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Both methyl groups and benzene rings are exceedingly
common, and they lie near one another in many chemical
situations. DFT calculations are used to gauge the strength of
the attractive forces between them, and to better understand
the phenomena that underlie this attraction. Methane and
benzene are taken as the starting point, and substituents of
both electron-withdrawing and donating types are added to
each. The interaction energy varies between 1.4 and 5.0 kcal/
mol, depending upon the substituents placed on the two

groups. The nature of the binding is analyzed via Atoms in
Molecules (AIM), Natural Bond Orbital (NBO), Symmetry-
Adapted Perturbation Theory (SAPT), nuclear magnetic reso-
nance (NMR) chemical shifts, and electron density shift
diagrams. While there is a sizable electrostatic component, it is
dispersion that dominates these interactions, particularly the
weaker ones. As such, these interactions cannot be categorized
unambiguously as either H-bonds or tetrel bonds.

Introduction

Within the kingdom of the H-bond (HB), the strongest are
typically those that pair a highly polar proton donor such as an
OH group, with a potent electron donor as for example the
lone pair of a N atom.[1–7] However, the electrons occupying an
aromatic π system can substitute for such a lone pair, even if
not quite as readily. And there are indeed a host of OH··π HBs in
the literature that are important links in a number of chemical
systems and processes.[8–12] Likewise, there is a great deal of
literature that has appeared in recent years that has demon-
strated that the CH group can serve as proton donor in HBs,
even if not typically as strong as those involving OH or NH
donors.[13–22]

One might expect the combination of these two partners,
viz. a CH··π contact, ought to be exceedingly weak, and perhaps
not even attractive enough to merit consideration. Yet such
CH··π HBs have been observed in a wide range of systems[19,23–33]

in organic and biomolecular chemistry. One example is the field
of molecular recognition, as in the case of glucose,[34]

saccharides[35] and other species[36] relevant to proteins. The
CH··π bond has seen numerous applications in catalysis such as
glycoside reactivity,[37] acylation,[38] and the glycosylation of
sugars.[39] Some other wide-ranging applications include tunable
charge transport[40] organic field effect transistors[41] and
efficient and stable Perovskite solar cells.[42,43] Zhou et al[44] have
recently noted the superiority of CH··π over π··π interactions for
charge transport and conductance for purposes of design of
supramolecular materials and devices. To consider a particular
small system, benzene dimer is most stable in a T-shape where

CH··π interactions are superior to the π-π bonding within a
parallel structure.[45,46] Other calculations have demonstrated the
importance of CH··π interactions when benzene is combined
with cyclohexane.[47,48]

As a special case, the methyl group has the notoriety of
being arguably the most common group in all of chemistry.
Without the benefit of electron-withdrawing substituents, and
with sp3 hybridization of its C atom, one might expect the
simple CH3 group to be involved in CH HBs in only the most
extenuating circumstances. Yet the literature shows this
supposition to be incorrect. One forum for such interactions is
the broad spectrum of proteins.[49] Surveys of crystals in the CSD
and PDB implicate the methyl group as donor to a variety of N
and O bases[50–52] or with halide anions.[53] This capacity has
been echoed by a series of quantum chemical calculations over
the years, mostly involving simple bases rather than an
aromatic π-system.[54,55]

Given its chemical composition, the bonding between a
methyl group and a Lewis base does not necessarily have to
involve a CH HB. There is also the possibility of a tetrel bond
(TB) which differs from the HB in that it is the C atom, and not a
H center, which serves as the electron acceptor site.[56–64] In the
language of molecular orbitals, the σ*(CR) antibonding orbital
of Scheme 1 would substitute for σ*(CH) as the charge receptor
in a TB versus a HB. From an electrostatic perspective, a σ-hole
based on a C atom would interact directly with the base, rather
than the positively charged H atom. Such CH3 tetrel bonds have

[a] S. Scheiner
Department of Chemistry and Biochemistry, Utah State University, Logan,
Utah 84322-0300, USA
E-mail: steve.scheiner@usu.edu

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202404712

Scheme 1. Cartoon depicting distinction between a HB and TB in the context
of a base B interacting with a methyl group.
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engendered a certain amount of study in the past.[51,54,65–72] Their
strength can be as high as 7.6 kcal/mol with a suitably strong
base,[70] even higher, near 20 kcal/mol, if the methyl group is
part of a cation.[73] Quantum chemical calculations have
attempted to devise means to differentiate a methyl TB from a
HB on spectroscopic grounds,[74–76] with moderate success to
date.

