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Introduction

Density functional theory (DFT)"* has been widely accepted as
the workhorse of electronic structure calculations for molecules
and solids alike in the past few decades. Nevertheless, the
endeavor to use density-based quantities from the DFT frame-
work to enhance chemical understanding and predict chemical
reactivity is still ongoing.** The pioneering work on this topic is
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validation by Taft steric parameters from
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The steric effect is one of the most widely used concepts for chemical understanding in publications
and textbooks, yet a well-accepted formulation of this effect is still elusive. Experimentally, this concept
was quantified by the acid-catalyzed hydrolysis of esters, yielding the so-called Taft steric parameter.
Theoretically, we recently proposed a density-based scheme to quantify the effect from density
functional theory. In this work, we directly compare these two schemes, one from theory and the other
from experiment. To this end, we first establish the ester hydrolysis mechanism with multiple water
molecules explicitly considered and then apply the energetic span model to represent the hydrolysis
barrier height between the two schemes. Our results show that the barrier height of the reaction series
is strongly correlated with both Taft steric parameters from experiment and steric quantification from
theory. We also obtained strong correlations with steric potential, steric force, and steric charge from
our theoretical scheme. Strong correlations with a few information-theoretic quantities are additionally
unveiled. To the best of our knowledge, this is the first time in the literature that such a direct
comparison between theoretical and experimental results is made. These results also suggest that our
proposed two-water three-step mechanism for ester hydrolysis is effective, and our theoretical
quantification of the steric effect is valid, robust, and experimentally comparable. In our view, this work
should have satisfactorily addressed the issue of how the steric effect can be formulated and quantified,
and thus it lays the groundwork for future applications.

conceptual DFT"*™ by Parr and coworkers, who formulated con-
cepts such as hardness and softness,'®"* Fukui function,*"* and
electrophilicity.’®'” Other examples along the line are the ELF
(electron localization function) index,'*° NCI (noncovalent
interaction) index,*** SCI (strong covalent interaction)
index,”*** BNI (bonding and nonbonding interaction)
index,* electrophilicity/nucleophilicity,*° cooperativity/frus-
tration,**7® etc. Bader’s quantum theory of atom in molecules®”
can also be regarded to belong to this category because it
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employs density-based quantities such as a density gradient
and Laplacian for various applications.>*

Steric effects refer to the influence of the physical size and
spatial arrangement of atoms or groups within a molecule on its
reactivity. These effects can affect the rates of chemical reactions
and the stability of intermediates. Earlier, we proposed a density-
based formulation to quantify steric effects,*® which has been one
of the most widely used chemical concepts in chemistry, but for
which there is no unique way to define because no physical
observable is associated with this effect. We have applied this
DFT formulation of steric effects to account for its impact on

numerous systems and phenomena,**™*” including conformational
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stability, anomeric effects, Sn2 reactions, and
stereoselectivity.”’®> On the other hand, experimentally, there
exists an empirical scale using Taft steric parameters®—° to
quantitatively gauge the effect. This experimental scale employ-
ing the acid catalyzed hydrolysis of esters was obtained by the
apparent rate constant of ester hydrolysis through a linear free
energy relationship with the rate of the methyl group system as
the reference.’®>” Given these two approaches to quantify the
same effect, one from experiment and the other from theory,
one natural question to ask is whether or not there is any
correlation between the theoretical quantification and the
Taft steric parameter. This question is what we will address

in this work.

Methodology

Assuming that the total energy E of an electronic system comes
from the contribution of three independent physicochemical
effects, steric Es, electrostatic E., and quantum Eq, E=E, + E. +
Eq, we have proved that the steric energy Es is simply the
Weizsicker kinetic energy Ty,

