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Abstract Ab initio calculations at the MP2/aug-cc-pVTZ

level have been performed to study the cooperativity of

hydrogen bonds in homoclusters (HNC–HNC–HNC and

HNC–HNC–HNC–HNC) and heteroclusters (H3N–HNC–

HNC and H3N–HNC–HNC–HNC). The cooperative ener-

gies in the HNC–HNC–HNC and H3N–HNC–HNC trimers

are –2.05 and –2.56 kcal/mol, respectively. The result

shows that the cooperativity in the heterotrimer is larger

than that in the homotrimer. A similar result also happens

in the tetramers. The energy decomposition scheme indi-

cates that orbital interaction is a major contribution to the

cooperative energy of N���HN hydrogen bond, whereas the

electrostatic and orbital interactions to that of C���HN

hydrogen bond. The effect of HNC chain length on the

strength of N���HN hydrogen bond has also been consi-

dered at the MP2/aug-cc-pVDZ level. It is indicated that

the interaction energy of N���HN hydrogen bond trends to

be a fixed value when the HNC number tends to be infinite,

and the strength of N���HN hydrogen bond is regulated

mainly through the electrostatic and polarization interac-

tions although the charge transfer interaction also has an

effect on it.

Keywords Hydrogen bond � Ab initio � Cooperativity �
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1 Introduction

Hydrogen bonds are one of the most important intermo-

lecular interactions in many fields of chemistry, physics,

and biology [1]. It has been shown that a string of several

H-bonds exhibits a substantial amount of cooperativity.

Each H-bond can affect the properties of others. Cooper-

ativity effect plays a very important role in understanding

the behavior in some chemical and biochemical systems

[2]. Unfortunately, experimental studies of small H-bonded

clusters have a difficulty in producing and analyzing such

systems [3]. Ab initio calculations, however, can provide

some useful information about the cooperativity. For

example, 1:2 complexes (H2O:(HX)2, where X denotes F,

Cl, Br, or I) were observed in inert matrices [4–7], but their

structures were determined with the help of quantum

chemical calculations [8, 9].

Hydrogen isocyanide (HNC) has been evidenced in low

temperature rare gas matrixes [10] and interstellar space

[11]. It is related with prebiotic organic synthesis [12], thus

more attention has been paid to the structures and proper-

ties of its complexes. The equilibrium structure and

hyperpolarizability of HNC dimer have been investigated

with theoretical methods [13, 14]. Although experimental

studies of HNC complexes are scarce [15], theoretical

calculations have been performed for them.

The study of intermolecular interaction between H3N

and HNC molecules is significative because both mole-

cules are connected with the formation of ancient organic

compounds. Quantum chemical studies have succeeded in

the description of 1:1 H3N and HNC complexes [16, 17]. It
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is shown that HNC can act as a proton acceptor rather than

a proton donor. The interaction energy between them is

–17.17 and –6.41 kJ/mol when HNC is the proton donor

and acceptor, respectively. This shows that the ability of

HNC proton donor is stronger than that of its proton

acceptor. However, the trimer of H3N:(HNC)2 has not been

focused with experimental and theoretical methods. The

study of such trimer is helpful to understand the coopera-

tivity of hydrogen bonds and its effect on the properties of

the molecules.

In the present paper, we thus perform a study of the

H3N:(HNC)2 complex with quantum chemical calculations.

In order to get an insight into synergistic effects, calcula-

tions on the dimers and the individual monomers of which

it is composed are also carried out with the same level of

accuracy. The origin of the cooperativity is analyzed using

energy decomposition scheme. We also consider the effect

of HNC chain length on the strength of N���HN hydrogen

bond.

2 Theoretical methods

The equilibrium structures of the complexes (H3N–

HNC, HNC–HNC, H3N–HNC–HNC, HNC–HNC–HNC,

H3N–HNC–HNC–HNC, HNC–HNC–HNC–HNC, and

H3N–HNC–HNC–HNC–HNC) and corresponding mono-

mers were optimized at the MP2/aug-cc-pVTZ level. This

level of theory has been confirmed to adequately describe

the hydrogen bonding interaction in H3N–HNC [16] and

HNC–HNC dimers [18]. The H3N–(HNC)N, where

N = 1–8, clusters have also been calculated at the MP2/

aug-cc-pVDZ level on consideration of calculation cost.

The harmonic vibrational frequencies were then calcu-

lated at the same levels to assure the minimum nature of

the monomers and complexes. The interaction energies of

the dimers, DEAB = EAB – (EA ? EB), have been calcu-

lated as the difference between the energy of the dimer

and the total energy of the monomers. The interaction

energies of molecular pairs in the higher polymers were

calculated with a two-body approximation. The interac-

tion energies were corrected for the basis set superposi-

tion error (BSSE) using the counterpoise correction

method of Boys and Bernardi [19]. All calculations have

been performed with Gaussian 03 program [20].

To elucidate the origin of the cooperativity of hydrogen

bonds, the interaction energies were decomposed with the

energy decomposition scheme in ADF program [21]. The

big basis set of QZ4P with small core type was adopted

here for the reliability of the results. The BLYP method

with this basis set in ADF software was used because the

interaction energies obtained with it are close to those with

supermolecular method at the MP2 level.

3 Results and discussion

3.1 Synergistic effects

Figure 1 shows the optimized structures of the investigated

complexes (H3N–HNC, H3N–HNC–HNC, H3N–HNC–

HNC–HNC, and H3N–HNC–HNC–HNC–HNC). These

complexes take on a linear structure of C3v symmetry.

