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Abstract A theoretical study has been carried out on the

encapsulation of heterodimers and homodimers of p-

methylbenzoic acid, p-ethylbenzoic acid, p-methylbenza-

mide, and p-ethylbenzamide molecules in reversible cap-

sules with a very limited cavity. The drastic compression of

the guests in the capsules has been studied by density

functionally theory employing the M06-2X and xB97X-D

functionals with the 6-31G(d,p) basis set following pre-

liminary calculations by the fast ONIOM[M06-2X/6-

31G(d,p):PM6] methodology. Both functionals are in

agreement with respect to the geometry, the interaction

energies between the monomers and the relative ordering

of the isomers. We found that encapsulation is favorable

even for the larger p-ethyl compounds, but complexes of

encapsulated dimers lie more than 4 kcal/mol above

complexes with two non-interacting encapsulated mono-

mers. The monomers prefer to be by themselves in the host.

This is the reason why the present encapsulated dimers

have not been found experimentally. The relative stability

of the encapsulated complexes is reversed compared to

complexes in a large cavity (Tzeli et al. in J Am Chem Soc

133:16977, 2012). This shows the possibility of separation

of competitive guests via reversible encapsulation under

appropriate conditions.

Keywords DFT calculations � Encapsulation � Hydrogen

bonding � Compression � Carboxylic acid � Amide

1 Introduction

The study of the intermolecular interactions within supra-

molecular systems has become a very active area of

research over the last five decades due to their important

role in nature [1], i.e., multiple weak interactions between

molecules provide enzymes with the ability to direct

reactions to specific substrates, at specific sites of these

substrates. The supramolecular interactions form ‘‘the

core’’ of molecular recognition, regioselectivity, enanti-

oselectivity, and shape selectivity in enzymatic reactions.

Thus, many experimental and theoretical studies have been

carried out regarding hydrogen bonding, van der Waals

attractions, dipole–dipole interactions, steric repulsions,

ion pairing, and other weak forms of bonding [1–4]. In the

vast effort that has been done toward understanding

supramolecular chemistry, many host–guest systems have

been synthesized that exhibit remarkable properties [1–8].

Cages are unique among synthetic molecular receptors

because of their encapsulation properties [5–8]. A wide

range of guests of different shape, size, and charge have

been trapped within cages on a timescale that ranges from

microseconds to forever [9]. Desired features of the cap-

sules comprise selectivity in guest encapsulation, control of

guest orientation and dynamics within the cage, and

reversibility, which allows guest uptake and release under
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controlled conditions [9]. As a result, many potential

applications can be envisioned for molecular containers,

ranging from drug release to catalysis [10] and memory

storage devices [11]. The central issue of their preparation

has been tackled both via covalent synthesis and, more

recently, via self-assembly [12–14].

Self-assembly encapsulation is based on the capsule

components bearing complementary functional groups

capable of reversible non-covalent interactions, which are

usually hydrogen-bonding interactions. They facilitate

reversibility and reliable directionality, and they offer great

plasticity and fast equilibration. The encapsulation of guest

molecules is dependent on the complementarity of the size,

the shape, the location of functional groups, and the flex-

ibility of the guest as well as the chemical surface of the

host cavity [15, 16].

Observation of individual hydrogen-bonded dimers in

solution is difficult because of their short lifetimes and the

rapid exchange of partners, but reversible encapsulation

allows the temporary isolation of the guest dimers by

mechanical barriers and their characterization by NMR

methods at normal conditions [17–19]. Recently, the rela-

tive stability of encapsulated homodimers and heterodimers

of amides, boronic acids, and carboxylic acids in capsules

with sufficiently large cavities for the dimers has been

examined both experimentally by NMR [17, 19] and theo-

retically via density functional theory (DFT) [20–22].

Experiment and theory determine the % distribution of the

encapsulated dimers in good agreement, and it is shown that

the size of the cage affects the % distribution [20–22].

When the capsule was large enough to accommodate the

dimers without any significant compression, the dimeriza-

tion energy ordering of encapsulated dimers was found to be

practically the same as that in the gas phase [15, 20–22]. In

smaller cages where however the dimers fit well in the cage,

hydrogen-bonding interactions of the amide segments with

the cage are formed and the hydrogen bonds in the corre-

sponding dimers are weakened resulting in lower dimer-

ization energy and different % distribution from those in the

larger cage and the free dimers [19, 22]. However, in all

above cases, no compression of the dimers, in terms of

distortions of the dimer geometry, was observed.

