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Abstract A structural study has been carried out
involving geometry optimization of different capsules and
encapsulated complexes of single monomers, homodimers
and heterodimers of benzoic acid and benzamide and
substituted dimers, as well as hydrogen-bonded networks
of benzamide addressing experimental observation, where
cages offering similar cavities but made up of slightly
different cavitands result in strikingly different dimer dis-
tributions. This is attributed, according to the present
results, mainly to the fact that the two cages have different
formation energy and different dimer encapsulation energy.
The generation of hydrogen-bonded networks of the amide
in solution acts competitively to encapsulation. In addition,
the trends of the different quantities associated with
encapsulation such as dimerization energy, % dimer dis-
tribution and encapsulation energies, as the size of the
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dimers is increased, are examined. Furthermore, the effi-
cacy of the ONIOM(DFT or MP2 and CCSD:PM6) method
with respect to the calculation of % distribution of encap-
sulated dimers in limited cavities is studied. The results
show that when the interaction of the guests with the cage
is significant, the ONIOM % distributions do not agree
with the experimental finding, as full DFT does, due to
PM6 method, where the use of semi-empirical PM6
method changes the ordering of the low in energy encap-
sulated complexes.
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Introduction

Molecular containers holding one or more guest species
inside are of great interest for molecular recognition [1-3].
Moreover, the interior of a cavity can stabilize reactive
species by isolating guests from the bulk environment and
can accelerate reactions effectively due to guest discrimi-
nation. As a result, the scope of cages and capsules that have
been studied to date is widespread with cavities of differing
sizes and shapes. Containers can be made as single, large
covalently joined molecules [4, 5], or the capsules can also
be achieved via non-covalent assemblies of molecules which
can assemble in solution around the guests [6—11].

In solution, non-covalent assemblies exist in equilibrium
between the capsule and the individual parts. The entry and
the exit of guests can take place as the capsule is contin-
ually assembling and disassembling, with the guest
exchange limited by the rate at which the dissociation of
the capsule occurs. The guests in such species can be fully
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enclosed with no contact with the external environment.
The variety of non-covalent capsules can be readily divided
into those which are assembled from several different
species and those which are composed of two or more self-
complimentary molecules [6—12].

One of the interactions most commonly utilized by
nature and by the supramolecular synthetic organic che-
mists is the hydrogen bond [8]. The directionality and
relative selectivity offered by this interaction make it very
appealing in most cases. Capsules created by hydrogen
bonding have the potential to act as excellent host species
and the large amount of current research in this area can be
seen in recent reviews [7, 9]. Hydrogen bonding is one of
the most studied methods of forming non-covalent cap-
sules, while other interactions such as electrostatic inter-
actions [13, 14] and metal/ligand interactions [15, 16] are
also used in the design of molecular capsules.

The nature and the strength of hydrogen bond have been
studied both experimentally (mainly in small molecules)
and theoretically for many systems [17-22]. Note that the
observation of individual hydrogen-bonded dimers in
solution is difficult because of their short lifetimes and the
rapid exchange of partners; however, reversible encapsu-
lation allows the temporary isolation of the guest dimers by
mechanical barriers and their characterization by NMR
methods at normal conditions [23-25].

Recently, theoretical research has been carried out on the
relative stability of encapsulated homodimers and hetero-
dimers of amides, boronic acids and carboxylic acids in cap-
sules with sufficiently large cavities for the dimers [26], in
capsules with confined cavities [27], and tight or very limited
cavity [28, 29]. Corresponding experimental data [23, 25]
show that experiment and theory determine the % distribu-
tions of the encapsulated dimers in good agreement [26, 27].
Furthermore, it was shown that the size of the cage affects the
% distribution: When the capsule is large enough to accom-
modate the dimers without any significant compression, the
dimerization energy ordering of the different encapsulated
dimers has been found to be practically the same as that in the
gas phase [26, 27]. In smaller cages where the dimers still fit
well in the cage, hydrogen bonding interactions of the amide
segments with the cage are formed and the hydrogen bonds in
the corresponding dimers are weakened resulting in lower
dimerization energy and different % distribution from those in
the larger cage and the free dimers [25, 27]. On the contrary, in
very limited cavities while encapsulation is still favorable,
dimerization does not occur and the result is two co-encap-
sulated monomers. This is in accord with the fact that for the
last case of very tight cages, encapsulated dimers have not
been found experimentally [29].

While as shown above a great deal of theoretical work
has been carried out on different aspects of encapsulated
complexes, further work is required in order to address
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further experimental observations: For example, it may be
noted that in cages offering similar cavities but made up of
slightly different cavitands result in strikingly different
encapsulated dimer distribution, as will be described below
[25]. In the present work, a structural study involving
geometry optimization of different capsules and encapsu-
lated complexes as well as hydrogen-bonded network of
amide is presented, addressing the above observation. It is
also of interest to examine the trends of the different
quantities associated with encapsulation such as dimeriza-
tion energy, % dimer distribution, encapsulation energies
and formation energies of the complexes, as the size of the
dimers is increased. Furthermore, of theoretical interest is to
determine the efficacy of the ONIOM(DFT or MP2 and
CCSD:PM6) with respect to the calculation of % distribu-
tion of encapsulated dimers in limited cavities; we already
know that for capsules with sufficiently large cavities for the
dimers, the ONIOM(DFT:PM6) present the same % distri-
bution with full DFT methods [26]. This latter consideration
is of significance since the size of the systems under study is
quite large, while determination of the true minimum energy
geometry by geometry optimization is very difficult as the
interactions are generally weak and slight geometry alter-
ations are energetically easy. Accordingly, the use of the
ONIOM(DFT:PM6) method for cases where its reliability is
established presents a great saving in computational effort.

Computational details

DFT (M06-2X [30, 31] and ®B97X-D [32]), MP2 and
CCSD calculations were carried out in conjunction with the
6-31G(d,p), 6-311 + G(d,p) and 6-311 ++ G(d,p) basis
sets [33]. All calculated structures are fully optimized.
Moreover, the fast ONIOM(MO06-2X or MP2 or CCSD:
PM6) methodology [34-36], where the systems were
defined as two regions (layers), has been employed. The
high layer consists of the guests calculated at the M06-2X/
6-31G(d,p), M06-2X/6-311 + G(d,p) level, MP2/6-31G(d,p)
and CCSD/6-31G(d,p) levels of theory, and the low layer is
the capsule calculated at the PM6 level of theory. Note that the
calculated here encapsulated complexes are large, having
230-308 atoms and the cages have 200-264 atoms.