There thus remains a great deal more to be learned about
the interaction between a methyl group and a benzene ring.
This work examines this question from the framework of
quantum chemical calculations. Starting from the very basic
system combining methane with benzene, substituents are
placed on each subunit so as to explore the full domain of this
interaction. Substituents of both electron-withdrawing and
donating capacity are added to each, and each dyad is analyzed
in a number of ways to probe the energetics and the nature of
the binding. It is shown also how the proper placement of such
substituents can fully reverse the natural direction of charge
flow between the two subunits without necessarily reducing
the binding energy. A question that is broached here is whether
the interaction would be more appropriately categorized as
hydrogen or tetrel bonding.

Methods
Full optimizations were performed at the M06-2X/def2TZVP level of
theory[77–79] using the Gaussian 16 (Rev. C.01) package.[80] Harmonic
frequency analysis confirmed their nature as true minima. M06–2X
has been repeatedly assessed to be one of the most accurate
functionals for noncovalent interactions.[81–89] Interaction energies
were computed as the difference between the energy of the
optimized dyad and the sum of the monomer energies, while in the
geometries they adopt within the dimer. This quantity was
corrected by the standard counterpoise protocol.[90] The MEP
(molecular electrostatic potential) was analyzed to identify the
extrema on the 0.001 au electronic isodensity contour of the
isolated monomers, utilizing the MultiWFN software.[91,92] Using the
AIMAll program,[93] the QTAIM topological analysis[94,95] of the
electron density added information about interactions between
atoms, represented by bond paths and their bond critical points.
NBO analysis[96] identified and quantified the interorbital interac-
tions within dimers. Symmetry-Adapted Perturbation Theory (SAPT)
decomposition of the interaction energy[97,98] into its components at
the SAPT0 level was carried out via the PSI4 set of programs.[99]

NMR calculations employed the gauge-invariant atomic orbital
approximation.[100,101]

Results

As a prototype system, methane was first paired with benzene.
Substituents were then added to each of these species. As
indicated in Figure 1, R1 was added to the methane in a
position lying opposite the ring. A pair of substituents R2 were
added to the benzene ring in para positions to one another.
The choices for substituents comprised a phenyl ring, CH3, F, Cl,
NH2, NMe2, OH, CN, and NO2 so as to encompass a full range of
both electron-withdrawing and donating agents.

Monomers

The molecular electrostatic potential (MEP) that surrounds
several of the methane derivatives are illustrated in Figure 2. Of
most interest is its positive region, designated by the blue color.
There is such a positive MEP near each H of the methyl group,
and in many but not all cases a secondary blue region
indicating a σ-hole lying opposite the substituent R1. The
magnitude of the positive region is quantified as the maximum
Vmax of the MEP on a 0.001 au isodensity surface. These
quantities are listed in Table 1 for both the central C and
peripheral H atoms of the methyl group in all of the methane
derivatives considered here. It may be noted first that there is
no such maximum on the designated surface when the R1 is
either H or a benzene ring Bz. As R1 becomes progressively
more electron withdrawing, this σ-hole appears, and this Vmax,C
is competitive with Vmax,H on the H atoms, both rising up to
30 kcal/mol for the strong electron-withdrawing agent NO2.

The MEPs of benzene and some of its derivatives are
displayed in Figure 3. Of greatest relevance is the region above
the ring center, which is negative/red in most cases. As may be
seen in most of these diagrams, there is a small indentation of

Figure 1. Schematic diagram of the geometry of the complex pairing
methane and benzene derivatives, where R1 and R2 represent substituents.

Figure 2. Molecular electrostatic potential (MEP) surrounding selected
methane derivatives, where blue and red colors indicate positive and
negative MEP, respectively, �30 kcal/mol.
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sorts at the precise center of the region above the ring. In fact,
this central position corresponds to a very shallow maximum in
the MEP. The actual minima are displaced a small distance d
from the axis perpendicular to the ring and passing through the
ring center, as sketched out in Figure 3f for the case of benzene.
These distances are contained in Table 2 for all derivatives,
along with the values of the central local maximum and its
nearby minima. In most cases the MEPs at these two positions
are not very different. The displacement of the minimum from
the ring center is one factor for the geometries of the dyads
described below.

