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ulsion? Theoretical assessment of
bulky alkyl groups by employing dispersion-
corrected DFT†

Mo Xie * and Wei Lu *

London dispersion, which is themost widespread attractive part of van der Waals force, can be enhanced by

introducing a bulky alkyl group to the interacting molecules. However, this strategy will also result in

increased steric repulsion. Our theoretical investigation of the attraction–repulsion balance of alkyl

groups is implemented, based on an intramolecular configuration torsion system, by varying the sizes

and positions of alkyl groups and employing density functional theory (DFT) with or without dispersion

correction. The more stabilized folded configurations, higher conversion energy barriers, and stronger

alkyl–p interactions are all obtained within the dispersion-corrected DFT calculations. The position of

the alkyl is the obvious controlling factor in the configuration conversion. The attractive dispersion effect

of the bulky alkyl is better reflected than the steric repulsion. Furthermore, the present findings separate

two different reaction pathways depending on two different stereoisomers of the unfolded reactants and

the DFT+D3 simulated pathways were proved to be more reasonable.
Introduction

van der Waals forces are widespread in nature as crucial non-
covalent interactions.1 The ability of geckos to hang on a glass
surface or climb on sheer surfaces has been attributed to van
der Waals forces.2 In chemistry and biology, van der Waals
forces are supposed to be the major drivers of molecular
aggregation, the formation of nanoparticles, and the binding of
small molecules and proteins or biological receptors.3,4 van der
Waals forces include the attraction and repulsion between
atoms, molecules, and surfaces, as well as other intermolecular
forces. They differ from covalent and ionic bonding in that they
are caused by correlations in the uctuating polarizations of
nearby particles.5

The most widespread attractive part of the van der Waals
force is the London dispersion that arises from the interactive
forces between instantaneous multipoles in molecules without
permanent multipole moments.3 London dispersion was once
viewed as neutralized or negligible because it is non-permanent
and not easily observed and measured. In the past few years,
however, theoretical methods and computational skills have
been development, making the London dispersion an
y of Science and Technology of China,
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of molecule B2, NCI analysis for

ordinates of RC, PD, TS of all six
observable quantity.6–9 In particular, the London dispersion
force was demonstrated to play a signicant role in some
processes of chemistry and biology. For example, Grimme and
co-workers reported that the dispersion force had a strong
impact on the thermodynamic stability and conformational
isomerism of molecules;10 Wagner et al.11 and Osuna et al.12

elaborated on the dispersion-based driving force in biological
molecular ladders and chemical cycloaddition reaction,
respectively. Recently, Rösel and co-workers demonstrated that
the stabilizing effect of alkyl groups is mainly from the disper-
sion energy.13

In a general chemical experiment, introducing a bulky alkyl
group to one compound is an effective method to increase its
steric repulsion.14,15 However, the addition of a bulky alkyl
group will also increase the attractive London dispersion and
then stabilize the molecule.16,17 How to synthetically assess
these two effects of the bulky alkyl group is a meaningful and
intriguing research question. Shimizu's research group was
dedicated to design and modify the “torsion balance molecule”
to measure noncovalent interactions, such as aromatic stacking
interaction,18 metal–p interaction19 and p–p interaction.20 In
their latest work, the stabilizing and destabilizing effects of
alkyl groups on an aromatic stacking interaction were evaluated
by varying the sizes and positions of the alkyl groups in the
molecular balance model system.21 Inspired by this work and
maturing dispersion corrected density functional theory
(DFT),22–24 we propose that the computational calculation is
a feasible and powerful pathway to evaluate the attractive and
steric balance of the bulky alkyl group, including the effect from
the dispersion force.
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The unfolded/folded conformational equilibrium of
molecular balance system containing alkyl groups with different sizes
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Herein, the inuence of the dispersion force on alkyl groups
was studied based on Shimizu's molecular balance model. We
performed more intuitive reaction mechanism calculations in
contrast to the assessment of the folded/unfolded equilibrium
ratios in the experiment. The detailed reaction behavior,
including the geometry and energy of reaction transition states,
reaction Gibbs free energy differences, and energy barriers,
were compared by using “standard” DFT and “dispersion-cor-
rected” DFT. We aimed to investigate whether the dispersion
could be a controlling factor in the conformational equilibrium
reaction process of a bulky alkyl system.
and positions. The arm and main body parts were labelled in blue and
red colours, respectively. The torsion dihedral angle q between arm
and body was signed.
Computational details