Previous studies have shown that the use of M06-2X and
®B97X-D functionals for the calculation of the free and
encapsulated dimers leads to satisfactory results, as com-
pared to experimental data [29, 37]. Moreover, the effect of
inclusion of diffuse functions was found to be not signifi-
cant for the encapsulated dimers considering the great
increase in computational effort involved [28]. Finally, the
ONIOM(DFT:PM6) method has been found adequate for
the calculations of the encapsulated structures in a cage
with a large cavity [26].
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The three cages employed in the present work, 1.1,
1.24.1 and 3.3, are depicted in Fig. 1. Cages 1.1 and 3.3
consist of two cavitands 1 and two cavitands 3, respectively
[38, 39], while cage 1.24.1 consists of two cavitands 1 and
four spacers 4 [23], see Fig. 1. The heterodimers and
homodimers of benzoic acid (Cg), p-methylbenzoic acid
(Cm), p-ethylbenzoic acid (Cg), benzamide (Ag)
p-methylbenzamide (Ayy) and p-ethyl benzamide (Ag) are
shown in Fig. 2. The encapsulated monomers and dimers
are shown in Figs. 3, 4, 5. The encapsulated complexes are
named here with the name of the capsule followed by the
abbreviation of the dimer and a number that shows the
relative ordering of the isomer, for example, 3.3_AAyx-1
stands for the lowest minimum structure (1) of encapsu-
lated benzamide homodimer (AAg) in the 3.3 cage.

1.2,.1
-188.0(-154.5)

Fig. 1 Cavitands 1 and 3, spacer 2 and capsules 1.1, 3.3 and 1.24.1
viewed from two different angles, i.e., along the central axis of the
capsule and end-on view (Color online; H atoms = white spheres,
C = gray spheres, O = red spheres and N = blue spheres).

Finally, in order to study the tendency of amide to form
hydrogen networks, clusters of three, four, five and six
benzamide molecules were also calculated here.

All encapsulation, formation and dimerization energies
presented here have been corrected with respect to the basis
set superposition error (BSSE) via the counterpoise proce-
dure [40, 41]. The theoretical % distribution of the different
dimers has been introduced previously [26, 37], based on the
BSSE-corrected dimerization energy and statistical factors,
i.e., the occurrence of the heterodimers is twice as probable
as the homodimers, see Electronic Supporting materials
(ESM) for detailed description. All calculations were carried
out using the Gaussian 09 program [42].

The particulars of the calculations will be described in
the following sections along with the results, where use is

Geometry and formation energy of the cage with respect to the free
cavitands (and spacers) fixed in the geometry of the capsule (to the
free optimized cavitands) at the M06-2X/6-31G(d,p) level of theory
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Fig. 2 Homodimers and hetorodimers of amide (Ag) and carboxylic acid (Cg) with R = H, methyl and ethyl group (Color online; H
atoms = white spheres, C = gray spheres, O = red spheres and N = blue spheres)

Fig. 3 Calculated structures of
the lowest minima of the
1.1_Ag and 1.1_Cy species
viewed from two different
angles (Color online; H

atoms = white spheres,

C = gray spheres, O = red
spheres and N = blue spheres).
The atoms of the capsule are
designated with stick bonds for
clarity

also made of our previous calculations and available
experimental data, as appropriate.

Results and discussion
Free dimers

The free heterodimers and homodimers of the benzamide,
benzoic acid and their p-methyl and p-ethyl-substituted
species, are depicted in Fig. 2, while some geometrical
quantities are listed in Table 1. The structures of the dimers
were optimized via DFT methodology using the M06-2X
and ®B97X-D functionals, and via the MP2 method in
conjunction with the 6-31G(d,p), 6-311 + G(d,p) and
6-311 ++ G(d,p) basis sets. Additional calculations via
the CCSD/6-31G(d,p) methodology at the optimized MP2/
6-31G(d,p) geometry are carried out. All theoretical levels
predict nearly the same geometries. Differences are
observed only for the hydrogen bonds. For the OH...O
hydrogen bonds, the MO06-2X/6-31G(d,p) predicts the
shortest lengths. The MP2 methods or the addition of the
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1.1 Ay

diffuse functions predicts a significant elongation of the
bonds compared to M06-2X/6-31G(d,p) method. However,
the best agreement of the theoretical hydrogen bond
lengths with the experimental ones are observed for the
®B97X-D/6-31G(d,p) method in the case of CCyx and
CCy dimers, see Table 1. For the NH...O hydrogen bonds,
all methods predict rather similar values. The largest dif-
ference between the methods is 0.06 A. Finally, we should
note the % dimer distribution of the free homodimers and
heterodimers is independent of the level of theory. All
methods and basis sets predict the same % dimer distri-
bution of the free homodimers and heterodimers, i.e., 27 %
for the acid homodimers, 51 % for the heterodimers and
22 % for the amide homodimers.

Encapsulated monomers

The encapsulated single benzoic acid (Cyg) and benzamide
(Ag) monomers in the 1.1 cage are shown in Fig. 3. The
MO06-2X/6-31G(d,p) and ®B97X-D/6-31G(d,p) methodol-
ogy was employed in these calculations. In the lowest
energy minimum structures, the guests are placed inside of
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Fig. 4 Calculated structures of
the lowest minima of the
1.1_CCxp, 1.1_AAg, 1.1_AC,
1.24.1_CCR, 1.24.1_AAR and
1.24.1_AC species. a In M06-
2X/6-31G(d,p) [similar
structures are obtained via
®B97X-D/6-31G(d,p)], b in
ONIOM(MP2/6-31G(d,p):PM6)
[similar structures are obtained
via ONIOM(MO06-2X or CCSD/
6-31G(d,p)] and ¢ in M06-2X/
6-31G(d,p) methodology
[similar structures are obtained
via ONIOM(M06-2X or MP2/
6-31G(d,p)] (Color online; H
atoms = white spheres,

C = gray spheres, O = red
spheres and N = blue spheres)

(b)

@ Springer
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3.3 AAg-2

Fig. 5 Calculated structures of the lowest minima of the 3.3_CC,
3.3_AA and 3.3_AC species viewed from two different angles (Color
online; H atoms = white spheres, C = gray spheres, O = red

the one cavitand and form two hydrogen bonds with the
other cavitand, see Fig. 3 and Table 2. As a result the cage
is slightly deformed compared to the free 1.1 cage, see
Fig. 1. In addition, the second hydrogen of the amide group
of benzamide forms a hydrogen bond with the cavitand
where it is placed. The encapsulation energies of the
monomers are —14.2 (for Cqg) and —17.2 kcal/mol (for

@ Springer

3.3 AAy-3

spheres and N = blue spheres). The atoms of the capsule are
designated with stick bonds for clarity

Apg) at the MO06-2X/6-31G(d,p) level of theory, see
Table 1. At the ®B97X-D/6-31G(d,p) level of theory, the
values are increased due to the fact that the ®wB97X-D
functional includes long range and empirical dispersion
corrections in calculation of interactions between the
guests and the cavitands, see Table 2. We should point out
that many weak long-range interactions exist between the
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Table 1 Dimerization energies, AE (kcal/mol), hydrogen bond distances, R(A) and % dimer distribution of the free CC, AC and AA species

