Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2016

Supporting Information

for

A Through-Space Description of Substituent Effects Leads to Inaccurate Mo-
lecular Electrostatic Potentials and Cation--:mt Interactions in Extended Aro-
matic Systems

Enrique M. Cabaleiro-Lagoa'* and Jesus Rodrl'guez-Oterob

* Facultade de Ciencias (Dpto. de Quimica Fisica), Universidade de Santiago de Compostela,

Campus de Lugo. Avda. Alfonso X EI Sabio s/n 27002 Lugo, Galicia (Spain)

®Centro Singular de Investigacién en Quimica Bioléxica e Materiais Moleculares (CIQUS) and
Departamento de Quimica Fisica, Universidade de Santiago de Compostela. 15782 Santiago de

Compostela (Spain)

S1



References 18 and 23

Table S1. Hodgkin similarity index comparing the true MEPs and those calculated with an
additive model. ® and o correspond to a partition including out of plane or in-plane points
(m: points between 2 to 5 bohr above and below molecular plane: ¢ 0 to 2 bohr).

Table S2. Hodgkin similarity index for anthracene derivatives comparing the true MEPs and
those calculated with an additive model. m and o correspond to a partition including out of
plane or in-plane points (n: points between 2 to 5 bohr above and below molecular plane: o
0 to 2 bohr). Ring 1 is closest to the substituent. Ring regions are defined by considering 2.4
bohr to each side of the ring center following the longitudinal axis of the molecule.

Table S3. MEPs in kcal mol™ at 2.4 A over the ring centers as obtained from PBE0/aug-cc-
pVDZ calculations and the additive model.

Details of SAPT(DFT) calculations

Table S4. Interaction energy decomposition at the minima of the complexes with sodium
cation over the center of the rings of benzene and naphthalene, obtained by interpolation
from values along lines passing through ring centers. SAPT(DFT) values with PBEO/aug-cc-
pVDZ.

Table SS5. Interaction energy decomposition at the minima of the complexes with sodium
cation over the center of the rings of anthracene, obtained by interpolation from values along
lines passing through ring centers. SAPT(DFT) values with PBE(O/aug-cc-pVDZ.

Table S6. Nuclear Independent Chemical Shifts (NICS) obtained at the center of the rings
and 1 A above them for anthracene and derivatives (in ppm at the PBEO/aug-cc-pVDZ lev-
el). Anics is the change relative to unsubstituted anthracene. NICS(0) and NICS(1) corre-
spond to NICS values on the ring centers and 1 A above them.

Figure S1. Differences on Molecular Electrostatic Potentials for substituted anthracenes
along lines passing through ring centers employing fully and partially optimized geometries.
The results correspond to MEPgoen - MEPg).

Figure S2. Molecular Electrostatic Potentials for substituted benzenes as mapped onto an
isodensity surface of 0.002 a.u. Color scale runs from -15.0 kcal mol” (red) to 15.0 kcal
mol™ (blue), white corresponding to 0.0 kcal mol™.

Figure S3. Molecular Electrostatic Potentials for substituted naphthalenes as mapped onto
an isodensity surface of 0.002 a.u. Color scale runs from -15.0 kcal mol” (red) to 15.0 kcal
mol™ (blue), white corresponding to 0.0 kcal mol™.

Figure S4. Molecular Electrostatic Potentials for substituted anthracenes as mapped onto an
isodensity surface of 0.002 a.u. Color scale runs from -15.0 kcal mol” (red) to 15.0 kcal
mol™ (blue), white corresponding to 0.0 kcal mol™.

Figure S5. Deviations of the additive model relative to the computed MEPs on lines passing
through the center of the rings. R1 is the ring nearest to the substituent.
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Figure S6. MEP changes upon substitution along a line 2.4 A over the molecular plane of
naphthalene derivatives as show in the inlet. Vertical lines indicate the position of the ring
centers. Solid lines correspond to the calculated MEPS at PBE/aug-cc-pVDZ level; dotted
lines represent the values obtained from the additive model.

Figure S7. Deviations of the additive model relative to the computed SAPT(DFT) interac-
tion energies on lines passing through the center of the rings.

