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Sigma Hole Potentials as Tools: Quantifying and Partitioning Substituent Effects 

Kelling J. Donald,* Nam Pham, and Pranav Ravichandran  

Department of Chemistry, Gottwald Center for the Sciences, University of Richmond, 
Richmond, Virginia 23173, United States 

 

Abstract: Empirical substituent constants such as the Hammett parameters have found 
important utility in organic and other areas of chemistry. They are useful both in predicting the 
impact of substitutions on chemical processes and in rationalizing, after the fact, observations 
on chemical bonding and reactivity. We assess the impact of substitutions on mono-iodinated 
benzene rings and find that the modifications that substituents induce on the electrostatic 
potentials at the sigma hole on the terminal I center correlate strongly with established trends 
of common substituents. As an alternative to the experimental procedures involved in 
obtaining empirically based substituent constants, the computationally determined constants 
based on induced electrostatic potentials offer a model for quantifying the influence of mono- 
and polyatomic, neutral and ionic, substituents on their compounds. A partitioning scheme is 
proposed that allows us to discretely separate σ and π contributions to generate quantitative 
measures of substituent effects.     

Keywords: Substituent Constants, Sigma Hole, Halogen bonding, Iodine, Weak Interactions. 
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Introduction 

Almost 200 years after Faraday’s 1825 isolation and study of what in now called benzene 

(C6H6),1,2 and just over 150 years after Kekule reported his insightful model of its structure,3
4

-
5

6 the 

impact of substituents on the properties of that ring remains an area of active research in chemistry. 

This interest has persisted since substituted benzene rings are ubiquitous in modern chemistry and 

making a single substitution on the ring (C6H5Rʹ) can radically modify the electron distribution in 

the ring and alter thus the likelihood that a subsequent substitution (to generate C6H4RʹRʺ) will 

occur at one or another of the remaining five C-H positions on the ring. 

A given substituent R may operate as an electron donor or an acceptor via the σ skeleton 

and the π system of the ring and may further influence the electron density distribution in the 

molecules by field (short-range through-space polarization) interactions. To a first approximation 

(although the electron density distribution in the σ framework and in the π system are 

interrelated),7 the overall impact of a substituent on the σ structure and on the π system, 

respectively, are summed up under the general categories of ‘inductive’, and ‘mesomeric’8 effects 

(with the latter often conflated with ‘resonance’ or treated as a special case of it). The early trans-

Atlantic contestation over the resonance and mesomerism concepts9 will not be rehashed here, but 

both terms remain in use, describing ‘resonance structures’ for examples and ‘mesomeric effects’.      

In addition to developing a qualitative understanding of the impact of substituents on the 

reactivity of benzene, quantifying those substituent effects has been a major goal as well.10
11

-
12

13 

Derick,14,15 investigated ‘Applications of Polarity Measured in terms of Logarithmic Functions of 

Ionization Constants,’ and the quantitative ‘Correlation of Ionization and Structure’,16,17 and traced 

that effort even farther back to Ostwald.14 But it is Hammett’s culminating contributions, two 

decades later, to quantifying substituent effects that are the best known today.18,19 Hammett’s 

review of the field cited efforts by contemporaries to formulate a “definite and simple relation 
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between the reaction rate and the free energy of dissociation [for acids].”20 But he was convinced 

that some of those efforts were “entirely incompetent,” and he made some key advancements.18 

In brief, the general form of Hammett’s relationship links the equilibrium constant, K, (or, 

alternatively, the rate constant, k) for the dissociation reaction of a substituted benzoic acid (R-

C6H4-COOH) to the identity of the substituent, R, and its position on the ring:19,21  

𝑙𝑙𝑙𝑙𝑙𝑙
𝐾𝐾

 𝐾𝐾𝑜𝑜
= 𝜎𝜎𝜎𝜎              𝑙𝑙𝑜𝑜       𝑙𝑙𝑙𝑙𝑙𝑙

𝑘𝑘
 𝑘𝑘𝑜𝑜

= 𝜎𝜎𝜎𝜎               

Here Ko is the experimentally obtained equilibrium constant (ko being the corresponding rate 

constants) for R = H, σ is a substituent constant specific to the identity of the substituent, and ρ is 

specific to the reaction, including the reaction medium and temperature. And Taft produced in the 

early 1950s a modified form of this equation to account more reliably for steric effects.22,23,24   

 Hammett-type constants have found extensive use in chemistry. They are guides, for 

instance, in the tuning the reactivity of rings, rationalizing the impact of substituents on pKa and 

reaction mechanisms, understanding weak interactions of rings,25 and even assessing trends in co-

crystallization.26 And although the methods employed early on all relied on experimental 

quantities, some attention, however sporadic, has been given to computational approaches as well 

for quantifying substituent effects.27
28

-
29

30 A 2005 review that’s centered broadly on σ- and π-electron 

delocalization,28 includes an account of some computational efforts made up to that point to link 

derived parameters (e.g. theoretical measures of aromaticity) and substituent constants. Substituent 

parameters based, for instance, on computed core-electron binding energies for ring carbon 

atoms29 and point charges30 have also been posited.    

We develop here a rigorously defined and general computational descriptor for substituent 

effects that can be partitioned transparently into σ and π contributions. Our research group,31,32,33 

and others,34,35,36 have considered that one viable computational approach for diagnosing the 

impact of substituents, including inductive effects, on various properties of compounds is an 

assessment of the ensuing reorganization of the electron density distribution in the compound.  
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It is now well known, for example, (despite the expectation that a halogen atom, X, in a 

molecule, R-Y-X, is electron rich) that a region of depleted electron density tends to arise on the 

outer pole of X opposite the Y-X bond, if R-Y is sufficiently electron withdrawing.37 And that so-

called sigma hole38 region is now a standard target of analysis for rationalizing halogen bonding. 

That localized electron deficient region shows up as a maximum in the electrostatic 

potential (ESP) on the molecular surface, Vs, and it tends to expand and becomes more positive as 

the ‘R-Y’ fragment becomes more electron withdrawing.39 In general, for a given ‘R-Y’ fragment, 

the sigma hole on X becomes larger and Vs much more positive going down group 17 (from F to 

I), and it becomes increasingly feasible to form halogen bonds (R-Y-X←Base). Indeed, it is now 

commonly believed that many weak interactions,40
41 42

-
43 44

45  organic and otherwise, including certain 

interactions to central atoms, are fostered by the presence of sigma holes.46
47 48

-
49 50 51

52  

We consider the potential utility of the variation in the electrostatic potential maximum, 

Vs,max, at the sigma hole on iodine centers on substituted iodobenzenes, R-Ph-I, as proxy for the 

meta- and para-directing influence of substituents on the ring. Bauzá et al. have examined the 

relationship between substituent constants and interaction energies of Y-I---N-Yʹ complexes 

formed by the aromatic C6F5I species with certain meta- and para-substituted (pyridine, and 

cyanobenzene) bases.34 They identified ‘strong linear relationships’ between Hammett’s constants 

and interaction energies in those complexes, and between those energies and the extremum values 

of the electrostatic potentials on I in the acids and N in the bases. Our results confirm a relationship 

between the potentials induced on I and substituent effects for a broad range of substituents. We 

show the utility of computed potentials as alternatives for the traditional substituent constants and 

importantly a well-defined approach is introduced for partitioning the newly derived potential-

based substituent parameters into σ and π contributions to the ring (de)activating tendencies of 

substituents. This approach allows for measures of (full, σ, and π) substituent effects to be 

computed as needed and compared for known or novel substituents.     
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Computational Methods 

The compounds considered in this work, including sixty-two iodobenzene systems and their 

saturated cyclohexane derivatives, have been optimized to minimum energy geometries on their 

respective potential energy surfaces and have been confirmed to be minima by vibrational 

frequency analyses (showing no imaginary frequencies). These computational studies have been 

carried out using the Gaussian 16 (G16) suite of programs,53 employing the ωB97X-D level of 

theory54 in combination with correlation-consistent triple-ζ (cc-pVTZ) basis sets55 for all atoms, 

except iodine, which is the heaviest atom in the compounds considered in this investigation. In the 

case of iodide, the small-core MDF pseudopotential56  provided by the Stuttgart/Cologne Group 

and the associated triple zeta basis sets56 were deployed. All calculations to examine the impact of 

solvent environments on the surface potentials of substituted benzenes have been carried out using 

a self-consistent reaction field (SCRF) method. For all of the cases considered (for ethanol and 

water) we employed the polarizable continuum model (PCM).57
58

-
59

60 The Chemcraft61 and 

Gaussview 662 graphical user interfaces have been used for data visualization and are the sources 

of molecular representations in this work. The electrostatic potential maxima presented herein 

were generated from formatted G16 checkpoint files using the Multiwfn software.63,64 

Results and Discussion 

The substitution of a particularly electron-donating or -withdrawing substituent on a halobenzene 

(X-C6H5) ring can have a significant impact on the nature of the sigma hole on X in that molecule.34 

For iodobenzene (where X = I), those effects are expected to be more prominent than they would 

be for any of the lighter halogen atoms, due to the greater polarizability of iodine.31,65 And ipso 

facto any interaction of bases with that X-atom sigma hole is expected to strengthen as X gets 

larger. That is assuming, at least, that contact between the lone pair on the base and X is not 
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frustrated, as X gets larger, due to secondary (e.g. steric) effects such as the inconvenient presence 

of a bulky ortho substituent on a XC6H5-nRn ring66 or an inconvenient structural feature in a 

cumbersome base than limits the access of X to the lone pair.67 To avoid such scenarios in this 

work, therefore, and because of the well-established similarities in the electronic effects of ortho- 

and para- substitutions on the electron distribution in benzene rings, we consider in this 

contribution only meta- and para- substituted iodobenzenes. The magnitudes of the computed 

maximum electrostatic potentials (ESPs) in the sigma holes for all meta- and para- substituted 

iodobenzene systems considered in this work (sixty-two molecules in total) are shown in Table 1.  

