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The homodimers and heterodimers of four carboxylic acids

RCOOH and four amides RCONH2, where R ¼ H, methyl, phenyl,

p-ethylphenylene have been calculated via DFT(M06-2X), MP2,

and CCSD(T) methods in conjunction with the 6-31G(d,p), 6-

311þG(d,p), aug-cc-pVTZ, and aug-cc-pVQZ basis sets to find

out how the substituent R influences their dimerization energy

(DE) and their hydrogen bond length. The calculated DE values

range from 14 to 17 kcal/mol for the different dimers in the gas

phase, with the ordering carboxylic homodimers � amide-

carboxylic dimers [ amide homodimers. The M06-2X/6-

311þG(d,p) geometries and DE values are in very good

agreement with the corresponding MP2/aug-cc-pVQZ and

CCSD(T)/aug-cc-pVTZ values. Coencapsulation of the dimers was

studied to examine its effect on the calculated bond lengths

and strength of the hydrogen bonds at the M06-2X/6-31G(d,p)

level of theory. The experimental and calculated % distributions

of the encapsulated dimers, taking into account statistical

factors are in good agreement. VC 2012 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24062

Introduction

Hydrogen bonds are found ubiquitously in nature. They are

extremely important in a wide range of fields including clus-

ters, solvation, solution chemistry, biochemistry, and life proc-

esses because they provide stability in many systems.[1–3] The

nature and the strength of the hydrogen bonds have been

studied both experimentally and theoretically for many sys-

tems; see for instance Refs. [1–7]. However, judging by the

number of publications on this topic, in the last few years in-

terest remains unimpaired.

In this study, the relative strength of the hydrogen bonds

which are formed in the homodimers and heterodimers of

four carboxylic acids and four amides is studied. It is well

known that carboxylic acids form dimers both in solution[8]

and in solid state.[9] Hydrogen bonds, that is, C¼¼O���HAO, in

these dimers are highly directional and have considerable

strength. As a result, carboxylic acids have been used exten-

sively as buildings blocks for the construction of hydrogen-

bonded supramolecular species.[10] In addition, the hydrogen

bonds C¼¼O���HAN, in the amide homodimers are very impor-

tant because of their significant role in DNA base-pairing, in

protein folding, and in heterocyclic contexts.[11]

In the literature, there are a few experimental[12–14] and some

theoretical studies[5,14–23] for the smallest dimers calculated here.

The data of previous studies are summarized along with our results

in Table 1. Recently, the relative stability of encapsulated homodi-

meric and heterodimeric hydrogen bonding in carboxylic acids, pri-

mary amides, and boronic acids has been examined both experi-

mentally, whereby the dimers are isolated for sufficiently long

times to allow direct observation by NMR,[25] and theoretically via

density functional theory (DFT) methodology.[24] Within a capsule,

the interacting guests are separated from solvent molecules by

mechanical barriers and they do not exchange partners as rapidly

as they do in solution. In fact, the capsule is the solvent, fixed in

place around the solute during the synthesis and assembly of the

complex.[25] The efficiency of different systems to act as hydrogen-

bonding partners within a capsule has been determined and the

agreement between experiment and theory is very good.[24,25]

In this study, the homodimers and the heterodimers of four

amides RCONH2 and four carboxylic acids RCOOH, where R ¼
H, methyl, phenyl, p-ethylphenylene, have been calculated in

the gas phase, via MP2, CCSD(T), and DFT methodology, see

Figure 1. The aim of this study is to find out how the size of

the substituent R influences the dimerization energy of the

dimers and the hydrogen bond length. Moreover, the effect of

encapsulation on the dimerization energies and hydrogen

bond lengths, via DFT calculations, is reported.[24]

Methodology

All calculated dimers were fully optimized by DFT calculations

using the M06-2X[26] in conjunction with the 6-31G(d,p) and 6-

311þG(d,p)[27] basis sets. M06-2X[26] is a hybrid meta exchange

correlation functional, it is a highly nonlocal functional with

double the amount of nonlocal exchange and it is recom-

mended for applications involving main-group elements and

noncovalent interactions. In addition, we carried out MP2 and

CCSD(T) calculations in conjunction with the 6-311þG(d,p),
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aug-cc-pVTZ[28] and aug-cc-pVQZ[28] basis sets for the three

smallest dimers, that is, (formamide)2, (formic acid)2, and form-

amide-formic acid, in order to test our M06-2X data.

