   σ → 1  . Another feature shown in Figure 5 is that the normalized rate constant for a single patch is smaller than that for multiple patches for the same reactive area fraction, and this feature means that, when reactive patches are dispersed rather than aggregated, the rate constant is larger. Consistent with this feature, the last feature from Figure 6 is that for a given  σ  value, small-sized patches with   θ   =    π  50     have a larger rate constant than large-sized patches with   θ   =     5 π   50    . This feature is related to the reduction in competitions between patches. We discuss this size effect in detail in Section 3.3.




3.2.2. Northrup Reaction System with Larger Patches


To better understand the cases of large-sized patches, for which the curvature effect cannot be negligible, we also consider the Northrup reaction systems with larger patch sizes of   θ   =     2 π   50   ,   3 π   50   ,   5 π   50    , and     8 π   50    . The results, including the original Northrup patch with   θ   =    π  50    , are displayed in Figure 7. Remarkably, for larger patches, the results from the LBW and our kinetic theory give the best agreement with the FEM numerical results. The BH theory also gives reasonably good agreement with the FEM results, while the other theories do not. This is because the BH theory implicitly takes into account the curvature effect by incorporating BD simulation results into the theory. Specifically, the other theories are based on the assumption that a patch on a sphere is so small that it can be considered as a disk on a plane, which does not hold for larger patches.



To illustrate why the curvature effect should be considered in a large-sized patch, we compare the normalized Hill rate constant for a planar disk and the normalized rate constant for a curved disk (or spherical cap) on a sphere, as given by Equation (7). Here, note that both disks have the same area of   π  a 2   . Since the Hill rate constant is   4 a D  , the corresponding normalized rate constant     k ¯   H i l l     is given by     k ¯   H i l l     =     4 a D   4 π R D     =    2 π  sin  (   θ 2   )   , where   a   =   2 R sin  θ 2    is used. For a single patch, since    σ    =   sin  θ 2   , we can rewrite     k ¯   H i l l     as follows:     k ¯   H i l l     =    2 π   σ  1 / 2    , which is the last term of     k ¯   E , s i n g l e     in Equation (7). Therefore, if we use the Hill rate constant for a curved disk, we ignore the first two terms in Equation (7). For a small patch, these two terms may be ignorable, but, for a large patch, the two terms should be taken into account. Specifically, when  θ  is    π  50     for the Northrup patch,  σ  = 0.000987, and, accordingly,     k ¯   H i l l     = 0.0200 and     k ¯   E , s i n g l e     = 0.0210. Therefore, the relative difference, or    (    k ¯   E , s i n g l e   −   k ¯   H i l l    )  /   k ¯   E , s i n g l e    , in percentage is only ~5%. However, as the patch size increases with   θ   =     2 π   50   ,   3 π   50   ,     5 π   50    , and     8 π   50    , the relative differences between     k ¯   H i l l     and     k ¯   E , s i n g l e     in percentage increase by 9%, 13%, 19%, and 26%, respectively. This means that, for a curved disk, the Hill constant is underestimated compared to the more accurate rate constant from our theory. Physically, the Hill constant does not take into account the flux from below the plane on which a disk is placed, and this limitation explains why the Hill constant is underestimated for a curved disk. Furthermore, in a limiting case with   θ   =   π   (or   σ   =   1  ),     k ¯   H i l l     =   2 / π   and     k ¯   s i n g l e     =   1  . Consequently, the relative difference is 36%, which means that there should be errors for large patches if we use the theories based on the Hill constant.





3.3. Dependence of Reaction Kinetics on the Number of Reactive Patches Under a Fixed Total Reactive Area Fraction


In addition to the number of patches   N  , another patch parameter that we may control for reaction kinetics is the total reactive area fraction  σ . In this case, under a fixed value of  σ , one variable that we can change is the size of a patch, which is characterized by  a  in area   π  a 2   . Here, note again that, for identical patches in our cases, once  a  is determined,  N  is accordingly determined to have a fixed value of  σ , where   N   =     4  R 2     a 2    σ  . In this work, we study the dependence of the overall rate constant on the number of reactive patches, as in the previous study by Lu [29], although a study of the dependence on the size of patches is equivalently possible.



3.3.1. Original Lu Reaction System


Lu studied the effect of patch size under fixed values of  σ  by calculating the rate constant   k ¯   as a function of  N  from BD simulations of random patch arrangements [29]. Here, we calculate the rate constants from the various theories to compare with that from Lu’s BD simulation results. This comparison is shown in Figure 8. For this comparison, we use Equation (1) (BP theory), Equation (2) (Zwanzig theory), Equation (3) (BH theory), Equation (4) (LBW theory), and Equation (6) (our theory). In this comparison, the BH theory gives the best agreement with the BD simulation results, and the LBW and our theory also show reasonably good agreement, especially for low values of  N . However, in the comparison, the BD simulations were performed under relatively small values of  σ , 0.125 and 0.25, which means that each patch size is limited by these values of  σ . Therefore, we also study cases with higher values of  σ  in the following section, where we can have larger patches.




3.3.2. Lu Reaction System with Larger Fixed Reactive Area Fractions


To investigate cases including those with large patches, we examine the reaction systems with fixed  σ  values of 0.1, 0.3, 0.5, and 0.7 using the FEM numerical method for various symmetric patch arrangements, as is shown in Figure 9a. In particular, we focus on the number of patches up to 12. This is because, beyond 12 patches, it is much more difficult to construct meshes with symmetric (or even) patch arrangements in the FEM. Specifically, for the symmetric patch arrangement for a large value of  N , we may use Fibonacci spiral points, which are approximately uniformly distributed on a sphere [35,36], but, as  N  increases, it is more difficult to successfully generate the fine meshes compatible with  N  spherical-cap boundaries on the sphere. However, other methods, such as the Brownian dynamics simulation method [26,29,30] and matched asymptotic analysis [35,36], can handle the systems with a much larger number of  N , as shown in Figure 5, Figure 6, and Figure 8.



