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ABSTRACT:  Loewdin charges from density functional theory calculations have been used here 

to obtain general, univariate linear correlations for the prediction of experimental Hammett 

parameters and relative reaction rates.  While previous studies have established that Hirshfeld and 

CM5 charges perform strongly as univariate predictors, the near-ubiquitous Loewdin charges have 

not yet been evaluated.  To this end, we assess the predictive capability of Loewdin charges for 

three chemical systems.  First, we show that Loewdin charges outperform Hirshfeld and CM5 

charges for Hammett parameter prediction.  Second, we see Loewdin charges generally perform 

comparably to Hirshfeld charges for predicting the relative rates of olefin cleavage by photoexcited 

nitroarenes.  The single case of poor correlation, between relative rates and the Loewdin charges 

on nitrogen sites, is ameliorated when considering the net charge on the NO2 group.  Third, we 

show that Loewdin, Hirshfeld, and CM5 charges all perform very well for generating correlations 

for relative reaction rates for C-H activation of 9-(4-X-phenyl)-9H-fluorene substrates by a 

transition metal catalyst.  The equations generated throughout the study enable the prediction of 

Hammett parameters and relative reaction rates.  These tools can accelerate synthetic and 

experimental studies by enabling the in silico prediction of uncharacterized chemical properties. 

Introduction 

Originally obtained as an empirical descriptor of how para- (σp) or meta- (σm) substituents 

correlate with experimental values of benzoic acid ionization constants in water,1,2 Hammett 

parameters have been used to predict electronic substituent effects on reaction rates and 
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equilibrium constants in effectively every class of organic reaction.3,4  By quantifying the inductive 

and resonance effects from para- and meta-aromatic substituents, σp and σm have facilitated the 

generation of innumerable predictive linear correlations between electronic effects of chemical 

composition and properties.  Indeed, the success of Hammett parameters has inspired the 

development of related variant experimental parameters; these were obtained from additional 

reference processes and measured properties including ionization of phenols (σ-),2 heterolysis of 

cumyl chlorides (σ+),5 methylenecyclopropane rearrangements (σC),6 cyclodimerizations of 

trifluorostyrenes (σjj),
7 and benzyl radical hyperfine coupling constants from electron 

paramagnetic resonance measurements (σα).
8  In addition to experiment, the predictive power of 

Hammett parameters has also inspired theoretical and computational research.  Several recent 

computational studies have focused on facilitating the prediction of Hammett parameters for yet 

unstudied systems.9–11 

Amongst these recent computational studies is a density functional theory (DFT) 

benchmarking investigation from Luchini and Paton.9  Through the assessment of many different 

classes of potential predictors, they have demonstrated that several Class II charge models12,13 

(models based on partitioning the quantum mechanical charge density) and Class IV charge models 

(semi-empirical corrections to Class II models) are among the best predictors of Hammett 

parameters.  As a result, the authors propose that linear regression formulas relating the 

experimental parameters to the computed charges provide a reliable, single variable (univariate) 

means of computationally predicting σp, σm, or even select relative rate constants via log10(k/kH) 

(where kH is the reference rate and k/kH can be equivalently denoted as krel). 

However, open questions remain regarding the optimal determination of these linear 

relationships.  For example, it was observed that the identity of the Class II or IV charge model 

largely determined the accuracy of the fit, rather than the level of theory (e.g., the DFT exchange-

correlation functional or basis set) in the underlying electronic structure calculation.9  Charge 

models that partition the density using projection of the wave function (e.g., Mulliken charges14 

and the commonly used Natural Population Analysis or NPA charges15,16) were seen to fare worse 

than those that directly partition the density (e.g., Hirshfeld charges17 and their Class IV 

counterpart CM518 charges).  In addition, the choice of the specific atomic site used in the fit had 

a significant effect on the quality of the obtained linear regression; for Hammett parameter 

prediction, the use of carbon atoms located para- or meta- to the substituent group often yielded 
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worse  correlations, in contrast to the use of the hydrogen atom bonded to that carbon.9  For many 

charge models, this lack of predictive consistency with respect to the utilized atomic location was 

also seen when trying to predict relative rates of olefin cleavage by photoexcited nitroarenes.9,19  

Further assessment of different, additional charge-based methodologies could potentially result in 

more accurate, robust predictions.  This would be particularly valuable for investigations without 

access to Hirshfeld and CM5 datasets. 