For the encapsulation complexes, which have more than

300 atoms, geometry optimization calculations were carried

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

For all structures determined, basis set superposition error

(BSSE) corrections to the dimerization energy have been taken

into account using the counterpoise procedure.[29] A detailed

example of the procedure for a BSSE calculation can be found in

Ref. [30]. BSSE corrections are important for hydrogen bond

interactions.[31] In some cases, we carried out geometric optimi-

zation with respect to the BSSE corrected energy. All calculations

were performed using the Gaussian 09 program package.[32]

Results and Discussion

The calculated minimum energy structures of the homodimers

(C�C and A�A) and the heterodimers (A�C) of four carboxylic

acids RCOOH and four amides RCONH2, where R ¼ H, methyl,

phenyl, p-ethylphenylene, are depicted in Figure 1. Their dime-

rization energies and the hydrogen bond lengths are given in

Table 1. The geometries of the calculated dimers are given in

the Supporting Information.

R 5 H: (HCOOH)2, (HCONH2)2, and HCOOH-HCONH2 dimers

We chose the M06-2X functional because in general it gives

good results for hydrogen-bonded systems.[26,33,34] However,

Table 1. Dimerization energies in kcal/mol and hydrogen bond distances in Å of the C�C, A�C, and A�A dimers in the gas phase and in 1.24.1

capsule, at various levels of theory.