Additionally, the FEM results are also used as a testbed for testing the accuracy of the formulas provided by the various theories. In fact, once we verify the accuracy of our theory, we use it for an extended study, which is discussed in Section 3.4.



In Figure 9a, we compare the rate constants from various theories with the rate constant from the FEM results. This comparison shows that our result and the FEM results are in excellent agreement, compared with the results from the other theories. It should be noted that the rate constant from the LBW theory is largely deviated from the one from the FEM calculations as  σ  increases and  N  decreases. This is because, for a single patch, the accuracy of the LBW formula given by Equation (4) is lower as the curvature of the patch increases, as shown in Appendix A. From the comparison in Figure 9a, we may conclude that our formula for the rate constant can be used for the full range of  σ  with reasonable accuracy. To test this claim, we perform an extended comparison with our theory in Figure 9b. That is, using our theory, we calculate the rate constant from  σ  = 0.1 to  σ  = 0.8 with an increment of 0.1 and compare the theoretical results with the FEM results, and this comparison also shows good agreement. In addition, interestingly, we notice that, for  σ  = 0.7, the rate constant for three patches has a lower value than that for two patches. This indicates that it is not necessarily true that an arrangement with a larger number of smaller patches always gives a higher rate constant in symmetric arrangements. This is because, when  σ  is high, three patches at equilateral triangular positions are overall closer to each other than two patches at linear positions (north and south poles), and, thus, the former has a stronger competition effect, which further reduces the rate constant. On account of this closeness among three patches at equilateral triangular positions, at  σ  = 0.8, the three patches overlap with each other, which explains why the point for  N  = 3 at  σ  = 0.8 is missing in the plot shown in Figure 9b. Additionally, note that the case of  σ  = 0.9 is not calculated, because, for all cases except for  N  = 1 and 2, the patches overlap in the symmetric arrangements.





3.4. Variation in the Overall Rate Constant


One interesting quantity is the variation in the rate constant, which can be defined by the difference between the upper and lower bounds of the normalized rate constant. As we discuss in Section 3.1, for a given number of patches  N  under a fixed size  a  of patches, we show that the rate constant has various values due to the patch arrangement. That is, when the patches are aggregated or maximally separated, the rate constant has the minimum or maximum value, respectively. We can estimate this variation in the rate constant using our theory. This is because, from the comparisons with the numerical calculations of the FEM (large patches) and BD simulations (small patches) in Section 3.1, Section 3.2, and Section 3.3, we find that the formulas of our theory can be used to calculate the rate constant for any cases of patches with reasonably high accuracy. Specifically, to obtain the maximum and minimum values, we can use our formulas for the rate constant given by Equation (6). The minimum value, or     k ¯   m i n    , is calculated using Equation (6) with  N  = 1 for a single patch, and the maximum value, or     k ¯   m a x    , is obtained using Equation (6) with  N  for the symmetric patch arrangement. Therefore, for the given  N  and  a , the range of the normalized rate constant   k ¯   is given by the following inequality:


    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π    (  1 − σ  )   2    ≤  k ¯    ≤   N a  (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    N a  (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π R    (  1 − σ  )   2     



(8)







Note again that  σ  is the total reactive area fraction, which is given by     N  a 2    4  R 2     . It also should be noted that this inequality is not mathematically strict but approximate, because the upper and lower bounds of   k ¯   are estimated by our approximate solution of     k ¯  E   .



Accordingly, the variation   ∆  k ¯    is given by the difference between the maximum and minimum values, which is


     ∆  k ¯    =     k ¯   m a x   −     k ¯   m i n           =    (    N a  (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    N a  (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π R    (  1 − σ  )   2     )       −  (    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π    (  1 − σ  )   2     )      



(9)







Note that for   N   =    1,   ∆  k ¯    = 0.



It also should be noted that in estimating the lower bound, or the rate constant for a single patch, we can use a more accurate formula given by Equation (7) for     k ¯   E , s i n g l e    ( σ )   . However, the difference between the two lower bounds by Equations (6) and (7) is not significant (see Appendix A). Therefore, we use Equation (9) for estimating the variation   ∆  k ¯   . The calculation of   ∆  k ¯    using Equation (9) can be immediately applicable to the cases in Section 3.2 and Section 3.3.



3.4.1. Variation in the Overall Rate Constant in the Northrup Reaction Systems


In Section 3.2, we consider the Northrup cases with fixed patch sizes specified by  a  or, equivalently,  θ . For those cases with   θ   =     0.1 π   50   ,   0.5 π   50     ,    π  50     ,   2 π   50     ,   3 π   50     ,   5 π   50    , and     8 π   50    , we evaluate the variations   ∆  k ¯    by using Equation (9) for each case. The results for   ∆  k ¯    as a function of  σ  are given in Figure 10a. From the results, we see that as  σ  increases, the variation   ∆  k ¯    initially increases and then reaches the maximum (     (  ∆  k ¯   )    m a x    ) at an intermediate value of  σ  (   σ *   ). After the maximum, this variation decreases and finally becomes zero at  σ  = 1. In fact, this behavior of   ∆  k ¯    with a maximum is similar to the plot by Wu and Lu for the rate constant sensitivity against  σ  [30].