Loewdin atomic charges20,21 (developed by Per-Olov Löwdin and usually spelled Löwdin, 

but here spelled Loewdin to be consistent with the output of many quantum chemistry packages) 

are a near-ubiquitous charge model that was not among those previously studied.9  It is similar to 

NPA, in that it is a systematic improvement of the Mulliken charge model.  It has provided useful 

insights for a wide variety of chemical systems including the characterization of molecular orbitals 

and states in multireference wave function method studies of systems as different as chromium(IV) 

molecular qubit candidates22 and iron-porphyrin carbene reactive intermediates.23  Given the 

ubiquity and prevalence of Loewdin charges, their use in the generation of predictive, univariate 

linear correlations would further enable the characterization of chemical reactivity. 

Indeed, here we use Loewdin charges to generate predictive, univariate linear correlations 

for three test cases: (1) experimental σp and σm parameters, (2) log10(krel) values for olefin cleavage 

by photoexcited nitroarenes, and (3) log10(krel) values for C-H activation24,25 of 9-(4-X-phenyl)-

9H-fluorene substrates by a transition metal catalyst.  To assess the quality of these linear 

correlations, comparisons to correlations using Hirshfeld, CM5, and NPA charges are made.  Both 

previously published and newly obtained (when needed) correlations are used for the comparisons 

to the Loewdin results.  For a subset of our results, Loewdin atomic charges are superior to all 

previously assessed charge models when judged by the Pearson’s R2 value and the mean absolute 

error (MAE) of the obtained linear fit.  In other cases, results from Loewdin charges are 

comparable to those from Hirshfeld and CM5 charges.  The third examined test case is notable due 

to the large size of the organic substrate and the complexity of the studied chemical systems (vide 

infra).  Finally, we present equations from all three parts of this study that will enable the accurate 

prediction of new values of σp, σm, and log10(krel) values. 

 

 

 

https://doi.org/10.26434/chemrxiv-2024-fgz5m ORCID: https://orcid.org/0000-0002-0827-1062 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-fgz5m
https://orcid.org/0000-0002-0827-1062
https://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

 

Figure 1.  The three studied systems are shown above with carbons in gray, hydrogens in white, 

nitrogens in blue, oxygens in red, and generic substituent groups in purple.  The substituted 

benzene molecule in A has the meta and para positions identified; -R represents one of the 89 

substituents studied here and in Ref. 9.  The nitroarene in B has the atoms for which Loewdin and 

Hirshfeld atomic charges were tabulated (C, N, O1, and O2).  Also shown are the numberings used 

by Ruffoni et al. in Ref. 19 to identify the locations of the substituent functional groups relative to 

the NO2 functional group.  The generalized 9-(4-X-phenyl)-9H-fluorene substrate in C (X = OMe, 

CH3, H, or CF3) includes identification of the atoms for which computed charges were tabulated: 

C1, C2, and H1.  The inset includes log10(krel) values for C-H activation, as measured by Goetz 

and Anderson in Refs. 24 and 25. 

 

Computational Methods 

To provide the closest comparison to the previous examinations correlating computed 

atomic charge to experimental Hammett parameters, this study examined the DFT optimized 

structures made publicly available by Luchini and Paton.9,26  This database consists of 89 

substituted benzene molecules with experimentally known σp and σm parameters.  These 178 

experimental values were also used by Ertl in the development of a free web tool for Hammett 

parameter prediction11 and by Monteiro-de-Castro et al. in their machine learning study of 

multivariate Hammett parameter prediction.10  The geometric structures provided by Luchini and 

Paton in their database had been previously optimized using the B3LYP27,28 DFT functional, the 
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def2-TZVP29,30 basis set, Grimme et al.’s D3 dispersion energy correction using Becke-Johnson 

damping31,32 [D3(BJ)], and the SMD implicit solvation model33 for chloroform. 