Density functional theory (DFT) was applied here using Becke's
three-parameter hybrid method combined with the Lee–Yang–
Parr correlation functional25 (B3LYP) and B3LYP with disper-
sion correction (B3LYP+D3). The total energy of DFT-D3 is given
by

EDFT-D3 ¼ EKS-DFT + Edisp (1)

where EKS-DFT is the usual self-consistent Kohn–Sham (KS)
energy as obtained from the chosen density functional (DF) and
Edisp is the dispersion corrections given by

E ¼
X

AB

X

n¼6;8;10;.

sn
CAB

n

rnAB

fd;nðrABÞ (2)

CAB
n denotes the averaged isotropic nth-order dispersion coeffi-

cient orders n ¼ 6, 8, 10, . for atom pair AB, and rAB is their
internuclear distance. Global DF dependent scaling factors sn
were adjusted only for n > 6 to ensure asymptotic exactness,
which is fullled when the CAB

6 is exact.
The geometries of the reactants, transition states, and

products were fully optimized with the standard 6-311+G(d,p)
basis set26 for all atoms. Frequency calculations were performed
at the same theoretical level to verify the correct stationary
points and transition states. The transition states have only one
negative eigenvalue of the Hessian matrix, whereas the
minimum structures of reactants and products show only
positive eigenvalues. Frequency calculations also yielded the
thermodynamic data including a zero-point energy correction,27

such as Gibbs free energy and enthalpy at room temperature,
and the standard atmosphere pressure. Solvent effects were
considered using the polarizable continuum model28 (PCM) of
the SCRF procedure for acetonitrile, which was also employed
experimentally. M062X functional29 was also used in this weak
interaction dominated system to be a reference in the calcula-
tions of potential energy scan, geometry and thermodynamic
energy value.

To achieve the structural initial prediction of the transition
states, we performed a exible scan of the potential energy
curves. The potential energy curves were constructed between
stepwise rotated dihedral angle q (labeled in Scheme 1) and the
single-point relative energies of the optimized geometry at each
step. Noncovalent interaction analysis30 (NCI) was conducted to
investigate the nature of the interaction between the alkyl arm
This journal is © The Royal Society of Chemistry 2018
and the phenanthryl p-plane. All calculations were performed
with the Gaussian 09 program package.31 The NCI analysis was
nished by Multiwfn 3.3 program32 based on the Gaussian
calculated geometries and the mapped isosurface graphs of NCI
on molecular structure were rendered by VMD 1.9 program.33
Results and discussion
Conguration conversion pathways

Previous experimental studies established a rule to characterize
the folding energies through measuring the folded/unfolded
ratios. The reaction pathway calculations can provide more
information to assist us in understanding the folded/unfolded
mechanism more comprehensively. We carried out the step-
wise geometry optimizations along the rotated dihedral angle q
from �150 to 150� to cover the whole folded/unfolded conver-
sion process. The reaction path energy proles were obtained
and are shown in Fig. 1. Strictly speaking, the folded/unfolded
conversion process is not exactly a chemical reaction. It can
simply be considered as a conguration torsional process inside
one molecule. However, herein, to discuss the results conve-
niently, we still term the unfolded/folded congurations as
reactant/product and the torsion transition states are also dis-
cussed as the reaction transition state. The total Gibbs free
energy of the reactants in the related steps is set as zero for
reference. RC, PD, and TS represent the reactant, product, and
transition state, respectively.

For all six molecules with different sizes and positions of
alkyl groups, as shown in Fig. 1, there was only one transition
state and no intermediate during the unfolded/folded conver-
sion process whether the pathway was calculated with or
without dispersion correction. In general, the unfolded reac-
tants need to overcome a free energy barrier of approximately
20–30 kcal mol�1 to transform to folded products. The free
energy barriers calculated with dispersion correction were
higher, while the dispersion corrected reaction free energy
differences were lower.