2
E=Ty=1 j%d (1)

where p(r) is the ground state electron density satisfying the
normalization condition of [(r)dr =N, with N as the total
number of electrons and Vp is the density gradient. Conven-
tionally, in DFT," we have E = Tg + Vy,e +J + Eye + Van, where T,
Vaes J» Vnn, and Ey. stand for the total non-interacting kinetic
energy, nuclear-electron attraction, classical electron-electron
Coulombic repulsion, nuclear-nuclear repulsion, and
exchange-correlation energy, respectively. Since Ve, Vyn and J
are all electrostatic, they can be put together yielding the total
electrostatic energy E. = Vy,e +J + Vi, and thus we have E = T +
E. + Ey. With this, we also have Eq = T, — E; + Exc. For
molecular systems in solvents, there is an extra term in the
total energy partition coming from the contribution of the
implicit solvent effect, Es,,, so the above two total energy
decomposition schemes in DFT will each have this term added.
It should also be noted that steric energy in eqn (1) is only
different from Fisher information®>®°~°> by a factor of 1/8 in the
information-theoretic approach (ITA)*** in DFT, which has
been found to be closely related to Shannon entropy and other
ITA quantities.®®®® It should also be noted that eqn (1) has
distinct physical meaning representing a hypothetical state and
it satisfies homogeneous scaling properties.*®

E=Ts+ Ee + Exe + Esoly = Eg + Ee + Eq + Egol,s (2)

The density-based quantification of steric effects in eqn (1)
is an explicit electron density functional. With its expression
analytically known, steric energy can be augmented by following
three physical concepts, (i) steric potential vy(r), which is defined
as the functional derivative of the steric energy with respect to
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the electron density,38
SE[p] 1|Vp(r)\2 1V2p(r)
s =3 = - 3
Us (r) ()p(r) 8 ,0(’") 4 p(V) ( )

with V?p as the Laplacian of the electron density; (ii) steric force
Fy(n),>?

Fy(r) = —=V-uy(r) (4)
and (iii) steric charge g4(r)>"**7°
00) = V() = 0 (f;i([@]) )

These quantities can be represented at molecular, group,
and atomic levels using partition schemes such as Hirshfeld,
Becke, and AIM (atoms-in-molecules).>®’*”* The above set of
formulae in eqn (1), (3), (4), and (5), steric energy, steric
potential, steric force, and steric charge, forms our density-
based approach to quantify the steric effect in DFT from the
theoretical perspective.

From the experimental perspective, on the other hand, the
steric effect has been previously quantified in the literature by
the following acid-catalyzed hydrolysis of esters,>*>%37:3%74

+

(0] H*
H' ? H,0 + MeOH
_Me  fast Me slow
R 0) R o~ R OH
(6)

through the reaction rate of ester hydrolysis with a given sub-
stituent group R, ks, in comparison with the rate of the reference
hydrolysis with the methyl group R = CHj, kcyy,,”>*%%"%7

1 ks
Es = Slog (kCHs), (7)

where Eg (capital letter S) is the Taft steric parameter, also known
as Taft steric constants, which have been considered as the
experimental scale in physical organic chemistry to quantify the
steric effects of substituents on reaction rates and equilibria, and
¢ is a proportional constant describing the susceptibility of the
reaction series to the effect. Taft’s steric parameter (Es) quanti-
fies the steric effects generated by the substituent groups. The Eg
values derived from the rates of ester hydrolysis reactions
assume that the reaction center experiences different degrees
of steric hindrance depending on the size of the substituent. Eg
was determined relative to a reference compound, typically
methyl (CH3), which is assigned a value of zero. Larger sub-
stituents that cause greater steric hindrance have positive and
larger Eg values, while smaller substituents that cause less steric
hindrance have negative or smaller Eg values. For example, for
the hydrogen group, Eg = —1.12, whereas for the ¢-butyl group,
E = 1.43.%% In this work, we correlate these two perspectives, one
from the experiment and the other from theory, of quantifying
the steric effect and validate our theoretical quantification by
directly applying eqn (1) and (3)—(5) to the acid-catalyzed ester
hydrolysis system in eqn (6) with different substituent R groups.

Before getting started, however, we have the following a few
points in order. First, while these reaction rates in eqn (7), ks
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and kcu,, are experimentally accessible, computationally we
approach the kinetic propensity of a reaction through its
barrier height, which can be converted to the reaction rate
through the Arrhenius equation if necessary. In this work, we
directly use the barrier height for our purpose. Secondly, when
hydrolysis is carried out in an acidic solvent, which can be
simulated by the implicit solvent model in computation, multi-
ple water molecules will explicitly participate in the reaction.
It is impossible to computationally exhaust all combinations of
different numbers of water molecules involved. Instead, we
explore the mechanism using up to four water molecules and
then ascertain the mechanism with the minimal number of
water molecules required for the hydrolysis reaction to be
effectively simulated.