Figure S8. SAPT(DFT) interaction energies for Na™ complexes. The cation is placed above
the rings following a line passing through the ring centers.

Figure S9. Correlation between total and: Top: electrostatic energy changes. Bottom: elec-
trostatic + induction energy changes. Points between 2.2 and 2.6 A above the ring centers
are employed.

Figure S10. Correlation between electrostatic energy changes and MEP changes. Points
between 2.2 and 2.6 A above the ring centers are employed.

Cartesian Coordinates
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In order to obtain Hodgkin similarity indexes, points from isodensity surfaces between 0.0018
to 0.0022 a.u. were selected, and the index computed as:

N
2E(pi,A¢i,B

i=1

H=— N
2((pi,A)22((pi,3)2

Furthermore, the index was dissected in m and o contributions, considering that points between
2 and 5 bohr above and below the molecular plane contribute to the m component and points
between 0 to 2 bohr above and below the molecular plane contribute to the o component. The
results indicate that changes of MEP due to substitution are more important in the n cloud re-
gion.

Table S1. Hodgkin similarity index comparing the true MEPs and those calculated with an addi-
tive model. m and o correspond to a partition including out of plane or in-plane points (m:
points between 2 to 5 bohr above and below molecular plane; o: 0 to 2 bohr).

BENZENE total T o

NO, 0.90 0.79 0.95
CN 0.94 0.85 0.96
F 0.97 0.86 1.00
CH; 0.99 0.98 0.99
OH 0.96 0.88 0.98
NH, 0.93 0.89 0.96
NAPHTHALENE total n o

NO, 0.88 0.71 0.95
CN 0.93 0.80 0.96
F 0.98 0.90 1.00
CH3 0.99 0.98 1.00
OH 0.97 0.92 0.99
NH; 0.93 0.89 0.96
ANTHRACENE total n o

NO, 0.88 0.67 0.95
CN 0.92 0.79 0.96
F 0.98 0.93 1.00
CH3 0.99 0.98 1.00
OH 0.97 0.93 0.99
NH, 0.93 0.89 0.97
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Hodgkin index for each ring of anthracene obtained as commented above, considering only re-
gions 2.4 bohr each side of the ring center. It can be observed that the description of the o com-
ponent shows similar quality in the three rings, while the m region slightly deteriorates for the
rings further apart in NO, and CN derivatives. The results suggest the presence of non-local
effects that probably act on the whole molecule through changes in its electron cloud.

Table S2. Hodgkin similarity index for anthracene derivatives comparing the true MEPs and
those calculated with an additive model. m and o correspond to a partition including out of
plane or in-plane points (r: points between 2 to 5 bohr above and below molecular plane: 6 0
to 2 bohr). Ring 1 is closest to the substituent. Ring regions are defined by considering 2.4 bohr
to each side of the ring center following the longitudinal axis of the molecule.

T o Total
Ringl | Ring2 | Ring3 | Ringl | Ring2 | Ring3 | Ringl | Ring2 | Ring3
NO, 0.70 0.68 0.60 0.98 0.98 0.97 0.92 0.93 0.89
CN 0.81 0.81 0.74 0.99 0.99 0.98 0.96 0.96 0.92
F 0.64 0.96 1.00 1.00 1.00 1.00 0.93 0.99 1.00
CH; 0.99 0.99 0.99 1.00 1.00 1.00 0.99 1.00 1.00
OH 0.91 0.95 0.98 0.99 1.00 0.99 0.96 0.97 0.99
NH, 0.93 0.92 0.94 0.99 0.97 0.97 0.96 0.94 0.95
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Table S3. MEPs in kcal mol” at 2.4 A over the ring centers of benzene, naphthalene and an-
thracene as obtained from PBEO/aug-cc-pVDZ calculations and the additive model.