As reported in Table 2, Vmin above the ring is �17.2 kcal/mol
for benzene. Placing a pair of electron-releasing substituents in
the para positions as R2, i. e. CH3, NH2, or NMe2, makes this
quantity somewhat more negative, with Vmin rising in magni-
tude to as much as �25.4 kcal/mol. The electron-withdrawing F
does just the opposite, reducing Vmin down to only �5.6 kcal/
mol. The NO2 group is even stronger in this respect. Indeed, the
latter is such a strong electron-withdrawing agent that it makes

the potential above the ring positive throughout. Even more
extreme, this minimum vanishes entirely for 6 NO2 substituents,
replaced by a maximum of 57.0 kcal/mol, which might be
termed a π-hole.

Complexes

When the methane and benzene derivatives are placed
together, the geometry of the ensuing dyad is generally as
pictured in Figure 1. In most cases, one of the methyl H atoms
lies closest to a position above the ring center, with the C offset
by a bit from the center. One factor contributing to this off-
center location is related to the displacement of the minimum
MEP from the center, as described above. The full geometries of
some of these complexes are depicted in Figure 4 within the

Table 1. MEP maxima of methane derivatives, in kcal/mol.

R1 Vmax,C Vmax,H

H – 8.9

Bz – 12.1

NMe2 3.4 10.0

F 20.2 17.9

Cl 20.0 17.2

CN 23.2 28.4

NO2 29.3 29.9

Figure 3. Molecular electrostatic potential (MEP) surrounding selected benzene derivatives, where blue and red colors indicate positive (+25 kcal/mol) and
negative (�20 kcal/mol) MEP, respectively. f) positions of maxima and minima lying above molecular plane. Maximum lies directly above ring center and
minimum lies a distance d from the perpendicular axis passing through the ring center and the maximum.

Table 2. MEP extrema of p-disubstituted benzene derivatives (kcal/mol)
and distance d between minimum and axis perpendicular to ring center
(Å).

R2 Vmin d Vmax

H �17.2 0.42 �17.0

CH3 �19.8 0.27 –

NH2 �20.6 0.24 �24.5

NMe2 �25.4 0.32 �25.2

OH �16.5 0.40 �14.5

F �5.6 0.90 �3.3

NO2 12.4 1.26 17.5

6 NO2 – – 57.0
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context of an AIM molecular diagram, where intermolecular
bond paths are indicated by broken lines. (The cartesian
coordinates of all complexes are compiled in the Supporting
Information.) A small red sphere occupies the position of the
bond critical point of each such path. In most cases, the two
monomers are connected by one or more bond paths that
connect a methyl H with a phenyl C center. AIM thus diagnoses
these interactions as CH··C H-bonds.

The strength of the binding within each dyad is charac-
terized first by the interaction energy, listed as Eint in Table 3.
These energies follow along with the MEP extrema described in
Tables 1 and 2. Specifically, as R1 becomes more electron-
withdrawing, and the Vmax on the methane derivative grows
more positive, the Eint grows accordingly. The NO2 group has
the largest effect, more than doubling the interaction energy to
3.1 kcal/mol.

The lower portion of Table 3 documents the way in which
electron-releasing substituents on the benzene, which amplify
its “π-lump” by making Vmin more negative, cause the
interaction energy to enlarge. This effect is somewhat muted
when compared to variations within the comparable methane
derivative. The addition of a pair of NMe2 groups enhances Vmin

from �17.2 to �25.4 kcal/mol, i. e. by a factor of only 1.5. This
substitution raises the interaction energy by a similar degree,
from 1.4 to 2.3 kcal/mol. The highest degree of bond intensifi-
cation occurs via a combination of factors. Placing the electron-
withdrawing NO2 on the methane, coupled with the electron-
donating NMe2 substituents on the benzene, ramps up the
interaction energy to 5.00 kcal/mol.