Table 1:  Computed electrostatic potential maxima, Vs,max, at the sigma hole on I in kcal⋅mol-1 units 
(on the 0.001 au isodensity surface) of the R-C6H4-I substituted benzene ring in the gas phase. 
  

R meta para R meta para R meta para 
H 17.67 B(OH)3

- -45.29 -40.93 CN 26.15 26.71 
F 21.10 20.30 S- -46.18 -43.47 CF3 23.22 23.66 
Cl 21.76 21.54 NHBut 14.24 12.89 COOH 21.46 22.19 
Br 21.86 21.70 NH2 15.37 14.01 COOCH3 19.46 21.02 
I 21.53 21.60 NHCH3 14.66 13.17 NO2 26.29 27.37 

CH3 16.68 16.49 NMe2 13.75 12.59 SO3H 25.98 26.52 
CH2CH3 16.61 16.42 NHCHO 22.60 21.63 SO2Cl 27.91 29.05 

n-Pr 16.24 16.04 OH 18.65 16.73 IF4 26.40 27.35 
i-Pr 16.46 16.35 OCH3 16.39 15.92 ICl2 26.97 27.54 

t-But 16.11 16.25 CHO 21.70 23.65 N≡N+ 93.68 94.27 
Ph 17.64 17.75       

i-Pr: CH(CH3)2;  t-But: C(CH3)3; These electrostatic potentials were generated on the 0.001au surfaces. For R = I, the 
values are typically identical on both I centers. If they differ in any marginal way, the average values are used. ESP 
values are often reported in atomic units as well: 1 kcal⋅mol-1 = 1.5936 × 10-3au.     

The substituents in Table 1 are grouped to reflect both the periodic relationships of the 

coordinating atoms (the first atom in each chemical formula in Table 1), as well as the generally 

understood (de)activating tendencies of the sustituents. Representations of the computed 

electrostatic potentials on the surfaces of two pairs of meta- and para-substituted iodobenzene 

systems spanning the extremes for neutral donors and acceptors in Table 1 (R = N(CH3)2 and 

NO2)) are shown in Figure 1. The potentials are all plotted on the same isodensity surface and on 

the same ESP color scale, and the two pairs of compounds are contrasted with the unsubstituted 

iodobenzene case (R = H), which happens to fall close to mid-way between them.  
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Figure 1: Electrostatic potential (ESP) maps showing the sigma hole on I (on the 0.001 au isodensity surface, all on 
the same ESP color scale: ± 3.019 × 10-2 au.) for R = H and inductively distinct substituents (R = N(CH3)2 and NO2) 
at meta and para positions in C6H4RI. Squares are added to help to identify the I site.  
 

In each case in Figure 1, the structures are oriented horizontally (with R on the right of the 

ring in the meta-substituted species) with the iodine atom pointing out from the plane of the page 

and the sigma hole facing the reader. ESPs on the same color scale as that used in Figure 1 have 

been generated for two of the ions that we have considered: R = S- and N2
+. But, in those more 

extreme cases (as we show in Table 1 and in the supporting information (SI); Figures S1-S2), the 

magnitudes of the electrostatic potential induced by -C6H4R on I for R = S- and N2
+ are very large 

(about an order of magnitude larger than those depicted in Figure 1). Indeed, Vson the 0.001 au 

surface is so large in those cases that – on the color scale used in Figure 1 – the ESP maps are 

totally and intensely red for S-, where Vs is uniformly negative, and completely blue for N2
+, where 

Vs is uniformly positive across the molecular surface (Figures S1-S2). Rescaled ESP maps for 

those two cases (on the same 0.001au surface but using a larger more sensitive range for the color 

scale) are provided in the SI as well (Figure S3). Although the surface potentials are all negative 

or positive for S- and N2
+, respectively, Vs does in fact vary from one point to another across the 

 ESP at I - (meta) N(CH3)2   ESP at I - (para) N(CH3)2  

 ESP at I - (meta) NO2  ESP at I - (para) NO2 

 ESP at – Unsubstituted (R = H) 

 -0.03019 au  +0.03019 au 
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isodensity surface, and there is still a maximum (Vs,max) at the I sigma hole in both cases (the least 

negative Vs on I for R = S-, and the most positive Vs on I for R = N2
+), and those values are the 

Vs,max data points shown in Table 1 for R = S-, N2
+, and similarly for B(OH)3

-.  

Vs,max is usually at the center of the sigma hole on the isodensity surface. The contrast in 

the size and strength of the iodine sigma hole (where ‘strength’ is a loose term referring to how 

positive the Vs,max values are, which is indicated pictorially by the intensity of the blue region in 

Figure 1, for example) are indicative of the dramatic impact that a substituent (at either the meta 

or para) position can have on the sigma hole on a halogen atom substituent on a ring. The 

observation for both S- and N2
+ – although they lie at the extremes of the potentials in Table 1 – 

implies a definite relationship between the cumulative inductive and other electronic effects of 

substituents and the nature of the sigma hole on the halogen atom on the ring. More specifically 

(and in line with evidence provided elsewhere),34,65 substitutions at a given point on the ring may 

be used to tune or radically alter the potential at the sigma hole on X and, by extension, any halogen 

bond or other ESP sensitive interaction in which a sigma hole might be involved.  

We will say much more shortly on the sensitivity of Vs,max at the sigma hole on I to the 

identity of the substituents in the gas phase and in solution, but, to start with, the graphical 

representation of the two sets of data in Table 1 proves to be instructive (Figure 2). It provides us 

with insights – using the sigma hole as a sensor – into the electronic effects arising from changes 

in the substituent position on the ring.  

The ESP maxima in the sigma hole at I in Table 1 for the meta vs. the para positions 

relative to the position of I show a generally linear trend (see Figure 2). This implies that each 

substituent will produce about the same enhancement or attenuation of the sigma hole relative to 

the iodobenzene (R = H) regardless of the (meta vs. para) position on the ring. But that is not quite 

the case. For reference, we include in Figure 2, and in other plots, the line y = x. The case where 
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R = H falls of necessity on that line since Vs,max(meta) = Vs,max(para) for R = H. In the idealized case, 

where mesomeric effects are negligible and the total field and inductive effects of substituents are 

independent of their positions on the ring, the induced ESP at I for any R at the meta and para 

positions should be identical such that all of the data points in Figure 2 would fall on the reference 

line y = x. But the distribution of the data (see Figures 2 and S4) is much more nuanced.  

  

 
Figure 2: Plot of Vs,max in kcal⋅mol-1 at I for R at para vs. meta positions on iodobenzene. All values 
are listed in Table 1. The (red) R = H data point is identified, partly obscured by R = Ph. 

 

 

Several of the data points in Figure 2 do not fall on the y = x line, but they tend to cluster 

around it in a distinct pattern. For that reason, no best-fit line is provided, but, the imposition of 

the reference line, y = x, is especially helpful, since a close examination at the data evinces a link 

between the identity of R and the nature of the response of Vs,max at I to substituting for R.  

Figure 3 re-presents the data shown in Figure 2 in a way that amplifies certain 

distinguishing features of the computed potentials. The different marker types in Figure 3 help us 

to see that the three broad categories of substituents that we identified in Table 1 fall into definite 

subgroups as we go from the lower to the upper end of the reference line on the graph.  
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Figure 3: Plot of Vs,max in kcal⋅mol-1 at I for R at para vs. meta positions on iodobenzene, exposing 
different responses of Vs,max as a function of the identity and position of R.  
 

For the weakest Vs,max values (blue diamonds in Figure 3) – where the potentials at the 

sigma hole on I tend to be noticeably lower (less positive) than Vs,max for R = H – we find that 

Vs,max(meta) > Vs,max(para). That is para substitution reduces the potential in the sigma hole even 

more substantially than meta substitution. Put another way – for this group of substituents – para 

substitution pushes more electron density into the ring, is more activating (toward electrophilic 

substitution), and diminishes, thus, Vs,max more strongly than meta substitution. There is an 

intermediate category of substituents (black circles) where Vs,max(meta) ≈ Vs,max(para), and going 

up the reference line from left to right in Figure 3 (as Vs,max increases relative to the R = H case), 

we find a third sub-group of substituents (red triangles) for which para substitution increases the 

sigma hole potential more substantially than meta substitution: i.e.Vs,max(meta) < Vs,max(para). 