Encapsulation and compression of different carboxylic

acid dimers has been described both experimentally in the

1.24.1 cage [18] and theoretically in three cages of different

size and stability [23]. A shortening of the hydrogen bonds

in the compressed dimer was observed experimentally, and

the effects of encapsulation were compared to the effect of

external pressure on the hydrogen bond geometries of

carboxylic acid dimers in the solid state [18]. In the theo-

retical study, the shortening of the hydrogen bonds was not

reproduced but attractive interactions between the guests

and the walls of the capsules were found, responsible for

the stabilization of the complexes for all the cases

including those in which the dimers do not fit very well

[23]. In view of the earlier work on competitive encapsu-

lated dimers [20–22], a question arises regarding the rela-

tive stability of competitive hydrogen-bonded homodimers

and heterodimers in a capsule whose cavity is not spacious

enough for the encapsulated dimers, such as the 1.1 cage

employed previously [23]. Another question is why none of

the present encapsulated dimers have been found experi-

mentally in the short capsule 1.1. Furthermore, it is of

interest to consider whether it is possible to separate

competitive dimers or monomers via encapsulation.

In the present study, theoretical DFT calculations are

employed in order to determine the effect of a cage with a

very limited cavity employed for encapsulation of antag-

onistic dimers of similar size on their relative stability and

on their geometry. Preliminary calculations employing the

ONIOM methodology have been carried out, which, in

addition, offer information on the efficacy of the fast

ONIOM method for compressed systems.

2 Computational details

Heterodimers and homodimers of p-methylbenzoic acid

(CM), p-ethylbenzoic acid (CE), p-methylbenzamide (AM),

and p-ethylbenzamide (AE) are computed in the gas phase

and as guests in the self-assembly capsule 1.1. Cage 1.1 [24]

consists of two cavitands 1, see Fig. 1. The free dimers are

also depicted in Fig. 1, while the encapsulated structures are

presented in Fig. 2 for both methyl- and ethyl-substituted

benzamide dimers, in Fig. 3 for both substituted benzoic

acid dimers, and in Fig. 4 for both substituted benzamides–

benzoic acids dimers. 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, 1.1_AAM-1:

lowest minimum structure (-1) of encapsulated p-methyl-

benzamide homodimer (AAM) in the 1.1 cage. Homodimers

of p-methylbenzoic acid and p-ethylbenzoic acid in the 1.1

and 1.24.1 cages have been also calculated previously at the

M06-2X/6-31G(d,p) level of theory [23].

All calculated structures were fully optimized by DFT

calculations using the M06-2X [25, 26] and the xB97X-D

[27] functionals in conjunction with the 6-31G(d,p) basis

set [28]. The M06-2X functional is a hybrid meta-exchange

correlation functional; the xB97X-D functional includes

100 % long-range exact exchange, a small fraction of

short-range exact exchange, a modified B97 exchange

density functional for short-range interaction, and empiri-

cal dispersion corrections. It has been found that the M06-

2X/6-31G(d,p) level of theory predicts well the dimeriza-

tion energies of heterodimers and homodimers of amides
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and carboxylic acids compared to the ab initio methods

MP2/aug-cc-pVQZ and CCSD(T)/aug-cc-pVTZ [21]. The

xB97X-D functional yields satisfactory accuracy for non-

covalent interactions and long-range interactions compared

to other functionals and to the MP2/aug-cc-pVTZ and

CCSD(T)/aug-cc-pVTZ levels of theory [27, 29]. The

effect of inclusion of diffuse functions was examined by

M06-2X/6-311?G(d,p) calculations, and it was found to be

not significant for the encapsulated dimers (see below),

considering the great increase in computational effort

involved. The above full-DFT calculations followed pre-

liminary calculations employing the fast ONIOM meth-

odology [30–32], where the systems were defined as two

regions (layers). The high layer consists of the guests cal-

culated at the M06-2X/6-31G(d,p) level of theory, and the

low layer is the capsule calculated at the PM6 level of

theory. Note that the present ONIOM calculations are

about 30 times faster than the corresponding DFT calcu-

lations, and therefore, it is of interest to examine its

applicability for the present systems, where the dimers are

compressed inside the capsule and they adopt a different

arrangement in the limited space of the capsule compared

to the corresponding free dimers.

All interaction energies and dimerization energies pre-

sented here have been corrected with respect to the basis

set superposition error (BSSE) via the counterpoise pro-

cedure [33, 34]. In the case of the ONIOM method, the

BSSE correction was taken into account for the

dimerization energies of the encapsulated dimers. All cal-

culations were carried out using the Gaussian 09 program

[35].

3 Results and discussion

3.1 Free dimers

The free heterodimers and homodimers of p-methyl- and p-

ethyl-substituted amide and carboxylic acids are depicted

in Fig. 1. Selected bond distances, angles, and dihedral

angles of the free dimers along with dimerization energies

are given in Table 1. The two levels of theory, M06-2X/6-

31G(d,p) and xB97X-D/6-31G(d,p), predict the same

geometries with the exception of the hydrogen bond length

of the carboxylic homodimers, where the xB97X-D/6-

31G(d,p) level predicts elongated hydrogen bond distances

by 0.07 Å compared to the M06-2X/6-31G(d,p) values.