The AIM data reflects these bonding patterns to some
degree. The second column of data in Table 3 reports the sum
of the densities of all bond critical points connecting the two
molecules. This density sum amounts to 0.0110 au for the

simple methane-benzene pair, and rises and falls along with
interaction energy. ΣρBCP reaches a peak of 0.0211 for the
complex pairing nitromethane with the p-disubstituted
benzene containing NMe2 substituents. The correlation be-
tween these two measures of bond strength is imperfect, with a
linear correlation coefficient of 0.64.

The emphasis to this point has been placed on the
interaction between the positive MEP of the methane and the

Figure 4. AIM diagrams of complexes pairing benzene with a) methane, b) chloromethane c) cyanomethane and d) nitromethane. Also shown are dyads of e)
methane and difluorbenzene, f) methane and diaminobenzene, g) nitromethane and benzene disubstituted with dimethylamine, and h) methane with
dimethylamine substituent and dinitrobenzene. Dotted lines indicate bond paths and small red dots show position of bond critical point.

Table 3. Interaction energy (kcal/mol), sum of AIM bond critical point
densities in dyads (10–4 au), charge transfer from B to M units (me), and
corrected change in proton and C chemical shielding (ppm).

R1 R2 Eint ΣρBCP CT ΔσH
[c] ΔσC

[c]

H H �1.42 110 1.6 �0.41 �0.90

Bz H �1.36 139 1.6 �0.38 0.06

F H �2.61 122 1.7 �0.25 �1.67

Cl H �2.66 127 2.5 �0.39 �1.43

CN H �2.77 157 3.2 �0.63 1.64

NO2
[b] H �3.06 159 2.5 �0.45 �1.26

H F �1.40 59 1.7 �0.20 �1.10

H OH �1.67 63 2.2 �0.35 �1.11

H CH3 �1.75 118 1.5 �0.50 �0.57

H NH2 �1.84 65 3.2 �0.48 �1.09

H NMe2 �2.27 126 2.7 �0.61 �2.93

NO2 NMe2 �5.00 211 8.8 �0.69 �2.46

NMe2 NO2 �1.46 127 �3.9 �0.11 �1.81

NMe2
[b] 6 NO2 �3.49 200 -2.4 �0.10 1.53

[a] one small negative frequency referring to Me rotation for R2=R3=H.
[b] c-C�N held linear, where c refers to center of aromatic ring. [c] Δσ(H/
C)-σ(p) where p refers to position of H/C.

Wiley VCH Freitag, 21.03.2025

2519 / 398099 [S. 326/331] 1

Chem. Eur. J. 2025, 31, e202404712 (4 of 9) © 2025 Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202404712

 15213765, 2025, 19, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202404712 by U

tah State U
niversity, W

iley O
nline Library on [04/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



negative MEP of the benzene. But can this phenomenon be
reversed? A NMe2 group on the methane diminishes its Vmax

down to only 3.4 kcal/mol. The MEP above the benzene ring
becomes quite positive with disubstitution of NO2 groups. The
interaction energy of this pair of molecules is fairly weak, only
1.46 kcal/mol. But this quantity is doubled to 3.49 kcal/mol if six
NO2 groups are added to the benzene. This hexasubstitution
eliminates any minimum in its MEP, and amplifies Vmax to
+57.0 kcal/mol.

The latter two complexes do appear to reverse some of the
phenomena that stabilize the other dyads. The total amount of
charge transferred from the benzene to the methane derivative
is defined as CT. This quantity was calculated as the sum of
natural atomic charges on the two subunits. The data recorded
for CT in Table 3 shows this quantity rises roughly along with
the interaction energy. CT culminates in a transfer of 0.0088 e
for the R1=NO2, R2=NMe2 complex. But it is important to note
the reversal of sign for the last two complexes in Table 3 where
charge is transferred in the opposite direction, from the
methane to the benzene derivative.

The interaction energy computed here for the unsubstituted
methane-benzene pair of 1.42 kcal/mol is in superb agreement
with an earlier study[84] of this same system, that computed a
value of 1.46 kcal/mol at the CCSD(T)/CBS level. Another point
of similarity is the prior observation that F substituents on the
benzene unit have little effect upon the binding energy,
whereas electron-donating groups like CH3, OH and NH2

enhance this interaction appreciably. Indeed, raising the
number of methyl substituents monotonically increases the
interaction energy[102]. Another similarity with the literature
emerges for the FCH3··benzene pair where the interaction
energy computed here of 2.6 kcal/mol compares quite favorably
with a prior estimate[63] of 2.7 kcal/mol.