To better understand the existence of the maximum at an intermediate value of  σ , or    σ *   , we consider the dependence of the rate constant on the patch arrangement at low and high values of  σ . For this analysis, we define the average relative variation per patch,    ∆  r e l     k ¯  1   ( σ )   , which is defined as     k ¯   m a x    ( σ )  /  (    k ¯   m i n    ( σ )  · N  )   . Here, we note that   ∆  k ¯    can be expressed in terms of    ∆  r e l     k ¯  1   ( σ )    and     k ¯   m i n    ( σ )   , as demonstrated in the following equation:


  ∆  k ¯    =     k ¯   m a x   −     k ¯   m i n     =     k ¯   m i n    (      k ¯   m a x       k ¯   m i n   · N   N − 1  )    =     k ¯   m i n    (   ∆  r e l     k ¯  1  ∆ N − 1  )   



(10)







At a low value of  σ , the patches can have a large variety of arrangements, since there are many available locations for the patches, and, thus, the patch competitions can be significant (when aggregated) or ignorable (when maximally dispersed). Therefore,    ∆  r e l     k ¯  1   ( σ )    is large. However,   ∆  k ¯    itself is small, because the magnitude of     k ¯   m i n     is small due to a small value of the reactive area fraction  σ . In contrast, at a high value of  σ , there is not much room for variation in the patch arrangement, because the patches are crowded. Therefore, the patches have a small variety of arrangements, and competition cannot be ignored. Accordingly,    ∆  r e l     k ¯  1   ( σ )    is small, although the magnitude of     k ¯   m i n     is large, which is the opposite trend, as in the above case, with a low value of  σ . Therefore, as  σ  increases,    ∆  r e l     k ¯  1   ( σ )    decreases while     k ¯   m i n    ( σ )    increases. From Equation (10), since   ∆  k ¯    depends on the product of two quantities showing opposite behaviors against  σ , or     k ¯   m i n   ·  ∆  r e l     k ¯  1   , we understand that the maximum should appear at an intermediate value of  σ , as is demonstrated in Figure 10b. In Figure 10b, we display     k ¯   m i n    ,    ∆  r e l     k ¯  1   ( σ )    and   ∆  k ¯    as functions of  σ  for the case of   θ   =     2 π   50    .



Finally, since the value of      (  ∆  k ¯   )    m a x     in Figure 10a is dependent on the size of a single patch characterized by  θ , we analyze the maximum variation (     (  ∆  k ¯   )    m a x    ) and its corresponding  σ  value (   σ *   ) as functions of the area fraction of a single patch (   σ 1   ). The results are shown in Figure 10c. As    σ 1    (or  θ ) increases,      (  ∆  k ¯   )    m a x     decreases and    σ *    increases, which were also observed in the Wu and Lu study [30]. The trend of      (  ∆  k ¯   )    m a x     can be explained by the fact that, as    σ 1    decreases,     k ¯   m a x     increases and     k ¯   m i n     decreases, and   ∆  k ¯    is thus larger for a fixed value of  σ . The trend of    σ *    can be explained by the fact that, as    σ 1    increases, the distribution of   ∆  k ¯    is shifted to the right in the plot of   ∆  k ¯    versus  σ , because the unit patch area    σ 1    is larger.




3.4.2. Variation in the Overall Rate Constant in the Lu Reaction Systems


Another interesting case for the variation in the rate constant is a case with a fixed value of  σ , where other parameters  N  and  a  are free to change under that restriction of  σ . However, since we consider identical patches,  N  and  a  are directly related, as we discuss in Section 3.3 (Lu reaction systems).



Here, the task of our interest is to obtain a range of the rate constant for a given value of  σ  using our kinetic theory. For this task, we can use Equation (9). However, it should be noted again that, in Equation (9),  N  and  a  are not independent parameters, since they are related by   N  a 2    =   4  R 2  σ  . Therefore, using     N a  R    =   2  N   σ   , we can remove  a  so that we can obtain the following formulas from Equation (9):


  ∆  k ¯    =    (    2  N   σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    2  N   σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π    (  1 − σ  )   2     )    −  (    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π    (  1 − σ  )   2     )   



(11)







In Equation (11), the second term, or the lower bound, is immediately determined once  σ  is given. However, to determine the first term, or the upper bound, we need to specify the value of  N , in addition to  σ . That is, in the equation,  N  is a free parameter without any restrictions. Therefore,  N  can range from 1 to infinity, or the area of a single patch can range from  σ  ( N  = 1) to infinitesimal (  N   =   ∞  ). If infinitesimal patches are allowed, mathematically, the first term, or the upper bound, in Equation (11) becomes 1. Therefore, for the Lu reaction systems, the variations   ∆  k ¯    are estimated as follows from Equation (11), respectively:


  ∆  k ¯    =   1 −  (    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )    2  σ   (  1 +   3  (  π − 2  )   2   σ  −  (  π − 2  )  σ  )  + π    (  1 − σ  )   2     )   



(12)







In fact, for a fixed value of  σ , the property that, as  N  goes to infinity,   k ¯   becomes 1, or     lim   N → ∞    k ¯    =   1  , was also previously discussed by Lu [29], using the argument that the quantity  Q  defined as     k ¯   1 −  k ¯      is proportional to    N  1 / 2    , and, thus, when  N  goes to infinity,   k ¯   should be 1 for  Q  to be infinity. However, we can directly show that     lim   N → ∞    k ¯    =   1   from the formulas in Equations (1), (2), (3), (4), and (6) by letting  N  be infinity.



For the Lu reaction systems, we plot the variations   ∆  k ¯    calculated from Equation (12) as a function of  σ  shown in Figure 11. In contrast to the cases in Section 3.4.1., where the patch size is fixed, there is no maximum at an intermediate value of  σ , and, instead, as  σ  increases, the variation   ∆  k ¯    monotonically decreases. This is because the maximum value of   k ¯   is 1 for any value of  σ . That is, even in the case of a very small-sized patch, if the single patch is broken into a very large number of smaller patches,   k ¯   becomes 1. However, in reality, a patch would have a physical limit in decreasing its size, and the reactivity of smaller patches could be reduced.