The experimental hydrogen bond length in the case of

CCM dimer [18] agrees very well with xB97X-D/6-

31G(d,p) value, see Table 1. Additionally, in the case of

M06-2X functional, inclusion of diffuse functions, i.e.,

M06-2X calculations using the 6-311?G(d,p) basis set, do

not affect the dimerization energies and the geometries for

a number of free amides and carboxylic acids heterodimers

and homodimers with the exception of the hydrogen bond

length of carboxylic acid dimers, where the addition of the

Fig. 1 Cavitands 1, capsule 1.1 viewed from two different angles,

i.e., along the central axis of the capsule and end-on view, and

substituted benzamide (AR) and benzoic acid (CR) homodimers and

heterodimers of amide and carboxylic acid with R = methyl and

ethyl group. (H atoms = white spheres, C = gray spheres, O = red

spheres, and N = blue spheres)
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diffuse functions leads to elongated hydrogen bond dis-

tances. However, in the case of the encapsulated com-

pressed dimers, 1.1_CCM-1 and 1.1_CCE-2 (see below),

the elongation, due to the addition of the diffusion func-

tions, is significantly reduced. It is calculated up to 0.03 Å,

while all other geometries and dimerization energies are

the same using both 6-31G(d,p) and 6-311?G(d,p) basis

sets [23]. Thus, inclusion of diffuse functions, which

increases greatly the computational effort, is not necessary

for the purposes of the present work.

Regarding the dimerization energy of free dimers, the

xB97X-D/6-31G(d,p) method predicts larger dimerization

energies by up to 1 kcal/mol. However, both M06-2X and

xB97X-D predict the same stability ordering for both

p-methyl- and p-ethyl-substituted dimers, namely CC[A-

C[AA. From the many-body decomposition energy, it

seems that the deformation term (D), i.e., the energy pen-

alty required to bring the monomers from their equilibrium

geometries to the geometry of the dimer, is the smallest for

the amide dimers and largest for the carboxylic acid

dimers.

Thus, the larger dependence in M06-2X or xB97X-D

functionals and basis sets is observed only for the hydrogen

bond distances of the free carboxylic acids. Both M06-2X/

6-31G(d,p) and xB97X-D/6-31G(d,p) levels of theory

seem to be appropriate methods with the xB97X-D/6-

31G(d,p) level resulting in better agreement with

experiment.

Fig. 2 Calculated structures of the lowest minima of the 1.1_AAM

and 1.1_AAE species viewed from two different angles along with the

corresponding Te values, at the M06-2X/6-31G(d,p)(xB97X-D/6-

31G(d,p))[ONIOM:M06-2X/6-31G(d,p):PM6]. (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
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3.2 Encapsulated dimers

3.2.1 Geometry

The lowest two or three calculated minimum energy

structures for each encapsulated complex are depicted in

Fig. 2 for both methyl- and ethyl-substituted benzamide

guests, in Fig. 3 for both substituted benzoic acid guests,

and in Fig. 4 for both substituted benzamides–benzoic

acids guests. The energy differences (Te) from the lowest

minimum structures in three levels of theory are given.

Selected bond lengths, angles, and dihedral angles of the

calculated encapsulated dimers are given in Table 2. The

distances R2–3 and R6–7 correspond to the hydroxyl O–H or

the amide N–H bond length and R3–4 and R7–8 corre-

sponding to the hydrogen bond lengths (cf. numbering in

Fig. 1). Of particular interest are the hydrogen bond dis-

tances between the cage and the monomers; the angles

forming the hydroxyl bond or amide N–H bond and

hydrogen bond lengths between monomers; the dihedral

angles between the (8, 2, 3) and (4, 6, 7) planes for the

dimers; and the dihedral angle between the two phenyl

groups. The corresponding Cartesian coordinates of the

calculated structures are given in the supporting informa-

tion. In the free dimers, the ring formed by atoms 1–8 in

Fig. 1 has the same geometry in both p-methyl and p-ethyl

hetero- and homodimers, since they differ only in the R

substituent at the para position of the benzoic acid and

Fig. 3 Calculated structures of the lowest minima of the 1.1_CCM

and 1.1_CCE species viewed from two different angles along with the

corresponding Te values, at the M06-2X/6-31G(d,p)(xB97X-D/6-

31G(d,p))[ONIOM:M06-2X/6-31G(d,p):PM6]. (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
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amide (Table 1). Upon encapsulation, the geometry of the

ring and the relative position of the two monomers change

significantly, due to the confined space within the cage and

the guest–host interactions, compare Tables 1 and 2.