It is worth noting that two different conguration conversion
pathways were found in the DFT calculation. As shown by the
dashed boxes in Fig. 1, all six molecules possessed different
reactants, different transition states, and similar products in
RSC Adv., 2018, 8, 2240–2247 | 2241
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Fig. 1 Configuration conversion pathway of molecule O–C and the corresponding geometries of RC, TS, PD. Calculated results employed
B3LYP and B3LYP+D3 were labeled in black and blue colors, respectively. The dispersion effects were the obtained by the differences between
two DFT methods within the same configurations and they were showed in red colors.
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two pathways. In all of the calculations without consideration of
the dispersion, the orientations of the rotatable alkyl-phenyl in
the unfolded reactants were upward, and forward in the tran-
sition states. However, the orientations of the rotatable alkyl-
phenyl in the reactants were downward and backward in the
transition states with dispersion correction calculations. This
arm orientation remained closer to the main body in the acti-
vation process from reactants to the transition states. This
2242 | RSC Adv., 2018, 8, 2240–2247
phenomenon can be attributed to two different spatial orien-
tations of the O–C–O bond, which linked the rotatable arms and
the relatively motionless molecular bodies. Obviously, the
stereoisomerism of unfolded reactants was not taken into
consideration in the corresponding experimental study, since it
did not affect the folded/unfolded ratios. However, the stereo-
isomerism of the unfolded reactants determined which reaction
pathway should be adopted. The simultaneous appearance of
This journal is © The Royal Society of Chemistry 2018
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these two reaction pathways in our simulations indicated their
rationality. However, the weight between two different reaction
pathways in an actual situation cannot be predicted by
computational methods without the proportion of two unfolded
isomers reported in the experiment. It is suggested that the
pathways calculated by B3LYP+D3 are more reasonable, owing
to the addition of the dispersion correction, and the energy of
reactant is lower. In this pathway, the attractive interaction
between the arm and body was described more accurately so
that it can overcome the steric hindrance caused by the rela-
tively closer position of the arm and body. In the second half of
the conversion reaction, different transition states predicted by
B3LYP and B3LYP+D3 arrived to the similar products and the
energies of the dispersion corrected products were lower. This
result illustrates the rationality of the dispersion corrected
reaction pathways once again. Furthermore, owing to the fact
that the different reaction pathways were obtained by the
functionals with or without dispersion correction, the over-
estimation of B3LYP+D3 in the activation energy of the cong-
uration equilibrium cannot be attributed to the algorithm of the
dispersion correction.
Inuence of alkyl sizes and positions and dispersion effect

Table 1 lists the free energy barrier DDG0(TS� RC) and reaction
free energy difference DDG0(PD � RC) and the data of A1–C in
parentheses are the numeral increments benchmarked against
the data of the unsubstituted molecule O for clarity. According
to the free energy results, a primary conclusion can be obtained
that all the substituted molecules generated higher energy TS
and PD except for B3LYP calculated DDG0(PD � RC) of B2. This
result, where the conversion reactions of substituted molecules
were more difficult, can be attributed to the steric hindrance of
the alkyl, if the attraction–repulsion effect of the alkyl substit-
uent was the only inuencing factor considered in this reaction.
Although the increments of the free energy effected by the steric
hindrance were quite small (no larger than 5.6 kcal mol�1), we
believed that the present effects were the comprehensive results
of two factors.

According to the size of alkyl groups, molecules A1 and A2,
which contain alkyls with different sizes in the same position,
can be treated as one group, symbolized as a meta-group. The
Table 1 Calculated free energy barrier DDG0(TS � RC) and reaction
free energy difference DDG0(PD � RC) with or without dispersion
correction. The data of A1–C in parentheses are numeral increments
benchmarked against the data of the unsubstituted molecule O