For that group of substituents – para substitution pulls even more electron density from the ring, 

is more deactivating, and enhances, thus, Vs,max more strongly than meta substitution.   

Moreover, it has been gratifying to find that the substituents in the three categories, 

respectively, fall roughly into electronically meaningful categories that we might describe as 
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strong overall (i.e. σ + π) donors, intermediates, and strong overall (i.e. σ + π) acceptors. The 

species classified as strong donors are those in Table 1 from R = NHBut to OCH3 (blue diamonds 

in Figure 3). Several of them are already known to be good donors and typically have a lone pair 

on the atom bonded to the ring. Those classified as strong acceptors are the substituents in Table 

1 from R = CHO to SO2Cl (red triangles in Figure 3) – having, typically, very electronegative 

substituents (fluorides, such as CF3, and IF4, or double bonds to oxygen) on the central atom of the 

R group, and no lone pair available to donate to the ring. The IF4 fragment, for example, is locally 

square pyramidal with a lone pair pointing away from the ring, opposite to its C-I bond. ICl2 has 

two lone pairs, but in its T-shaped structure, both lone pairs point away as well from the ring. 

The systems described as intermediate cases include the halides, where strong σ-acceptor 

tendencies run counter to π donating tendencies, the phenyl ring ((R = Ph) which is traditionally 

considered to be weakly σ withdrawing and weakly π donating, and the alkyl substituents for which 

resonance or π contributions are expected to be weak relative to the stronger σ donor tendencies. 

And, except for the fluoride, these intermediate cases fall on or very close to the line y = x in 

Figure 3 with mean absolute percentage deviations in the meta and para Vs,max values in Table 1 

of 1% or less. The well-known unique properties of the (very electronegative, but π-donating) 

fluorine substituent likely account for their exceptional behavior compared to the other halogen 

atoms and the alkyl fragments in the intermediate group. A case may be made that F and Ph belong 

in another group, but we were content to leave them in that middle category for this discussion.   

Overall, the double (σ+π) donor systems fall consistently below the line y = x, the double 

(σ + π) acceptor systems fall above that reference line, and the intermediate systems tend fall on 

or close to it (Figure 3). And that outcome provides us with some evidence that the electrostatic 

potentials induced at the sigma hole on the I center by the R group on the ring is a potentially 
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credible computational measure of the electron withdrawing and donating tendencies of 

substituents. Moreover, we find (as we show in Figure 4) that this is indeed the kind of general 

ordering that the classical (σm and σp) substituent constants accomplish as well. There (in Figure 

4) the donors – using identical labels to those used in Figure 3) – assemble in the lower left hand 

of the graph, the intermediates in the middle, and the strong donors with the largest σm and σp 

values collected at the top right. The values plotted in Figure 4 are listed in Table S1.21,68 

 
Figure 4: Plot of traditional substituent constants, σm and σp, with distinguishing markers for the 
general categories of substituent types defined in Table 1.  
 

Since the plot of the para vs. meta effects on the I sigma hole succeeds in ordering the 

systems into categories as strong donors and acceptors (Figure 3; mirroring a pattern seen in the 

traditional constants (Figure 4)) we were encouraged to consider the extent to which these 

observations might allow us to rationally partition Vs,max into inductive and mesomeric 

components. 

An ESP based Ansatz for Partitioning σ and π Contributions: We considered the possibility 

of partitioning the inductive and mesomeric contributions of the substituents by a scaling method 

that relies on the transferability of inductive effects from a six-membered ring system without π-

bonds. This approach has some precedence in a much earlier strategy to isolate inductive effects 
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of substituents by assessing experimentally the reactivities of saturated systems – 4-substituted 

bicyclo[2.2.2]octane-1-carboxylic acids – that (unlike substituted benzoic acid from which 

Hammett’s substituent constants were obtained) have no π-bonds.69 

In this case, however, we considered the influence of equatorial substitutions at carbons 3 

and 4 relative to the equatorial C-I bond in monoiodocyclohexane (C6H10RI), the saturated product 

of the meta- and para-substituted benzene systems that we have been discussing so far. The 

maximum induced electrostatic potentials at the sigma hole on I in each of the optimized benzene 

and saturated cyclohexane chair systems are listed in Tables S2 and S3 in the SI (and the 

corresponding minimum energy coordinates are available in supporting .xyz files). We will 

confirm later in this article a general insensitivity of the trends that we have observed so far to the 

equatorial vs. axial position of iodine on the cyclohexane ring in generating transferrable inductive 

contributions to the overall value of the sigma hole potentials.   

To compare the computed iodine sigma hole potentials from C6H10RI with the 

corresponding potentials obtained for the corresponding planar aromatic ring, the cyclohexane 

values were scaled according to the following simple ansatz: 

(i) The maximum potential (Vs,max) induced at the iodine σ-hole in C6H10RI due to field and 

inductive effects ‘I’ of the ‘-C6H10R’ fragment (represented by 𝑉𝑉𝐼𝐼;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅)) is scaled by adding a 

constant ∆V to all of the 𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅) values. That constant is: 

∆Vbenz-cycl(H)  = 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐇𝐇)− 𝑉𝑉𝐼𝐼;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝐇𝐇)                    Eq. 1 

It is defined to be precisely the difference between 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐇𝐇), which is Vs,max at I in 

iodobenzene (where R = H) – and 𝑉𝑉𝐼𝐼;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝐇𝐇), which is Vs,max at I in iodocyclohexane (where R = 

H). So, the iodobenzene value and the scaled value are equal for R = H:  

𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝐇𝐇) = 𝑉𝑉𝐼𝐼;𝑠𝑠,max

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝐇𝐇) + ∆Vbenz-cycl (H)  = 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐇𝐇)       Eq. 2 
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Here, the implicit assumption is that, for R = H, the substituent effects have no mesomeric 

contribution. And that same constant from R = H is added to all of the other cyclohexane values 

(see Tables S3 and S4) such that, in general, for any R, the scaled inductive term is,  

𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅) = 𝑉𝑉𝐼𝐼;𝑠𝑠,max

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅) + ∆Vbenz-cycl (H).                  Eq. 3 

And, since 𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠 excludes π effects for any given R group we expect that, generally,  

𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅) ≠ 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅)                  Eq. 4 

except for R ≠ H. Recall that, as defined above, the R = H case has no mesomeric component:  

𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐇𝐇) = 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐇𝐇) −  𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝐇𝐇) = 0.         Eq. 5 

But for any arbitrary substituent, R, the corresponding mesomeric component,  

𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑹𝑹) =  𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑹𝑹) −  𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑹𝑹),          Eq. 6 

is, in general, non-zero. The corresponding values, including those for 𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅) and 

𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑹𝑹), are shown in Tables S2-S5 in the SI). For an alternative and insightful route to the 

same definition for 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑹𝑹), see the approach summarized in the Appendix.  

This scaling procedure provides us with transferable values associated with the specific 

field-inductive contribution of R to the total electrostatic potential at the sigma hole on I in 

benzene. It comes, however, with the assumptions that (a) the through bond electronic effect of R 

in C6H10RI is purely field-inductive and that through space (field) effects of substituents at the 

meta or para position in the ring fall off rapidly with distance,69 and (b) that an additive scaling 

strategy is valid for linking inductive potentials of the I center in the saturated ring and benzene. 

The outcome for the scaled cyclohexane values for the para vs meta positions is shown in 

Figure 5. In that figure, the values all cluster very closely to the reference line, as expected for 

purely inductive effects. The position on the ring relative to the I center is expected indeed to be 

far less consequential for inductive effects that can be conveyed more evenly around the ring 
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compared to the mesomeric effects21 such that VI;s,max(meta) ≈ VI;s,max(para). The complete graphs that 

include the ionic cases is included in the supporting information, since the values for the charged 

species would compress the scale used here substantially (see Figures S4-S6 and Tables S2-S5).      

 
Figure 5: Scaled iodine σ-hole potential maxima obtained from cyclohexane and associated with 
field-inductive effects in the benzene ring for meta and para R substituents.  
 

By subtracting those scaled inductive contributions (Figure 5) from the corresponding total 

potentials (Figure 3), the partitioning strategy that we just outlined succeeds in isolating the strong 

π donor systems (in blue, in Figure 6) from the strong π-acceptor systems (in red) to opposite side 

of the reference line, with the intermediate systems falling on or very close to the line, including 

the R = H case where  𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  = 0 by definition as we explained above.  

Where R is a π-donor (and for ortho-para directors generally), the electron density in the 

ring is enhanced, including at I (and especially when R is at the para position). So  𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) is 

expected to be lowered relative to 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐻𝐻) = 0 for those systems, and therefore negative, as 

we observe in Figure 6 and Table S5. Since 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) is the difference between the total 

V(I+M)s,max at I and the putative inductive part, 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  expose the deterioration of the sigma hole 

(due to the π donor’s infusion of electron density into the ring) relative to the R = H case.    
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Figure 6: Plot of para vs. meta 𝑉𝑉𝑀𝑀;𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) values, which are associated with π effects after 
inductive components are removed from 𝑉𝑉𝐼𝐼+𝑀𝑀;𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅). 
 