MEP MEP 04 %devl” %dev2” MEP MEP 04 %devl® %dev2"
NO, CN
Bz -1.27 -1.51 -1.9 1.7 -2.57 -3.23 -5.7 4.7
Naph-rl -1.91 -0.37 13.8 -11.8 -3.05 -2.11 9.4 -7.2
Naph-r2 -2.94 -7.19 -42.1 32.6 -3.96 -7.46 -38.6 26.9
Ant-rl -2.43 0.24 26.7 -21.5 -3.43 -1.51 21.4 -15.5
Ant-r2 -3.02 -6.40 -36.6 27.6 -4.02 -6.68 -32.3 21.7
Ant-r3 -4.33 -9.46 -63.4 41.3 -5.29 -9.46 -58.5 33.6
CH; F
Bz -14.69 -14.43 -48.1 -1.8 -9.97 -6.23 89.5 -26.4
Naph-rl -13.36 -13.30 -18.2 -0.5 -9.11 -5.10 102.3 -30.8
Naph-r2 -14.18 -13.13 -91.3 -8.1 -10.40 -8.95 55.1 -11.1
Ant-rl -12.58 -12.70 75.0 1.0 -8.68 -4.50 111.8 -33.7
Ant-r2 -13.29 -12.35 -90.4 -7.7 -9.84 -8.17 69.3 -13.6
Ant-r3 -13.50 -12.47 -95.4 -8.3 -10.57 -10.34 12.4 -1.9
OH NH,
Bz -13.83 -10.42 1065.6 -24.1 -18.14 -15.87 -56.9 -16.0
Naph-rl -12.29 -9.25 410.8 -23.3 -16.18 -14.76 -45.1 -10.9
Naph-r2 -14.04 -11.26 -275.2 -21.3 -16.84 -13.01 -100.5 -29.4
Ant-rl -11.44 -8.63 286.7 -22.6 -15.05 -14.16 -33.8 -7.2
Ant-r2 -13.14 -10.46 -301.1 -21.9 -15.77 -12.22 -100.9 -29.0
Ant-r3 -13.55 -11.64 -169.0 -15.4 -15.75 -12.32 -103.0 -27.6

a) Relative to the change on MEP upon substitution.
b) Relative to the MEP of the unsubstituted system. Bz: -14.15 kcal mol-!; Naph: -13.03 kcal mol!; Ant-ri: -
12.42 kcal mol-1; Ant-r2:-12.25 kcal mol-L.
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Details of SAPT(DFT) calculations: SAPT(DFT) calculations were performed with Molpro2012.
For these calculations, the PBEO functional was used involving a shift parameter obtained as
the sum of the ionization potential and the energy of the highest occupied molecular orbital.
Orbital energies and ionization potentials have been obtained by using the PBE functional with
the aug-cc-pVDZ basis set. The DFT-SAPT calculations were performed with the aug-cc-pVDZ
basis set, using the cc-pVTZ/JKFIT for Hartree—Fock and aug-cc-pVDZ/MP2FIT for the second-
order dispersion terms. JKFIT auxiliary basis set for Na has been generated with the AutoAux
option of ORCA (F. Neese, WIREs Comput. Mol. Sci., 2012, 2, 73-78):
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Table S4. Interaction energy decomposition at the minima of the complexes with sodium cati-
on over the center of the rings of benzene and naphthalene, obtained by interpolation from
values along lines passing through ring centers. SAPT(DFT) values with PBEO/aug-cc-pVDZ.

Ruin (A) Total Elec Rep Ind Disp

Bz H 2.428 -22.29 -15.00 7.86 -14.75 -0.41
NO, 2.476 -10.94 -1.83 6.38 -15.10 -0.40

CN 2.467 -12.22 -3.06 6.51 -15.26 -0.41

F 2.440 -18.18 -10.70 7.50 -14.57 -0.41

CH; 2.413 -23.72 -15.71 8.29 -15.84 -0.46

OH 2417 -22.30 -14.78 8.20 -15.28 -0.44

NH, 2.402 -27.12 -19.28 8.52 -15.90 -0.46

Naph Ruin (A) Total Elec Rep Ind Disp
R1 H 2.428 -24.68 -13.84 7.40 -17.77 -0.46
NO, 2.506 -14.69 -2.43 5.46 -17.31 -0.41