The M06-2X/6-31G(d,p) and xB97X-D/6-31G(d,p)

methods predict similar geometries for the minimum

energy structures of the encapsulated complexes and the

same relative energy ordering for their isomers. For some

of these structures, some differences are observed mainly

in the hydrogen bond lengths between monomers or

monomers and the cage. The addition of diffuse functions

for the encapsulated 1.1_CCM-1 and 1.1_CCE-2 structures,

i.e., M06-2X/6-311?G(d,p)dimers6-31G(d,p)cage level of

theory, results in the same geometry as obtained with the

M06-2X/6-31G(d,p). Thus, the diffuse functions do not

affect the geometry of the present compressed encapsulated

dimers. The ONIOM (M06-2X/6-31G(d,p):PM6) predicts

the same minimum energy structures with similar geome-

tries as obtained by the two full-DFT methodologies, see

supporting information, but the ONIOM predicts a differ-

ent energy ordering of the various isomers of the com-

plexes in same cases and it seems that the calculated

isomers of the complexes are more closely lying than the

full-DFT methods see Figs. 2, 3, 4.

Fig. 4 Calculated structures of the lowest minima of the 1.1_ACM

and 1.1_ACE species viewed from two different angles along with the

corresponding Te values, at the M06-2X/6-31G(d,p)(xB97X-D/6-

31G(d,p))[ONIOM:M06-2X/6-31G(d,p):PM6]. (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
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As shown in Figs. 2, 3, 4, all dimers in the 1.1 cage are

highly compressed resulting in some isomers, having two

monomers that interact very weak, or an unstable dimer,

i.e., the encapsulated complex has two monomers instead

of a dimer. In the cases where a dimer is formed, the cage

slightly magnifies. In all isomers of the encapsulated

complexes, the two monomers are not in the same plane.

The lowest energy isomers of the six encapsulated com-

plexes have one monomer lying above the other; while the

calculated highest energy complexes of the six dimers have

the two monomers forming a triangle, see Figs. 2, 3, 4. In

all isomers, the monomers form hydrogen bonds with the

walls of the capsule, except the 1.1_CCM-3 isomer. These

attractive interactions are responsible for the stabilization

of the encapsulated complexes.

For both p-methyl and p-ethyl encapsulated substituted

amides of 1.1_AAR, the two lowest structures are stabilized

by hydrogen bonds, which are formed between the dimers

and the cage and have bond lengths of 1.6–2.3 Å. More-

over, the second hydrogen atom of the amide group forms

in addition to hydrogen bonds with the cage with lengths of

2.0–2.4 Å, resulting in an additional stabilization of the

structures. It might be noted that the hydrogen bond dis-

tances between the two monomers are rather large, ranging

from 3.2 to 3.7 Å, see Table 2, indicating a very weakened

interaction. Thus, all six hydrogen and oxygen atoms of the

two amide groups of the two monomers form stable

hydrogen bonds with the cage. The angles N–H���O are

about 70� for the p-methyl- and about 55� for the p-ethyl-

substituted amide dimers instead of about 180 in the free

dimer, see Table 2. Contrary to the above, in the third

isomer of 1.1_AAR, hydrogen bonds between the two

monomers are formed with bond lengths of 1.9–2.3 Å, see

Table 2 and dimers are formed. Note that, in the free amide

dimers, the hydrogen bond length is about 1.8 Å, see

Table 1. Again, hydrogen bonds between the cage and the

monomers are formed but not by all the hydrogen and

oxygen atoms of the two amide groups. The angles N–

H���O of dimers are about 150� (*180 in the free dimer),

and the dihedral angle between the two phenyl groups of

the encapsulated dimer is about 50 (p-methyl-substituted

dimer) and 80 (p-ethyl-substituted dimer) degrees instead

of 0 in the free dimer, see Table 2.

Similarly to the amide encapsulated complexes above,

the three isomers of the 1.1_CCE and the two lowest cal-

culated isomers of the 1.1_CCM are stabilized by hydrogen

bonds formed between the cage and the monomers, with

lengths C1.7 Å. Only for the 1.1_CCE-3 and 1.1_CCM-3

isomers, carboxylic acids dimers are formed. In the

1.1_CCE-3 isomer, a hydrogen bond between the mono-

mers is formed of about 2.06 Å, while, in the 1.1_CCM-3

isomer, two hydrogen bonds are formed between them,

with bond lengths of 1.60 Å, which is similar to the

corresponding hydrogen bond lengths in the free dimers. At

the xB97X-D/6-31G(d,p) level of theory, the 1.1_CCM-3

isomer lies 13 kcal/mol above the lowest in energy isomer,

and shorter hydrogen bond lengths between the two

monomers are found than those of the free CC dimer. In

this complex, the cage has slightly opened resulting in a

small reduction in the compression and the formation of the

dimer. Experimental studies on small compression of car-

boxylic dimers show a shortening of the hydrogen bond

lengths [19]. Note that both functionals predict the same

hydrogen bond length between the two monomers for the

encapsulated 1.1_CCR complexes, while they differ about

0.07 Å in the free dimers, with the xB97X-D value to be in

very good agreement with the experiment, see Table 1. For

all encapsulated complexes, the angles O–H���O of the

dimer range from 55 to 90� (160� for 1.1_CCM-3) instead

of about 180 in the free dimer. The dihedral angle between

the two phenyl groups of the encapsulated monomers is

about 30� (78� only for 1.1_CCM-3), see Table 2.