DDG0(TS � RC)/kcal mol�1 DDG0(PD � RC)/kcal mol�1

B3LYP B3LYP+D3 M062X B3LYP B3LYP+D3 M062X

O 20.7 24.0 24.5 2.7 �0.3 �0.1
A1 21.3(+0.6) 25.0(+1.0) 26.6(+2.1) 3.5(+0.8) 0.3(+0.6) 1.7(+1.8)
A2 21.4(+0.7) 26.8(+2.8) 28.1(+3.6) 3.0(+0.3) 1.4(+1.7) 1.5(+1.6)
B1 21.2(+0.5) 24.6(+0.6) 26.1(+1.6) 2.9(+0.2) 0.1(+0.4) 0.8(+0.9)
B2 21.1(+0.4) 26.9(+2.9) 27.8(+3.3) 2.6(-0.1) 1.0(+1.4) 1.8(+1.9)
C 22.1(+1.4) 29.6(+5.6) 30.5(+6.0) 4.0(+1.3) 1.8(+2.1) 2.2(+2.3)

This journal is © The Royal Society of Chemistry 2018
group collected B1 and B2 is symbolized as a para-group. For
convenience of control, the unsubstituted molecule O was also
arranged in each group. In the B3LYP calculated meta-group,
the free energy barrier and reaction free energy difference of
molecule O was 20.7 kcal mol�1 and 2.7 kcal mol�1, respec-
tively. Along with the increase in the alkyl size, the free energy
barriers of A1 and A2 increased by 0.6 kcal mol�1 and
0.7 kcal mol�1, and the reaction free energy differences of A1
and A2 increased by 0.8 kcal mol�1 and 0.3 kcal mol�1,
respectively. A linear relation could be observed for the free
energy barrier series of this meta-group only. In fact, molecule
A2 will cross the highest energy barrier and generate a relative
lower energy product than molecule A1. Namely, larger alkyl
substituents do not always make the unfolded/folded reaction
difficult in the meta-position.

In the B3LYP calculated para-group, along with the increase
in the alkyl size, the free energy barriers of B1 and B2 increased
by 0.5 kcal mol�1 and 0.4 kcal mol�1, and the reaction free
energy differences of B1 and B2 increased by 0.3 kcal mol�1 and
�0.1 kcal mol�1, respectively. Two energy series in the para-
group exhibited the consistent changing trends: molecule B1
with the second-largest alkyl group will overcome the highest
energy barrier to form the highest energy folded product.
Hence, the fact that the free energy increments affected by tert-
butyl substituent are smaller than that by methyl substituent
suggest that attraction of larger alkyl groups plays an effective
role in facilitating the unfolded/folded conversion reaction.

As for the other inuencing factor, the position of alkyl
groups, a similar analysis can be applied. Molecule O, A1, and
B1 can be organized into a methyl-group. The free energy
barrier series and reaction free energy difference series were (0,
+0.6, +0.5) kcal mol�1 and (0, +0.8, +0.3) kcal mol�1 in this
group in the B3LYP calculations. The free energy barrier series
and reaction free energy difference series of the tert-butyl-group
includingmoleculeO, A2, and B2, were (0, +0.7, +0.4) kcal mol�1

and (0, +0.3, �0.1) kcal mol�1 under non-dispersion calcula-
tions. This result indicated that the para-position is more
favorable for unfolded/folded conversion of molecules with
both methyl and tert-butyl substituents.

When the dispersion correction was considered in the calcu-
lations, the free energy barrier series and reaction free energy
difference series in themeta-group were (0, +1.0, +2.8) kcal mol�1

and (0, +0.6, +1.7) kcal mol�1; and in the para-group were (0, +0.6,
+2.9) kcal mol�1 and (0, +0.5, +1.4) kcal mol�1, respectively.
Similar conclusions can be obtained in two groups where the
molecule with the largest alkyl will cross the highest free energy
barrier and produce the highest energy folded form. The linear
effects of the alkyl sizes were reected well aer dispersion
correction was considered. The repulsion effect of a larger alkyl
substituent seemed to be the dominant factor in the B3LYP+D3
reaction pathway. Two different attraction–repulsion competi-
tion results were obtained effected by the dispersion correction in
the calculations, leading to an inadequate judgment of the rela-
tionship between the alkyl size and unfolded/folded reaction.
However, there seems to be other factors causing the difference
and we will discuss these later.
RSC Adv., 2018, 8, 2240–2247 | 2243

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11547d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 4
/1

1/
20

26
 4

:3
1:

03
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Compared with the former analysis on alkyl sizes, the
inuence of the alkyl positions is more regular because the
energy change trends affected by dispersion correction are
similar. Molecules with an alkyl in the para-position will be
easier to cross the energy barrier to complete the unfolded/
folded conversion chemical process and easily form the lower-
energy folded congurations. This is in good agreement with
the experimental conclusion that the position is the major
factor in controlling the stability of the folded forms.