In this Section 3.4., we show how to calculate the variations   ∆  k ¯    by estimating the maximum and minimum values of   k ¯   using our kinetic theory. However, since the formulas of our theory provide only a single value of   k ¯   as the maximum value or the ensemble-averaged value of the rate constant, the distribution of the rate constant cannot be obtained, while the distribution can be obtained from BD simulations [26,30]. Therefore, to theoretically obtain the distribution of   k ¯  , we may need to develop a new theoretical method to consider an ensemble, as in the BD simulations. This would be a subject of future study.






4. Conclusions


In this work, we studied the diffusion-limited (or diffusion-controlled) reaction kinetics of  N  identical disk-like reactive patches on a sphere that react with partner-reactant molecules around the sphere. Specifically, we comprehensively studied how the overall rate constant is dependent on the patch size, the number of patches, and their spatial arrangement on the sphere. Studies on these characteristic factors of patches have been conducted previously by BD simulations, but the studies were not complete in that they were focused on cases with small-sized patches or with small fractions of the total reactive area. To study complementary cases with large-sized patches or with large fractions, we employed another numerical method called the FEM. From the FEM (large patches) and the previous BD simulation (small patches) results, we evaluated the accuracy of various kinetic theories by comparing the rate constants normalized by the Smoluchowski rate constant, or   k ¯  . Here, although   k ¯   in the FEM and kinetic theories is calculated for the most symmetric or uniform patch arrangement and   k ¯   in the BD simulations is the ensemble average for random patch arrangements, a comparison between them was possible, because the value of   k ¯   from a symmetric arrangement is very close to the ensemble-averaged value.



In particular, comparisons were made for two types of model systems; one system (Northrup system) is that the size of patches is fixed, and the other (Lu system) is that the fraction of the total reactive area is fixed. An overall comparison indicates that our kinetic theory based on the curvature-dependent kinetic theory, the LBW theory, and the BH theory gave better agreement with the numerical results than other theories. Given this reliability, we used our kinetic theory to further study the kinetic properties of reactive patches on a sphere.



Using our formula for multiple patches (  N ≥  1), we investigated the variation of the rate constant under fixed sizes of patches (Northrup system). For a given number  N , we estimated the upper and lower bounds of the rate constant. Specifically, since the rate constant obtained from the formula comes from the assumption that patches are evenly distributed (competition is minimized), the rate constant from the formula with  N  provides the maximum value. On the other hand, when the patches are aggregated as a single larger patch (competition is maximized), the rate constant from the formula with  N  = 1 provides the minimum value. For the minimum value, we can use the formula for a single patch ( N  = 1), although the formula for multiple patches with  N  = 1 also gives an accurate value of rate constant for a single patch.



We also studied the reaction kinetics under fixed values of  σ  (Lu system) using our formula for multiple patches. As in Lu’s work based on BD simulations [29], we also discussed that, as long as the patch size is infinitely small or the number of patches is infinite,   k ¯   becomes 1, no matter how small  σ  is. This is physically somewhat surprising, but it is mathematically correct from the formula.



From the above findings, we can conclude that, to increase the rate constant, we divide patches into smaller patches and arrange them in a way that the patches are maximally separated from each other. On the other hand, if we arrange them in a way that they are close to each other or we merge them into larger patches, the rate constant would decrease. Therefore, these findings provide a way to control the reaction kinetics of reactive patches on a sphere and a way to rationally design a reactant with a desired overall reactivity. Physically, these modifications of the arrangement and the size are related to adjusting the strength of competition among the patches.



We also explicitly studied the competition effect under a fixed value of patch size (Northrup-type system). For this study, we considered cases with two, three, and four reactive patches. The rate constants calculated from the FEM for various specific arrangements showed that, as the patches become more separated, the overall rate constant increased. However, our formula has a limitation in that it cannot be applicable to such a calculation of the rate constant for specific patch arrangements, since the formula only provides the maximum or the ensemble-averaged value of the rate constant. Therefore, one future research direction for the improvement of our formula is to take into account the explicit dependence of the rate constant on the patch arrangement, as in the LBW theory [35]. In addition to this, there are still a few theoretical challenges remaining in the development of the kinetic theory: (1) to find the probability distribution function of the rate constant for random patch arrangements and (2) to mathematically rigorously find the patch arrangement that gives the maximum rate constant for an arbitrary number  N  of patches, although it is expected to be a symmetric arrangement in many cases, which may have a similar level of mathematical difficulty to that in the Tammes problem.



Although the system with identical patches that we considered in this work has been proven as a very useful model to understand the chemical kinetics of patches, there is still room for improvement for more realistic systems. One improvement would be to generalize the model to include patches with different sizes or to consider a heterogeneous mixture of different reactive patches. Another improvement would be to introduce patch-patch interactions in the kinetic model. In reality, this would be an important factor in kinetics, because it would directly affect the patch distribution, resulting in the modification of the overall rate constant. For example, if reactive patches are mobile and may prefer to aggregate, the ensemble-averaged rate constant would be close to the rate constant for a single larger patch, instead of the rate constant for multiple smaller patches with maximal separation from each other.
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Appendix A


The Comparison of Rescaled Capacitance from Various Theories for a Single Patch on a Sphere in a Diffusion-Limited Reaction



To evaluate the accuracy of the kinetic theories for a single patch, we perform the comparison of rescaled capacitance    C 0  /  (  a / π  )    calculated from the LBW theory for a single patch and multiple patches with  N  = 1 (Equation (4)) [35], the Traytak theory with an infinite-order calculation [49], the BH theory for a single patch [50] and multiple patches with  N  = 1 (Equation (3)) [34], our theory for a single patch and multiple patches with  N  = 1 (Equation (6)) [27], and the FEM result [44]. The BH formula for a single patch [50] is given by:


    k ¯   B H , s i n g l e    ( σ )    =     2  σ   (  1 + 2.6  σ  − 3.2  σ 2   )    π    (  1 − σ  )    3 / 2   + 2  σ   (  1 + 2.6  σ  − 3.2  σ 2   )     



(A1)




where   σ   =     N π  a 2    4 π  R 2     .