For the 1.1_ACE encapsulated structures, two stable

isomers were calculated, and for 1.1_ACM, three stable

minima were calculated. Again, for the lowest in energy

1.1_ACE-1 and 1.1_ACM-1, the monomers are stable only

due to the interaction with the walls of the capsule. In the

remaining structures, AC dimers are formed. In the

1.1_ACE-2 isomer, a hydrogen bond O–H���O between the

monomers is formed of length about 1.7 Å. It is *0.1 Å

larger than in the free ACR dimer. Finally, for the

1.1_ACE-2 and 1.1_ACM-3 isomers, two hydrogen bonds,

N–H���O and O–H���O, between the monomers are formed

of about 1.9 and 1.6 Å length, while in free dimers the

corresponding bond lengths are 1.8 and 1.6 Å, respectively.

For these two encapsulated isomers, only the second

hydrogen atom of the amide group forms hydrogen bond

with an oxygen atom of the capsule with a bond length of

about 2.0 Å. The dihedral angle between the two phenyl

groups of the encapsulated monomers is about 30� for all

encapsulated 1.1_AC dimers with the exception of

1.1_ACE-2 (81�), see Table 2. In the 1.1_ACM-3 complex,

which lies *10 kcal/mol above the lowest in energy iso-

mer, shorter hydrogen bond lengths between the two

monomers are found with respect to the free AC dimers. As

in the case of the 1.1_CCM-3 isomer, also in the 1.1_ACM-

3 complex, the cage is slightly magnified, the compression

is reduced, and the formation of a dimer with a shortening

of the hydrogen bond lengths is obtained.

3.2.2 Energetics

The calculated BSSE-corrected interaction energies of the

encapsulated monomers inside the cage (listed under DE,

DE = E(dimer) - 2E(monomer) ? BSSE), the energy of

the encapsulation of the dimers (listed under DE1,
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DE1 = E(encapsulated complexes) - E(cage) - E(dimer) ?

BSSE1), the energy of the monomers (DE2, DE2 = E

(encapsulated complexes) - E(cage) - 2E(monomer) ?

BSSE2), and the energy with respect to the monomers and

the full disassembled cage (DE3, DE3 = E(encapsulated

complexes) - 2 E(1) - 2E(monomer) ? BSSE3) for all

calculated isomers are given in Table 3. Note that the

BSSE corrections are not the same for all interaction

energies because they depend on the decomposition pro-

ducts. The many-body decomposition of the DE, DE1, and

DE2 energetics for the lowest minimum of the each

encapsulated dimer is given in Table 4.

As can be seen from Table 1, the two full-DFT com-

putations for all isomers present similar DE values (inter-

action or dimerization energies of the encapsulated

monomers inside the cage). Dimerization of the lowest

energy encapsulated isomers (labeled as –1) is unfavorable

(positive DE), while the third in energy order isomers

(labeled as –3) and in three cases out of six, i.e., AAE,

ACM, ACE, the second ones (–2) dimerization is favorable

(negative DE). However, for all isomers, encapsulation is

favored energetically due to the interactions between the

dimer and the cage, see DE1 values of Table 3, and these

lead to the lowest energy structures.

Comparing the two M06-2X and xB97V-D functionals,

we observe that they predict the same relative energy

ordering for the isomers of the encapsulated complexes,

see above, almost the same dimerization energies of the

free dimers and of the encapsulated dimers inside the

cage, and the same interaction energy between the two

cavitands 1 in the 1.1 cage, i.e., 57.5 and 57.1 kcal/mol

for the M06-2X and xB97V-D functionals, respectively.

However, the two functionals present a difference in the

energy of encapsulation of about 28 kcal/mol, namely the

energies of the encapsulation of the dimers (DE1) and of

the monomers (DE2) calculated via the xB97V-D func-

tional are larger than the corresponding M06-2X values,

see Table 3. Given that the interaction energy between the

two cavitands 1 in the 1.1 cage is the same for both

functionals, similarly the DE3 values differ also by the

same amount. The larger encapsulation energy predicted

by xB97V-D compared to M06-2X arises from the fact

that the xB97V-D functional includes long-range correc-

tions and empirical dispersions and calculates interactions

between the guests and the cage with larger interaction

energies than M06-2X. However, the important issue is

that, even though the DE1, DE2, DE3 values are larger

with xB97V-D than with M06-2X, both functionals pre-

dict that the lowest encapsulated complexes are stabilized

via attractive interactions between the guests and the walls

of the cage. These interactions are maximized by the

compression of the dimer even though energy is needed

for this purpose.T
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Both functionals predict the largest DE1, DE2, and DE3