Lastly, hydrolysis should proceed through a multiple-step
mechanism, so the rates in eqn (7) are apparent reaction rates,
not the ones from the rate-limiting step of the multi-step
mechanism. We employ the energetic span model of Kozuch
and Shaik”>’ as the effective barrier height to account for the
apparent reaction rate in eqn (7). The energetic span model is a
conceptual framework used in catalysis theory to understand
and predict the performance of catalytic cycles. It focuses on
identifying and analyzing the key energetic parameters that
govern the overall catalytic efficiency. An energetic span is
defined as the difference in energy between the highest energy
transition state and the lowest energy intermediate (including
the reactant) along the reaction pathway. This span represents
the overall energy barrier that must be overcome for the
catalytic cycle to proceed.

Computational details

All calculations were performed with the Gaussian 16 package,
version C01,”” with ultrafine integration grids and tight self-
consistent-field convergence. All molecular geometries were
fully optimized first, and a single-point frequency calculation
was followed to ensure that the final structure obtained has no
imaginary frequency. We employed DFT functionals B3LYP and
MO06-2X and a few basis sets, such as Pople’s standard triple-
zeta split-valence basis set, 6-311+G(d), etc., with and without
dispersion correction for the calculation and benchmark pur-
poses in this work. The solvent effect was considered by using
the implicit solvent model of the CPCM (conductor polarizable
continuum model) and SMD (solvation model based on den-
sity). The “Multiwfn” program version 3.8”® was employed to
calculate energetic components, steric effect quantities (steric
energy, steric potential, steric force, and steric charge), and
information-theoretic quantities, such as Shannon entropy,
Fisher information, alternative Fisher information, Ghosh-
Berkowitz-Parr entropy, information gain, relative Fisher infor-
mation, alternative relative Fisher information, etc. They were
performed by using the checkpoint file from the Gaussian
calculations as the input file. Details of these information-
theoretic quantities in definition and implementation are
available elsewhere.>®%1:62:6467.73,78-80 g congider the atomic
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contributions of these quantities, we employ the Hirshfeld
scheme to partition atoms in molecules.®” The total number
of mesh points for the Hirshfeld numerical quadrature in the
radial part and spherical surface is 300 and 3890, respectively.

Results and discussion

We first investigated the ester hydrolysis mechanism that can
be employed for our study by changing the number of water
molecules explicitly included in the reaction. For a mechanism
to be feasible for our purpose, there is only one mandatory
condition. That is, by increasing the size of the substituting
group from H to methyl to ¢-butyl; for the rate-limiting step, the
barrier height should be monotonically increased. This condi-
tion results from the very fact that this reaction has been
employed to quantify the steric effect in the first place, so this
condition must be true. The 3-step mechanism with multiple,
m + n in total, water molecules explicitly considered is shown in
Scheme 1. The first step is the formation of the C-O bond
between the carboxyl group and an incoming water molecule,
the second step involves proton transfer, and the third step is
the break of the ester C-O bond to complete hydrolysis. It has
three transition state (TS) structures and two intermediates.
Fig. 1 elucidates the hydrolysis mechanism with up to 4 water
molecules explicitly included for esters, which are attached by
three different substituting groups R with R = H, methyl, and
t-butyl. Their optimized molecule coordinates are included in
the ESI.t From the figure, it can be seen that (i) the rate-limiting
step is TS2 for all three species and (ii) only 2- and 3-water
mechanisms correctly reproduce the order of the steric effect
for the three groups. This result suggests that we need at least
two water molecules to reasonably simulate the hydrolysis
process for esters. Also, we notice that the “reactant” in
Fig. 1 was the starting molecule complex, as shown in
Scheme 1, of the acid-catalyzed ester with multiple water
molecules, which indeed is an intermediate from the perspec-
tive of the energetic span model. In this study, the energetic
span is the difference of the total energy between TS2 and the
reactant in Scheme 1.