In the sections of the present study examining Hammett parameters and relative rates of 

olefin cleavage by photoexcited nitroarenes, atomic charges were obtained from single point DFT 

calculations using the same level of theory used in the published geometry optimizations described 

above (example input provided in the SI).  These new calculations were performed using ORCA34–

38 version 5.0.4 using a self-consistent field (SCF) energy threshold of 10-8 Hartree and the 

restricted Kohn-Sham (RKS) formalism.  The RIJCOSX approximation39 was used in these 

calculations.  Table S1 and S2 in the SI tabulates the electronic energies from these single point 

calculations.  For just one calculation corresponding to structure 7_1 in Table S1, the def2-ECP 

effective core potential40 was applied to a heavier element (iodine), as is the default in ORCA 5.0.4.  

For the Hammett parameter section, text files containing the tabulated Loewdin atomic charges 

have been provided among the supplementary materials.  For the nitroarene section, Loewdin and 

newly calculated Hirshfeld charges are tabulated in the SI. 

Unlike previous work, only the lowest energy conformer for a given substituted benzene 

molecule was used to obtain linear correlations between experimental values and calculated atomic 

charges.  Also, only one structure was used when multiple energetically degenerate lowest energy 

conformers were available.  The identities of the used conformers are also tabulated in Table S1 

and S2 in the SI using the nomenclature of the Luchini and Paton.  We have not performed 

Boltzmann averaging of atomic charge values from multiple conformers for the sake of 

computational efficiency, and due to the likely small effect from energetically similar structures.  

This assumption was indeed borne out to be true by reproduction of the previously observed trends9 

related to the Hirshfeld nitroarene R2 results despite any methodological differences in our 

approach. 

The four 9-(4-X-phenyl)-9H-fluorene substrates were optimized here using the M06-L41 

DFT functional, the def2-TZVP basis set, and the SMD model for dimethylsulfoxide.  These 

optimizations were performed in Gaussian 16, Rev. A.03,42 and verified to be stationary points 

using the calculations of vibrational frequencies.  The closed-shell singlet state was calculated 

using the RKS formalism and the triplet state was calculated using the unrestricted Kohn-Sham 

formalism (UKS).  For the optimized closed-shell singlet structures, ORCA 5.0.4 was then used 

for DFT single point calculations using replacing M06-L with B3LYP and keeping all other aspects 
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of the calculation the same; this same methodology was used for the optimized S = 1 structures, 

except we used the UKS formalism and S = 1 for the spin multiplicity.  The energetics and charge 

values from all these DFT calculations are tabulated in the SI. 

 

Results and Discussion 

In our Hammett parameter study, atomic charges were tabulated for the ring carbons that 

are para and meta to the unique substituent functional group.  These are visually identified in 

Figure 1A (Figure S1 also includes labels relevant to the uploaded text files tabulating the Loewdin 

atomic charges).  Atomic charges were also tabulated for the hydrogens bonded to those ring 

carbons that are para and meta to the unique substituent functional group.  Pairs of meta values 

were averaged into a single carbon or hydrogen meta value.  The quality of the correlation of the 

four obtained atomic charge data sets (q(CMeta)Loewdin, q(HMeta)Loewdin, q(CPara)Loewdin, q(HPara)Loewdin) 

to the experimental σp and σm parameters was assessed using linear fits and the resulting Pearson’s 

R2 value (Figure 2).  The insets within Figures 2A-2D contain the newly obtained general, 

predictive linear relationships that can be used to estimate unknown experimental Hammett 

parameters for the corresponding substituted benzene. 

In all four cases, the linear correlations between experimental Hammett parameters and 

Loewdin atomic charges are excellent; Pearson’s R2 ranges between 0.89 and 0.94 (also given in 

the insets of Figures 2A-2D).  The Loewdin atomic charges are slightly better able to predict σp 

than σm, but are obviously excellent predictors of both quantities.  For example, when using 

Loewdin atomic charges at carbon, the correlation with σp is R2 = 0.94 and the correlation with σm 

is R2 = 0.90.  Similarly, when using Loewdin atomic charges at hydrogen, the correlation with σp 

is R2 = 0.93 and the correlation with σm is R2 = 0.89. 