Here, the capacitance    C 0    is defined in Reference [35], and, in this study, the capacitance is numerically equal to the normalized rate constant   k ¯  . It should be noted that the Traytak theory with an infinite-order calculation provides the exact value of rate constant and, accordingly, gives the exact value of the rescaled capacitance. The capacitance calculated from various theories are shown in Figure A1.



As one can see in Figure A1, the Traytak result, the results from the BH theory and our theory for a single patch, and the FEM result are very close to each other. However, the LBW results are accurate only when the patch size is small, and they are deviated from the Traytak result as the patch radius  a  increases. Particularly, the LBW formula for multiple patches, represented by Equation (4), with  N  = 1 is largely deviated as  a  increases. This explains why the LBW results give excellent agreement only when  a  is small (see Figure 9a). In contrast, the BH formula for multiple patches by Equation (3) with  N  = 1 is more accurate as  a  increases, and our corresponding formula by Equation (6) with  N  = 1 generally gives accurate results.
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Figure A1. Comparison of the rescaled capacitances    C 0  /  (  a / π  )    for a single patch as functions of patch radius  a . Figure 5 (a) of Reference [35] provides the results calculated from the LBW formulas for a single patch with an infinite series (LBW, single (full numerics)) and with a finite series up to three terms (LBW, single (three-term)). We also calculate the rescaled capacitance using the formula (Equation (4)) for multiple patches with  N  = 1 (LBW, multiple (N = 1)). Note that the interaction function  ℋ  defined in Reference [35], introduced in the derivation of Equation (4), gives 1/8 for  N  = 1, which is supposed to be zero for  N  = 1. The Traytak result with infinite-order calculation is from Reference [49]. The results from the BH theory are obtained from the formulas for a single patch and multiple patches given by Equation (A1) (BH, single) and Equation (3) with  N  = 1 (BH, multiple (N = 1)), respectively. The results from our theory are obtained from Equation (7) (E, single) and Equation (6) with  N  = 1 (E, multiple (N = 1)), respectively. The FEM results are obtained from Reference [44]. 






Figure A1. Comparison of the rescaled capacitances    C 0  /  (  a / π  )    for a single patch as functions of patch radius  a . Figure 5 (a) of Reference [35] provides the results calculated from the LBW formulas for a single patch with an infinite series (LBW, single (full numerics)) and with a finite series up to three terms (LBW, single (three-term)). We also calculate the rescaled capacitance using the formula (Equation (4)) for multiple patches with  N  = 1 (LBW, multiple (N = 1)). Note that the interaction function  ℋ  defined in Reference [35], introduced in the derivation of Equation (4), gives 1/8 for  N  = 1, which is supposed to be zero for  N  = 1. The Traytak result with infinite-order calculation is from Reference [49]. The results from the BH theory are obtained from the formulas for a single patch and multiple patches given by Equation (A1) (BH, single) and Equation (3) with  N  = 1 (BH, multiple (N = 1)), respectively. The results from our theory are obtained from Equation (7) (E, single) and Equation (6) with  N  = 1 (E, multiple (N = 1)), respectively. The FEM results are obtained from Reference [44].



[image: Ijms 21 00997 g0a1]







References


	



Rice, S.A. Diffusion-Limited Reactions in Comprehensive Chemical Kinetics; Elsevier: Amsterdam, The Netherlands, 1985; Volume 25. [Google Scholar]

	



Allison, S.; McCammon, J. Dynamics of substrate binding to copper zinc superoxide dismutase. J. Phys. Chem. 1985, 290, 1072–1074. [Google Scholar] [CrossRef]

	



Echeverria, C.; Kapral, R. Diffusional correlations among multiple active sites in a single enzyme. Phys. Chem. Chem. Phys. 2014, 16, 6211–6216. [Google Scholar] [CrossRef] [PubMed]

	



Berg, H.C.; Purcell, E.M. Physics of chemoreception. Biophys. J. 1977, 20, 193–219. [Google Scholar] [CrossRef]

	



Santiago, G.; Martínez-Martínez, M.; Alonso, S.; Bargiela, R.; Coscolín, C.; Golyshin, P.N.; Guallar, V.; Ferrer, M. Rational Engineering of Multiple Active Sites in an Ester Hydrolase. Biochemistry 2018, 57, 2245–2255. [Google Scholar] [CrossRef] [PubMed]

	



Waite, T.R. Theoretical treatment of the kinetics of diffusion-limited reactions. Phys. Rev. 1957, 107, 463. [Google Scholar] [CrossRef]

	



Wilemski, G.; Fixman, M. General theory of diffusion-controlled reactions. J. Chem. Phys. 1973, 58, 4009. [Google Scholar] [CrossRef]

	



Uhm, J.; Lee, J.; Eun, C.; Lee, S. Diffusion-controlled reactions involving a reactant with two reaction sites: Evaluation of the utility of Wilemski-Fixman closure approximation. Bull. Korean Chem. Soc. 2006, 27, 1181. [Google Scholar]

	



Uhm, J.; Lee, J.; Eun, C.; Lee, S. Generalization of Wilemski-Fixman-Weiss decoupling approximation to the case involving multiple sinks of different sizes, shapes, and reactivities. J. Chem. Phys. 2006, 125, 054911. [Google Scholar] [CrossRef]

	



Bluett, V.M.; Green, N.J.B. Competitive diffusion-influenced reaction of a reactive particle with two static sinks. J. Phys. Chem. A 2006, 110, 4738. [Google Scholar] [CrossRef]

	



Traytak, S.D.; Barzykin, A.V. Diffusion-controlled reaction on a sink with two active sites. J. Chem. Phys. 2007, 127, 215103. [Google Scholar] [CrossRef]

	



Ivanov, K.L.; Lukzen, N.N. Diffusion-influenced reactions of particles with several active sites. J. Chem. Phys. 2008, 128, 155105. [Google Scholar] [CrossRef] [PubMed]