Methods DEu
a DEb ROH���O DEu

a DEb ROH���O RNH���O DEu
a DEb RNH���O

R ¼H CH�CH AH�CH AH�AH

M06-2X/6-31G(d,p) 20.0 16.7 1.604 19.5 16.3 1.600 1.858 17.8 14.5 1.854

M06-2X/6-311þG(d,p) 16.7 15.9 1.708 16.5 15.8 1.657 1.914 14.7 14.2 1.883

MP2/6-311þG(d,p) 14.5 11.7 1.723 14.4 12.0 1.689 1.939 13.1 11.1 1.896

MP2/aug-cc-pVTZ 16.8 15.2 1.660 16.6 15.2 1.634 1.859 15.4 14.1 1.833

MP2/aug-cc-pVTZc 15.3 1.693 15.3 1.667 1.890 14.1 1.863

MP2/aug-cc-pVQZd 16.5 15.7 16.3 15.6 15.0 14.4

RCCSD(T)/aug-cc-pVTZd 16.8 15.3 16.7 15.3 15.5 14.3

MP2/6-311þþG(d,p)e,f,g,h,i 13.2e 1.726e,i 1.69f 1.93f 11.2e 1.901e

MP2/aug-cc-pVDZe 14.0 1.680 13.4 1.840

MP2/cc-pVTZj 15.6 13.1 1.831

MP2/aug-cc-pVTZ (sp)k 15.3k

MP2/aug-cc-pV5Z (sp)k 15.9k

CCSD(T)/6-311þþG(d,p)g 1.73 1.98

CCSD(T)/cc-pVTZ (sp)l 16.8 14.5

CCSD(T)/aug-cc-pVQZ (sp)k 16.0k

Expt 1.667m 1.78f 1.80f

R ¼methyln CMe�CMe AMe�CMe AMe�AMe

M06-2X/6-31G(d,p) 20.5 17.1 1.586 19.7 16.4 1.593 1.843 17.7 14.6 1.846

M06-2X/6-311þG(d,p) 17.3 16.5 1.685 16.7 16.0 1.648 1.887 14.9 14.3 1.866

M06-2X/6-311þG(d,p)c 16.5 1.701 16.0 1.662 1.902 14.3 1.879

MP2/6-311þG(d,p) 15.4 12.3 1.704 15.0 11.8 1.681 1.907 13.6 11.2 1.880

MP2/aug-cc-pVDZe 14.4 1.672

R ¼phenyl Cp�Cp Ap�Cp Ap�Ap

M06-2X/6-31G(d,p) 21.0 17.8 1.558 19.4 16.3 1.578 1.844 16.8 13.9 1.855

M06-2X/6-311þG(d,p) 18.0 17.1 1.658 16.8 16.0 1.633 1.882 14.4 13.8 1.868

MP2/6-311þG(d,p) 17.0 12.9 1.671 15.9 12.5 1.661 1.888 14.1 11.2 1.872

R ¼p-ethylphenylenen CEp�CEp AEp�CEp AEp�AEp

M06-2X/6-31G(d,p) 21.0 17.8 1.557 19.4 16.3 1.582 1.841 16.8 13.9 1.858

M06-2X/6-311þG(d,p) 18.0 17.2 1.657 16.7 16.0 1.632 1.881 14.2 13.7 1.867

M06-2X/6-311þG(d,p)c 17.2 1.674 16.0 1.647 1.895 13.7 1.882

R ¼p-ethylphenylenen,o CEp�CEp AEp�CEp AEp�AEp

M06-2X/6-31G(d,p) 18.7 15.5 1.602/1.641 16.8 13.7 1.561 1.856 14.5 11.6 1.902/1.904

[a] Dimerization energies uncorrected for BSSE. [b] BSSE corrected dimerization energies. [c] BSSE optimized geometry. [d] At the optimized MP2/aug-

cc-pVTZ geometry. [e] Ref. [5]. [f ] Ref. [14]. [g] Ref. [15]. [h] Ref. [16]. [i] Ref. [20]. [j] Ref. [19]. [k] Ref. [18], single point calculations of the monomers and

the dimers at the geometry of the MP2/6-31G** level of theory. [l] Ref. [17], single point calculation, CCSD(T)/cc-pVTZ//MP2/aug-cc-pVTZ. [m] Ref. [12].

[n] Ref. [24]. [o] Coencapsulated dimers in the 1.24.1 cage.
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we carried out additional MP2 and CCSD(T) calculations in

conjunction with the 6-311þG(d,p), aug-cc-pVTZ and aug-cc-

pVQZ basis sets to test our M06-2X calculated data, see Table

1. For these three dimers, there are some previous studies in

the literature which are also given in Table 1. However, these

previous studies do not treat all three dimers at the same high

level of calculation. Thus, it was necessary to carry out high

level calculations at the same level on all these dimers.

Our best calculations at the MP2/aug-cc-pVTZ, MP2/aug-cc-

pVQZ//MP2/aug-cc-pVTZ, and RCCSD(T)/aug-cc-pVTZ//MP2/aug-

cc-pVTZ levels of theory, present nearly the same dimerization

energies. Our best values, corrected for BSSE, are 15.7, 15.6, and

14.4 kcal/mol for the (HCOOH)2, HCOOHAHCONH2, and

(HCONH2)2 dimers. The corresponding M06-2X/6-311þG(d,p) val-

ues are 15.9, 15.8, and 14.2 kcal/mol, in very good agreement

with the time consuming MP2/aug-cc-pVQZ and RCCSD(T)/aug-

cc-pVTZ methods. The combination of the M06-2X functional

with a smaller basis, that is, 6-31G(d,p), predicts the correspond-

ing values of 16.7, 16.3, and 14.5 kcal/mol, which are larger than

our best methods by 1–0.1 kcal/mol. The largest discrepancies

are observed for the (HCOOH)2 dimer and the smallest for the

(HCONH2)2 dimer. It might be noted that between the M06-2X/

6-311þG(d,p) and M06-2X/6-31G(d,p) methods the differences in

the corresponding BSSE uncorrected dimerization energies are

about 3 kcal/mol, whereas the BSSE correction reduces the dif-

ferences to a range of 0.3–0.8 kcal/mol. Thus, although the M06-

2X/6-311þG(d,p) method is a very good choice for the calcula-

tion of the homodimers and the heterodimers of amides carbox-

ylic acids, the M06-2X/6-31G(d,p) method is also a good choice,

provided that BSSE is accounted for. Finally, it should be noted

that the MP2/6-311þG(d,p) method predicts underestimated

dimerization energies; they are smaller by up to 4 kcal/mol than

our best MP2/aug-cc-pVQZ and RCCSD(T)/aug-cc-pVTZ methods.