values for the 1.1_AAR-1 and the smallest values for

1.1_CCR-1. The values of the lowest encapsulated dimers

range from -39 to -54 (DE1), from -58 to -70 (DE2),

and from -127 to -143 kcal/mol (DE3) at the xB97V-D/

6-31G(d,p) level of theory, see Table 4. The high stability

computed for the encapsulated complexes with respect to

complete disassembling of the dimers and the cage might

be noted. The analysis of the many-body interaction energy

terms for the free dimers and the encapsulated complexes

are presented in Tables 1 and 4, respectively. The size of

the deformation term, D, i.e., energy penalty required to

bring the fragments from their equilibrium geometries to

the geometry of the complex, for each DE, DE1, and DE2

interaction energy depicts the size of the distortion of its

fragments. For the case of the dimerization energies, DE,

the 2-body term and the deformation term are similar for

both functionals. Moreover, for all complexes except

1.1_AAE, the deformation term is similar for both func-

tionals, and the differences in computed values of the DE1,

and DE2 interaction energies with the two functionals

arises from the 2-body term of the cage–dimer interaction

for the DE1 and the 2-body1 and 2-body2 terms of the cage–

monomer interactions for the DE2. The 2-body1 and

Table 3 Relative energy ordering Te
a of the isomers, interaction

energiesa,b of the encapsulated guests inside the cage (DE, dimeriza-

tion energies), and their interaction energiesa,b with respect to the free

cage and the dimers (DE1), to the free cage and the monomers (DE2),

and to the four components of fully disassembled complexes (DE3) at

the M06-2X/6-31G(d,p) (first entry), xB97X-D/6-31G(d,p) (second

entry) ONIOM(M06-2X/6-31G(d,p):PM6) (third entry) and levels of

theory

R = Methyl R = Ethyl

Te DE DE1 DE2 DE3
c Te DE DE1 DE2 DE3

c

1.1_AAR-1 0.0 2.8 -22.9 -37.1 -112.1 (-100.3) 0.0 4.2 -19.2 -32.9 -112.7 (-100.8)

0.0 2.1 -54.4 -70.1 -143.0 (-133.4) 0.0 4.3 -47.6 -62.7 -136.2 (-126.6)

0.0 -0.3 2.4 0.1

1.1_AAR-2 3.4 3.0 -17.8 -32.5 -108.8 (-96.9) 1.0 -3.7 -28.4 -41.6 -111.6 (-99.8)

3.1 2.1 -50.8 -66.9 -139.9 (-130.4) 1.3 -4.0 -51.7 -66.5 -134.9 (-125.3)

1.3 -1.5 0.0 -4.6

1.1_AAR-3 13.4 -2.7 -12.9 -26.6 -98.7 (-86.8) 26.2 -1.7 -0.6 -14.1 -86.4 (-74.6)

20.6 -3.1 -37.2 -52.0 -122.3 (-112.8) 27.3 -3.1 -23.8 -38.6 -108.9 (-99.3)

8.3 -7.8 10.9 -8.2

1.1_CCR-1d 0.0 1.9 -11.9 -30.0 -103.1 (-91.2) 0.0 2.1 -11.0 -29.6 -101.7 (-89.9)

0.0 2.8 -41.2 -60.3 -131.9 (-122.3) 0.0 1.1 -38.6 -57.7 -127.1 (-117.5

4.1 -0.6 1.2 -1.3

1.1_CCR-2 2.0 -2.1 -9.2 -27.0 -101.0 (-89.2) 0.0 0.4 -12.4 -30.2 -101.8 (-89.9)

5.4 -0.5 -36.6 -55.3 -126.5 (-116.9) 1.1 1.3 -37.7 -56.4 -126.0 (-116.4)

4.1 -0.6 0.0 -1.6

1.1_CCR-3 9.9 -11.3 -3.9 -21.3 -93.2 (-81.3) 3.6 -0.8 -8.5 -26.2 -98.1 (-86.3)

12.9 -12.0 -30.6 -48.8 -119.0 (-109.4) 1.3 1.2 -37.5 -56.3 -125.8 (-116.3)

0.0 -14.2 0.0 -3.6

1.1_ACR-1 0.0 0.9 -15.4 -32.4 -107.1 (-95.2) 0.0 3.5 -12.5 -29.1 -103.9 (-92.0)

0.0 1.1 -44.7 -62.8 -135.4 (-125.8) 0.0 3.9 -42.1 -59.8 -131.7 (-122.2)