Methods AE‘] ROH~ e} %a AEa ROH~ e} RNH~ .0 %a AEJ RNH~ .0 %a
CCH ACH AAH

M06-2X/6-31G(d,p)" —17.8 1.558 27.7 —16.3 1.578 1.844 50.7 —13.9 1.855 21.6
M06-2X/6-311 + G(d,p)° —-17.1 1.658 27.2 —16.0 1.633 1.882 50.9 —13.8 1.868 21.9
MO06-2X/6-311 ++ G(d,p) —-17.1 1.658 272 —16.0 1.633 1.882 50.8 —13.8 1.868 21.9
®»B97X-D/6-31G(d,p) —18.5 1.628 273 —-17.1 1.624 1.830 50.6 —14.9 1.829 22.1
®»B97X-D/6-311 + G(d,p) —-17.7 1.661 26.9 —16.7 1.644 1.858 50.7 —14.7 1.840 22.4
MP2/6-31G(d,p) —14.0 1.678 26.8 —133 1.666 1.883 50.8 —11.8 1.878 22.4
MP2/6-311 + G(d,p)° —12.9 1.671 26.3 —125 1.661 1.888 50.9 —11.2 1.872 22.7
MP2/6-311 ++ G(d,p) —-13.0 1.673 26.3 —-12.6 1.662 1.890 51.0 —11.2 1.873 22.7
CCSD/6-31G(d,p)° —134 1.678 27.0 —12.6 1.666 1.883 50.8 —11.0 1.878 22.1
Expt 1.635

MO06-2X/6-31G(d,p)® —17.9 1.557 27.8 —-16.3 1.582 1.842 50.7 —13.9 1.855 21.6
®B97X-D/6-31G(d,p)® —18.6 1.627 27.4 —-17.1 1.625 1.827 50.6 —14.9 1.829 22.0
Expt’ 1.636°

MO06-2X/6-31G(d,p)° —-17.8 1.557 27.7 —16.3 1.582 1.841 50.7 —139 1.858 21.6
MO06-2X/6-311 4+ G(d,p)° —17.2 1.657 273 —16.0 1.632 1.881 50.9 —13.7 1.867 21.8
®B97X-D/6-31G(d,p)° —18.5 1.627 27.4 —17.1 1.624 1.829 50.6 —14.9 1.829 22.0

# BSSE-corrected dimerization energies

® Ref [37]

¢ At the optimized MP2/6-31G(d,p) geometry

d Experimental data, Ref. [24]; in CDF3/CDF,Cl solution 130 (CC) and 120 (CCyy) K
¢ Ref. [29]

Table 2 Hydrogen bond distances R(/OX) between monomers and cage
and encapsulation energy® of monomers (AE, in kcal/mol), and for-
mation energy of the encapsulated complexes with respect to the three
components of fully disassembled complexes (AE; in kcal/mol) of the
1.1_C and 1.1_A encapsulated complexes at the M06-2X (first entry)
and ®B97X-D(second entry)/6-31G(d,p) levels of theory

the 1.1 cage [29], where the dimers are compressed and do
not exist as dimers but as two monomers, encapsulation
energies of the monomers correspond to the sum of the
corresponding AE, values of the unsubstituted monomers
for both M06-2X and the ®B97X-D methods, since the

Species Ry o Ro me  RY oo AES AES p-methyl- and p-ethyl-substituted encapsulated monomers
and the single encapsulated monomers present the same

L1.C 1851  1.965 —143  -849(=73.0)  hydrogen bond interactions with the cage. On the contrary,
1.802  1.763 —-30.1 —98.7(=89.1)  in the case of the unsubstituted dimers, the AE, energies

L1.A 2080 1777 2093  —-172  —88.1(-76.2)  are larger than the sum of the corresponding AE, values of
2012 1.690 2.046 —341 —1035(-93.9)  the unsubstituted monomers, see Tables 2 and 3. The

4 BSSE-corrected values

° The hydrogen bond distance between second hydrogen atom of the
amide group and oxygen atom of the cage

¢ AE, = —[E(encapsulated complexes) — E(cage) — E(monomer)]

d AE; = —[E(encapsulated complexes) — 2 E(1) — E(monomer)];
AE; energy with respect to the cavitands and spacers in the geometry
of the capsule and in parenthesis with respect to the free geometry
optimized cavitands and spacers

guests and the cavitands which affect the calculation of the
AE,, AE,, AE; energies. Note that, in the case of the
p-methyl- and p-ethyl-substituted dimers encapsulated in

corresponding hydrogen bond distances between the
monomers and the cage range from 1.54 to 2.06 (1.1_AAp
and 1.1_AAg) and from 1.70 to 1.89 A (1.1_CCy and
1.1_CCpg) [29] similar to the corresponding values of the
isolated Cy and Ay monomers in the 1.1 cage, see Table 2.

Encapsulated dimers in 1.1 and 1.24.1 cages
The encapsulation of the heterodimer ACg and the

homodimers AAg and CCyg in 1.1 (for R = H) and 1.2,4.1
(for R =E, ie. p-ethyl-substituted benzoic acid/

@ Springer
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Table 3 Hydrogen bond distances (R in A), dimerization energies of
the encapsulated Ay and Cy guests inside the cage (AE, in kcal/mol)?,
encapsulation energy of the dimers (AE; in kcal/mol)®, encapsulation
energy of the monomers (AE, in kcal/mol)* and formation energy of

the encapsulated complexes with respect to the four components of
fully disassembled complexes (AE; in kcal/mol)™® at various levels of
theory

Methods Rs R, g AE AE, AE, AE}
1.1_CCyx-1 ONIOM(MO06-2X/6-31G(d,p):PM6) 1532 1537 —177

ONIOM(MO06-2X/6-311 + G(d,p):PM6) 1.640 1657  —162

ONIOM(MP2/6-31G(d,p):PM6) 1.647 1655  —13.7

ONIOM(CCSD/6-31G(d,p):PM6) 1.653 1651 —13.0

©B97X-D/6-31G(d,p) 1579 1593  —17.7 =529  —71.0  —140.1 (—130.5)

MO06-2X/6-31G(d,p)° 1578  1.600 —159  —249  —423  —112.4 (—100.5)

MO06-2X/6-311 + G(d,p)//M06-2X/6-31G(d,p)*  1.679  1.686  —154  —249  —549  —119.9 (—100.1)
1.2,1_CCy-1  ONIOM(MO06-2X/6-31G(d,p):PM6) 1562  1.628  —17.3

ONIOM(MO06-2X/6-311 + G(d,p):PM6) 1.665 1717  —165

M06-2X/6-31G(d,p)° 1636 1732  —168  —283  —459  —213.6 (—198.4)