The best reported method in the literature is for the formamide

dimer at the CCSD(T)/aug-cc-pVQZ//MP2/6-31G** level of theory

for both monomers and the dimer and predicts a value of 16.0

kcal/mol by Dedı́kov�a et al.[18] However, their single point calcu-

lation at the MP2/aug-cc-pVTZ//MP2/6-31G** level of theory pre-

dicts a dimerization BSSE corrected energy at 15.3 kcal/mol,[18]

whereas our corresponding value at geometry optimized calcula-

tion at the MP2/aug-cc-pVTZ level of theory corrected for BSSE

or with BSSE geometry optimization is 14.1 kcal/mol. By analogy,

the above 16.0 kcal/mol value[18] is considered to be an overesti-

mation, which would be expected if the inclusion of the frag-

ment relaxation energy terms in the estimation of the BSSE cor-

rection has not been applied. See for instance Ref. [30].

All methods used in this work result in similar geometries for

the dimers with the exception of the hydrogen bond lengths,

where differences up to 0.1 Å are observed, see Table 1 and Sup-

porting Information, Table 1S. The larger differences are observed

for the (HCOOH)2 dimer and the smallest ones for the (HCONH2)2

dimer. As shown, the hydrogen bond lengths obtained with the

smaller basis set are not very good. On the contrary, the M06-

2X/6-311þG(d,p) method predicts hydrogen bond lengths which

are in agreement with those of the MP2/aug-cc-pVTZ when the

geometry is optimized with respect to the BSSE. Thus, the M06-

2X/6-311þG(d,p) method is a very good choice. Experimentally,

the hydrogen bond lengths of the AH�CH and CH�CH dimers

have been measured. For the first one, the experimental OH���O
and O���HN hydrogen bond lengths are 1.78 and 1.80 Å,[14]

whereas our corresponding MP2/aug-cc-pVTZ values are

1.634(1.667) Å and 1.859(1.890) Å; the number in parenthesis cor-

responds to the BSSE geometry optimization. The difference

between experiment and theory is about 0.1 Å. However, in the

case of the CH�CH dimer, the agreement between theory and

experiment is very good. The experimental value is 1.667 Å,[12]

whereas our MP2/aug-cc-pVTZ values of 1.660(1.693) Å.

R 5 methyl

In the case of the methyl substituted amides and carboxylic acid

homodimers and heterodimer, the dimerization energies are

16.5, 16.0, and 14.3 kcal/mol for the CMe�CMe, AMe�CMe, and

AMe�AMe dimers, respectively, at the M06-2X/6-311þG(d,p) level

of theory corrected for BSSE or with BSSE geometry optimiza-

tion, see Figure 1 and Table 1. These values are slightly larger

Figure 1. Optimized structures of homodimers and heterodimers of carboxylic acids and amides. (H atoms ¼ white spheres, C ¼ gray spheres, O ¼ red

spheres, and N ¼ blue spheres).
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than those of the unsubstituted amides and carboxylic acid

dimers, that is, with R ¼ H. The hydrogen bond lengths of the

dimers for the case of R ¼ methyl are shorter by about 0.02 Å

than for the dimers with R ¼ H at the same level of theory.

For the dimers with R ¼ methyl, as with R ¼ H, the M06-2X/

6-31G(d,p) method predicts similar BSSE corrected dimerization

energies (DE) with the M06-2X/6-311þG(d,p) method. The dif-

ferences between the corresponding DE range from 0.3 to 0.6

kcal/mol. Again, the MP2/6-311þG(d,p) method predicts dime-

rization energies smaller by up to 5 kcal/mol.