Unlike many previously examined charge models,9 where there is significant improvement 

when using hydrogen charges rather than carbon charges, the Loewdin atomic charge R2 values 

remain about the same when using either carbon or hydrogen.  This is true when considering the 

charges at either the meta and para positions.  For ease of comparison, Table 1 presents the 

Pearson’s R2 values calculated here alongside some of the key previously published Pearson’s R2 

values.9  Specifically, our new Loewdin results are compared to the published results for NPA, 

Hirshfeld, and CM5; the Hirshfeld and CM5 charge models were included because they provide 

strongly performing atomic charges that can be used as univariate predictor of σp and σm.  NPA 

https://doi.org/10.26434/chemrxiv-2024-fgz5m ORCID: https://orcid.org/0000-0002-0827-1062 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-fgz5m
https://orcid.org/0000-0002-0827-1062
https://creativecommons.org/licenses/by-nc-nd/4.0/


 7 

was included because of its conceptual similarity to the Loewdin charge model; both are wave 

function-based projection schemes that improve upon Mulliken atomic charges with the use of 

orthogonalization.  For the prediction of both σp and σm, Loewdin atomic charges show the 

strongest results, where the R2 values all lie within the range of 0.89-0.94. This is somewhat in 

contrast to results from Hirshfeld and CM5 models, which exhibit a range of values from 0.84-

0.91 and 0.83-0.91, respectively.  In addition, the Loewdin atomic charges vastly outperform NPA 

charges despite the conceptual similarities between the methods, which exhibits a value of 0.12 

for the σm vs q(CMeta) correlation.  The Loewdin approach, using its symmetrically orthogonalized 

atomic orbitals, is here seen to better handle the spatial proximity of the meta-substituents than the 

NPA approach, with its underlying natural atomic orbitals. 
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Figure 2.  Experimental Hammett parameters correlated with A q(CMeta)Loewdin (red circles), B 

q(HMeta)Loewdin (blue triangles), C q(CPara)Loewdin (purple inverted triangles), or D q(HPara)Loewdin 

(green squares).  The respective fit linear relationships are σm = 25.81q(CMeta)Loewdin + 3.83, σm = 

97.19q(HMeta)Loewdin – 14.42, σp = 18.92q(CPara)Loewdin + 2.85, and σp = 120.75q(HPara)Loewdin – 

17.88. 
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Table 1.  Pearson’s R2 Values for Linear Correlations of Experimental Hammett Parameters 

with Computed Atomic Charges.  The subscript ‘X’ corresponds to the given charge model. 

 X = Loewdin X = NPAa X = Hirshfelda X = CM5a 

σm vs q(CMeta)X 0.90 0.12 0.84 0.83 

σp vs q(CPara)X 0.94 0.86 0.92 0.92 

σm vs q(HMeta)X 0.89 0.86 0.87 0.87 

σp vs q(HPara)X 0.93 0.61 0.91 0.91 

aValues from Ref. 9. 

 

Figure 3.  Concatenated experimental Hammett parameters correlated with A q(C)Loewdin (gold  

diamonds), or B q(H)Loewdin (cyan narrow diamonds). The respective linear fits are σ = 

19.99q(C)Loewdin + 3.00 and σ = 108.42q(H)Loewdin – 16.08.  When using either fit, the mean 

absolute error is calculated to be 0.06. 