CN 2.495 -15.84 -3.56 5.63 -17.49 -0.43

F 2.465 -20.84 -9.72 6.53 -17.22 -0.43

CH; 2411 -25.64 -14.32 7.88 -18.69 -0.51

OH 2.435 -24.20 -13.10 7.33 -17.95 -0.47

NH, 2.416 -28.41 -17.15 7.74 -18.50 -0.50

R2 H 2.428 -24.68 -13.84 7.40 -17.77 -0.46
NO, 2.476 -15.44 -3.31 6.19 -17.90 -0.43

CN 2.467 -16.48 -4.45 6.39 -17.99 -0.44

F 2.440 -22.04 -11.06 7.09 -17.62 -0.45

CH; 2413 -26.30 -15.07 7.79 -18.53 -0.49

OH 2417 -25.89 -14.81 7.68 -18.27 -0.48

NH, 2.402 -28.96 -17.70 8.09 -18.86 -0.50
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Table S5. Interaction energy decomposition at the minima of the complexes with sodium cati-
on over the center of the rings of anthracene, obtained by interpolation from values along
lines passing through ring centers. SAPT(DFT) values with PBEO/aug-cc-pVDZ.

Ruin (A) Total Elec Rep Ind Disp

R1 H 2.404 -26.47 -13.39 7.87 -20.44 -0.51
NO, 2.474 -17.40 -3.08 5.99 -19.86 -0.45

CN 2.464 -18.39 -4.07 6.18 -20.04 -0.46

F 2.440 -22.79 -9.47 7.00 -19.85 -0.47

CH; 2.390 27.17 -13.72 8.32 -21.22 -0.55

OH 2414 -25.73 -12.46 7.75 -20.51 -0.51

NH, 2.398 -29.63 -16.22 8.11 -20.98 -0.53

R2 H 2414 -26.21 -12.97 7.33 -20.04 -0.52
NO, 2.456 -17.67 -3.38 6.27 -20.08 -0.48

CN 2.449 -18.71 -4.52 6.44 -20.14 -0.49

F 2.425 -23.84 -10.51 7.07 -19.89 -0.51

CH; 2.402 -27.66 -14.10 7.65 -20.67 -0.54

OH 2.405 -27.36 -13.93 7.59 -20.47 -0.54

NH, 2.393 -30.22 -16.63 7.93 -20.97 -0.55

R3 H 2.404 -26.47 -13.39 7.87 -20.44 -0.51
NO, 2.432 -18.93 -4.86 7.09 -20.69 -0.48

CN 2.428 -19.90 -6.00 7.21 -20.62 -0.48

F 2.410 -24.65 -11.49 7.71 -20.36 -0.50

CH; 2.395 -27.88 -14.54 8.11 -20.94 -0.52

OH 2.395 -27.84 -14.58 8.12 -20.87 -0.52

NH, 2.386 -30.27 -16.82 8.39 -21.32 -0.53
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Table S6. Nuclear Independent Chemical Shifts (NICS) obtained at the center of the rings and 1 A
above them for anthracene and derivatives (in ppm at the PBEO/aug-cc-pVDZ level). Aics is the change
relative to unsubstituted anthracene. NICS(0) and NICS(1) correspond to NICS values on the ring cen-
ters and 1 A above them.

NICS(0) NICS(1)
R1 R2 R3 R1 R2 R3

H -7.09 -11.22 -7.01 -9.84 -13.35 -9.82

Anics(o) Anics(a)
NO, -0.81 0.84 0.06 0.13 0.48 -0.03
CN -0.24 0.37 -0.03 0.16 0.15 -0.11
F -2.06 0.15 0.02 -0.21 0.15 0.01
CH; -0.33 0.21 0.13 -0.22 0.12 0.11
OH -1.49 0.46 0.22 0.00 0.40 0.22
NH; -0.27 0.78 0.32 0.69 0.70 0.35
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Figure S1. Differences on Molecular Electrostatic Potentials for substituted anthracenes along lines
passing through ring centers employing fully and partially optimized geometries. The results correspond
to MEPfrozen - MEPfull'