R 5 phenyl and p-ethylphenylene

As expected, the phenyl and the p-ethylphenylene substituents

of amides and carboxylic acid homodimers and heterodimers

present nearly the same dimerization energies and geometries,

see Table 1 and Supporting Information Table 1S. The dimeri-

zation energies are 17.1, 16.0, and 13.8 kcal/mol for the Cp�Cp,

Ap�Cp, and Ap�Ap dimers (with phenyl substituents) at the

M06-2X/6-311þG(d,p) level of theory, and 17.2, 16.0, and 13.7

kcal/mol for the corresponding p-ethylphenylene substituents.

We observe a slight increase in the dimerization energy of the

carboxylic acid homodimer by 0.7 kcal/mol, a slight decrease

in the dimerization energy of the amide homodimer by 0.6

kcal/mol, whereas for the heterodimers, the dimerization

energy remains the same when the substituent is changed

from methyl to phenyl or p-ethylphenylene. Finally, the hydro-

gen bond length is shorter by 0.03 Å in the carboxylic acid

homodimers, shorter by about 0.01 Å for the heterodimers

and the same for the amide dimers in the phenyl or p-ethyl-

phenylene substituted systems compared to the methyl substi-

tuted systems. The trends in the hydrogen bond lengths and

the dimerization energies with the size of the substituent are

depicted in Figure 2.

The effect of encapsulation for the case of the p-ethylpheny-

lene derivatives on the dimerization energies and hydrogen

bond lengths is considered here, where the capsule used is

the 1.24.1 which consists of two cavitands 1 and four glyco-

luril molecules 2, see Figure 3. The encapsulation has been

investigated by geometry optimization at the M06-2X/6-

31G(d,p) level of theory. The encapsulated dimers are depicted

in Figure 4 viewed from two different angles.

Figure 2. Dimerization energies and hydrogen bond lengths of the C�C, A�C, and A�A dimers with respect to the size of the R substituents at the M06-

2X/6-31G(d,p) [open symbol] and M06-2X/6-311þG(d,p) [solid symbol].

Figure 3. Structures of the cavitand 1 and glycoluril 2 components and the optimized structure of the 1.24.1 cage viewed from two different angles. (H

atoms ¼ white spheres, C ¼ gray spheres, O ¼ red spheres, and N ¼ blue spheres).
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As we mentioned above, the M06-2X/6-311þG(d,p) method

is a very good choice for the present calculated system, how-

ever, if this method is not practical due to the size of the mol-

ecules, the alternative M06-2X/6-31G(d,p) method is a good

choice for the calculation of the dimerization energies. For the

encapsulated systems, which are more than 300 atoms, the

M06-2X/6-31G(d,p) method is the only choice. The dimeriza-

tion energies inside the capsule are decreased by about 2

kcal/mol with respect to the corresponding values of the free

dimers in the gas phase. In the homodimers, the hydrogen

bond lengths are increased by about 0.04 Å. The interaction

energy, DE3 values, between the cage and the dimers ranges

from 38.7 kcal/mol for the carboxylic acid dimer (CEp�CEp) to

41.7 kcal/mol for the amide dimer (AEp�AEp), see Table 2. The

interaction energy, DE2 values, between the cage and the

monomers ranges from 55.4 kcal/mol for the amide dimer

(AEp�AEp) to 56.8 kcal/mol for the carboxylic acid-amide dimer

(AEp�CEp). Finally, the total interaction energy, DE1 values, of

the encapsulation complexes with respect to the six separate

components of the cage and the two monomers is about 208

kcal/mol at the M06-2X/6-31G(d,p) level of theory, see Table 2.