Can the result obtained in Fig. 1 be extended to groups other
than alkyl groups, such as aromatic groups or strongly electro-
negative ones? Fig. 2 illustrates the comparison of the hydro-
lysis mechanism with F and Ph;C groups together with that of
the t-butyl group. For F and Ph;C groups, the rate-limiting step
is changed to TS3, but for the alkyl group, we know from Fig. 1,
it is TS2. This difference in the mechanism suggests that
different functional groups can result in different rate-
limiting steps, so they do not belong to the same category from
the mechanism viewpoint. For this reason, we only consider
alkyl groups in this study.

Table 1 summarizes the effective barrier height results for
the 2-water reaction mechanism obtained from five different
methodologies for 20 alkyl groups in solvent water. Their
corresponding Taft steric parameters Eg from the literature
are also tabulated in the table. The last row is the correlation

Phys. Chem. Chem. Phys., 2024, 26, 23447-23456 | 23449


https://doi.org/10.1039/d4cp02702g

Published on 16 August 2024. Downloaded on 4/3/2026 1:03:38 AM.

View Article Online

Paper PCCP
+
OH* (HZO)n+m HO™ (Hzo)m +HO """"" (H20)1n
/k _Me R/!‘\ _Me ] R O/Me ;
R O | OHye.
O (11,0), Ot (1,0),
Reactant TS1 Intermediate1
- Ho~ H:0) HO- (H:0)p [ How (H2O)m)
x Me & Me Avn, MO
R o~ >R o —»| R | O —— Product
HO. OH* | OH" |
N H H. H-0
i Y OH,
O i _(OHy) H,0 _n_z( 2) 2
- TS2 N Intermediate2 TS3

Scheme 1 The 3-step reaction mechanism of acid-catalyzed ester hydrolysis in water solvent with (n + m) water molecules explicitly included. The
starting system is the molecular complex of the protonated ester with (n + m) water molecules. The central carbon atom marked by a star (*) symbol

serves as the reaction center.

coefficient R* value between Taft steric parameters and calcu-
lated barrier heights for the 20 alkyl groups. As an illustrative
example, Fig. 3a exhibits the strong correlation of Taft steric
parameters with the barrier height results from the M06-2X/
6-311++G(d,p) level of theory in water solvent using the SMD
implicit solvent model. As can be seen from the table and Fig. 3a,
(i) the correlations between Taft steric parameters and barrier
heights are markedly strong across all five different methods
that we examined in this work, all with R* better than 0.93,
suggesting that the 2-water reaction mechanism in Fig. 1 is a
valid and reliable representation of the acid-catalyzed hydrolysis
of esters with alkyl groups; and (ii) the choice of methodologies
does significantly impact the barrier height values, especially
when different exchange—-correlation functionals are employed.

We considered other methodologies as well, including MP2
(not shown). No matter what methodologies are employed, the
correlation between Taft steric parameters and barrier heights is
always strong, confirming the validity and robustness of the
correlation and independence of our results on functionals and
basis sets.

With the hydrolysis mechanism computationally established,
we are ready to answer the question that we posed earlier. That
is, is there any correlation between the theoretical quantification
of steric effect and the Taft steric parameter obtained from
experiment? The correlation between the barrier height of 20
systems studied in this work and the difference of steric energy,
eqn (1), on the central carbon atom with the correlation coeffi-
cient R* = 0.929 is shown in Fig. 3b. The difference of steric
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Fig. 1 Acid-catalyzed ester hydrolysis mechanisms of different groups (R = H, CHs, and tBu) with (a) one (m =0andn = 1), (b) two(m=0and n = 2),
(c) three (m = 0 and n = 3), and (d) four (m = 1 and n = 3) water molecules explicitly included in Scheme 1.
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Fig. 2 The 2-water acid-catalyzed ester hydrolysis mechanism with three R groups (R = tBu, F, and PhzC) of vastly different (alkly, aromatic, and strongly
electronegative) groups in Scheme 1.