To investigate the inuence of the dispersion force on alkyl
groups is the core objective of this study. It can be seen from
Fig. 1, the free energy barriers of all six molecules in the
B3LYP+D3 calculation were higher and the reaction free energy
differences were lower. This result indicated that the unfolded
reactants will overcome the higher energy barrier rather than
form the more stable folded congurations under the effect of
dispersion. As mentioned above, this result can be attributed to
two reaction pathways caused by two different functions with or
without dispersion.

In particular, for the unsubstituted molecule O rst, the
B3LYP+D3 calculated folded PD conguration was more stable
than the unfolded RC. Compared with the non-dispersion
calculated pathway of molecule O, the more stable folded PD
conguration can be attributed to the p–p attraction between
the arm and body, which is properly evaluated by the
dispersion-inclusive method. Whenmolecule O was substituted
by alkyl groups, all unfolded RC congurations were more
stable than folded PD. Nonetheless, the free energies of the
dispersion-inclusive calculated PDs were lower than the non-
dispersion results. Second, for both the meta-group and para-
group, the dispersion inuence was increased along with the
alkyl size on the free energy of TS and decreased on the free
energy of PD. No linear correlation was found between the
dispersion inuence and alkyl positions. Third, the energy
differences between the B3LYP data and B3LYP+D3 data for
molecule C were 7.5 kcal mol�1 in DDG0(TS � RC) and
�2.2 kcal mol�1 in DDG0(PD � RC), respectively. The energy
barrier difference was the largest among all six molecules and
the reaction free energy difference was in the middle-position.
This result well supports the positive correlation between the
dispersion effect and alkyl size on the free energy barrier.

As a reference, the reaction processes predicted by M062X
functional are closer to B3LYP+D3 results, that is, arms are
closer to the main body in the conformational conversion
reaction. However, the energies of the M062X predicted inter-
mediates and products are higher that of B3LYP+D3. This result
shows that the stabilization effect of dispersion correction in
this study is better than the long-term correlation of M062X.
Fig. 2 Packing areas of folded conformations calculated with or
without dispersion correction.
Alkyl–p interaction in folded congurations

In the current work, the folded products are the most suitable
congurations to reect the noncovalent interactions. In the
calculations, the structural differences in PDs simulated with
and without D3 correction are no more than that in RCs and
TSs. Throughout the comparison with the crystal structure,
we conrmed that the PD congurations of B3LYP and
2244 | RSC Adv., 2018, 8, 2240–2247
B3LYP+D3 were both belong to the “folded” category (see the
ESI† for details). However, the small structural differences
between them are convenient for us to distinguish the role of
dispersion in the structural simulation of folded products.
Thus, we rst focused on the comparison of the structural
parameter of folded congurations. The top view and side
view of the folded products are shown in Fig. 2, 3, and 4, and
the packing areas from the top view and some representative
structural parameters from the side view are labeled. In
Fig. 2, the alkyl-benzene in all molecules overlaps with one
benzene ring of phenanthryl whether the folded geometries
are optimized with or without dispersion correction. If we
carefully observe the relative location between the
alkyl-benzene and phenanthryl, we can conrm that the
alkyl-benzene is closer to the central axis of the whole
molecule with dispersion correction. Hence, the alkyl-arms
need a larger rotation angle to achieve the stable products
conguration.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11547d


Fig. 3 Geometries of folded conformation O, A1 and A2 calculated
with or without dispersion correction. Themajor structural parameters
were listed.