With regard to methyl interactions with σ-bases, that
between FCH3 and NH3 has an interaction energy of 1.8 kcal/
mol.[103] Combination of HOCH3 with the weak N base NCH was
calculated to be 1.3 kcal/mol, but rose to as much as 2.5 kcal/
mol for the somewhat stronger NCNa.[69] The methyl group of
HSCH3 binds to an amide O with an interaction energy of
1.9 kcal/mol.[73] There is also some precedent for a C atom to act
as electron donor[104–109] as observed for the last two structures
in Table 3.

Electron Density Analyses

Another window into the nature of the interaction arises when
considering how the two subunits mutually perturb their
electron densities. Figure 5 depicts the electron density shifts
by subtracting the density sum of the two isolated monomers
from the total density of the full dimer. Green and purple
regions indicate loss and gain of density, respectively. The
diagram of the unsubstituted methane-benzene dimer in Fig-
ure 5a shows a polarization of the methane as density is shifted
upwards, away from the benzene to accommodate density
shifting toward it. The loss of density from the benzene is
highlighted by the green regions above it. The same sort of

polarization is seen within the nitromethane of Figure 5b. Along
with the much stronger binding, one can see the polarization of
the benzene shifting density up toward the electron-accepting
nitrobenzene. The reversal of these patterns is evident in
Figure 5c which pairs the p-dinitrobenzene with the dimethyla-
minomethane. There is now a purple charge gain on the
underside of the latter molecule, instead of the green charge
loss in Figure 5a. This effect is amplified in Figure 5d where the
six NO2 groups on the benzene make for a more potent
electron acceptor and a fairly high interaction energy.

The interaction of a methyl group with an electron donor
species can typically be interpreted as either a CH··X HB or a
C··X tetrel bond directly to the C center. Indeed, there are a
number of cases in the literature where confusion as to this
issue has arisen. The AIM diagrams in Figure 4 would argue for
the HB interpretation as the bond paths emanate from the H
atoms, rather than the central C. Whether HB or TB, charge will
be transferred from the benzene derivative to the methane, so
the amount of CT cannot be used as a litmus test. The NBO
procedure provides a more detailed probe, as one can
determine whether the charge is moving toward the CH
antibonding orbitals as would occur in a HB, or to the CR1

antibond that would signal a TB. Table 4 helps answer this
question by listing E2 for each of these two alternatives, and
the answer is a bit more nuanced. It would appear there is a
balance between both HB and TB. In general, the TB E2 is larger
than that for HB but not by an overwhelming amount. So NBO
would suggest there are elements of both sorts of bond, in
roughly equal measures.

Figure 5. Electron density shifts accompanying formation of complexes of a)
methane and benzene, b) nitromethane and benzene, c) dimethylamino-
methane and dinitrobenzene, d) dimethylaminomethane and hexanitroben-
zene. Purple and green areas denote gain and loss of density, respectively.
Contours shown are �0.0002 au in a and c, �0.0004 au in b and d.
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A recurring and ubiquitous feature of a HB is the downfield
shift of the NMR signal of the bridging proton upon
complexation.[110–115] It was found that the methyl protons all
shift in the opposite direction, toward greater chemical
shielding by 1–3 ppm, when placed above the benzene ring in
these various complexes. This upfield shift is easily under-
standable in the light of the ring currents within the flexible π-
electron cloud of the ring, which would have a shielding effect
above the ring. In order to remove this overall shielding from
that due to the intermolecular interaction itself, the shielding
due only to the ring current was computed separately, for only
the benzene derivative, at the precise location occupied by the
protons of the methane derivative within the complex. This
“ring current shielding” was then subtracted from the total
change in shielding of these protons that occurs when the
methane derivative is placed in confluence with the ring.