Conversely, Where I is a π-acceptor (and for meta directors generally), the electron density 

in the ring is diminished, including at I (and especially at the ortho and para positions), such that  

𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) is expected to be increased relative to 𝑉𝑉𝑀𝑀;𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐻𝐻) = 0, and are expected thus to be 

positive in general, as we observe in Figure 6 and Table S5. Since 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) is the difference 

between the total V(I+M)s,max at I and the putative inductive part, the 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) values expose, in 

that case, the enhancement of the sigma hole (due to lower π electron density in the ring) relative 

to the R = H case.    

The selection of the equatorial-equatorial (i.e. Req-Ieq) positions for I and R on the 

cyclohaxane ring leaves unanswered the question of whether this outcome is an accident of our 

selection. We show in the SI (see the supporting notes and Figure S7) that indeed the general 

qualitative ordering of the substituents in terms of their inductive tendencies (and the impact on 

the sigma hole potentials) is not an accident of the C6H10RI configuration but reflective of the 

nature of each R substituent. 
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Modelling the Impact of Solvent Environments: To model the influence of solvents on the 

strength of the sigma hole, we considered separately the two polar solvents (ethanol and water 

dielectric environments as defined by the implicit solvent PCM model in the Gaussian 16 software) 

used in the solutions employed experimentally by Hammett.18,19,21 The analyses just reported for 

the gas-phase case were repeated, and those studies (see Figure 7 and Table 2) showed remarkable 

alignment with the data obtained from the gas phase calculations (Figure 3), except that the actual 

magnitudes of the total Vs,max values are altered somewhat in those high dielectric environments, 

and we say more about that presently. An explicit solvent model affords vital insights where 

solvent-solute interactions are critical.70,71 We utilized an implicit solvent model, however, since, 

in addition to somewhat lower computational costs, the latter model allows us to assess the impact 

of substituents on the potentials in different dielectric environments (for the substituted benzenes 

and cyclohexanes (R-Y-I)), prior to any solute-solvent complex formation (e.g. R-Y-I---OEtH or 

R-Y-I---OH2 halogen bonds for water or ethanol, respectively). Such I---O type interactions are 

known to arise in solution70 and would necessarily inhibit our ability to locate and assess the 

isolated Vs,max(I) (prior to any complex formation) in which we are interested here.       

 
Figure 7: Plot of para vs. meta 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) values at I for (a) ethanol and (b) water. The values 
in the two graphs are very similar due to a rapid convergence of Vs,max with relative permittivity, ε. 

Water 

(a) (b) 

Ethanol 
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For iodobenzene, the computed potential maxima in the sigma hole at I, in kcal⋅mol-1 units, 

are Vs,max (R = H, vacuum) = 17.6, Vs,max (R=H, ethanol) = 16.7, and Vs,max (water) = 16.7. So, the 

solvent Vs,max values (listed in full in Table 2) agree for R = H up to three significant figures, which 

is in line with an earlier observation of an exponential convergence of ESP values as relative 

permittivity increases.72 That general qualitative agreement between results from the gas phase 

and from (implicit) solvent environments (see Figures 3 and 7) extends to the isolated field-

inductive terms as well. As we see in Figure 8, the computed scaled inductive potentials coalesce 

in general around the reference line y = x in all cases indicating little (para vs. meta) position 

dependence of the trends in the inductive donating or withdrawing power of the substituents. 

 
Figure 8: Scaled inductive potentials, 𝑉𝑉𝐼𝐼;𝑠𝑠,max

𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠, at I for (a) ethanol and (b) water solvent 
environments. Identical trends are obtained for the unscaled 𝑉𝑉𝐼𝐼;𝑠𝑠,max

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  before adding ∆Vbenz-cycl. 
 

 As we will show later in the article, results that are qualitatively very similar to those 

obtained from the gas phase (Figure 5) are obtained for the mesomeric components for the 

potentials in ethanol and water using the implicit solvent model described in the methods section.  

Efficacy of Potentials for Quantifying Substituent Effects: A significant observation from the 

analysis so far is that the trends in the overall electron withdrawing tendencies of the R groups 

considered, as expressed in the strengths of the sigma holes induced on I by ‘-C6H4R’, persist 

going from vacuum conditions to the (implict) solvent environments. In Table 2, the R groups are 

Ethanol Water 

(a) (b) 
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listed in order based on the value of the total maximum potential at the σ-hole on I in C6H4RI – 

that is 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . The values are shown for both the meta and para positions on benzene since 

the total effect of a given substituent can vary drastically with position on the ring. Shading is used 

here (as in Table 1) to indicate the previously defined categories to which each R group was 

assigned.  

Table 2: Total Vs,max at the I σ-hole in C6H4RI, 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , for both the meta and para positions 

in different solvent environments.  
 meta-R para-R  
 Vacuum Ethanol Water Vacuum Ethanol Water 

Lowest 
V(I+M);s,max 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Highest 
V(I+M);s,max 

S- -46.2 S- -35.2 B(OH)3
- -34.7 S- -43.5 S- -28.3 B(OH)3

- -27.7 
B(OH)3

- -45.3 B(OH)3
- -32.6 S- -31.9 B(OH)3

- -40.9 B(OH)3
- -28.3 S- -27.6 

NMe2 13.8 NMe2 11.9 NMe2 11.9 NMe2 12.6 NMe2 9.9 NMe2 9.9 
NHBut 14.2 NHBut 12.6 NHBut 12.6 NHBut 12.9 NHBut 10.5 NHBut 10.4 
NHCH3 14.7 NHCH3 13.1 NHCH3 13.1 NHCH3 13.2 NHCH3 10.7 NHCH3 10.6 

NH2 15.4 NH2 13.8 NH2 13.8 NH2 14.0 NH2 11.8 NH2 11.7 
t-But 16.1 t-But 15.0 t-But 15.0 OCH3 15.9 OCH3 14.7 OCH3 14.7 
n-Pr 16.2 n-Pr 15.2 n-Pr 15.2 n-Pr 16.0 n-Pr 14.8 n-Pr 14.8 

OCH3 16.4 OCH3 15.2 OCH3 15.2 t-But 16.2 t-But 15.0 t-But 15.0 
i-Pr 16.5 i-Pr 15.4 i-Pr 15.3 i-Pr 16.3 i-Pr 15.1 i-Pr 15.1 

CH2CH3 16.6 CH2CH3 15.4 CH2CH3 15.4 CH2CH3 16.4 CH3 15.1 CH3 15.1 
CH3 16.7 CH3 15.5 CH3 15.5 CH3 16.5 CH2CH3 15.1 CH2CH3 15.1 
Ph 17.6 Ph 16.7 H 16.7 OH 16.7 OH 15.3 OH 15.3 
H 17.7 H 17.1 Ph 17.1 H 17.7 H 16.7 H 16.7 

OH 18.6 OH 18.3 OH 18.3 Ph 17.7 Ph 17.2 Ph 17.2 
COOCH3 19.5 COOCH3 18.9 COOCH3 18.9 F 20.3 F 19.9 F 19.9 

F 21.1 F 20.9 CHO 20.9 COOCH3 21.0 NHCHO 20.8 NHCHO 20.8 
COOH 21.5 COOH 20.9 F 20.9 Cl 21.5 I 21.6 I 21.6 

I 21.5 I 21.4 I 21.4 I 21.6 COOCH3 21.6 COOCH3 21.7 
CHO 21.7 CHO 21.8 COOH 21.8 NHCHO 21.6 Cl 21.7 Cl 21.7 

Cl 21.8 Cl 21.9 Cl 21.9 Br 21.7 Br 21.9 Br 21.9 
Br 21.9 Br 21.9 Br 21.9 COOH 22.2 COOH 22.7 COOH 22.7 

NHCHO 22.6 NHCHO 22.3 NHCHO 22.3 CHO 23.7 CF3 23.9 CF3 23.9 
CF3 23.2 CF3 23.2 CF3 23.2 CF3 23.7 CHO 24.3 CHO 24.3 

SO3H 26.0 SO3H 26.7 CN 26.7 SO3H 26.5 CN 27.8 CN 27.8 
CN 26.1 CN 26.9 NO2 26.9 CN 26.7 SO3H 28.3 SO3H 28.3 
NO2 26.3 NO2 26.9 IF4 27.0 IF4 27.3 IF4 28.6 IF4 28.7 
IF4 26.4 IF4 27.3 SO3H 27.4 NO2 27.4 NO2 28.8 NO2 28.9 
ICl2 27.0 ICl2 28.2 ICl2 28.2 ICl2 27.5 ICl2 29.0 ICl2 29.1 

SO2Cl 27.9 SO2Cl 29.0 SO2Cl 29.0 SO2Cl 29.1 SO2Cl 31.0 SO2Cl 31.1 
NN+ 93.7 NN+ 81.5 NN+ 81.0 NN+ 94.3 NN+ 80.7 NN+ 80.0 

 

 

The sensitivity of the induced electrostatic potentials to the position of R on the ring is evident 

in Table 2, for example, by shifts in the relative positions of the -NHCHO and -COOH groups in the 

meta vs. the para columns for the three different conditions considered. Of note, the ordering appears 
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to be less dependent on changes in ε (going across the three meta or the three para columns in Table 

2) than they are on where R is on the ring. Notice, however, that the actual values of the potential 

maxima shrink by a few kcal⋅mol-1 (typically by much less than 10%) going from the gas phase to 

ethanol and water in the implicit solvent models, except for the moderate to strong neutral acceptors 

(category 3 cases) at the bottom of the table. In those cases, the opposite response to the solvent 

environments is observed with the potentials increasing slightly.  