0.8 -2.2 0.0 1.7

1.1_ACR-2 2.4 -4.5 -14.5 -30.6 -104.7 (-92.8) 17.3 -2.5 1.8 -14.2 -86.6 (-74.7)

4.0 -3.1 -43.2 -60.2 -131.3 (-121.7) 21.0 -4.7 -23.4 -40.2 -110.7 (-101.2)

1.1 -4.2 -3.9 -10.0

1.1_ACR-3 10.7 -9.6 -9.9 -25.8 -96.4 (-84.5)

10.2 -5.4 -37.4 -54.3 -125.2 (-115.6)

0.0 -12.5

a In kcal/mol, BSSE-corrected values
b DE = E(dimer) - 2E(monomer) ?BSSE; DE1 = E(encapsulated complexes) - E(cage) - E(dimer) ? BSSE1; DE2 = E(encapsulated

complexes) - E(cage) - 2E(monomer) ? BSSE2; DE3 = E(encapsulated complexes) - 2 E(1) - 2E(monomer) ? BSSE3

c Interaction energy with respect to the cavitands and spacers in the geometry of the capsule (with respect to the free cavitands and spacer)
d Ref. [23]
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2-body2 terms are up to -51 kcal/mol. The 2-body3 term

of the monomer–monomer interaction and the 3-body term

are very small and almost the same for both functionals. In

all cases, the 2-body3 term stabilizes the complexes, with

an energy of up to 3 kcal/mol. The deformation term of the

DE1 is larger than that of the DE2 showing larger defor-

mation of the dimers compared to that of the two mono-

mers with respect to the free species. Only the 1.1_AAR

complexes have a 3-body term (nonadditive component)

that stabilizes the system. Finally, comparing the relative

magnitudes of the monomer–host interactions (2-body1 and

2-body2 terms of DE2), dimer–host interactions (2-body

term of DE1) and monomer–monomer interaction (2-body3

term of DE2), we found that the dimer–host interaction is

about double of the monomer–host interactions, as expec-

ted, and that the monomer–monomer interactions are very

small, namely less than 10 % than the corresponding

monomer–host interactions.

Regarding the very fast ONIOM method, it predicts the

same minimum energy structures as the two full-DFT

methodologies. There are some differences between the

results of the ONIOM approach and those of the full DFT

regarding the energy ordering of the various isomers and

the energy spacing between the complexes but generally

ONIOM is found to be adequate for calculations on the

present compressed systems, given the great difference in

the required computational effort.

The stability ordering of the free dimers is determined as

CC[AC[AA for both p-methyl- and p-ethyl-substituted

compounds as can be seen by the DE interaction energies,

Table 1. Similarly, for the encapsulated p-ethyl-substituted

dimers in a large cavity [20], the stability ordering was

calculated and was found experimentally to be 1.24-

.1_CC[1.24.1_AC[1.24.1_AA, which is the same with the

free dimers. In the present encapsulated complexes, the

dimers are unstable due to the confined space of the cavity

and the complexes are stabilized by the interactions

between the guest molecules and the walls of the cage.

Thus, their ordering is determined by the DE2 or DE3

interaction energies, i.e., interactions between the mono-

mers and the cage or to the monomers and the full disas-

sembled cage. Both interaction energies point out the

stability ordering of 1.1_AA[1.1_AC[1.1_CC.