 

The quality of the correlation of the concatenated C and concatenated H atomic charge 

datasets (i.e., simultaneous linear fitting where the meta and para datasets for a given atom type 

have been combined into a single dataset) was similarly assessed (Figure 3).  MAE values were 

computed from the obtained linear relationships and the computed Loewdin atomic charges. Table 

2 gives the Pearson’s R2 values for the newly calculated Loewdin datasets in comparison to 
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published results for NPA, Hirshfeld, and CM5.  Table 3 has the MAEs from these same charge 

models of interest.  The same overall trends are again observed as when prior to concatenation; 

Loewdin atomic charges on both carbons and hydrogens are seen to be excellent predictors of σ, 

and somewhat outperform Hirshfeld and CM5.  The Loewdin errors (MAE = 0.06 when computed 

from either q(C)Loewdin or q(H)Loewdin) are slightly lower than those previously obtained using 

Hirshfeld and CM5 (for both Hirshfeld and CM5 linear correlations, MAE = 0.07 when using 

either q(C)Loewdin or q(H)Loewdin).  In previous work, the Hirshfeld and CM5 were the best 

performing models judged by MAE when using either carbon or hydrogen atoms.9  When also 

considering R2, the Loewdin Pearson’s R2 values (R2 = 0.91 using carbon, R2 = 0.90 using 

hydrogen) are higher than both Hirshfeld  (R2 = 0.87 using carbon, R2 = 0.88 using hydrogen) and 

CM5 results (R2 = 0.86 using carbon, R2 = 0.88 using hydrogen). 

 

Table 2.  Pearson’s R2 Values for Linear Correlations of Experimental Hammett Parameters 

with Computed Atomic Charges After Concatenation of Meta and Para Datasets.  The 

subscript ‘X’ corresponds to the given charge model. 

 X = Loewdin X = NPAa X = Hirshfelda X = CM5a 

σ vs q(C)X 0.91 0.45 0.87 0.86 

σ vs q(H)X 0.90 0.59 0.88 0.88 

aValues from Ref. 9. 

 

Table 3.  Mean Absolute Error (MAE) Values from Linear Correlations of Experimental 

Hammett Parameters with Computed Atomic Charges After Concatenation of Meta and 

Para Datasets.  The subscript ‘X’ corresponds to the given charge model. 

 X = Loewdin X = NPAa X = Hirshfelda X = CM5a 

σ vs q(C)X 0.06 0.13 0.07 0.07 

σ vs q(H)X 0.06 0.13 0.07 0.07 

aValues from Ref. 9. 

 

Next, we have examined the linear correlation between experimental log10(krel) values for 

the cycloaddition of substituted nitroarenes with a model olefin substrate 

(admantylideneadamantane).9,19  Here log10(krel) is equivalent to log10(k/kH) where k corresponds 

to the rate associated with the nitroarene of interest and kH is the rate for nitrobenzene (the 

unsubstituted, reference nitroarene).  The atomic charges on the carbon atom attached to the NO2 
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group, q(C)X, and on the nitrogen atom within the NO2 group, q(N)X  (‘X’ corresponds to the charge 

model), were tabulated (these atomic positions are visually identified in Figure 1B).  The quality 

of the correlation of these computed partial charges to experimental values of log10(krel) were 

assessed using linear fits and the resulting Pearson’s R2 value (Figures 4).  As an additional new 

study, the atomic charges on both of the oxygen atoms within the NO2 group in a given nitroarene 

were also tabulated.  This allowed for assessment of the quality of the linear correlation to 

log10(krel) when using the averaged oxygen atomic charge, q(OAvg.)X, or when using the total charge 

on the NO2 group, q(NO2)X, (Figure 5).  Figures 4 and 5 complement each other and together 

illuminate one situation where additive application of Loewdin charges is useful for prediction. 

 From Figure 4, one can see that all the linear correlations are extremely successful with the 

exception of the log10(krel) versus q(N)Loewdin correlation (Figure 4B).  For the other three 

correlations, the Pearson’s R2 values are excellent and range between 0.97 to 0.98.  We note the 

similarities between the benchmark Hirshfeld results presented here and those previously 

published.9  Previously R2 = 0.94 was observed when correlating log10(krel) to q(C)Hirshfeld (here we 

newly calculate R2 = 0.98); previously R2 = 0.94 was observed when correlating log10(krel) to 

q(N)Hirshfeld (here we newly calculate R2 = 0.97).  These modest differences could have arisen from 

differences between the quadrature grids used in the ORCA and Gaussian 16 calculations, the lack 

of a 3-NO2, 4-H, and 5-CF3 structure in the present dataset (the 3-NO2, 4-H, and 5-CF3 substituted 

nitroarene, appears not to have been uploaded to the database; instead, a non-experimental 

structure corresponding to 3-NO2, 4-CF3, and 5-H is available online)26, and different choices 

regarding whether to average over multiple conformers or not. 
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Figure 4.  log10(krel) for olefin cleavage by photoexcited nitroarenes correlated with A q(C)Loewdin 