Table 1 The hydrolysis barrier height for the 2-water reaction mechanism obtained by five different methodologies for 20 alkyl R groups in Scheme 1 in
solvent water. Their corresponding Taft steric parameters are also tabulated. The last row shows the correlation coefficients R? between Taft steric parameters

and calculated barrier heights. Barrier heights in kcal mol™

Alkyl group-R Taft Es Method 1 Method 2 Method 3 Method 4 Method 5
C,H; 0.08 7.51 7.49 5.44 14.70 7.45
C;H; 0.36 7.51 7.48 5.43 14.78 7.32
C,4Ho 0.39 7.57 7.54 5.48 14.87 7.38
CH;3 0.00 7.00 7.00 4.85 14.15 6.86
Cyclohexane 0.69 8.21 8.16 6.03 15.91 7.53
Et,CH 2.00 12.82 12.82 10.74 18.87 12.73
EtMe,C 2.28 11.83 11.81 9.74 19.85 11.59
H —-1.12 0.41 0.39 —1.58 6.82 0.28
iBut 0.93 9.08 9.01 6.21 17.35 7.54
iPrEtCH 3.23 15.44 15.42 13.35 23.90 16.60
iPr 0.47 7.56 7.56 5.68 15.29 6.96
Pr,CH 2.03 12.84 12.85 10.80 18.98 12.78
PrEtCH 2.00 12.27 12.22 9.81 18.77 11.02
PrMeCH 1.02 9.37 9.34 7.15 17.14 8.90
sBut 1.00 9.40 9.39 7.35 16.60 9.25
tBuCH,Me,C 2.48 12.29 12.25 10.04 20.89 12.64
tBuCH,MeCH 1.81 12.05 11.86 9.79 17.88 11.11
tBuCH, 1.63 11.05 10.96 8.79 18.71 10.46
tBuMeCH 3.21 15.86 15.86 13.63 23.49 15.68
tBu 1.43 10.35 9.87 7.78 17.77 9.70
R* 0.947 0.946 0.944 0.935 0.942

Taft steric parameters are from ref. 53. All methods employed the SMD implicit solvent model. Method 1 is at the M06-2X/6-311++G(d,p) level of
theory; method 2 is at M062X/6-311++G(d,p) with the GD3 dispersion correction; method 3 is at M062X/6-311+G(d) with the GD3 dispersion
correction; method 4 is same as method 2 except that M062X was replaced by B3LYP; method 5 is same as method 2 except that a larger basis set,

aug-cc-pVDZ, was utilized.

energy is between TS2 and the reactant, same as the barrier
height defined by the energetic span model.”>”® When the Taft
steric parameter and the steric energy difference on the central
carbon are directly correlated, we obtain the correlation coeffi-
cient R*> = 0.904. These results indicate that the answer to the
above question is positive and decisively favorable. We obtained
a strong correlation between theoretical and experimental quan-
tifications of steric effects.

Moreover, we correlate the barrier height results with the
three other physical variables from the scheme of our quanti-
fication, steric potential, steric force, and steric charge, defined

This journal is © the Owner Societies 2024

in eqn (3)-(5), respectively. Fig. 4 shows the result of these
additional correlations for the central carbon atom. From the
figure, we can see that steric potential and steric charge are
positively correlated with the barrier height, whereas the mag-
nitude of the steric force is negatively correlated. Even though
the correlation with the steric force is the least strong (with R* =
0.83), the one with steric potential and steric charge is signifi-
cantly stronger, with R*> = 0.92 and 0.95, respectively. When
Taft steric parameters are directly correlated with the steric
charge, we obtained R* = 0.94. These results confirm what we
have obtained in Fig. 3b, suggesting that experimental and

Phys. Chem. Chem. Phys., 2024, 26, 23447-23456 | 23451
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Fig. 3 Strong linear correlations of the 2-water hydrolysis barrier height from method 1 with (a) experimental Taft parameters and (b) the difference of
the steric energy between TS2 and the reactant in the 2-water hydrolysis mechanism in Fig. 2 on the central carbon atom for 20 alkyl groups.

.
e
=3
st
W

0.030

0.025

0.10

teric Force Difference on C(a.u.)
I

’ 2
. IR = 0.948

Steric Charge Differenceon C (a.u.)

Steric Potential Difference on C (a.u.)