	



Kang, A.; Kim, J.H.; Lee, S.; Park, H. Diffusion-influenced reactions involving a reactant with two active sites. J. Chem. Phys. 2009, 130, 03B606. [Google Scholar] [CrossRef] [PubMed]

	



Eun, C.; Kekenes-Huskey, P.M.; McCammon, J.A. Influence of neighboring reactive particles on diffusion-limited reactions. J. Chem. Phys. 2013, 139, 44117. [Google Scholar] [CrossRef] [PubMed]

	



Biello, J.A.; Samson, R. Competitive effects between stationary chemical reaction centres: A theory based on off-center monopoles. J. Chem. Phys. 2015, 142, 094109. [Google Scholar] [CrossRef] [PubMed]

	



Galanti, M.; Fanelli, D.; Traytak, S.D.; Piazza, F. Theory of diffusion-influenced reactions in complex geometries. Phys. Chem. Chem. Phys. 2016, 18, 15950. [Google Scholar] [CrossRef] [PubMed]

	



Traytak, S.D.; Grebenkov, D.S. Diffusion-influenced reaction rates for active “sphere-prolate spheroid” pairs and Janus dimers. J. Chem. Phys. 2018, 148, 024107. [Google Scholar] [CrossRef]

	



Felderhof, B.U.; Deutch, J.M. Concentration dependence of the rate of diffusion-controlled reactions. J. Chem. Phys. 1976, 64, 4551. [Google Scholar] [CrossRef]

	



Deutch, J.M.; Felderhof, B.U.; Saxton, M.J. Competitive effects in diffusion-controlled reactions. J. Chem. Phys. 1976, 64, 4559. [Google Scholar] [CrossRef]

	



Samson, R.; Deutch, J.M. Exact solution for the diffusion controlled rate into a pair of reacting sinks. J. Chem. Phys. 1977, 68, 285. [Google Scholar] [CrossRef]

	



Pritchin, I.A.; Salikhov, K.M. Diffusion-controlled reactions of isotropic reagents and molecules with two active sites. Effect of competition of the active sites for the reagent. J. Phys. Chem. 1985, 89, 5212. [Google Scholar] [CrossRef]

	



Traytak, S.D. Competition effects in steady-state diffusion-limited reactions: Renormalization group approach. J. Chem. Phys. 1996, 105, 10860. [Google Scholar] [CrossRef]

	



Zoia, G.; Strieder, W. Competitive diffusion into two sinks with a finite surface reaction coefficient. J. Chem. Phys. 1998, 108, 3114. [Google Scholar] [CrossRef]

	



Tsao, H.K.; Lu, S.Y.; Tseng, C.Y. Rate of diffusion-limited reactions in a cluster of spherical sinks. J. Chem. Phys. 2001, 115, 3827. [Google Scholar] [CrossRef]

	



McDonald, N.; Strieder, W. Competitive interaction between two different spherical sinks. J. Chem. Phys. 2004, 121, 7966–7972. [Google Scholar] [CrossRef]

	



Northrup, S.H. Diffusion-controlled ligand binding to multiple competing cell-bound receptors. J. Phys. Chem. 1988, 92, 5847–5850. [Google Scholar] [CrossRef]

	



Eun, C. Theory of curvature-dependent kinetics of diffusion-limited reactions and its application to ligand binding to a sphere with multiple receptors. J. Chem. Phys. 2018, 149, 024102. [Google Scholar] [CrossRef]

	



Ridgway, W.J.M.; Cheviakov, A.F. Locally and globally optimal configurations of N particles on the sphere with applications in the narrow escape and narrow capture problems. Phys. Rev. E 2019, 100, 042413. [Google Scholar] [CrossRef]

	



Lu, S.Y. Patch size effect on diffusion and incorporation in dilute suspension of partially active spheres. J. Chem. Phys. 2004, 120, 3997. [Google Scholar] [CrossRef]

	



Wu, J.C.; Lu, S.Y. Patch-distribution effect on diffusion-limited process in dilute suspension of partially active spheres. J. Chem. Phys. 2006, 124, 024911. [Google Scholar] [CrossRef]

	



Shoup, D.; Szabo, A. Role of diffusion in ligand binding to macromolecules and cell-bound receptors. Biophys. J. 1982, 40, 33–39. [Google Scholar] [CrossRef]

	



Zwanzig, R. Diffusion-controlled ligand binding to spheres partially covered by receptors: An effective medium treatment. Proc. Natl. Acad. Sci. USA 1990, 87, 5856–5857. [Google Scholar] [CrossRef] [PubMed]

	



Berezhkovskii, A.M.; Makhnovskii, Y.A.; Monine, M.I.; Zitserman, V.Y.; Shvartsman, S.Y. Boundary homogenization for trapping by patchy surfaces. J. Chem. Phys. 2004, 121, 11390–11394. [Google Scholar] [CrossRef] [PubMed]

	



Berezhkovskii, A.M.; Monine, M.I.; Muratov, C.B.; Shvartsman, S.Y. Homogenization of boundary conditions for surfaces with regular arrays of traps. J. Chem. Phys. 2006, 124, 036103. [Google Scholar] [CrossRef]

	



Lindsay, A.E.; Bernoff, A.J.; Ward, M.J. First passage statistics for the capture of a brownian particle by a structured spherical target with multiple surface traps. Multiscale Model. Simul. 2017, 15, 74–109. [Google Scholar] [CrossRef]

	



Bernoff, A.J.; Lindsay, A.E. Numerical approximation of diffusive capture rates by planar and spherical surfaces with absorbing pores. SIAM J. Appl. Math. 2018, 78, 266–290. [Google Scholar] [CrossRef]

	