The % dimer distribution of the C�C, A�C, and A�A dimers is

given in Table 3 and Supporting Information, Table 2S. The dis-

tributions were calculated taking into account statistical factors,

namely, the occurrence of the heterodimer is twice as probable

as that of the homodimers. We observe that different methods

predict nearly the same distributions even though there are dif-

ferences up to 5 kcal/mol in their corresponding dimerization

energies. Moreover, the BSSE correction barely changes the

dimer % distribution. The relative amount of the C�C dimer

increases slightly, of the A�A dimer decreases slightly, whereas

the distribution of the A�C dimer remains the same as the size

of the substituent increases. The values are about 26–27, 51,

and 22–23% for the free C�C, A�C, and A�A dimers, respec-

tively. For the encapsulated p-ethylphenylene substituent

dimmers, the % distribution is 28(CEp�CEp), 50(AEp�CEp), and

22%(AEp�AEp). The corresponding experimental % distributions

are 36, 53, and 11%,[25] in agreement with the theoretical ones.

Conclusions

The homodimers and heterodimers of four amides RCONH2

and four carboxylic acids RCOOH, where R ¼ H, methyl, phe-

nyl, p-ethylphenylene have been calculated via DFT(M06-2X)

Figure 4. Optimized structures of encapsulated dimers, CEp�CEp, AEp�CEp, and AEp�AEp viewed from two different angles. (H atoms ¼ white spheres, C ¼
gray spheres, O ¼ red spheres, and N ¼ blue spheres). The atoms of the capsule are designed with stick bonds for clarity.

Table 2. Interaction energies in kcal/mol of the encapsulated

complexes 1.24.1-CEp�CEp, 1.24.1-AEp�CEp, and 1.24.1-AEp�AEp with

respect to the eight components of fully disassembled complexes (DE1),

with respect to the free cage and the monomers (DE2), and with respect

to the free cage and the dimers (DE3) and the dimerization energies of

the dimers inside the cage (DE) at the M06-2X/6-31G(d,p) level of theory.

Dimer DE1
a DE2

a DE3
a DEa

CEp�CEp 208 56.2 38.7 15.5

AEp�CEp 209 56.8 40.8 13.7

AEp�AEp 208 55.4 41.7 11.6

[a] BSSE corrected interaction energies.

Table 3. Dimer BSSE corrected % distribution of the C�C, A�C, and

A�A species free and encapsulated at various levels of theory.

R Methods C�C A�C A�A

H M06-2X/6-31G(d,p) 26.2 51.1 22.7

M06-2X/6-311þG(d,p) 25.8 51.2 23.0

MP2/6-311þG(d,p) 25.0 51.3 23.7

MP2/aug-cc-pVTZ 25.5 50.9 23.6

MP2/aug-cc-pVTZa 25.5 51.0 23.5

MP2/aug-cc-pVQZb 25.6 50.9 23.5

RCCSD(T)/aug-cc-pVTZb 25.4 50.8 23.8

Me M06-2X/6-31G(d,p) 26.5 50.9 22.6

M06-2X/6-311þG(d,p) 26.3 51.0 22.8

M06-2X/6-311þG(d,p)a 26.3 51.0 22.8

MP2/6-311þG(d,p) 26.1 50.2 23.7

Ph M06-2X/6-31G(d,p) 27.7 50.7 21.6

M06-2X/6-311þG(d,p) 27.2 50.9 21.9

MP2/6-311þG(d,p) 26.3 50.9 22.7

EthPhc M06-2X/6-31G(d,p) 27.7 50.7 21.6

M06-2X/6-311þG(d,p) 27.3 50.9 21.8

M06-2X/6-311þG(d,p)a 27.3 50.9 21.8

EthPhc,d M06-2X/6-31G(d,p) 28.4 50.3 21.3

Expte 36 53 11

[a] BSSE optimized geometry. [b] At the optimized MP2/aug-cc-pVTZ

geometry. [c] p-ethylphenylene. [d] Coencapsulated dimers in the

1.24.1 cage. [e] Ref. [24].
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methodology and MP2 and CCSD(T) methods in conjunction

with the 6-31G(d,p), 6-311þG(d,p), aug-cc-pVTZ, and aug-cc-

pVQZ basis sets. The aim is to find out how the size of the

substituent R influences their dimerization energy and their

hydrogen bond length. Moreover, the coencapsulation of the

dimers was also considered. Our main conclusions are:

1. The dimerization energy values and the geometries at

the M06-2X/6-311þG(d,p) functional are in very good agree-

ment with the corresponding values at the MP2/aug-cc-pVQZ

and CCSD(T)/aug-cc-pVTZ.