0.0 5.0 10.0 150 0.0 5.0

 R2=0.917 R2=0.8
0.02""" -

L+ 1lgoe
100 150 00 50 100 150

Barrier Height (kcal/mol)

Fig. 4 Strong linear correlations of the barrier height with the difference of the (a) steric potential, (b) magnitude of the steric force, and (c) steric charge
between TS2 and the reactant in the 2-water hydrolysis mechanism in Fig. 2 on the central carbon atom for 20 alkyl groups.

theoretical quantifications of steric effects are strongly corre-
lated. Put together, these results from steric energy, steric
potential, steric force, and steric charge validate the effective-
ness of our theoretical approach to formulate and quantify the
steric effect using density-based quantities.

We employed the steric propensities on the central carbon
atom in Scheme 1 to correlate with Taft steric parameters in
Fig. 3b and 4. There is a reason for this. No matter what

23452 | Phys. Chem. Chem. Phys., 2024, 26, 23447-23456

substituent groups R are replaced in eqn (6), their impact on
the reactivity of hydrolysis should eventually be passed to the
central carbon atom, which is the reaction center, and thus
reflected by the change of its properties. In this regard, it makes
sense that we utilize different steric-related propensities of the
central carbon atom for the correlation purpose. However, can
we still use the results from the molecular level to do that?
Using the difference at the molecular level between TS2 and the
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Table 2 The decomposition results for the hydrolysis barrier height of the 2-water reaction mechanism using method 1 for 20 alkyl groups in Scheme 1
in solvent water using the two total energy partition schemes in DFT. Units in kcal mol™*

Alkyl group-R AE AEgoly AT AE, AE, AE, AE,

C,H5 7.51 —5.27 —37.47 —16.69 66.94 300.04 —354.20
C3H, 7.51 —6.80 —34.69 —17.26 66.26 307.45 —359.41
C4Ho 7.57 —6.75 —35.60 —-17.13 67.04 306.52 —359.25
CHj; 7.00 —4.45 —37.31 —16.77 65.52 306.17 —360.24
Cyclohexane 8.21 —4.16 —41.30 —18.69 72.35 350.41 —410.40
Et,CH 12.82 —0.16 -37.71 —19.25 69.94 347.83 —404.79
EtMe,C 11.83 —3.26 —40.07 —19.61 74.77 353.16 —412.84
H 0.41 —-3.74 —32.06 —16.57 52.78 296.53 —345.16
iBut 9.08 —-3.39 —41.19 —18.99 72.65 354.73 —414.92
iPrEtCH 15.44 —1.63 —43.47 —18.17 78.71 329.32 —390.96
iPr 7.56 —6.91 —45.58 —17.62 77.68 333.90 —397.10
Pr,CH 12.84 —0.44 —36.68 —19.43 69.39 350.64 —406.75
PrEtCH 12.27 —0.93 —34.08 —21.68 68.97 377.29 —433.06
PrMeCH 9.37 —4.04 —45.49 —19.03 77.92 357.23 —421.76
sBut 9.40 -3.30 —37.95 —18.58 69.23 342.47 —399.01
tBuCH,Me,C 12.29 —-8.14 —45.83 —18.99 85.26 341.92 —406.75
tBuCH,MeCH 12.05 —10.58 —47.16 —18.80 88.59 350.86 —416.82
tBuCH, 11.05 —5.97 —37.97 —18.86 73.84 340.76 —397.58
tBuMeCH 15.86 —1.88 —43.20 —18.21 79.15 328.40 —389.80
tBu 10.35 —5.68 —45.30 —18.40 79.73 346.35 —410.05

reactant, even though the correlation with steric energy and
steric force is less strong, the correlation with steric potential
(R* = 0.87) and steric charge (R*> = 0.91) is still considerably
significant. In this regard, our answer to the above question is
still favorable.

Let us now examine the results from the two total energy
partition schemes in DFT, eqn (2), for these systems. Table 2
shows the decomposition results for the hydrolysis barrier