Thomson, J.J. On the Structure of the Atom: An Investigation of the Stability and Periods of Oscillation of a Number of Corpuscles Arranged at Equal Intervals Around the Circumference of a Circle; with Application of the Results to the Theory of Atomic Structure. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1904, 7, 237–265. [Google Scholar] [CrossRef]

	



Altschuler, E.L.; Williams, T.J.; Ratner, E.R.; Tipton, R.; Stong, R.; Dowla, F.; Wooten, F. Possible global minimum lattice configurations for Thomson’s problem of charges on a sphere. Phys. Rev. Lett. 1997, 78, 2681. [Google Scholar] [CrossRef]

	



Gillespie, R.J.; Hargittai, I. The VSEPR Model of Molecular Geometry; Courier Corporation: Mineola, NY, USA, 2013. [Google Scholar]

	



Tammes, P.M.L. On the origin of number and arrangement of the places of exit on the surface of pollen-grains. Recl. des Trav. Bot. néerlandais 1930, 27, 1–84. [Google Scholar]

	



Weaire, D.; Aste, T. The Pursuit of Perfect Packing; CRC Press: Boca Raton, FL, USA, 2008. [Google Scholar]

	



Hill, T.L. Effect of Rotation on the Diffusion-Controlled Rate of Ligand-Protein Association. Proc. Natl. Acad. Sci. USA 1975, 72, 4918–4922. [Google Scholar] [CrossRef]

	



Von Smoluchowski, M. Versuch einer mathematischen Theorie der Koagulationskinetik. Phys. Chem. 1917, 92, 156. [Google Scholar]

	



Eun, C. Effect of surface curvature on diffusion-limited reactions on a curved surface. J. Chem. Phys. 2017, 147, 184112. [Google Scholar] [CrossRef] [PubMed]

	



Kaye, J.; Greengard, L. A fast solver for the narrow capture and narrow escape problems in the sphere. arXiv Prepr. 2019. [Google Scholar] [CrossRef]

	



Grebenkov, D.S. Spectral theory of imperfect diffusion-controlled reactions on heterogeneous catalytic surfaces. J. Chem. Phys. 2019, 151, 104108. [Google Scholar] [CrossRef] [PubMed]

	



Zimmerman, W.B.J. Multiphysics Modeling with Finite Element Methods; World Scientific Publishing Co Inc: Toh Tuck, Singapore, 2006; Volume 18. [Google Scholar]

	



Brenner, S.C.; Scott, L.R. The Mathematical Theory of Finite Element Methods; Springer Science & Business Media: New York, NY, USA, 2007. [Google Scholar]

	



Traytak, S.D. Diffusion-controlled reaction rate to an active site. Chem. Phys. 1995, 192, 1–7. [Google Scholar] [CrossRef]

	



Dagdug, L.; Vázquez, M.-V.; Berezhkovskii, A.M.; Zitserman, V.Y. Boundary homogenization for a sphere with an absorbing cap of arbitrary size. J. Chem. Phys. 2016, 145, 214101. [Google Scholar] [CrossRef]








[image: Ijms 21 00997 g001 550] 