As described in the manuscript, the geometry of substituted anthracenes is kept frozen at the geometry
of anthracene, and only the substituent group is relaxed. If the substituted anthracenes are fully opti-
mized the geometry hardly changes, and the effects upon the results obtained for MEPs are marginal. As
shown in Figure S1, the largest change for MEP on lines through ring centers hardly reaches 0.3 kcal
mol ™ at most.
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Figure S2. Molecular Electrostatic Potentials for substituted benzenes as mapped onto an isodensity
surface of 0.002 a.u. Color scale runs from -15.0 kcal mol™ (red) to 15.0 kcal mol” (blue), white corre-
sponding to 0.0 kcal mol™.
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Figure S3. Molecular Electrostatic Potentials for substituted naphthalenes as mapped onto an isodensity
surface of 0.002 a.u. Color scale runs from -15.0 kcal mol™ (red) to 15.0 kcal mol™ (blue), white corre-
sponding to 0.0 kcal mol™.
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Figure S4. Molecular Electrostatic Potentials for substituted anthracenes as mapped onto an isodensity
surface of 0.002 a.u. Color scale runs from -15.0 kcal mol™ (red) to 15.0 kcal mol™ (blue), white corre-
sponding to 0.0 kcal mol™.
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Figure S5. Deviations of the additive model relative to the computed MEPs on lines passing through the
center of the rings. R1 is the ring nearest to the substituent.

The behavior is similar in the nearest ring for the three aromatic species, but deviations are already large
in the second and third rings.
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Figure S6. MEP changes upon substitution along a line 2.4 A over the molecular plane of naphthalene
derivatives. Vertical lines indicate the position of the ring centers. Solid lines correspond to the calculat-
ed changes on MEPs at the PBE/aug-cc-pVDZ level; dotted lines represent the values obtained from the

additive model.

As for anthracene, the local model decays too quickly. MEP changes are much larger in the second ring
than predicted by the model.
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Figure S7. Deviations of the additive model relative to the computed SAPT(DFT) interaction energies
on lines passing through the center of the rings.

The deviations in interaction energy mimic MEP deviations shown in Figure S4.

S18



E £
L g
& &
4 25 Y .
-30 -30
-35 -35
20 22 24 26 28 30 32 34 36 38 40 20 22 24 26 28 30 32 34 36 38 40
R(A) R(A)
5
Naph-Rl ~ .—. Ant-R2 __
2104 /' -103
_ 157 : = _ 5] -
E g
-20 20,
g g
Y 2 Y s
30 30 .
-35 -35
20 22 24 26 28 30 32 34 36 38 40 20 22 24 26 28 30 32 34 36 38 40
RA) R(A)
: / §
Ant-R3
-10 = -10
t
_ 15 _ 154
g E
-20 -201
g £
4 251 Y 25
-30 -30 —
-35 -35
20 22 24 26 28 30 32 34 36 38 40 20 22 24 26 28 30 32 34 36 38 40
R(A) R(A)

“NO2 --CN -¥%-F -&CH3 - OH NH2 -¢H -®NO2 --CN -¥F -&CH3 -+ OH NH2 -4H

Figure S8. SAPT(DFT) interaction energies for Na* complexes. The cation is placed above the rings
following a line passing through the ring centers.
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Figure S9. Correlation between total energy changes (kcal mol™") and: Top: electrostatic energy chang-
es. Bottom: electrostatic + induction energy changes. Points between 2.2 and 2.6 A above the ring cen-
ters of benzene, naphthalene and anthracene are employed. The blue line corresponds to x=y.

There is a pretty good correlation between electrostatic energy changes and total energy changes, which
improves if induction is included. Therefore, monitoring electrostatic energy changes, total interaction
energies could be predicted for cation'::st complexes.
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Figure S10. Correlation between electrostatic energy changes (kcal mol"') and MEP changes. Points
between 2.2 and 2.6 A above the ring centers of benzene, naphthalene and anthracene are employed.
The blue line corresponds to x=y.

The correspondence between changes on MEP and changes in electrostatic energy is almost perfect in
these cation--;t complexes. Thus, MEP changes can be employed in order to assess changes in interac-
tion energies due to substitution since as indicated in Fig. S8, the correspondence with total interaction
energies is quite good. Thus, deviations observed with the through-space model are due to an inappro-
priate description of MEP changes because substituent effect reaches further than the model, as indicat-
ed in Figures 2 and SS5.
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