Curiously, Vs,max shrinks as well in the solvent environments (Table 2) for both the 

positively and negatively charged species in the list. For those charged systems, the |Vs,max| are 

quite large relative to the neutral cases (see Table 2), and the percentage change in Vs,max relative 

to the gas phase, |∆Vs,max|, is somewhat larger as well (up to 35%). Since we only consider three 

instances of charged (anionic or cationic) R groups here, however, we refrain in this context from 

making any generalization on the response of such substituents to the chemical environment.     

Since the meta and para values for the scaled field-inductive (𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅)) potentials are rather 

close in value, (cf. Figures 5 and 8) only the averages, [𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅𝑚𝑚𝑏𝑏𝑚𝑚𝑚𝑚) + 𝑉𝑉𝐼𝐼;𝑠𝑠,max

𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚)] / 2, are 

presented in Table 3, but the full list of the individual meta and para values from which these averages 

are obtained are included in Table S6.   

The averaged scaled field-inductive potentials (Table 3) show a different ordering than that 

observed for the total values in Table 2. The general separation of the (σ + π) donors and strong 

acceptors that is highlighted for the overall potentials in (Table 2) is also observed for the purely 

inductive part (Table 3), but in the latter case the alkyl substituents yield the lowest VI;s,max potentials 

and are thus at the top of the table. That is, the alkyl groups, which are great σ-donors (species with 

substantial inductive donor effects) are the most successful R groups at inductively weakening the 

sigma hole on I relative to the unsubstituted C6H11I case. And, evidently, the alkyl groups lead to those 

low inductively induced VI;s,max values on I in C6H10RI by donating so much electron density to the ring 

that (inductively, through the σ-famework) VI;s,max is substantially attenuated relative to R = H (Table 
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3). The systems that are good (σ + π) donors, including the amines, appear after S- and the alkyl groups, 

an indication that, without the π component, those R groups are really weakened as donors, becoming 

even weaker than the alkyl groups (hence their downward shift in Table 3 relative to Table 2). The 

halides, which are good inductive σ-acceptors (stripped in Table 3 of their counteracting π donor 

effects) appear even farther down in the columns in Table 3 among other strong inductive σ acceptors.   
 

Table 3: Average 𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑏𝑏𝑠𝑠(𝑅𝑅) values for for C6H4RI in different dielectric environments.  

 Vacuum Ethanol Water 
Lowest 
VI;s,max 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Highest 
VI;s,max 

B(OH)3
- -41.4 B(OH)3

- -28.0 B(OH)3
- -27.4 

S- -38.2 S- -24.6 S- -24.0 
t-But 17.4 t-But 16.5 t-But 16.5 
i-Pr 17.4 i-Pr 16.5 i-Pr 16.5 
n-Pr 17.5 n-Pr 16.6 n-Pr 16.6 

CH2CH3 17.5 CH2CH3 16.7 CH2CH3 16.6 
H 17.7 H 16.7 H 16.7 

CH3 17.7 CH3 16.8 CH3 16.8 
NHBut 17.8 NHCH3 17.4 NHCH3 17.4 
NMe2 18.0 NHBut 17.4 NHBut 17.4 

NHCH3 18.0 NMe2 17.4 NMe2 17.5 
NH2 18.4 NH2 18.1 NH2 18.2 
Ph 18.5 Ph 18.2 Ph 18.2 

OCH3 19.0 OCH3 18.8 OCH3 18.8 
OH 19.3 OH 18.9 OH 18.9 

COOCH3 20.0 CHO 20.0 CHO 20.0 
CHO 20.8 COOCH3 20.1 COOCH3 20.2 

COOH 20.8 COOH 20.8 COOH 20.8 
F 21.9 F 22.1 F 22.1 
I 22.5 CF3 22.5 CF3 22.5 

CF3 22.6 I 22.8 I 22.9 
Cl 22.6 Cl 23.1 Cl 23.1 
Br 22.8 Br 23.2 Br 23.3 

NHCHO 23.7 NHCHO 23.4 NHCHO 23.3 
CN 25.1 CN 25.2 CN 25.2 

SO3H 25.3 NO2 26.0 NO2 26.0 
NO2 25.7 SO3H 26.6 SO3H 26.7 
IF4 26.3 IF4 27.1 IF4 27.1 

SO2Cl 26.9 ICl2 27.7 ICl2 27.8 
ICl2 27.1 SO2Cl 27.8 SO2Cl 27.8 
NN+ 85.8 NN+ 73.8 NN+ 73.3 

 

And what of the mesomeric contributions to the total potential under different dielectric 

environments? The component of the total sigma hole potential that is associated with mesomeric 

effects, 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , has been obtained as before (see Figure 6) using data that we generated under the 

specified solvent conditions by subtracting (see Eq. 6) the scaled inductive contributions from the total 
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V(I+M)s,max potentials (Table 4). For completeness, the gas phase values (see Figure 6) are included in 

Table 4.  

Those outcomes are remarkably consistent with what we know about and expect classically 

from the π donors and acceptors that are considered here, signaling the substantial promise of terminal 

halogen sigma holes as tools in assessing the potential impact of novel substituent fragments on the π 

system of a ring and thus on the bonding in and reactivity of compounds.  

Table 4: Resonance linked 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑹𝑹) values for C6H4RI in different dielectric environments. 

 meta-R para-R  
 Vacuum Ethanol Water Vacuum Ethanol Water 

Lowest 
VM;s,max 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Highest 
VM;s,max 

S- -5.35 NMe2 -5.14 NMe2 -5.16 S- -7.93 NMe2 -7.88 NMe2 -7.98 
NMe2 -4.03 S- -4.83 S- -4.74 NMe2 -5.54 NHBut -7.26 NHBut -7.36 
NH2 -3.41 NH2 -4.67 NH2 -4.73 NHBut -5.09 NHCH3 -7.13 NHCH3 -7.23 

NHBut -3.40 NHBut -4.46 NHBut -4.49 NHCH3 -4.98 S- -6.93 S- -6.84 
NHCH3 -3.16 B(OH)3

- -4.04 B(OH)3
- -4.20 NH2 -4.09 NH2 -6.02 NH2 -6.12 

OCH3 -2.32 NHCH3 -3.91 NHCH3 -3.92 OCH3 -3.31 OCH3 -4.51 OCH3 -4.56 
B(OH)3

- -1.26 OCH3 -3.05 OCH3 -3.06 OH -2.85 OH -4.09 OH -4.15 
t-But -1.19 COOCH3 -1.57 COOCH3 -1.61 B(OH)3

- -2.25 B(OH)3
- -3.50 B(OH)3

- -3.48 
n-Pr -1.15 I* -1.47 I* -1.47 NHCHO -2.11 NHCHO -2.56 NHCHO -2.58 

NHCHO -1.11 t-But -1.40 t-But -1.41 F -1.59 F -2.22 F -2.24 
I* -1.04 Br -1.32 Br -1.33 n-Pr -1.53 n-Pr -1.97 n-Pr -1.99 
Br -0.96 n-Pr -1.28 n-Pr -1.28 CH3 -1.27 CH3 -1.74 CH3 -1.76 

CH3 -0.95 CH3 -1.20 CH3 -1.21 t-But -1.23 CH2CH3 -1.61 CH2CH3 -1.63 
Cl -0.91 Cl -1.19 Cl -1.20 i-Pr -1.21 i-Pr -1.60 i-Pr -1.62 

i-Pr -0.87 CH2CH3 -1.11 CH2CH3 -1.12 CH2CH3 -1.17 t-But -1.60 t-But -1.61 
CH2CH3 -0.85 F -1.09 F -1.11 Cl -1.07 Cl -1.42 Cl -1.44 
COOCH3 -0.81 NHCHO -1.05 i-Pr -1.06 Br -1.02 Br -1.33 Br -1.37 

F -0.78 i-Pr -1.02 NHCHO -1.04 I -0.91 I -1.27 I -1.27 
Ph -0.73 Ph -0.89 Ph -0.90 Ph -0.90 Ph -1.17 Ph -1.17 

ICl2 -0.29 SO3H -0.29 SO3H -0.36 H 0 H 0 H 0 
OH -0.28 OH -0.067 OH -0.044 ICl2 0.64 ICl2 1.41 ICl2 1.41 
H 0 IF4 -0.034 IF4 -0.041 IF4 1.09 CF3 1.47 IF4 1.48 
IF4 0.078 H 0 H 0 CF3 1.11 IF4 1.44 CF3 1.48 