2. The calculated dimerization energy values range from 14

to 17 kcal/mol for the different dimers in the gas phase, with

the ordering carboxylic homodimers � amide-carboxylic

dimers [ amide homodimers. Only, for the unsubstituted

dimers, the carboxylic homodimer has the same dimerization

energy with the amide-carboxylic dimer.

3. For the C�C dimers, the hydrogen bond length decreases

and the dimerization energy increases as the size of the R

group increases.

4. For the A�C dimers, the hydrogen bond length decreases

and the dimerization energy remains nearly the same as the

size of the R group increases.

5. For the A�A dimers, the hydrogen bond length at first

decreases and then increases; the dimerization energy at first

remains the same and then decreases.

6. The dimer % distributions taking into account statistical

factors are nearly the same for different methods. The values

are about 26–27, 51, and 23–22% for the free C�C, A�C, and

A�A dimers, respectively, for the four groups of dimers. For

the encapsulated dimers, the % distribution in agreement with

the experimental distributions.

Keywords: for m i c a c i d � c a r b ox y l i c a c i d � for m am i -

de � amide � calculations � DFT � homodimers � heterodimers-

encapsulation � cages
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Chem. A 2008, 112, 7115.

[19] A. Mardyukov, E. S�anchez-Garcia, P. Rodziewicz, N. L. Doltsinis, W.

Sander, J. Phys. Chem. A 2007, 111, 10552.

[20] S. J. Grabowski, J. Phys. Org. Chem. 2008, 21 694.

[21] (a) A. Bende, S. Suhai, Int. J. Quantum Chem. 2005, 103, 841; (b) L. E.

Fernandez, A. C. G. Marigliano, E. L. Varetti, Vib. Spectrosc. 2005, 37, 179;

(c) I. Wolfs, H. O. Desseyn, J. Mol. Struct. (Theochem) 1996, 360, 81.

[22] J. F. Lu, Z. Y. Zhou, Q. Y. Wu, G. Zhao, J. Mol. Struct.-Theochem. 2005,

724, 107.

[23] (a) J. Czernek, J. Phys. Chem. A 107, 2003, 3952; (b) P. Hobza, Z. Havlas,

Collection Czechoslovak Chem. Commun. 1998, 63, 1343.

[24] D. Tzeli, G. Theodorakopoulos, I. D. Petsalakis, D. Ajami, H. Dube, J.

Rebek, Jr., J. Am. Chem. Soc. 2011, 133, 16977.

[25] D. Ajami, H. Dube, J. Rebek, Jr., J. Am. Chem. Soc. 2011, 133, 9689.

[26] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215; (b) Y. Zhao, D.

G. Truhlar, Acc. Chem. Res. 2008, 41, 157.

[27] L. A. Curtiss, M. P. McGrath, J. -P. Blaudeau, N. E. Davis, R. C. Binning,

Jr., L. Radom, J. Chem. Phys. 1995, 103, 6104.

[28] T. H. Dunning, Jr., J. Chem. Phys. 1989, 90, 1007.

[29] S. F. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553.

[30] S. S. Xantheas, J. Chem. Phys. 1996, 104, 8821.

[31] (a) B. Jeziorski, R. Moszynski, K. Szalewicz, Chem. Rev. 1994, 94, 1887; (b)

D. Tzeli, A. Mavridis, S. S. Xantheas, J. Phys. Chem. A 2002, 106, 11327.

[32] Gaussian 09, Revision A.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-

nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.

Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.

Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.

Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,

M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R.

Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S.

Iyengar, J. Tomasi, M. Cossi, N. Rega, N. J. Millam, M. Klene, J. E. Knox, J.

B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,

O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,

K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
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