Fig. 4 Geometries of folded conformation B1, B2 and C calculated
with or without dispersion correction. Themajor structural parameters
were listed.
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It is far from comprehensive to summarize the correlations
between the packing areas and dispersion, and the alkyl group
sizes and positions only depend on the top view graphs in Fig. 2.
Thus, a more detailed side view with structural parameters of
the folded congurations will be analyzed here to conrm the
dispersion and alkyl effects to packing. Fig. 3 and 4 show that
the alkyl-phenyls are not parallel with the phenanthryl plane in
all structures. As for molecule O, particularly, the angle between
the succinimide plane and phenanthryl plane is 61.07� and the
longest and shortest distances between the alkyl-benzene and
the phenanthryl plane are 4.31 �A and 3.75 �A, respectively. The
above parameters change to 55.73�, 3.25 �A and 2.75 �A when
affected by the dispersion correction. Both angles and distances
indicate that the alkyl-benzene is closer to phenanthryl plane
under the inuence of dispersion. Combined with the analysis
of the relative Gibbs free energy discussed above, the more
stable folded conguration simulated by B3LYP+D3 possesses
the smaller arm–body interaction distance. A similar
This journal is © The Royal Society of Chemistry 2018
conclusion can be made for other molecules. In B3LYP calcu-
latedmolecule A1, the angle between the succinimide plane and
phenanthrene plane is 59.85�, the distance between carbon
atom of methyl and phenanthrene plane is 4.43 �A, and the
distance from the nearest carbon atom of alkyl-phenyl to the
phenanthryl plane is 3.55 �A. When methyl is replaced by tert-
butyl, the angle grows to 60.55�, the distance between the
tertiary carbon atom of tert-butyl and phenanthryl plane is 4.90
�A, the distance between the bottommost carbon atom of tert-
butyl and phenanthryl plane is 3.77�A, and the shortest distance
between alkyl-benzene and phenanthryl plane is 3.72�A. Unlike
the dispersion free calculations, the distance between the alkyl
groups or alkyl-benzene and the phenanthryl plane is not
obviously increased along with the increment of the alkyl size
within dispersion-corrected DFT. Note that the distance
between the bottommost carbon atom of tert-butyl and the
phenanthryl plane is 2.51 �A in A2. This distance is much less
than the sum of the van der Waals radius of two carbon atoms.
As for molecules B1 and B2, the arm–body distance increased
along with the alkyl size increment without dispersion consid-
ered in calculation and decreased with dispersion correction.
Surprisingly, molecule C with the bulkiest alkyl groups
possesses the smallest angle between the succinimide plane
and phenanthryl plane and the shortest alkyl-phenanthryl plane
distance inuenced by dispersion correction.

Taking molecule B2 as an example, we compared its struc-
ture with the crystal structure of the 3i molecule named in the
experiment (see the ESI†). The results show that the structure
data of B3LYP+D3 is closer to the experiment, especially in the
parameter that can reect the relative position arm and body. As
a consequence, the attractive dispersion force possibly domi-
nates the control of the conversion reaction compared with the
repulsion. In combination with the analysis of the interaction
distance between arm and body, we can conrm that the arm–

body interaction is strengthened along with the size of the alkyl
groups.

If the positions of the alkyl groups are regarded as variable to
assess the interaction between the arm and body, these results
can be obtained: (I) the alkyl groups are far from the phe-
nanthryl plane at the para-position; (II) the molecules with the
alkyl groups at the para-position present the shorter alkyl-
phenanthryl plane vertical distance; (III) these conditions are
more explicit within the dispersion corrected DFT calculations.
In addition, in the dispersion corrected series, the packing
areas in the folded para-position molecules B1 and B2 are larger
than that in corresponding meta-position molecules A1 and A2,
respectively. Only in the para-position can the central carbon
atom of the alkyl (carbon atom of the methyl and tertiary carbon
atom of the tert-butyl) hold the nearest distance between itself
and the phenanthryl plane along the alkyl-benzene plane.
Accordingly, the superiority of the alkyl positions is reected in
the dispersion corrected calculations. This result is in good
agreement with the above energy analysis and experimental
conclusions and proves the feasibility and rationality of the
dispersion corrected DFT in such chemical systems.