(blue triangles), B q(N)Loewdin (red circles), C q(C)Hirshfeld (green squares), or D q(N)Hirshfeld (purple 

inverted triangles).  The respective linear fits are log10(krel) = 28.20q(C)Loewdin + 4.50, log10(krel) = 

404.71q(N)Loewdin + 7.59, log10(krel) = 34.36q(C)Hirshfeld – 1.21, and log10(krel) = 102.1q(N)Hirshfeld – 

23.58. 

 

 Table 4 has comparisons of Pearson’s R2 values obtained from key charge models of 

interest.  While many of the charge models previously examined9 perform better when using q(N)X, 

Hirshfeld and CM5 perform very similarly regardless of whether q(N)X or q(C)X is used.  Loewdin 

atomic charges, like NPA charges, perform significantly worse when using q(N)X.  This is likely 

https://doi.org/10.26434/chemrxiv-2024-fgz5m ORCID: https://orcid.org/0000-0002-0827-1062 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-fgz5m
https://orcid.org/0000-0002-0827-1062
https://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

related to similarities between the two methods and similar partitioning problems to which they 

both may be prone. 

Table 4.  Pearson’s R2 Values for Linear Correlations of Experimental Nitroarene 

Cycloaddition log10(krel) with Computed Atomic Charges on C and N.  The subscript ‘X’ 

corresponds to the given charge model. 

 X = Loewdina X = NPAb X = 

Hirshfelda 

X = 

Hirshfeldb 

X = CM5b 

log10(krel) vs 

q(C)X 

0.98 0.42 0.98 0.94 0.94 

log10(krel) vs 

q(N)X 

0.19 0.00 0.97 0.94 0.94 

aThis work. 
bValues from Ref. 9. 

 

 It is possible to diagnose the origin of the failure to correlate q(N)Loewdin with log10(krel) by 

considering the average charge on the two NO2 oxygen atoms (q(OAvg.)X, obtained from averaging 

the charges on O1 and O2 in Figure 1B) and the total overall charge on the NO2 functional group 

(q(NO2)X, obtained from adding together the charges on N, O1, and O2 in Figure 1B).  In Figure 

5, one can see that all four correlations using q(OAvg.)X or q(NO2)X are excellent.  The general 

predictive, linear relationships from these fits are given in the figure, with Pearson’s R2 values of 

0.97 from these four respective correlations.  Tables S3 and S4 in the SI are useful to obtain a sense 

of the magnitudes of q(C)X, q(N)X, q(OAvg.)X,and q(NO2)X.  The values with by far the smallest 

magnitude are q(N)Loewdin.  As a result, small inconsistencies in the Loewdin model’s partitioning 

of charge between the NO2 nitrogen and oxygen atoms cause there to be a poor log10(krel) versus 

q(N)Loewdin correlation.  Due to their larger overall magnitudes, the q(OAvg.)Loewdin values are less 

affected by these failures in partitioning.  As a result, they are able provide a good, predictive linear 

correlation to log10(krel).  The success of the correlation using q(NO2)Loewdin shows that in cases of 

charge partitioning problems, the additive application of Loewdin charges (i.e., using the total 

charge on a functional group rather than a single atomic charge) results in a useful predictive 

correlation. 
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Figure 5.  log10(krel) for olefin cleavage by photoexcited nitroarenes correlated with A 

q(OAvg.)Loewdin (blue triangles), B q(NO2)Loewdin (red circles), C q(OAvg.)Hirshfeld (green squares), or D 

q(NO2)Hirshfeld (purple inverted triangles).  The respective linear fits are log10(krel) = 

41.71q(OAvg.)Loewdin + 1.82, log10(krel) = 20.59q(NO2)Loewdin + 2.16, log10(krel) = 45.05q(OAvg.)Hirshfeld 

+ 10.17, and log10(krel) = 18.46q(NO2)Hirshfeld + 4.08. 