MO06-2X/6-311 + G(d,p)//M06-2X/6-31G(d,p)*  1.708 1790 —16.1  —283  —60.9  —230.6 (—197.3)
1.1_ACy-1 ONIOM(MO06-2X/6-31G(d,p):PM6) 1906 1551  —14.0

ONIOM(MP2/6-31G(d,p):PM6) 1960  1.635 —10.5

ONIOM(CCSD/6-31G(d,p):PM6) 1.964  1.637 -9.7

©B97X-D/6-31G(d,p) 2637  1.623 —8.0 —548  —729  —142.2 (—132.6)

MO06-2X/6-31G(d,p)° 2303  1.634 —95  —282 —446 —116.0 (—104.2)
1.2,1_ACy-1  MO06-2X/6-31G(d,p)° 1940 1653 —150 =313  —475  —215.0 (—199.8)
1.1_AAg-1 ONIOM(MO06-2X/6-31G(d,p):PM6) 1830 1927 —11.8

ONIOM(MP2/6-31G(d,p):PM6) 1832 1.933 -9.1

ONIOM(CCSD/6-31G(d,p):PM6) 1852  1.927 -85

©B97X-D/6-31G(d.p) 2934 3017 —1.1 =555 =722  —1424 (—132.8)

M06-2X/6-31G(d,p)° 2491  2.834 —05 =295 —445  —117.1 (—105.3)
1.2, 1_AAy-1  MO06-2X/6-31G(d,p)° 1933 2008 —12.6 =340 —479  —215.3(—200.1)

4 BSSE-corrected values; AE = E(dimer) — 2E(monomer) +BSSE; AE, = E(encapsulated complexes) — E(cage) — E(dimer) + BSSE;
AE, = E(encapsulated complexes) — E(cage) — 2E(monomer) + BSSE,; AE; = E(encapsulated complexes) — 2 E(1) — 2E(monomer) +
BSSE; for the 1.1 cage and AE; = E(encapsulated complexes) — 2E(1) — 4E(spacer) — 2E(monomer) + BSSE; for the 1.24.1 cage

> AE; energy with respect to the cavitands and spacers in the geometry of the capsule and in parenthesis with respect to the free geometry

optimized cavitands and spacers
¢ Ref. [27]
9 Ref. [28]

benzamide) cages has been calculated recently by our
group at the M06-2X/6-31G(d,p) level of theory in order to
rationalize the observed differences in the % distributions
of the dimers formed [26, 27]. The results show that the %
distribution of encapsulated dimers in the larger cage (for
R = E) is similar to the gas-phase distribution [26]. In the
smaller cage (for R = H), the interaction of amide with the
cage leads to lower dimerization energy and a reduced %
fraction of the corresponding encapsulated dimers, com-
pared to the large cage % distribution [27], in agreement
with experiment. We have shown that the very fast
ONIOM methodology predicts similar results as the full
DFT regarding the geometries of the lowest in energy
encapsulated dimers and the % distribution of the dimers
when the cavity of the cage is large enough, i.e., in 1.24.1

@ Springer

for R = E [26]. In the case of the compressed systems
(R = M and E) in 1.1 [29], ONIOM(DFT:PM6) was found
to be adequate for preliminary calculations given the great
reduction in the required computational effort which is
gained via the use of the PM6 methodology instead of full
DFT methodology. It is in its favor that it predicts the same
minimum energy structures as DFT methodologies, but it
has the disadvantage that the energy ordering of the various
structures of the encapsulated complexes is different from
that of DFT.

In the case of encapsulation of heterodimers and
homodimers of unsubstituted benzamide and benzoic acid
in the 1.1 cage, the cavity has just enough space for the
formation of dimers. It was previously found at the M06-
2X/6-31G(d,p) methodology that an interaction of amide
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Table 4 Dimer BSSE-

corrected % distribution® of the Methods CCr ACr Adr
CCg, ACg and AAg species R=H
free and encapsulated in 1.1, b
1.2,.1 and 3.3 cages Free MO06-2X/6-31G(d,p) 27.7 50.7 21.6
®B97X-D/6-31G(d,p) 27.3 50.6 22.1
MP2/6-31G(d,p) 26.8 50.8 224
CCSD/6-31G(d,p) 27.0 50.8 22.1
In 1.1 ONIOM(MO06-2X/6-31G(d,p):PM6) 30-31 49-50 20-21
ONIOM(MP2/6-31G(d,p):PM6) 30-31 48-50 20-21
ONIOM(CCSD/6-31G(d,p):PM6) 30 50 20
MO06-2X/6-31G(d,p)° 47-57 35-38 5-18
®B97X-D/6-31G(d,p) 44-52 39-45 3-17
Expt® 59° 22° 19°
In 3.3 MO06-2X/6-31G(d,p) 29 53 18
Expt® 100¢
In 1.24.1 MO06-2X/6-31G(d,p)° 28.2 50.5 21.3
R = Me
Free MO06-2X/6-31G(d,p) 27.8 50.7 21.6
In 1.24.1 MO06-2X/6-31G(d,p) 28.2 50.3 21.5
R = Ethe
Free MO06-2X/6-31G(d,p) 27.7 50.7 21.6
In 1.24.1 MO06-2X/6-31G(d,p) 28.4 50.3 21.3
Expt’ 36¢ 534 11¢

? The calculated gaps in % distribution result from the calculated AE dimerization values taking into
account of the near-degenerated encapsulated structures and structures lying within 2 kcal/mol from the

lowest minima
b Ref. [27]
¢ Experimental data, Ref. [25]

4 Benzamide was not measurably encapsulated in 3.3 nor was the heterodimer AC in mesitylene-d12

solution
© Ref. [26]
' Experimental data, Ref. [23]

with the cage leads to lower dimerization energy and a
reduced % fraction of the corresponding encapsulated
dimers, compared to the free dimers % distribution, in
agreement with experiment [27]. Thus, it is of interest to
examine here whether the ONIOM(MO06-2X:PM6) method-
ology can reproduce the findings of the M06-2X/6-31G(d,p)
methodology [27]. In addition, ONIOM(MP2:PM6) and
ONIOM(CCSD:PM6) methodologies are also examined.
Furthermore, DFT calculations via another functional, i.e.,
®B97X-D, have been carried out to check the agreement
between the two functionals. The results are summarized in
Tables 3 and 4 and in Tables 1S-2S of the supporting
information (ESM).

The hydrogen bond distances between the monomers,
dimerization energies of the encapsulated Az and Cyx
guests inside the cage (AE), encapsulation energy of the
dimers (AE;), encapsulation energy of the monomers (AE>)
and formation energy of the encapsulated complexes with
respect to the four components of fully disassembled

complexes (AEj3) at various levels of theory are shown in
Table 3. The % distribution of the dimers at various levels
of theory is shown in Table 4.