These quantities listed in the penultimate column of Table 3
as ΔσH can all be seen to be negative. That is, in the absence of
the shielding associated with the currents emanating from the
ring π-system, these protons would all shift downfield, in accord
with expectations for a HB. There is a general pattern of larger
downfield shifts accompanying higher interaction energies. For
example, the strongest bonding between nitromethane and the
benzene with two dimethylamino substituents is associated
with the largest shift of �0.69 ppm. But overall, this correlation
is only modest at best. Note also that the corrected proton
downfield shift is particularly small for the two systems in the
last two rows of Table 3, where the direction of charge transfer
has reversed. This pattern is sensible as one would expect a
charge transfer from ring to methyl to interfere with the normal
HB density flow pattern.

The final column of Table 3 contains the analogous
chemical shift data for the methyl C nucleus. Like the proton, in
all cases, the shielding rises when the Lewis acid is placed in
proximity to the aromatic base. But in most cases, this shielding

rise is smaller than is caused simply by the presence of the
induced field of the aromatic ring current at that position,
leading to negative values, tantamount to a deshielding caused
by the interaction. However, there are exceptions, most notably
the MeCN complex with benzene, and the pairing of NMe2CH3

with hexanitrobenzene.
Another perspective on H-bonding strength is associated

with the stretching mode of the A�H covalent bond in a generic
AH··B HB. The frequency of this vibration typically shifts
markedly to the red upon HB formation, and the magnitude of
this shift is roughly proportional to the strength of the
bond.[113,116–118] The application of this concept to the methyl
group of interest here is quite nettlesome, due to the mixing of
the three C�H stretching motions which result in a complex
mixture of symmetric and asymmetric modes, none of which
can be clearly associated with the CH that is most tightly
connected with a putative HB.

Still another perspective on the nature of the binding arises
if the total interaction energy is decomposed into its constitu-
ent elements. Such a decomposition by the SAPT protocol leads
to the components listed in Table 5 as electrostatic (ES),
exchange repulsion (EX), induction (IND) and dispersion (DISP).
Perusal of the data indicates that the electrostatic element lies
between 1 and 5 kcal/mol. The induction energy is quite small,
accounting for less than 1.5 kcal/mol, but it is the dispersion
that is largest of all. DISP accounts for 3.4 kcal/mol in even the
weakest complexes at the top of Table 5, and rises to nearly
8 kcal/mol for the bottom row.

The last three columns of Table 5 comprise the percentage
contribution of each component to the total of the three
attractive elements. ES accounts for between 16% and 43% of
this total, which is dwarfed by DISP and its contribution of at
least half, and as much as 73% of this sum. There is a general
pattern that the percentage contribution of ES rises as the total
binding increases, coupled with a diminution of the DISP
percent. This pattern is evident in Figure 6 which plots the
various percentage contributions against the total interaction
energy. There is one somewhat anomalous set of values in
Figure 6, for an interaction energy of 3.5 kcal/mol, where the
blue and green points lie well off of the correlation line. These
values correspond to the system involving the hexanitroben-
zene in the last row of the tables. The discrepancy from the
other trends, with its anomalously small ES percentage and a
high dispersion, is likely related to the direction of charge
transfer, opposite to that in the other systems. The ES term is
particularly small since there is no Vmin in this highly substituted
benzene derivative which might interact favorably with the
maxima in the methane derivative. The dominance of the
dispersion term is consistent with prior studies, for example in
the pairing of benzene with cyclohexane.[48] This idea extends
also to more general types of tetrel bonds where dispersion
plays a role comparable to that of electrostatics in certain
instances.[119]

Given the diversity of factors contributing to the overall
interaction energy between these units, it is worth considering
how well any correlate with Eint. Of all these factors, the best fit
occurs with the induction component of the interaction energy,

Table 4. NBO values of E2 (kcal/mol) for transfer from benzene orbitals to
methane derivative.