SO3H 0.20 ICl2 0.39 ICl2 0.38 COOCH3 1.29 COOCH3 1.86 COOCH3 1.88 
COOH 0.38 COOH 0.64 COOH 0.65 COOH 1.68 COOH 2.33 COOH 2.35 

NO2 0.47 CF3 0.65 CF3 0.66 CN 1.74 SO3H 2.71 SO3H 2.69 
CF3 0.57 NO2 0.88 NO2 0.89 SO3H 1.77 CN 2.77 CN 2.81 
CN 0.91 SO2Cl 1.22 SO2Cl 1.23 NO2 1.82 NO2 2.97 NO2 3.01 

SO2Cl 0.96 CN 1.35 CN 1.36 SO2Cl 2.19 CHO 3.19 CHO 3.22 
CHO 1.59 CHO 2.00 CHO 2.01 CHO 2.23 SO2Cl 3.28 SO2Cl 3.32 
NN+ 5.37 NN+ 4.53 NN+ 4.46 NN+ 11.0 NN+ 10.0 NN+ 9.92 

 

For para substitution (see data on the right in Figure 4) the computed 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  values 

separate the (σ+π) donors and (σ+π) acceptors completely, with the intermediate cases sandwiched 

between them. That outcome is fully in line with the grouping of substituents adopted in Table 1 
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based on traditional assignments of the substituents as strong, weak, and intermediate 

(de)activating groups. And these results – consistent as they are with the experimentally rooted 

chemical intuition – suggest that the ESP analysis employed here may be readily applied to 

elucidate the influence of even less common or novel chemical substituents on aromatic rings. 

The ordering is somewhat different for the meta position, echoing a distinction between 

the influence of substituents in the meta versus the para positions that we saw in the unpartitioned 

total Vs,max values (Table 2) and which is a feature in the experimentally based Hammett substituent 

constants, σm and σp (Table S1).  

Overall, a general increase is observed in the absolute value of the mesomeric component, 

�𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �, for neutral R groups going from the gas phase to polar solvents. So, the ansatz employed 

here suggests that π (accepting and donating) effects are enhanced in high dielectric environments, 

i.e. π donors are expected to become more successful at diminishing the strength of the sigma hole 

on I, and π acceptors will be more successful at accomplishing the reverse. Mesomeric effects 

influence the sigma hole indirectly – increasing (or decreasing) the electron density in the electron 

belt that surrounds the sigma hole on I, partially masking (or further exposing) the sigma hole as 

a consequence – and those π effects can be substantial, and they are recovered well by the 

partitioning scheme presented herein.  

Electrostatic Potentials as Alternative Measures of Substituent Effects: The computational 

derivation of substituent parameters that we have outlined in this work provides a new measure of 

the impact of substitutions on the electron distribution in compounds. The rigorously defined 

overall parameters are accessible at low computational cost for substituents and may be employed 

in the interpretation of physicochemical properties of compounds and reaction processes analogous 

to experimental substituent constants. Beyond current computational approaches that propose 

descriptors for overall substituent effects, or sigma constants only, for instance,27-30 a scheme is 

introduced here for partitioning the overall potential-based substituent parameters into distinct σ 
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and π contributions. The provision of a partitioning framework is important since it provides a 

specific and rational basis for the systematic quantitative assessment and selection (from among 

known and potentially interesting novel options) substituents that are particularly suited for desired 

σ vs. π electron withdrawing and donating tendencies.  

Summary and Outlook 

A computational strategy is provided that allows us to examine the relationship between 

inductive and mesomeric influences of chemical substituents (on benzene) through an analysis of 

the induced potential at the sigma hole on a terminal atom on the ring. The investigation allows us 

to consider further as well the utility of induced electrostatic potentials as diagnostic tools in 

chemistry, even as we debate the role of electrostatics in accounting for weak interactions such as 

halogen bonding.73 We examine the influence of several mono- and poly-atomic substituents, R, 

on the induced σ-holes on terminal I centers in substituted iodobenzene. The analysis allows us to 

probe and understand better the connection between inductive and mesomeric tendencies of 

substituents and the perturbation of the electron density in molecules and a few charged species.  

A general correspondence is demonstrated between the computed potentials at sigma holes 

on I in substituted iodobenzene and classical empirical substituent constants. A readily 

implemented theoretical ansatz based on computed electrostatic potentials is proposed that 

partitions the potentials into reasonably well-defined categories as (σ and π) donors and acceptors.  

The assumptions built into this model, its successes and limitations are discussed. The 

results emphasize the relevance of π-density in ring systems on σ-holes on terminal atoms. 

Donating electron density into the π system, for example, – at both the meta- and the para- 

positions – leads to an evident expansion of the belt of electron density around the I nucleus 

perpendicular to the C—I bond in iodobenzene, and an incipient contraction and weakening of the 

σ-hole. The σ-hole is π-dependent. 
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Appendix: An Alternative Approach to Obtaining 𝑽𝑽𝑴𝑴;𝒔𝒔,𝐦𝐦𝐦𝐦𝐦𝐦
𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃  

Having computed 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) and 𝑉𝑉𝐼𝐼;𝑠𝑠,max

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅), both sets of values may be scaled by subtraction 
to ensure that when R = H,  𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,max

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑯𝑯) = 0, and  𝑉𝑉𝐼𝐼;𝑠𝑠,max
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑯𝑯) = 0. That is:  

 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏;(𝐻𝐻)=0 (𝑅𝑅) = 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) −𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑯𝑯)               Eq. A.1 

𝑉𝑉𝐼𝐼;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;(𝐻𝐻)=0(𝑅𝑅) = 𝑉𝑉𝑠𝑠(𝐼𝐼),max

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅) −𝑉𝑉𝑠𝑠(𝐼𝐼),𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑯𝑯), and                            Eq. A.2 

where the superscript ‘(H) = 0’ signifies that in both scaled data sets Vs,max(H) = 0. And, for any R, 

𝑉𝑉𝑀𝑀;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑅𝑅) = 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏;(𝐻𝐻)=0 (𝑅𝑅) – 𝑉𝑉𝐼𝐼;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;(𝐻𝐻)=0(𝑅𝑅)                           Eq. A.3 

which will return exactly the 𝑉𝑉𝑀𝑀;𝑠𝑠,max
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  values given in the text. An advantage to this approach is 

that it yields smaller numerical values for potential use as parameters for total, inductive, and 
mesomeric electronic effects (Table A1). 

Table A1: Scaled (gas phase) ESP based meta and para substituent parameters, 𝑉𝑉(𝐼𝐼+𝑀𝑀);𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏;(𝐻𝐻)=0  

(Total), and their inductive 𝑉𝑉𝐼𝐼;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;(𝐻𝐻)=0 and mesomeric 𝑉𝑉𝑀𝑀;𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  parts (See Figure S8). 

 
meta para 

Total I M Total I M 
H 0 0 0 0 0 0 
F 3.43 4.20 -0.78 2.63 4.22 -1.59 
Cl 4.09 5.00 -0.91 3.87 4.95 -1.07 
Br 4.19 5.15 -0.96 4.03 5.05 -1.02 
I 3.86 4.90 -1.04 3.93 4.84 -0.91 

CH3 -0.99 -0.039 -0.95 -1.18 0.083 -1.27 
CH2CH3 -1.06 -0.21 -0.85 -1.25 -0.081 -1.17 

n-Pr -1.43 -0.28 -1.15 -1.63 -0.10 -1.53 
i-Pr -1.21 -0.34 -0.87 -1.32 -0.11 -1.21 

t-But -1.56 -0.37 -1.19 -1.42 -0.19 -1.23 
Ph -0.029 0.70 -0.73 0.076 0.98 -0.90 

B(OH)3
- -62.96 -61.71 -1.26 -58.60 -56.35 -2.25 

S- -63.85 -58.50 -5.35 -61.14 -53.21 -7.93 
NHBut -3.43 -0.026 -3.40 -4.78 0.31 -5.09 

NH2 -2.30 1.11 -3.41 -3.66 0.43 -4.09 
NHCH3 -3.01 0.15 -3.16 -4.50 0.49 -4.98 
NMe2 -3.92 0.11 -4.03 -5.08 0.46 -5.54 

NHCHO 4.93 6.04 -1.11 3.97 6.08 -2.11 
OH 0.98 1.26 -0.28 -0.94 1.91 -2.85 

OCH3 -1.28 1.03 -2.32 -1.75 1.57 -3.31 
CHO 4.03 2.43 1.59 5.98 3.75 2.23 
CN 8.48 7.57 0.91 9.04 7.29 1.74 
CF3 5.55 4.99 0.57 5.99 4.89 1.11 

COOH 3.79 3.40 0.38 4.52 2.84 1.68 
COOCH3 1.79 2.60 -0.81 3.35 2.07 1.29 

NO2 8.62 8.15 0.47 9.70 7.88 1.82 
SO3H 8.31 8.12 0.20 8.85 7.07 1.77 
SO2Cl 10.24 9.28 0.96 11.39 9.20 2.19 

IF4 8.73 8.65 0.078 9.68 8.59 1.09 
ICl2 9.30 9.59 -0.29 9.87 9.23 0.64 
NN+ 76.02 70.64 5.37 76.60 65.62 10.98 



26 
 

ASSOCIATED CONTENT 
Supporting Information: Additional notes, electrostatic potential maps for sample substituted 
iodobenzenes, plots of computed maximum potentials at the iodine sigma hole, for para and meta 
substituted benzene and cyclohexane rings, tables of the computed maximum electrostatic potentials and 
their partitioned inductive and mesomeric components, and a set of ‘.xyz’ files with viewable coordinates.  
 