Molecules that are confined in severely limited spaces

behave quite differently than those in dilute solution; both

guest and host adapt to each other to properly fill the space

and stabilize the assembly [19]. Hydrogen-bonding pref-

erences in the capsule are responsible for the selective

recognition and catalysis of enzyme-binding pockets

through hydrogen bonding. Reversible encapsulation has

led to understanding of how molecules get in and out of the

spaces, how chemical interactions are amplified, how

unusual reaction pathways can emerge, and how reactive

intermediates are stabilized [19]. These characteristics also

apply to molecules that are compressed in a cavity. The

attractive van der Waals interactions between the guests

and the internal walls are significant. The inner walls wield

an internal pressure on the guest and as a result here, the

Table 4 Many-body decomposition of the calculated interaction

energiesa of the guests inside the cage (DE), interaction energiesa of

the encapsulated complexes with respect to the free cage and the

dimers (DE1) and to the free cage and the monomers (DE2), at the

M06-2X (first entry) and xB97X-D/6-3’’1G(d,p) (second entry) levels

of theory for the lowest minima of the encapsulated dimers

Two monomers ? encapsulated

dimer

Cage ? dimer ? encapsulated

complexes

Cage ? two monomers ? encapsulated complexes

2-Body D DE 2-Body D DE1 2-Body1
b 2-Body2

b 2-Body3
b 3-Body D DE2

1.1_AAM-1 -1.0 3.8 2.8 -74.3 51.4 -54.4 -36.1 -37.3 -1.4 -1.0 38.6 -37.1

-1.6 3.7 2.1 -101.7 47.3 -11.9 -50.8 -50.3 -1.9 -0.5 33.5 -70.1

1.1_CCM-1 -3.1 5.0 1.9 -57.8 45.9 -41.2 -26.0 -32.3 -3.4 0.5 31.1 -30.0

-1.7 4.4 2.8 -82.9 41.7 -15.4 -46.5 -36.9 -1.8 0.5 24.4 -60.3

1.1_ACM-1 -2.9 3.9 0.9 -66.9 51.5 -44.7 -37.8 -29.2 -3.3 0.1 37.7 -32.4

-3.1 4.2 1.1 -89.3 44.6 -19.2 -48.9 -40.3 -3.3 -0.1 29.8 -62.8

1.1_AAE-1 -1.5 5.7 4.2 -96.5 77.4 -47.5 -47.0 -48.5 -1.9 -1.0 65.5 -32.9

-2.3 6.6 4.3 -104.8 57.3 -11.0 -50.3 -54.0 -2.6 -0.5 44.8 -62.6

1.1_CCE-1 -0.3 2.4 2.1 -47.8 36.8 -38.6 -21.8 -26.0 -0.5 0.0 18.7 -29.6

-1.6 2.7 1.1 -67.7 29.0 -12.4 -31.3 -36.4 -1.8 0.0 11.8 -57.7

1.1_ACE-1 0.2 3.4 3.5 -65.1 52.6 -42.1 -33.7 -31.7 -0.3 0.3 36.3 -29.1

0.5 3.4 3.9 -87.8 45.7 -42.1 -45.3 -42.9 0.1 0.4 28.0 -59.8

a In kcal/mol, BSSE-corrected values; DE = E(encapsulated dimer) - 2E(monomer) ? BSSE; DE1 = E(encapsulated complexes) -

E(cage) - E(dimer) ? BSSE1; DE2 = E(encapsulated complexes) - E(cage) - 2E(monomer) ? BSSE2

b 2-body1: cage-first monomer interaction; 2-body2: cage-second monomer interaction; 2-body3: interaction between the two monomers
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dimer is not formed in the lowest structures, i.e., the two

monomers coexist in the capsule and the attractive inter-

actions are maximized.

Consequently, in a large cage, homodimers and het-

erodimers of amides and carboxylic acids are formed as in

a solvent or in the gas phase [15, 20]. When the cavity is

not large enough and the dimers are slightly compressed,

encapsulation leads to shortening of the hydrogen bond

[19, 22]. When the compression is increased, the hydrogen

bonds are elongated and the dimers are weakened [22] and

in large compression, they do not exist as dimers, as shown

here, while the relative stability ordering of the encapsu-

lated guests is changed from that in a capsule with adequate

space for the accommodation of dimers. In the quest for the

development of organic molecules, cages capable for

molecular recognition, isolation of reactive species [15]

and separation [36], encapsulation complexes are now tools

of physical organic chemistry on the nanoscale.

4 Conclusions

DFT (M06-2X and xB97X-D/6-31G(d,p)) calculations

have been carried out on the encapsulation of heterodimers

and homodimers of the p-methylbenzoic acid (CM), p-

ethylbenzoic acid (CE), p-methylbenzamide (AM), and p-

ethylbenzamide (AE) molecules in limited space provide

by the 1.1 cage. The results of both full-DFT calculations

are in agreement with respect to the geometry, the dimer-

ization energies, and the relative ordering of the different

isomers. The xB97V-D DE1, DE2, DE3 values are larger

by the same amount than the corresponding M06-2X val-

ues, but both functionals predict that the lowest encapsu-

lated complexes are stabilized via attractive interactions

between the guests and the walls of the cage. The mono-

mer–monomer interactions are less than 10 % of the cor-

responding monomer–host interactions. The monomer–

host interactions are maximized by the destruction of the

dimer even though energy is needed for this purpose. Thus,

while the encapsulation is favorable even for the p-ethyl

compounds, dimers are not formed inside the cage. This is

the reason why the present encapsulated dimers have not

been found experimentally. The dimers formed in the 1.1

encapsulated structures lie at[4 kcal/mol above the lowest

minima. The isomerism of the encapsulated dimers arises

from the different arrangements of small-molecule guests

in the space of a self-assembled host. The guest dimers can

adopt a different arrangement in the limited space of a self-

assembled host than the most stable structure of the free

dimers. Compression changes the relative stability of the

encapsulated guests. For both free p-methyl- and p-ethyl-

substituted compounds, the stability ordering is CC[A-

C[AA. The same relative stability of the guests in a large

cavity was found too [20]. However, in the compressed

encapsulated complexes, the stability ordering of the

encapsulated complexes having two monomers is reversed

to 1.1_AA[1.1_AC[1.1_CC. This is an example of the

possibility of separation of competitive monomers or

dimers via reversible encapsulation under appropriate

conditions.
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