We observe that the geometries, energy ordering and the
dimerization energies of the encapsulated complexes which
are predicted here via the ®B97X-D/6-31G(d,p) method are
in agreement with the corresponding data of the M06-2X
functionals [27], see Table 3 and Tables 1S-2S of the ESM.
We have to note that the only difference between the two
functionals is that the ®B97X-D AE,, AE,, AE; values are
larger by the same amount (~28 kcal/mol) than the corre-
sponding M06-2X values as in the case of the compressed
systems due to the fact that the ®B97X-D functional includes
long range and empirical dispersion corrections in calcula-
tions of interactions between the guests and the cavitands
given that many long-range interactions can be observed
between the cavitands and the guests and it is expected that
the ®B97X-D functional will predict larger AE;, AE,, AE;
interaction energies than M06-2X, see above.
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The present calculations via the ®B97X-D functional
predict, as the M06-2X/6-31G(d,p) calculations [27], inter-
action only of the benzamide monomer in the homodimer or
heterodimer with the cage. As a result, the pseudo ring
formed by the two hydrogen bonds, for the AAg and ACy,
is not flat as in the case of the free dimers, see Fig. 2, but the
two monomers are placed in different planes due to the
interaction of the Ay with the cage, see Fig. 4. Thus, the
NH...O hydrogen bonds are elongated compared to the free
AAyg and ACy dimers, see Tables 1 and 3 and Scheme 1.
However, the ONIOM methodologies, i.e., ONIOM(MO06-
2X:PM6), ONIOM(MP2:PM6) and ONIOM(CCSD:PM6)
where the dimers are calculated via DFT, MP2 or CCSD
methods, predict that the two monomers forming the dimer
are planes at an angle, see Fig. 4, with NH...O hydrogen
bond similar to the corresponding distances of the free AAy
and ACy dimers, see Scheme 1 where the encapsulated
dimers AAg and ACy in 1.1 are shown (omitting the cage
for clarity) in the lowest in energy minima for full DFT
methodologies and ONIOM methodology.

Structures having the monomers placed in different
planes are not stable via ONIOM methodologies, and they
are converted into the presented minima of Fig. 4. Those
encapsulated structures are low lying in energy for the full
DFT methodologies, but they are not the lowest ones, see
Fig. 4 and Tables 1S-2S and Figs. 1S and 3S of the ESM.
This difference in the energy ordering of the minima
between the ONIOM and the DFT methodologies is
reflected also in the determination of the % distribution of
the dimers. While, the full DFT methodologies predict %
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distributions of CCqg, ACx and CCyx of 5-18 [3-17],
35-38[39-45] and 47-57[44-52] % at the MO06-2X/
6-31G(d,p)[®B97X-D/6-31G(d,p)] level of theory respec-
tively reproducing the trend of the experimental % distri-
butions of 19, 22 and 59 %, respectively [25], see Table 4,
the ONIOM % distribution in the 1.1 cage is about 30, 50,
20 %, respectively, that corresponds to the free dimers not to
the encapsulated in 1.1 cage. Thus, the use of PM6 for the
cage, when the cavity of the cage is limited for the dimers,
leads to wrong % dimer distributions. Note that in the above
cases, the calculated gaps in % distribution result from the
calculated AE dimerization values taking into account of the
near-degenerated encapsulated structures and structures
lying within 2 kcal/mol from the lowest minima. In the case
of methyl-substituted guests in 1.1, when the cavity is tight
enough, again there are some differences between full
DFT(M06-2X and ®B97X-D) and ONIOM(DFT:PM6)
methodologies. The DFT lowest in energy encapsulated
ACy; and CCy; systems are about 10 kcal/mol above the
lowest ONIOM(DFT:PM6) structures [29]. The isolated
ACy and CCy; systems in 1.1 via the two methodologies
are shown in Scheme 2. The ONIOM(DFT:PM6) predicts
the formation of dimers in the 1.1 cage contrary to full DFT
methodology, which predicts that the encapsulation is still
favorable but the monomers prefer to be by themselves in
the host, in agreement with the fact that encapsulated methyl
dimers have not been found experimentally. In the case of
ethyl-substituted guests in 1.1, when the cavity is very tight,
the differences between full DFT and ONIOM(DFT:PM6)
methodologies are minimized, see Fig. 4, and both predict
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that monomers prefer to be by themselves in the host, in
agreement with the fact that encapsulated ethyl dimers have
not been found experimentally.

Finally, for the heterodimer and the homodimers CCp,
ACg and AAg dimers, where R = H, M and E in the 1.24.1
cage, both full DFT methodologies and ONIOM(DFT:PM6)
methodologies present the same data with respect to
geometry, dimerization energies and % dimer distribution in
agreement with available experimental data [23] see
Tables 3, 4 and 3S of the ESM. All dimers present almost
the same % dimer distribution, i.e., 28(CCg), 5S1(ACyg) and
21(AAR), totally different from the case of the 1.1 cage.

Thus, the use of PM6 for cages with large or very tight
cavity leads to correct % dimer distributions, while for
tight cages it is unreliable. This can be attributed to the fact
that the PM6 predicts a longer free 1.1 cage by 0.2 A while
the encapsulated complexes are longer by ~0.4 A via
ONIOM(DFT:PM6) than full DFT methodology. This is
important in tight cages because it affects the relative
energy ordering of the encapsulated complexes, while in
large or very tight cages it does not affect the data.

Encapsulated dimers in 3.3 cage

As mentioned in the Introduction, the 3.3 cage offers a
similar-size cavity as the 1.1 cage, and the difference
between the two cavities is found in small differences
between the cavitands 1 and 3 (cf. Fig. 1). The calculations
find that the 3.3 cage is more stable than the 1.1 cage [28]:
The first one has a formation energy with respect to their
cavitands, calculated at —144.4 (—113.6), while the second
one has a half formation energy, ie., —69.4 (—57.5)
kcal/mol, with respect to the respective cavitands 3 or 1,
fixed in the geometry of the capsule and, in parentheses,
with respect to the free optimized cavitands at the M06-2X/
6-31G(d,p) level of theory, see Fig. 1.

Experimentally, it has been observed that co-encapsula-
tion of benzoic acid and benzamide in the case of 1.1 leads to
the formation of all three possible encapsulated dimers,
CCy, ACqy and AApy, whereas in the case of 3.3 only
encapsulated CCy has been observed in mesitylene-d12
solution. Here we are investigating this problem by M06-2X/
6-31G(d,p) calculations and geometry optimization to
determine the possible minimum energy structures in an
attempt to provide an explanation for the above experimental
findings taking into account the experimental conditions.

The calculations find stable structures for all encapsu-
lated dimers showing that all dimers can be encapsulated.
The three lowest calculated minimum energy structures for
each encapsulated CCy, ACy and AAy complexes in the
3.3 cage are depicted in Fig. 5. The hydrogen bond lengths
between the encapsulated monomers and the monomers
and the cavitands, the dimerization energies (AE), the

encapsulation energies of dimers (AE;) and of monomers
(AE,), the formation energies of the complexes (AE3) and
the relative energy ordering of the isomers are given in
Table 5. The interaction energies range from —6 to —18
(AE), from —19 to —28 (AE,), from —29 to —43 (AE,) and
from —164 to —186 kcal/mol (AE3) at the MO06-2X/
6-31G(d,p) level of theory, see Table 5. For the lowest
minima of each of the three dimers, the AE,, AE, and AE3
interaction energies are very similar.