AUTHOR INFORMATION 
Corresponding Author: E-mail: kdonald@richmond.edu 
Author Contributions: K.J.D led the project, generated and analyzed data, revised drafts and finalized the 
manuscript. N.P. generated and analyzed data, and wrote a draft report, P.R. generated and analyzed data.  
ORCID: K. J. D.: 0000-0001-9032-4225          Notes: The authors declare no competing financial interest 
 

Acknowledgement: Our work was supported by the National Science Foundation (NSF-RUI Award (CHE-
2055119) and NSF-MRI Grants (CHE-0958696 (University of Richmond) and CHE-1662030 (the 
MERCURY consortium). N.P. and P.R. thanks the NSF for summer research support. K.J.D. acknowledges 
the support of the Henry Dreyfus Teacher-Scholar Awards Program. The support of the University of 
Richmond is also gratefully acknowledged. 
 

References and Notes 
 

(1) Faraday, M. On New Compounds of Carbon and Hydrogen, and on Certain Other Products 
Obtained during the Decomposition of Oil by Heat. Philosophical Transactions of the Royal 
Society of London 1825, 115, 440–466.  

(2) Tripp, E. H. The Discovery of Benzene. Nature 1925, 115, 909–909. 
(3) Kekulé, A. Sur la constitution des substances aromatiques [On the Constitution of Aromatic 

Substances]. Bull. Soc. Chim. Fr. (Paris), 1865, 3, 98-110. 
(4) Kekulé, A., Untersuchungen Über Aromatische Verbindungen (Justus Liebigs) Annal. Chem. und 

Pharm. 1866, 137, 129–196. 
(5) Kekulé, A. Ueber Einige Condensationsproducte Des Aldehyds. (Justus Liebigs) Annal. Chem. und 

Pharm. 1872, 162, 309–320. 
(6) De Clercq, P. We Need to Talk about Kekulé: The 150th Anniversary of the Benzene Structure. 

Euro. J. of Org. Chem. 2022, 38, e202200171(1-13).  
(7) Katritzky, A. R.; Topsom, R. D. The σ- and π-Inductive Effects J. Chem. Ed. 1971, 48, 427-431.  
(8) IUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. 

McNaught and A. Wilkinson. Blackwell Sci. Pub., Oxford (1997). Online version (2019-) created 
by S. J. Chalk, "Mesomeric effect". https://goldbook.iupac.org/terms/view/M03844 (last accessed 
June 26, 2023). 

(9) Kerber, R. C. If It’s Resonance, What Is Resonating? J. Chem. Educ. 2006, 83, 223-227.  
(10) Nathan, W. S.; Watson, H. B. Constitutional Factors Controlling Prototropic Changes in Carbonyl 

Compounds. Part V. A Relationship between the Polar Characters of Substituent Groups and the 
Activation Energies of Proton Addition. J. Chem. Soc. 1933, No. 0, 890–895. 

(11) Nathan, W. S.; Watson, H. B. The Influence of Nuclear Substituents upon Side-Chain Reactions. 
Part I. J. Chem. Soc. 1933, No. 0, 1248–1252.   

(12) Dippy, J. F. J.; Watson, H. B.; Williams, F. R. Chemical Constitution and the Dissociation 
Constants of Mono-Carboxylic Acids. Part IV. A Discussion of the Electrolytic Dissociation of 
Substituted Benzoic and Phenylacetic Acids in Relation to Other Side-Chain Processes. J. Chem. 
Soc. 1935, 346–350. 

(13) Dippy, J. F. J.; Watson, H. B. Relationships between Reaction Velocities and Ionisation Constants. 
J. Chem. Soc. 1936, 436–440. 

                                                           

https://goldbook.iupac.org/terms/view/M03844


27 
 

                                                                                                                                                                                           
(14) Derick, C. G. Polarity of Elements and Radicals Measured in Terms of a Logarithmic Function of 

the Ionization Constant. J. Am. Chem. Soc. 1911, 33, 1152–1162.   
(15) Derick, C. G. Application of Polarity Measured in Terms of a Logarithmic Function of the 

Ionization Constant. III. Correlation of Chemical Structure with Ionization. J. Am. Chem. Soc. 
1911, 33, 1181–1189. (parts I and II in this series precede this article in the same issue). 

(16) Derick, C. G. Correlation of Ionization and Structure. Ii. Negatively Substituted Benzoic Acids. 
J. Am. Chem. Soc. 1912, 34, 74–82. 

(17) Hollman, E. E. Correlation of Ionization and Structure, (B.S. Thesis – Chemistry; 1912. Instructor: 
C. G. Derick.) College of Science, University of Illinois. Available at 
https://www.ideals.illinois.edu/items/51834 (Last checked. May 21, 2023). 

(18) Hammett, L. P. Some Relations between Reaction Rates and Equilibrium Constants. Chem. Rev. 
1935, 17, 125–136. 

(19) Hammett, L. P. The Effect of Structure upon the Reactions of Organic Compounds. Benzene 
Derivatives. J. Am. Chem. Soc. 1937, 59, 96–103. 

(20) See the last paragraph of reference 18.  
(21) Hansch, Corwin.; Leo, A.; Taft, R. W. A Survey of Hammett Substituent Constants and Resonance 

and Field Parameters. Chem. Rev. 1991, 91, 165–195.  
(22) Taft, R. W. Jr. Linear Free Energy Relationships from Rates of Esterification and Hydrolysis of 

Aliphatic and Ortho-Substituted Benzoate Esters. J. Am. Chem. Soc. 1952, 74, 2729–2732. 
(23) Taft, R. W. Jr. Linear Steric Energy Relationships. J. Am. Chem. Soc. 1953, 75, 4538–4539. 
(24) Pavelich, W. A.; Taft, R. W. Jr. The Evaluation of Inductive and Steric Effects on Reactivity. The 

Methoxide Ioncatalyzed Rates of Methanolysis of l-Menthyl Esters in Methanol. J. Am. Chem. 
Soc. 1957, 79, 4935–4940. (see also refs. 10, and 11) 

(25) Lewis, M.; Bagwill, C.; Hardebeck, L. K. E.; Wireduaah, S. The Use of Hammett Constants to 
Understand the Non-Covalent Binding of Aromatics. Comp. and Struct. Biotech. J. 2012, 1, 
e201204004(1-9).  

(26) Seaton, C. C. Creating Carboxylic Acid Co-Crystals: The Application of Hammett Substitution 
Constants. CrystEngComm 2011, 13 (22), 6583–6592. 

(27) Krygowski, T. M.; Ejsmont, K.; Stepień, B. T.; Cyrański, M. K.; Poater, J.; Solà, M. Relation 
between the Substituent Effect and Aromaticity. J. Org. Chem. 2004, 69, 6634–6640.  

(28) Krygowski, T. M.; Stȩpień, B. T. Sigma- and Pi-Electron Delocalization:  Focus on Substituent 
Effects. Chem. Rev. 2005, 105, 3482–3512. 

(29) Takahata, Y.; Chong, D. P. Estimation of Hammett Sigma Constants of Substituted Benzenes 
through Accurate Density-Functional Calculation of Core-Electron Binding Energy Shifts. Int. J. 
Quant. Chem. 2005, 103, 509–515.  

(30) Ertl, P. A Web Tool for Calculating Substituent Descriptors Compatible with Hammett Sigma 
Constants. Chemistry–Methods 2022, 2, e202200041(1-6). 

(31) Donald, K. J.; Wittmaack, B. K.; Crigger, C. Tuning σ-Holes: Charge Redistribution in the Heavy 
(Group 14) Analogues of Simple and Mixed Halomethanes Can Impose Strong Propensities for 
Halogen Bonding. J. Phys. Chem. A 2010, 114, 7213–7222. 

(32) Tawfik, M.; Donald, K. J. Halogen Bonding: Unifying Perspectives on Organic and Inorganic 
Cases. J. Phys. Chem. A 2014, 118, 10090–10100. 

(33) Donald, K. J.; Tawfik, M.; Buncher, B. Weak Interactions as Diagnostic Tools for Inductive 
Effects. J. Phys. Chem. A 2015, 119, 3780–3788. 