To distinguish the interactions within the dispersion cor-
rected and dispersion free calculations intuitively,
RSC Adv., 2018, 8, 2240–2247 | 2245
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a noncovalent interaction analysis (NCI) was performed and the
nature of the interaction between the alkyl arm and phe-
nanthryl p-plane was visualized. Take molecule C as an example
(see ESI† for the NCI of other molecules), Fig. 5 shows a scatter
diagram (top) and colored contour surface (bottom) of the
reduced density gradient (RDG), where RDG is a function which
is related to electronic density; r(r) is the electronic density at r
point, which reects the intensity of the interaction; l2 is the
second largest eigenvalue of the electronic density Hessian
matrix and the sign of l2 can represent the type of interaction.
In general, if the RDG scatters in the range �0.005 in spike
form, there would be weak interactions like dispersion force; if
the RDG scatters in the range >0.005, there would be strong
repulsive interactions, like steric hindrance in aromatic rings; if
the RDG scatters in the range <0.005, there would be strong
attractive interaction, like a hydrogen bond. The contour
surfaces characterize the positions of the interaction and the
colors characterize the type of interaction. In this visualization,
the same extended distance and grid quantity are used for the
folded product congurations simulated with or without
dispersion correction. In the scatter diagrams, the most obvious
differences between B3LYP and B3LYP+D3 results are reected
in the weak interaction regions. Weak interactions are better
described in calculations with dispersion correction. As can be
seen from the colored contour surface diagram, the green
regions are almost localized in the highlighted range, which
represent the dispersion interaction. The weak interaction area
is so large to spread throughout all arm–body packing areas
practically in the dispersion-corrected results. The attractive
dispersion interactions attributed from two tert-butyls is more
obvious. The repulsive weak interaction area is mainly localized
on the center of the benzene rings. Overall, the attractive week
interactions, which drive the unfolded/folded conversion, are
most probably to be the dispersion force.
Fig. 5 Scatter diagram (top) and colored contour surface (bottom) of
reduced density gradient (RDG) of folded conformation C.

2246 | RSC Adv., 2018, 8, 2240–2247
Conclusions

Standard DFT and dispersion corrected DFT were employed in
this study to simulate the reaction pathway of the unfolded/
folded conversion based on Shimizu's molecular balance
model. The inuences of size and position of alkyl groups on
the alkyl–p stacking interaction during the conversion process
was demonstrated. The reaction energy proles calculated with
B3LYP and B3LYP+D3 indicated that the unfolded congura-
tions needed to overcome an energy barrier of approximately
20–30 kcal mol�1 and undergo only one transition state to
transform to the folded congurations for all molecules with
different sizes and positions of alkyl groups. However, we found
two different reaction pathways which contained different
unfolded reactants, different transition states, and similar fol-
ded products, depending on whether the dispersion correction
was included or not. All B3LYP+D3 calculated reaction pathways
showed a higher activation barrier and lower energy folded
products. This is a theoretically unique conclusion which
depended on the stereoisomerism of unfolded reactants. The
DFT+D3 simulated pathways were proved to bemore reasonable
according to energy analysis and structural comparison
between the calculated folded products structure and the
experimental crystal structure. Throughout the analysis of the
relative Gibbs free energy of reactants, transition states, and
products, the similar conclusion was obtained conforming to
the experimental results: molecules with an alkyl in the para-
position will easily cross the energy barrier to complete the
unfolded/folded conversion chemical process and easily form
lower-energy folded congurations. In short, the position is the
major factor in controlling the stability of the folded forms.
Furthermore, the alkyl–p packing area, alkyl–p interaction
distance, and noncovalent interaction were probed. The corre-
lations between alkyl size and alkyl–p interaction, and between
alkyl position and alkyl–p interaction are both positive in the
dispersion-corrected calculations. Dispersion of the alkyl
groups is the main driving force for the unfolded congurations
to transform to a folded conguration.

In summary, although the unfolded conguration will go
through a higher activation barrier and form a larger steric
transition state with dispersion, it will nally arrive at the lower-
energy folded conguration with more stable alkyl–p interac-
tions. The attractive dispersion effect of the bulky alkyl is
preferably reected in this system rather than the repulsion
steric effect throughout the dispersion corrected DFT. There-
fore, the inclusion of dispersion corrections for simulating the
noncovalent weak interaction is necessary.
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