In all isomers with the exception of the 3.3_AAyx-3 iso-
mer, the guests form dimers. In all isomers, weak hydrogen
bonds, i.e., hydrogen bonds with large bond lengths, are
formed between the guests and the cavitands with bond
distances that range from 2.4 to 3.2 A. Conversely, the
3.3_AAg-3 isomer is mainly stabilized by interactions with
the walls of the capsule. In all free dimers three rings exist,
i.e., the two phenyl rings and the ring that is formed by the
two hydrogen bonds between the monomers cf. Fig. 2. In the
case of the free CC dimer, the three rings lie in the same
plane; in the free ACy dimer, the Cyg phenyl ring and the
ring that is formed between the two monomers lie in the
same plane, while in the free AAy dimer, the two phenyl
rings lie in the same plane, see Fig. 2. The hydrogen bond
lengths OH...O and NH...O of the dimers range from 1.54
to 1.66 A and 1.80 to 1.97 A, respectively, for all encap-
sulated complexes except from 3.3_AAgx-3. The corre-
sponding values of the free monomers are 1.558 A for the
CC dimer, 1.578 and 1.844 A for the AC dimer and 1.855 A
for the AAg dimer. Note that the 3.3_CCg-3, 3.3_ACgx-3
and 3.3_AAp-2 have slightly decreased hydrogen bond
length compared to the free dimers due to the slight com-
pression of the cage. The fact that the slight compression
results in a decrease in the hydrogen bond length has been
found experimentally in the case of encapsulation on dif-
ferent carboxylic acid dimers in the 1.1 cage [24]. Finally,
we should note that the second hydrogen atom of the amide
group forms hydrogen bonds with the walls of the cage
having bond lengths of 2.3-2.8 A. As a result a small
additional stabilization of the structures is obtained.

In the encapsulated dimers, only in the 3.3_CCgx-3
complex the dimer is almost the same as the free one and as
a result its dimerization energy 17.7 kcal/mol, the same
with the free one, i.e., 17.8 kcal/mol, see Table 5 and
Fig. 2. In the 3.3_CCgx-1, 3.3_ACyx-1 and 3.3_ACy-3
complexes, the two monomers form a small angle of about
14 degrees and their dimerization energy is reduced by
about 1 kcal/mol compared to the free ones, i.e., their AE
are —16.5, —15.2 and —15.0 kcal/mol, while the corre-
sponding values of the free dimers are —17.8 (CCy) and
—16.3 (ACp) kcal/mol. In the 3.3_CCgx-2 and 3.3_ACgx-2,
the two monomers form a very small angle and their
dimerization energy is reduced by about 0.5 kcal/mol
compared to the free ones, i.e., their AE are —17.3 and
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Table 5 Hydrogen bond distances (R in A), dimerization energies of
the encapsulated Ay and Cy guests inside the cage (AE, in kcal/mol)?,
encapsulation energy of the dimers (AE; in kcal/mol)®, encapsulation
energy of the monomers (AE, in kcal/mol)* and formation energy of
the encapsulated complexes with respect to the four components of

fully disassembled complexes (AE; in kcal/mol)," and the relative
energy ordering (7, in kcal/mol) of the isomers of the 3.3_CCy,
3.3_ACy and 3.3_AApy encapsulated complexes at the MO06-2X/
6-31G(d,p) level of theory

Species Ris" Ris® Ruo® Ru.o® Ro.me’ Ro.me® Ru.oc’ Ro.me® AE"  AEf  AE}  AEj g
33_CCx-1 1.650 1.659 2806 2928 2609 2982 —165 -—248 —425 —186.1(155.3) 0.0 (0.0)
33_CCqx-2 1546 1.571 2912  3.036 2.844 2975 —-173 —193 -36.8 —180.2(149.4) 1.6 (6.0)
33_CCyg-3 1.539 1.555 2849  3.066 3.041 3174 —17.7 —17.8 =352 —1785(147.7) 2.2 (7.6)
33_ACyx-1 1.897 1.564 2.490 2.898 2740  2.765 2.983 —152 =267 —427 —-186.3 (155.5) 0.0 (0.0)
3.3 _ACyx-2 1.861 1.548 2.605 2.728 3.037  2.819 3.094 —157 -—-20.1 -36.1 —179.5(148.7) 2.9 (6.8)
3.3 _ACyg-3 1.801 1.558 2.837 2970  2.751 2.765 3.031 —15.0 —-12.6 -28.5 —164.0 (133.2) 10.2 (22.3)
33_AAg-1 1786 1974 2423 2422 2837 27799 278 2594  —107 =275 —412 —184.9 (154.1) 0.0 (0.0)
33_AAyg-2 1.852 1.853 2353 2356 2909 2765 2908  2.763 —11.8 —189 -32.6 —176.2 (1454) 3.8 (8.7)
33_AAg-3 3.832 3.121 2322 2387 2446  2.642  2.663 2.941 —-58 —21.7 —-35.8 —178.9 (148.1) 5.3 (6.0)
* BSSE-corrected values

" Hydrogen bond distance between the two monomers

¢ The hydrogen bond distance between second hydrogen atom of the amide group and oxygen atom of the cage

9 The shortest hydrogen bond distance between hydrogen atom of the monomers and oxygen atom of the cage

¢ The shortest hydrogen bond distance between oxygen atom of the monomers and hydrogen atom of the cage

P AE = —[E(dimer) — 2E(monomer)]

& AE, = —[E(encapsulated complexes) — E(cage) — E(dimer)]

h AE, = —[E(encapsulated complexes) — E(cage) — 2E(monomer)]

U AE; = —[E(encapsulated complexes) — 2 E(1) — 2E(monomer)]; AE3 energy with respect to the cavitands and spacers in the geometry of the

capsule and in parenthesis with respect to the geometry optimized free cavitands and spacers

J Relative energy ordering without BSSE (with respect to BSSE)

—15.7 kcal/mol. Finally, the 3.3_AAg-1 and 3.3_AAy-2
dimer complexes have the two monomers at an angle of
about 140 degrees, while the 3.3_AAgx-3 complex has one
monomer lying above the other, see Fig. 5. As a result of
the above distortion compared to the free ACy dimer, their
dimerization energies are reduced to —10.7, —11.8 and
—5.8 kcal/mol, respectively, compared to the —13.9
kcal/mol of the free ACy dimer. So, the encapsulated
CCy dimer is slightly distorted, ACy is more distorted,
while AAg is the most distorted dimer. A theoretical
distribution of 29 % (3.3_CCy), 53 % (3.3_ACyx) and
18 % (3.3_AAy) is obtained using the dimerization
energy of the lowest in energy complexes or the average
values of three encapsulated dimers (3.3_CCpq), 1
(3.3_ACy) and 1 (3.3_AAp), i.c., the energy difference
between encapsulated complexes is within 2 kcal/mol, see
Table 4. This distribution is based on the capability of
encapsulation of the three dimers irrespectively to the
other conditions in the solution. However, while the
approach employed for the determination of the % dimer
distribution works quite well and explains the experi-
mental funding in the case of the free and encapsulated
CCgr, ACgr, AAg, R = H, M and E in the 1.1 and 1.2,4.1
cages, see above, it does not reproduce the experimental
findings for the 3.3 cage. The explanation to this fact
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results from the differences between 1.1 (or 1.24.1) and
3.3 and the conditions in the solution which should be
taken into account.