(34) Bauzá, A.; Quiñonero, D.; Frontera, A.; Pere, M. D. Substituent Effects in Halogen Bonding 
Complexes between Aromatic Donors and Acceptors: A Comprehensive ab Initio Study Phys. 
Chem. Chem. Phys. 2011, 13, 20371-20379.  

https://www.ideals.illinois.edu/items/51834


28 
 

                                                                                                                                                                                           
(35) Solimannejad, M.; Malekani, M.; Alkorta, I. Substituent Effects on the Cooperativity of Halogen 

Bonding. J. Phys. Chem. A 2013, 117 (26), 5551–5557. 
(36) Szatylowicz, H.; Siodla, T.; Stasyuk, O. A.; Krygowski, T. M. Towards Physical Interpretation of 

Substituent Effects: The Case of Meta- and Para-Substituted Anilines. Phys. Chem. Chem. Phys. 
2016, 18, 11711–11721. 

(37) Clark, T.; Hennemann, M.; Murray, J. S.; Politzer, P. Halogen Bonding: The σ-Hole. J. Mol. 
Model. 2007, 13, 291–296.  

(38) The term sigma hole is often abbreviated ‘σ-hole,’ but we will minimize that usage here to limit 
confusion with the conventional σ symbol for substituent constants.   

(39) Murray, J.S. and Politzer, P. The electrostatic potential: an overview. WIREs Comput. Mol. Sci., 
2011, 1, 153-163. 

(40) Peurichard, H.; Dumas, J. M.; Gomel, M. Dielectric Study of Binary MX4 Organic Base Liquid 
Mixtures (M = Carbon or Silicon, X = Chloride or Bromide). C. R. Hebd. Seances Acad. Sci., Ser. 
C (Sci. Chimi.) 1975, 281, 147-149. 

(41) Peurichard, H.; Dumas, J. M.; Gomel, M. Quantitative Study of CX4 (X = Chlorine, Bromine)-
Organic Base Interactions. Effect of the Halogen. C. R. Hebd. Seances Acad. Sci., Ser. C (Sci. 
Chimi.) 1975, 281, 205-206. 

(42) Dumas, J. M.; Geron, C.; Peurichard, H.; Gomel, M. “MX4-Organic Bases” Interactions (M = C, 
Si; X = Cl, Br). Study of the Influence of the Central Element and the Halogen. Bull. Soc. Chim. 
Fr. 1976, 5-6, 720-728.  

(43) Dumas, J. M.; Kern, M.; Janier-Dubry, J. L. Cryometric and Calorimetric Study of MX4-Polar 
Organic Base (M = C, Si; X = Cl, Br) Interactions: Effects of the Central Element and the Halogen. 
Bull. Soc. Chim. Fr. 1976, 11-12, 1785-1790. 

(44) Dumas, J.-M.; Peurichard, H.; Gomel, M. CX4...Base Interactions as Models of Weak Charge-
Transfer Interactions: Comparison with Strong Charge-Transfer and Hydrogen-Bond Interactions. 
J. Chem. Res. (S) 1978, 2, 54-55.  

(45) Dumas, J.-M.; Gomel, M.; Guerin, M. Molecular Interactions Involving Organic Halides. Chapter 
21 in Halides, Pseudo‐Halides and Azides (The Chemistry of Functional Groups, Supplement D) 
1983; pp 985–1020, Ed: S. Patai, and Z Rappoport. 

(46) Hobza, P. Noncovalent Bonds with σ-Hole: Halogen, Chalcogen and Pnictogen Bonds. Chem. 
Listy 2016, 110, 371–375.  

(47) Clark, T. σ-Holes. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2013, 3, 13–20.  
(48) Donald, K. J.; Tawfik, M. The Weak Helps the Strong: Sigma-Holes and the Stability of MF4·Base 

Complexes. J. Phys. Chem. A 2013, 117, 14176–14183. 
(49) Wang, W.; Ji, B.; Zhang, Y. Chalcogen Bond: A Sister Noncovalent Bond to Halogen Bond. J. 

Phys. Chem. A 2009, 113, 8132–8135.  
(50) Bauza, A.; Mooibroek, T. J.; Frontera, A. Tetrel-Bonding Interaction: Rediscovered 

Supramolecular Force? Angew. Chem., Int. Ed. 2013, 52, 12317–12321. 
(51) Moilanen, J.; Ganesamoorthy, C.; Balakrishna, M. S.; Tuononen H. M. Weak Interactions between 

Trivalent Pnictogen Centers: Computational Analysis of Bonding in Dimers X3E⋅⋅⋅EX3 (E = 
Pnictogen, X = Halogen) Inorg. Chem. 2009, 48, 6740–6747.  

(52) Zahn, S.; Frank, R.; Hey-Hawkins, E.; Kirchner, B. Pnicogen Bonds: A New Molecular Linker? 
Chem. Euro. J. 2011, 17, 6034 – 6038.  

(53) Gaussian 16, Rev. B.01. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. 
A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; et al., Gaussian, 
Inc.: Wallingford, CT, 2016. 



29 
 

                                                                                                                                                                                           
(54) Chai, J.-D.; Head-Gordon, M. Long-Range Corrected Hybrid Density Functionals with Damped 

Atom-Atom Dispersion Corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615-6620.  
(55)  Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J. Electron affinities of the first-row atoms 

revisited. Systematic basis sets and wave functions. J. Chem. Phys. 1992, 96, 6796-6806. 
(56) Peterson, K. A.; Shepler, B. C.; Figgen, D.; Stoll, H. On the Spectroscopic and Thermochemical 

Properties of ClO, BrO, IO, and Their Anions J. Phys. Chem. A 2006, 110, 13877-13883. 
(57) S. Miertuš, E. Scrocco, and J. Tomasi, “Electrostatic Interaction of a Solute with a Continuum. A 

Direct Utilization of ab initio Molecular Potentials for the Prevision of Solvent Effects,” Chem. 
Phys., 1981, 55, 117-129. 

(58) Pascual-Ahuir, J. L.; Silla, E.; Tuñón, I. GEPOL: An Improved Description of Molecular-
Surfaces. 3. A New Algorithm for the Computation of a Solvent-Excluding Surface J. Comp. 
Chem., 1994, 15, 1127-1138. 

(59) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models Chem. 
Rev. 2005, 105, 2999-3093. See also references therein. 

(60) G. Scalmani and M. J. Frisch, Continuous Surface Charge Polarizable Continuum Models of 
Solvation. I. General Formalism J. Chem. Phys., 2010, 132, 114110: 1-15. 

(61) Chemcraft - Graphical software for visualization of quantum chemistry computations. 
https://www.chemcraftprog.com. Last accessed Aug. 2023. 

(62) GaussView, Version 6, Dennington, R.; Keith, T. A.; Millam, J. M. Semichem Inc., Shawnee 
Mission, KS, 2016.  

(63) Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction Analyzer J. Comput. Chem. 2012, 
33, 580-592. 

(64) Lu, T.; Chen, F. Quantitative analysis of molecular surface based on improved Marching 
Tetrahedra algorithm J. Mol. Graphics Modell. 2012, 38, 314-323. 

(65) Wilcken, R.; Zimmermann, M. O.; Lange, A.; Joerger, A. C.; Boeckler, F. M. Principles and 
Applications of Halogen Bonding in Medicinal Chemistry and Chemical Biology. J. Med. Chem. 
2013, 56, 1363–1388. 

(66) Rincón, L.; Almeida, R. Is the Hammett’s Constant Free of Steric Effects? J. Phys. Chem. A 2012, 
116, 7523-7530. 

(67) Parker, A. J.; Stewart, J.; Donald, K. J.; Parish, C. A. Halogen Bonding in DNA Base Pairs. J. 
Am. Chem. Soc. 2012, 134, 5165–5172.  

(68) Imaizumi, H.; Koyanagi, T.; Zhao, D. Reactivity of Sulfonic Acid Group and Estimation of its 
Substituent-Effect in T-for-H Exchange Reaction J. Radioanal. Nucl. Chem., 2002, 252, 467–472. 
The values for SO3H are estimates from this source: σm = 0.38, and σp = 0.64.  

(69) Roberts, J. D.; Moreland, W. T. Jr. Electrical Effects of Substituent Groups in Saturated Systems. 
Reactivities of 4-Substituted Bicyclo[2.2.2]Octane-1-Carboxylic Acids. J. Am. Chem. Soc. 1953, 
75, 2167-2173. 

(70)  Sarwar, M. G.; Dragisic, B.; Salsberg, L. J.; Gouliaras, C.; Taylor, M. S. Thermodynamics of 
Halogen Bonding in Solution: Substituent, Structural, and Solvent Effects. J. Am. Chem. Soc. 
2010, 132, 1646–1653. 

(71) Lim, J. Y. C.; Beer, P. D. Sigma-Hole Interactions in Anion Recognition. Chem 2018, 4, 731–
783. 

(72) Donald, K. J.; Prasad, S.; Wilson, K. Group 14 Central Atoms and Halogen Bonding in Different 
Dielectric Environments: How Germanium Outperforms Silicon. ChemPlusChem 2021, 86 (10), 
1387–1396. 

(73) Clark, T. How deeply should we analyze non‑covalent interactions? J. Mol. Model 2023, 29, 66(1-
7).  

 

https://www.chemcraftprog.com/


30 
 

TOC Graphic 

 

 

 

 


	Sigma Hole Potentials as Tools: Quantifying and Partitioning Substituent Effects
	Recommended Citation

	tmp.1722537471.pdf.s_NTh