15.0 0.0 5.0

height of the 2-water reaction mechanism for 20 alkyl groups
at the M062X/6-311++G(d,p) level of theory in solvent water
using the SMD implicit solvent model. From the table, we can
see that (i) with the conventional DFT partition scheme, AE =
AEsqy + ATs + AE. + AEy, the only positive and thus dominant
contributor to AE is from the electrostatic component AE,, and
all other three terms contribute negatively. This is the same as
what we previously observed for other systems,??*14517,30:82
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Fig. 5 Strong linear correlations of the 2-water hydrolysis barrier height with the difference of (a) Shannon entropy, (b) alternative Fisher information, (c)
information gain, (d) relative alternative Fisher information, (e) second-order relative Rényi entropy, and (f) third-order relative Rényi entropy from the
information-theoretic approach in DFT between TS2 and the reactant of the 2-water hydrolysis mechanism in Fig. 2 on the central carbon atom for 20

alkyl groups.
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However, different from the previous systems, the correlation
between AE, and AE is not significant (with R* = 0.467 only).
(if) with the second partition scheme, AE = AEgy, + AEs + AE, +
AEg, both AE. and AE; contribute positively but the magnitude of
AE, is much larger than that of AE,, suggesting that the barrier
height is dominated by the steric effect. Nevertheless, no strong
correlation at the molecular level is obtained for AE with any of
these two components. Using multivariant fittings, however, same
as what we did previously,>****%% better correlations can be
obtained from both partition schemes. For example, with AEsy,,
AE,, and AE, we have R* = 0.822, and with AEsy, AE., and AE,,
we obtain R> = 0.811 (not shown). These results are the same as
the other systems that we previously investigated,*®*43747,5%:82
Since steric energy differs from Fisher information only by a
factor of 1/8, and the latter was proven to be intrinsically
related®”® to other quantities from the information-theoretic
approach (ITA),** ® we next examine correlations of the barrier
height with ITA quantities. Strong correlations of the barrier
height with the difference of six ITA quantities, including
Shannon entropy ASs, alternative Fisher information Arl'g,
information gain Alg, relative alternative Fisher information
A'T'g, second-order relative Rényi entropy A'R”, and third-order
relative Rényi entropy A'R;, are shown in Fig. 5. The difference
of these ITA quantities was taken between TS2 and the reactant
of the 2-water hydrolysis mechanism in Fig. 2 on the central
carbon atom for 20 alkyl groups. As can be seen from the figure,
all these six ITA quantities are strongly correlated with the
barrier height of ester hydrolysis for 20 alkyl groups. These
results not only verify the intrinsic relationship among ITA

23454 | Phys. Chem. Chem. Phys., 2024, 26, 23447-23456

quantities, but also suggest that we could have more quantita-
tive descriptors for Taft steric parameters.

Finally, as a further piece of evidence, as shown in Fig. 6, we
directly correlated Taft steric parameters with the descriptors
from both steric quantifications (steric potential and steric
charge) and ITA quantities (Shannon entropy and alternative
Fisher information) on the carbon center. From the figure, we
can see all four descriptors generated significantly strong
correlations with Taft constants, all with the correlation coeffi-
cient larger than 0.90. These results confirm, again, the effec-
tiveness and validity of employing the DFT scheme and ITA
quantities to quantitatively describe the steric effect.

Conclusions

To summarize, in this work, we applied the theoretical quanti-
fication scheme from density functional theory for the acid
catalyzed hydrolysis of esters with 20 different substituent
groups, whose experimental scale of Taft steric parameters
was previously established in the literature. The main results
from this work are as follows. Firstly, a computational model to
effectively simulate the hydrolysis mechanism in acidic sol-
vents is established. At least two water molecules must be
explicitly considered. Secondly, to represent the effective bar-
rier height of the multi-step mechanism for ester hydrolysis
and to correlate it with the apparent reaction rate from experi-
mental measurements, the energetic span model from the
literature must be employed. Thirdly, we observed strong
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correlations of the barrier height with Taft steric parameters
and with the four steric effect related variables, including steric
energy, steric potential, steric force, and steric charge. Lastly,
we obtained strong correlations of the barrier height with six
different information-theoretic quantities. These results pro-
vide pieces of strong evidence in support that the density-based
quantification of steric effects using Weizsicker kinetic energy
and its derivatives is a valid and robust one, and that steric
effects can be quantitatively described and well accounted for
by numerous density-based quantities in the framework of
density functional theory. It is our humble view that this work
should have satisfactorily addressed the issue of how the steric
effect can be formulated in such a way that a direct comparison
with experiments is made possible. It is our hope that this work
might have laid the groundwork for future applications, where
both steric, electrostatic, and quantum can be quantitatively
accounted for.
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