The 1.1 and 3.3 cages have the same length of 17.5 A,
see Fig. 1, but they differ at the sixteen N-H...O hydrogen
bond distances between the two cavitands in both cages. In
3.3 the bond lengths are about 1.89 A similar to the N—
H...O hydrogen bonds of 1.86 A, when there are no
structural constraints [37], while in 1.1 the hydrogen bonds
are elongated by 0.25 A, ie., ~2.12 A. Asa result, the
formation energy with respect to the free optimized cavi-
tands is for 3.3 twice than the corresponding value for 1.1,
i.e., —57.5 kcal/mol for 1.1 and —113.6 kcal/mol for 3.3.
The average interaction energy of N-H...O hydrogen bond
is 3.6 kcal/mol in 1.1 and 7.1 kcal/mol in 3.3. This value is
similar to the interaction energy of 7.3 kcal/mol for the N—
H...O hydrogen bonds of 1.86 A, when there are no
structural constraints [37]. In the extended capsule
assembly 1.24.1 (with a central axis length of 23.7 A),
thirty-two N-H...O hydrogen bonds are formed, the bond
lengths between the cavitands and the spacers range from
1.65 to 2.57 A, while the bond length between the spacers
is about 1.97 A. Note that the formation energy for the
1.24.1 cage is calculated at —154.5 kcal/mol with respect to
the free optimized cavitands and four spacers and the
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Table 6 Average encapsulation

energy” (kcal/mol) of the CCh, CCu ACn AAn CCm ACu Adwm CCe ACe AAg

ACg and AAg dimers in L1, 1.1 235 272 —305 —106 —149 -229  —117 —125 —238

1.24.1 and 3.3 cages at the M06-

2X/6-31G(p) 12,1  —283  —313  —340 —336 —367 —366 —387 —408 —417
33 2206 -234  —232

* Corrected values for BSSE; average values taking into account of the near-degenerated encapsulated
structures and structures lying within 2 kcal/mol from the lowest minima

average interaction energy of the N-H...O hydrogen bonds
is 4.8 kcal/mol. Thus, the 1.1 and 1.24.1 cages open more
easily or at least partly open than 3.3. Additionally, the
encapsulation energy of the AAy and ACy dimers is sig-
nificantly larger by about 30 % in 1.1 and 1.24.1 than in
3.3, see Table 6. This factor in conjunction with the fact
that primary amides tend to form hydrogen-bonded net-
work in solution [43] results in the conclusion that the
smaller encapsulation energy in 3.3 can act competitively
to energy gain from the hydrogen network of primary
amide, see Fig. 4S of ESM.

The lowest in energy minimum structures of hydrogen-
bonded network of benzamide formed by three to six
benzamide molecules are depicted in Fig. 6. In the calcu-
lated structures, four to ten hydrogen bonds are formed.
The formation energies of the networks are given in Fig. 6.
In the cases of the clusters of four and six benzamide
molecules, two minima were calculated forming a different
type of hydrogen-bonded network. The energy hydrogen
bond interactions of the calculated structures range from
24.7 to 71.1 kcal/mol (see Fig. 6), their average interaction
per hydrogen bond ranges from 6.2(A3) to 7.1(Ag-1)
kcal/mol, while the hydrogen bond distances range from
1.724 to 2.088 A. Thus, in the cases of the 1.1 and 1.24.1
cages, energetically the encapsulation is not preferred when
the average hydrogen-bonded networks of benzamide that
are formed have six or more hydrogen bonds per cage,
while in 3.3 when the average hydrogen-bonded networks
of benzamide have less hydrogen bonds per cage, i.e., four
hydrogen bonds. Some hydrogen-bonded networks of
benzamide are shown in Fig. 4S of ESM. It should be
noted that in solution, there are CCyx, ACyx and AAgx
dimers and Ay hydrogen-bonded networks in a dynamic
equilibrium. All dimers and Ag network change partners.

Summarizing, the theoretical calculations predict the
existence of encapsulated dimers in the 3.3 cage, whereas
the AA homodimer and the AC heterodimer were not
detected in the 3.3 experimentally via NMR spectra, in
mesitylene-d12 solution [25]. The absence of observation
of any 3.3_ACy and 3.3_AAy dimers is attributed here to
two factors: one factor has to do with the greater stability of
the 3.3 cage compared to 1.1 (where all three encapsulated
dimers have been observed), making the opening and
closing of the 3.3 cage energetically less favorable, and the

second factor is the larger encapsulation energy of the ACy
and AAg dimers obtained in 1.1 (and 1.24.1) than in 3.3 in
combination with the tendency of benzamide to form
hydrogen network. Smaller hydrogen networks act more
antagonistically to encapsulation of the ACyg and AAgx
dimers in 3.3 than in 1.1 (and 1.24.1).

Comparisons and trends in encapsulated dimers
in 1.1, 1.24.1 and 3.3 cages

Here results of previous and present calculations are
combined to determine trends in quantities relevant to
encapsulated complexes. The dimerization energies of the
heterodimers and homodimers of the substituted benza-
mide and benzoic acid with respect to the R are depicted in
Fig. 7. In general, in all cases we observe similar trends for
all computational methods employed. We see that all
encapsulated dimers in 1.24.1 cage, for all three R groups
(H, methyl, ethyl), have similar dimerization energies as
the free dimers. They are smaller by 1.0-2.5 kcal/mol than
the free dimers, see Fig. 7 and Tables 1 and 3. The size of
the dimerization energies is similar in the free and encap-
sulated dimers in 1.24.1 cage and as a result the % distri-
bution of the dimers is the same, see Tables 1 and 4. In the
case of the encapsulated dimers in the 1.1 cage, we observe
that for the CCgr dimer, the dimerization energies are
similar to the free CCg dimers for R = H, but for R = M
the dimerization energies are very small or the dimer does
not exist (for full DFT methods) showing that in the cage
exist two non-interacting encapsulated monomers and the
monomers prefer to be by themselves in the host. However,
as the R increased to ethyl group, the monomers are forced
to be close enough due to the small cavity, and we observe
an increase in the dimerization energy due to m-stacking,
with respect to the R = M, even though the usual hydro-
gen-bonded dimers do not form. In the case of the encap-
sulated AAgr and ACg dimers in the 1.1 cage, we observe
that for R = H very small AFE values for AAg and half of
the AE values of the free dimers for ACg are obtained.
However, as the R increase to R = E the dimerization
energy decreases significantly and the dimers are not
formed, but there are two monomers in the cavity, see
Fig. 7 and Tables 1 and 3.
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24.7 kcal/mol
A;