 

To further assess the quality of calculated atomic charges as univariate predictors of 

reaction rates, a series of 9-(4-X-phenyl)-9H-fluorene substrates were studied (X = OMe, CH3, H, 

or CF3).  These substrates undergo C-H activation catalyzed by PhB(tBuIm)3CoIIIO; the rates of 

these activations have been shown to correlate with experimentally known σp
- parameters despite 
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the inherently complex chemistry.24,25  The large, extended nature of these substrates make them 

attractive test case for the application of univariate, correlative methodologies.  For example, in 

Figure 1C one sees that there are many atomic charges that could potentially be correlated to 

observed rates.  Here we have used atomic charges on the atoms identified as C1, C2, and H1.  

Loewdin, Hirshfeld, and CM5 atomic charges were tabulated for C1, C2, and the H1 atoms 

identified on the generalized substrate in Figure 1C (charge values from all calculations are 

tabulated in the SI). 

The complexity of these chemical systems and their underlying proton transfer mechanisms 

bear further description.  It has been demonstrated these C-H activations often involve a single, 

asynchronous concerted proton electron transfer (CPET) step, but can mechanistically crossover 

to stepwise reactivity depending on substrate identity.43  Through variable temperature kinetic 

isotope effects, it has been shown that these processes can involve quantum mechanical tunneling 

of the transferred proton.44  It has theoretically been shown that the rate of the nonadiabatic CPET 

step should logically increase with a decrease in the stepwise thermodynamic parameter of only 

proton transfer (ΔGPT).45  As explained by Schneider and Anderson, this results from increased 

anharmonicity of the reactant state (and, in turn, increased proton tunneling) due to a large 

electronic coupling between the reactant state and the proton-only transfer state.  Interestingly, the 

systematic tuning of potential energy surfaces, although not for a system involving proton 

tunneling, has also been described for the entatic photochemistry of copper(I) bis-

phenanthrolines.46  Given the complexity and richness of the 9-(4-X-phenyl)-9H-fluorene C-H 

activation chemistry, these substrates constitute a rigorous test case for the univariate, predictive 

approach.  Furthermore, like the nitroarene molecules, these large substituted substrate molecules 

allow one to examine atomic charges on atoms more than one atom away from the aromatic ring. 

 Figure 6 shows linear correlations between the experimental log10(krel) for C-H activation 

(referenced to the X = H rate, Figure 1C) and the computed atomic charge values of q(C1)X, q(C2)X, 

and q(H1)X; specifically, the data obtained from using B3LYP and the S = 0 spin multiplicity are 

shown.  While all the computed correlations are strong, the Hirshfeld correlations using C2 (Figure 

6E; R2 = 0.989) and H1 (Figure 6F; R2 = 0.995) are particularly excellent, though the Loewdin 

correlation using C2 (Figure 6B; R2 = 0.976) is comparable.  For comparison, the correlation to 

the experimental σp
- parameters has been noted by Goetz and Anderson to be 0.996.24,25  The 
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respective general, predictive linear relationships are given in the Figure 6 insets.  Similar results 

are seen when considering B3LYP and the S = 1 spin multiplicity (Figure S2). 