Figure 1. (a) Schematic diagram of our chemical reaction model. One reactant molecule A of radius  R  with a single reactive patch (blue) is located at the center of the coordinate system. An outer boundary condition (red) is located 10  R  from the center. (b) Equidistant arrangements of  N  reactive patches on reactant A, with  N  = 2, 3, 4, 6, and 12, along with a single patch ( N  = 1), under a fixed fraction of total reactive area over the entire surface area ( σ ) of 0.2. The bluish spherical caps represent the reactive patches. The figures in (b) were prepared by using COMSOL. 
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Figure 2. Concentration color maps for symmetric arrangements of  N  identical reactive patches with  σ  = 0.2, which are at two opposite poles ( N  = 2), equilateral triangular ( N  = 3), tetrahedral ( N  = 4), octahedral ( N  = 6), and icosahedral ( N  = 12), together with the case of a single patch ( N  = 1). For each case, to clearly show the patch arrangement, we display the patch arrangements without colors in the figures to the left of the color maps. Note that the lines shown here have nothing to do with reactions and are auxiliary lines used in COMSOL. The figures were prepared by using COMSOL. 
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Figure 3. Overall rate constants    k   ( N )    /  (  N  k   ( 1 )     )    for  N  identical disk-like reactive patches on a sphere (reactant A) as functions of angular distance  ø  for (a)  N  = 2, (b)  N  = 3, and (c)  N  = 4 from the finite element method (FEM). The rate constants    k   ( N )      are normalized by the rate constants   N  k   ( 1 )      when the patches are infinitely separated (no competition). For  N  = 2, we also plot the rate constant calculated from the theory of Kang et al. [13] (solid line). For  N  = 3 and 4, the dashed lines connecting data points are drawn as a guide for the eye to see the trend. Patches with a polar angle  θ  = 10 °  are used to construct the reaction systems, and the area of a single patch is 0.76% of the total surface area. The insets show color maps of the concentration of reactant B around reactant A (white sphere) on a plane passing through the centers of reactant A and the top patch. For  N  = 2, the relative difference between the rate constants obtained from the FEM and the theory is less than 1%. For  N  = 3 and 4, the color maps also show the patch arrangements specified by a single parameter of the angle  ø , which is the angular distance from the top patch to one of the other patches. In (c), note that one patch is not seen in the inset figures, because it is behind the sphere. 
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Figure 4. Rate constants   k ¯   normalized by the Smoluchowski rate constant    k  S M     for the systems in Figure 3 with two (green square), three (blue diamond), and four (orange triangle) reactive patches on a sphere. Note that the differences between Figure 3 and this figure comes from different normalizations. The values at   ϕ   =   0 °   correspond to the rate constants calculated when the patches are merged into single patches that have the same total reactive area as the patches before merging. 
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Figure 5. Comparison of the normalized rate constants   k ¯   as functions of the number of patches  N , obtained from various methods for the Northrup system with a patch size of  θ  = 3.6 °  up to  N  = 1000 ( σ ~1). The normalized constants are calculated from the Berg-Purcell (BP), Zwanzig (Z), boundary homogenization (BH), Lindsay-Bernoff-Ward (LBW), and our (E) theory, whose formulas for   k ¯   are obtained from Equations (1), (2), (3), (4), and (6), respectively, and the numerical methods from BD simulations, whose results were reported in the Northrup work [26], and the FEM. We also plot the rate constant when all the patches are merged into one larger single patch (single patch) and when there is no competition, so that the overall rate constant is simply linear with the number of patches  N  (linear). The inset provides a zoomed-in view for a range of  N  up to 12 for a detailed comparison. Note that, in the inset, the ensemble-averaged rate constants from the BD simulations of random arrangements (black circles) are very close to the rate constants from the BD simulations of symmetric arrangements (green squares). Additionally, note that the lines from the LBW and our theory are very close to each other. 
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Figure 6. Comparison of the normalized rate constants   k ¯   as functions of the total reactive area fraction  σ , obtained from various methods with that from the BD simulations performed by Wu and Lu [30], with patch sizes of  θ  = 3.6 °  (   π  50    ) and 18 °  (    5 π   50    ). Note that the x-axis is the logarithmic scale. The normalized rate constants for the Berg-Purcell (BP), the Zwanzig (Z), the boundary homogenization (BH), the Lindsay-Bernoff-Ward (LBW), and our (E) theory are calculated from Equations (1), (2), (3), (4), and (6), respectively. Note that the lines from the LBW and our theory are very close to each other. 
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Figure 7. Comparison of the normalized rate constants   k ¯   as functions of the number of patches  N , obtained from various methods for various sizes of reactive patches, whose  θ  are (a)   3.6 °    (  π / 50  )   , (b)   7.2 °    (  2 π / 50  )   , (c)   10.8 °    (  3 π / 50  )   , (d)   18 °    (  5 π / 50  )   , and (e)   28.8 °    (  8 π / 50  )    for a range of  N  up to 12. The reactive area fraction of a single patch for each case is 0.000987 for   π / 50  , 0.00394 for   2 π / 50  , 0.00886 for   3 π / 50  , 0.0245 for   5 π / 50  , and 0.0618 for   8 π / 50  . The figures next to the plots show the concentration color maps for six patches. Since the maps are on two-dimensional planes, only four patches are shown. 
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Figure 8. Comparison of the normalized rate constants   k ¯   as functions of the number of patches  N , obtained from various theories with the rate constant from BD simulations with random patch arrangements by Lu [29] under fixed values of  σ  of (a) 0.125 and (b) 0.25. The normalized rate constants for the Berg-Purcell (BP), the Zwanzig (Z), the boundary homogenization (BH), the Lindsay-Bernoff-Ward (LBW), and our (E) theory are calculated from Equations (1), (2), (3), (4), and (6), respectively. 
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Figure 9. (a) Comparison of the normalized rate constants   k ¯   as functions of the number of patches  N , obtained from various methods under fixed  σ  values of 0.1, 0.3, 0.5, and 0.7. The normalized rate constants for the Berg-Purcell (BP), the Zwanzig (Z), the boundary homogenization (BH), the Lindsay-Bernoff-Ward (LBW), and our (E) theory are calculated from Equations (1), (2), (3), (4), and (6), respectively. (b) Comparison of the results from our theory (E) with the FEM results for symmetric patch distributions (FEM) from  σ  = 0.1 (bottom) to  σ  = 0.8 (top) with an increment of 0.1. 
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Figure 10. (a) Variation   ∆  k ¯    calculated from Equation (9) for the Northrup reaction systems as a function of the total reactive area fraction  σ  for patch sizes of   θ   =     0.1 π   50   ,   0.5 π   50   ,  π  50   ,   2 π   50   ,   3 π   50   ,   5 π   50    , and     8 π   50    . The patches with   θ   =     0.1 π   50   ,   0.5 π   50   ,  π  50     ,   2 π   50     ,   3 π   50     ,   5 π   50    , and     8 π   50     have reactive area fractions (   σ 1   ) of 9.87×10−6, 0.000247, 0.000987, 0.00394, 0.00886, 0.0245, and 0.0618, respectively. The sigma value (   σ *   ) giving the maximum value of variation      (  ∆  k ¯   )    m a x     is marked for   θ   =     8 π   50     in the plot. (b)   ∆  k ¯   ,    ∆  r e l     k ¯  1   ( σ )   , and     k ¯   m i n     as functions of  σ  for the case of   θ   =     2 π   50    . (c)      (  ∆  k ¯   )    m a x     (black) and the corresponding    σ *    (red) as functions of the reactive area fraction of a single patch (   σ 1   ). 
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Figure 11. Variations   ∆  k ¯    calculated from Equation (12) for the Lu reaction systems as a function of the total reactive area fraction  σ . 
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Table 1. Maximum values of the normalized rate constant   k ¯   from the finite element method (FEM) results (Figure 4), and the calculated values from various theories for  N  patches on a sphere. To avoid confusion about the maximum values in the FEM results, we round up the values to three decimal points so that the maximum values are the values at  ϕ  = 18  0 °   ( N  = 2), 120 °  ( N  = 3), and 109.5 °  ( N  = 4), which correspond to symmetric arrangements of the patches.
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	Number of Patches   N  
	FEM Result (Maximum Value)
	Berg and Purcell (Equation (1))
	Zwanzig (Equation (2))
	Boundary Homogenization (Equation (3))
	LBW (Equation (4))
	Ours (Equation (6))





	2
	0.118
	0.100
	0.101
	0.107
	0.123
	0.120



	3
	0.178
	0.143
	0.146
	0.155
	0.180
	0.177



	4
	0.232
	0.182
	0.186
	0.200
	0.233
	0.230
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