As Ag-1

Fig. 6 Calculated structures of the lowest minima of three to six
benzamide molecules viewed from two different angles (Color online;
H atoms = white spheres, C = gray spheres, O = red spheres and

The encapsulation energies of the dimers (AE;), of the
monomers (AE,) and the formation energy of the com-
plexes with respect to the four or eight components of fully
disassembled complexes (AE3) of substituted benzamide
and benzoic acid with respect to the R group at various
levels of theory are depicted in Figs. 8, 9, 10. In general, all
the AE,, AE, and AE; energies are reduced as the R size is
increased for the 1.1 cage and increased for the 1.24.1 cage.
The DFT methodologies present the same trends with the
only difference that the ®B97X-D values are larger by
the same amount, see above. The ONIOMMO06-2X/
6-311 + G(d,p):M06-2X/6-31G(d,p)) methodology [28]
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N = blue spheres). The formation energies of the structures are given
at the M06-2X/6-31G(d,p) level of theory

presents the same values with the MO06-2X/6-31G(d,p)
method for the AE; and AE; energies, but it computes
increased values for the AFE, energies by about
15 kcal/mol.

The OH...O and NH...O hydrogen bond distances of the
CCpr, ACR and AAy encapsulated dimers with respect to
the R group at various levels of theory are depicted in
Figs. 5S and 6S of the ESM. We observe that the hydrogen
bond distances of the dimers in the 1.24.1 cage remain the
same as the R size increased for all methods, while in the
1.1 cage are increased as the R became the ethyl group in
all methods. In other words, the ONIOM seems that do not
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Fig. 7 Dimerization energies of the dimers of substituted benzamide
and benzoic acid with respect to the R group at various levels of
theory
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Fig. 8 Encapsulation energy of the dimers (AE;) of substituted
benzamide and benzoic acid with respect to the R group at various
levels of theory
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benzamide and benzoic acid with respect to the R group at various
levels of theory

T
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Fig. 10 Formation energy of the encapsulated complexes with
respect to the four or eight components of fully disassembled
complexes (AE3) of substituted benzamide and benzoic acid with
respect to the R group at various levels of theory

predict well the NH...O hydrogen bond distances for the
unsubstituted and methyl-substituted guests and OH...O
hydrogen bond distances for the methyl-substituted guests
in 1.1 because the dimers are retained in ONIOM.

As noted previously, the 1.1 and 3.3 cages have almost
the same cavity’s size, see Fig. 1, but the formation energy
of 3.3 is twice than the corresponding value of the 1.1 cage.
As a result for the encapsulation of the CCy dimer, the AE,
AE; and AE, values are similar for the two cages, but the
AEj; values are significant larger in 3.3 than in 1.1. In 3.3
only the CCyx was detected experimentally contrary to
what happen in 1.1 and 1.24.1 cages [25], as explained
before.

The encapsulation energy of the dimers in the 1.24.1
cage is increased as R increased, while in the 1.1 cage the
value is decreased when R = H become substituted by
methyl of ethyl group, see Table 6. In 3.3 the encapsula-
tions energies are smaller than in 1.1 and 1.24.1 for all
dimers, and as mentioned before, the smaller encapsulation
energies lead to act the encapsulation of AAg and ACq
competitively to smaller hydrogen-bonded networks.

Conclusions

Encapsulation complexes are tools of physical organic
chemistry on the nanoscale since organic cages are capable
of molecular recognition, isolation of reactive species and
promoting reactions [44—46]. In the present study via the-
oretical calculations, we study the encapsulation of single
monomers, homodimers and heterodimers of benzoic acid
and benzamide and their methyl- and ethyl-substituted
dimers in three cages as well as hydrogen-bonded networks
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of benzamide having three to six molecules. The trends of
the encapsulation with respect to the hydrogen bond dis-
tance, dimerization energy, % dimer distribution, encap-
sulation energies and formation energies, as the size of the
dimers is increased are presented. All three types, unsub-
stituted and methyl- and ethyl-substituted encapsulated
dimers, present the same % dimer distribution with the free
dimers in agreement with any available experimental data
in the large cage (1.24.1). In the small 1.1 cage, the %
dimer distribution for the unsubstituted dimers is totally
different from that in the large cage, and as the size of the
dimers increased, the dimers are not longer exist but exist
as co-encapsulated monomers.

The % encapsulated dimer distribution in 3.3 and 1.1
cages which have the same size differs substantially.
Theoretical calculations predict the existence of encapsu-
lated dimers in the 3.3 cage, where the AAy homodimer
and the ACy heterodimer are distorted with respect to the
free dimers. However, the AAg and ACy dimers were not
detected in the 3.3 experimentally via NMR spectra, in
mesitylene-d12 solution [25]. Their absence of observation
is attributed here mainly to two factors: one factor has to do
with the greater stability of the 3.3 cage compared to 1.1
(where all three encapsulated dimers have been observed),
making the opening and closing of the 3.3 cage energeti-
cally less favorable and the second factor is the fact that
primary amides tend to form networks in solution. In
addition, smaller encapsulation energies are observed in
3.3 compared to other two cages. The smaller energy
gained in 3.3 for the encapsulation of the AAg and ACg
dimers can act competitively to energy gain from a smaller
hydrogen-bonded network of primary amide than in 1.1 (or
1.24.1).

Regarding the efficacy of ONIOM(DFT:PM6) method-
ology which has many successful applications [47-50], we
found that for the encapsulation of the dimers in the cage
with a large cavity or a very tight cavity, ONIOM(DFT:PM6)
is in agreement with full DFT calculations and experimental
data. However, when the cavity is enough tight,
ONIOM(DFT:PM6) and ONIOM(MP2 or CCSD:PM6)
methodologies fail. They are in disagreement with the
experimental data, while full DFT calculations are in
agreement. This is attributed to the fact that PM6 predicts
slight longer cavity than DFT does and this is important in
tight cages, because it affects the relative energy ordering of
the encapsulated complexes, while in large or very tight
cages the elongation does not affect the data. In general, it is
not practical or feasible, and sometimes meaningless, to use
high-level quantum chemistry to treat all atoms in a large
complex [46]; thus, with caution the use of the ONIOM using
PMB6 for the low layer can provide good results.
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