 

Figure 6.  log10(krel) for C-H activation of 9-(4-X-phenyl)-9H-fluorenes (X = OMe, CH3, H, or 

CF3) by PhB(tBuIm)3CoIIIO correlated with A q(C1)Loewdin (yellow pentagons), B q(C2)Loewdin 

(brown hexagons), C q(H1)Loewdin (gray wide diamonds), D q(C1)Hirshfeld (yellow pentagons), E 

q(C2)Hirshfeld (brown hexagons), or F q(H1)Hirshfeld (gray wide diamonds).  The atomic charges 

presented here came from the S = 0 B3LYP single point calculations described in the 

Computational Methods.  The respective linear fits are log10(krel) = 25.11q(C1)Loewdin + 2.86, 

log10(krel) = 152.33q(C2)Loewdin + 14.51, log10(krel) = 550.94q(H1)Loewdin – 103.34, log10(krel) = 

26.51q(C1)Hirshfeld – 0.05, log10(krel) = 274.79q(C2)Hirshfeld + 1.20, and log10(krel) = 234q(H1)Hirshfeld 

– 11.89. 

 

A complete list of Pearson’s R2 values from different linear correlations for the S = 0 spin 

multiplicity are shown in Table 5.  These include Hirshfeld charges for 9-(4-X-phenyl)-9H-

fluorenes computed with the M06-L functional (Figure S3), and CM5 charges also computed with 
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M06-L (Figure S4).  The M06-L functional was used in this case to provide an initial test of the 

exchange-correlation functional on the computed linear correlations.  In Table 5 one sees that for 

both Hirshfeld datasets and the CM5 dataset, there is a notable improvement in the R2 value when 

using charges from C2 or H1 rather than from C1.  This is another instance where the use of atoms 

further from the aromatic ring improves the linear correlation for Hirshfeld and CM5.  In contrast, 

this is somewhat reversed in the Loewdin atomic results, where C2 gives the best correlations, 

followed by C1, and then followed by H1.  Again, similar results are seen when considering the S 

= 1 spin multiplicity (Figures S2-S4).  We also observe that all charge models tested here yield 

similar overall accuracy, with relatively small changes in R2 value due to choice of functional. 

 

Table 5.  Pearson’s R2 Values for Linear Correlations of 9-(4-X-phenyl)-9H-fluorene (S = 0) 

C-H activation log10(krel) with Computed Atomic Charges on C1, C2, and H1.  The subscript 

‘X’ corresponds to the given charge model. 

 X = Loewdina X = Hirshfelda X = Hirshfeldb X = CM5b 

log10(krel) vs 

q(C1)X (S = 0) 

0.954 0.927 0.900 0.902 

log10(krel) vs 

q(C2)X (S = 0) 

0.976 0.989 0.996 0.995 

log10(krel) vs 

q(H1)X (S = 0) 

0.924 0.995 0.996 0.994 

aB3LYP single point calculations described in the Computational Methods section. 
bM06-L geometry optimizations described in the Computational Methods section. 

 

Conclusions 

 It has been shown here that Loewdin atomic charges can be very successfully used as 

univariate, linear predictors of σp values, of σm values, and of select log10(krel) values.  Indeed, 

using Loewdin atomic charges yields lower errors in σ compared to when using Hirshfeld and 

CM5 charges.  In addition, Loewdin atomic charges are often consistently strong univariate 

predictors whether obtained from the aromatic ring of interest or from an attached, more distant 

atom.  We also show that Loewdin charges are useful predictors of log10(krel) values for both olefin 

cleavage by photoexcited nitroarenes and C-H activation of 9-(4-X-phenyl)-9H-fluorene 
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substrates by a transition metal catalyst.  Our nitroarene study highlights the utility of predictive 

correlations based on the additive application of Loewdin atomic charges, where determination of 

correlations with the net NO2 charge rather than the nitrogen charge alone yielded a strong 

predictive capability.  Our C-H activation results demonstrate that univariate linear, predictive 

methodologies based on computed atomic charges can be established for very chemically complex 

processes involving large substrates.  Given the observed agreement between charge model results 

in periodic materials and results from related molecular cluster models,47 we note that atomic 

charges likely have the potential to be successful univariate linear predictors of log10(krel) in 

extended materials, which is the subject of future work.  The linear, correlative equations obtained 

here are useful to investigations attempting to computationally predict σp, σm, and relative reaction 

rates, where rapid screening of chemical reactivity can aid the design of compounds and materials 

with tailored properties. 
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