R1 R2 TB[a] HB[b]

H H 0.18 0.17

Bz H 0.19 0

F H 0.45 0.31

Cl H 0.49 0.23

CN H 0.17 0.33

NO2 H 0.51 0.11

H OH 0.27 0.16

H F 0.15 0.14

H CH3 0.24 0.21

H NH2 0.15 0.18

H NMe2 0.10 0.12

NO2 NMe2 0.70 0.38

[a] transfer into σ*(CR) antibonding orbital. [b] transfer into σ*(CH)
antibonding orbital.
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with a correlation coefficient R2=0.91. Correlation with the
electrostatic component is poorer, with R2=0.78. The sum of
bond critical point densities is not an accurate barometer, with
a correlation coefficient of only 0.63. None of the other
parameters, such as net charge transfer CT, dispersion, and the
net deshielding of the bridging proton have correlation
coefficients exceeding 0.5. Similarly poor correlations are noted
between derived properties. For example, the NMR shift of the
proton correlates poorly with the ES component, with R2=0.30.
It might be thought that perhaps the interaction energy might
bear a close relationship with the Hammet constants that are
commonly used to understand physical organic reactivities. A
linear relationship was noted between Eint and Hammet
substituent constants σp as compiled by McDaniel and
Brown[120] for the substituents placed on the aromatic ring. The
correlation coefficient here is 0.80.

Conclusions

There is an attractive interaction between a methyl group and a
phenyl ring. The binding energy is equal to 1.4 kcal/mol for the
simple dyad pairing methane with benzene, but it can be
pumped up by appropriate substituents on the two units. An
electron-withdrawing group on the methane can amplify its
positive electrostatic potential, thereby enhancing its interac-
tion with the negative π-lump above the aromatic ring. The
nitro group, for example, doubles this interaction energy,
bringing it up to 3.1 kcal. Electron-donating substituents on the
ring intensify its π-lump and also raise the binding energy,
albeit not as much as the methane substitution. These two
effects can be combined. So for example, a nitro group on the
methane, coupled with a pair of dimethylamino groups on the
benzene, yields an interaction energy of 5.0 kcal/mol. The

Table 5. SAPT components (kcal/mol) and their percentage contribution to total attractive segment of interaction energy.

R1 R2 ES EX IND DISP %ES %IND %DISP

H H �1.31 3.74 �0.37 �3.44 25.5 7.3 67.2

Bz H �1.33 3.71 �0.33 �3.94 23.8 6.0 70.3

F H �2.91 5.13 �0.68 �4.02 38.2 8.9 52.8

Cl H �2.91 4.93 �0.72 �4.31 36.7 9.0 54.3

CN H �3.01 4.48 �0.63 �3.97 39.6 8.2 52.2

NO2 H �3.55 4.69 �0.75 �4.00 42.7 9.0 48.2

H F �1.35 3.89 �0.29 �3.57 25.8 5.6 68.5

H OH �1.58 4.31 �0.40 �3.92 26.8 6.7 66.4

H CH3 �1.54 4.25 �0.44 �4.10 25.3 7.3 67.4

H NH2 �1.67 4.61 �0.51 �4.19 26.2 8.0 65.8

H NMe2 �1.99 5.55 �0.59 �5.12 25.8 7.7 66.5

NO2 NMe2 �5.31 7.40 �1.46 �6.18 41.0 11.3 47.7

NMe2 NO2 �1.27 3.87 �0.40 �4.40 20.9 6.6 72.5

NMe2 6 NO2 �1.69 6.20 �1.32 �7.75 15.7 12.3 72.0

Figure 6. SAPT components as percentage of total attractive sum plotted against full interaction energy.
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binding involves a certain amount of charge transferred from
the π-orbitals of the aromatic to the methyl group, but it is
possible to reverse this direction by adding nitro groups to the
benzene which leads to a strong positive π-hole above the ring.
Despite this reversal in transfer direction, the interaction energy
remains substantial.

Although Coulombic forces represent a significant compo-
nent in these methyl-π interactions, it is dispersion which is
chiefly responsible for the attraction. The dominating influence
of dispersion, particularly in the more weakly bound dyads,
would tend to make moot any attempt to classify these
interactions as either TB or HB. A more apt description would
probably list them as dispersion-dominated, with some assis-
tance from electrostatics, and less still from induction. This
categorization helps explain the lack of consistency in the other
means of analysis described above. While AIM suggests HBs, a
blend of HB with TB arises from NBO treatment of interorbital
charge transfer. NMR analysis is not definitive, but is not
inconsistent with the idea of H-bonding, although this catego-
rization weakens when the substitutions lead to a reversal in
the direction of charge transfer.
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