Based on the fact that both H3N and HNC can act as a

proton donor and acceptor in formation of hydrogen bonds,

thus H3N–HNC dimer has two isomers. Considering the

stronger proton donor of HNC molecule and the stronger

electron donor of H3N molecule, we only display a more

stable isomer as shown in Fig. 1. When a second HNC

molecule is added into this dimer, two trimers also exist.

However, only one of which is presented due to the same

reason. The interaction energy and cooperative energy in

Fig. 1 Optimized structures of

A–B2, A–B2–B3, A–B2–B3–

B4, and A–B2–B3–B4–B5

complexes. A and B denote H3N

and HNC, respectively
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these complexes are given in Table 1. For comparison, the

corresponding parts in the HNC dimer, trimer, and tetramer

are also presented in Table 1. For convenience, H3N and

HNC are denoted by A and B, respectively. A conventional

hydrogen bond occurs between molecules A and B,

whereas an unconventional hydrogen bond [22] is present

among B molecules.

At the MP2/aug-cc-pVTZ level, all interaction energies

were calculated according to the supermolecular method

and corrected for BSSE. For example, for A–B2–B3

complex, DEA�B2 ¼ EA�B2�B3 � EA þ EB2�B3ð Þ: The

interaction energy is calculated to be –11.07 and

–7.65 kcal/mol for the A–B2 and B2–B3 dimers, respec-

tively. This result shows that A is a better electron donor

than B. However, B exhibits far better proton donor ability

than A when another B acts as an electron donor [17]. The

interaction energy in the complex with B as a proton donor

is more negative than that with B as a proton acceptor. This

also supports the conclusion that the proton donor con-

tributes more to the strength of a hydrogen bond [23].

In the A–B2–B3 heterotrimer, the interaction energy of

the N���HN hydrogen bond is –14.41 kcal/mol, whereas

that of the C���HN is –11.04 kcal/mol. With comparison to

those in the respective dimers, the interaction energies in

the A–B2–B3 trimer increase by about 30 and 44% for the

N���HN and C���HN hydrogen bonds, respectively. It is

consistent with the conclusion that the stronger hydrogen

bond has a bigger effect on the weaker one [24]. This result

gives us an idea that if we plan to increase the strength of a

weak hydrogen bond, it should combined with a strong

hydrogen bond. The interaction energies of the C���HN

hydrogen bond is –9.70 and –10.47 kcal/mol for the B1–B2

and B2–B3 pairs, respectively, in the B1–B2–B3 homo-

trimer, which increase by about 27 and 37% related to that

in the B dimer. This result further shows that molecule B

often acts as a proton donor. The strength enhancement of

the C���HN hydrogen bond is larger in the A–B2–B3

heterotrimer than that in the B1–B2–B3 homotrimer. This

also illustrates the above idea of enhancing a hydrogen

bond. Similar results happen in the homotetramer and

heterotetramer. These results indicate that synergistic

effect is also present between different types of hydrogen

bonds in the heteroclusters.

For both homocluster (B)N and heterocluster A–(B)N,

where the subscript N represents the number of the B unit,

the total binding energy of the polymers displays signifi-

cant changes with expansion of the B unit. For the step

(B)2 ? (B)3 ? (B)4, the total interaction energy increases

from –7.65 to –27.83 kcal/mol. In the case of the hetero-

cluster, an increase of –10.20, –20.84, and –31.72 kcal/mol

has been obtained for (B)2, (B)3, and (B)4, respectively, as

the cluster varies from A–B to A–(B)4, showing that the

clusters bond stronger and become more stable with the

extendibility of the B unit.

The cooperative energy (Ecoop) is applied here to eva-

luate the cooperativity of the hydrogen bonds in these

systems. The cooperative energy is calculated as a differ-

ence between the total interaction energy in the polymer

and the sum of interaction energy in the corresponding

dimers. From Table 1, it is seen that the value of Ecoop in

the B1–B2–B3 trimer is –2.05 kcal/mol at the MP2/aug-cc-

pVTZ level, which is very close to –2.06 kcal/mol at the

MP2/6-311??g(d,p) level [25]. This result supports the

conclusion that the sensitivity of H-bond cooperativity to

basis set is surprisingly low [26]. The value of Ecoop in the

B1–B2–B3–B4 tetramer is –4.89 kcal/mol, which is about

two times as that in the B1–B2–B3 trimer. The value of

Ecoop in the B trimer and tetramer amounts to about 12 and

17% of the total interaction energy, respectively. This

shows that the cooperative energy contributes more to the

stability of higher polymer.

When the marginal proton acceptor B1 in the B1–B2–

B3 trimer is replaced with an A molecule, the cooperative

energy is calculated to be –2.56 kcal/mol in the A–B2–B3

trimer. This value is larger than that in the corresponding

homotrimer (–2.05 kcal/mol). A similar result happens in

Table 1 Interaction energies (DE, kcal/mol) and cooperative energy (Ecoop, kcal/mol) in the investigated complexes calculated at the MP2/aug-

cc-pVTZ level

A–B2–B3 A–B2–B3–B4 A–B2–B3–B4–B5 B1–B2–B3 B1–B2–B3–B4

DEAB2 -14.41 (-11.07) -16.23 -17.55

DEB1B2 -9.70 -12.14

DEB2B3 -11.04 (-7.65) -14.83 -16.92 -10.47 -14.10

DEB3B4 -12.37 -16.42 -12.15

DEB4B5 -13.55

DEtotal -21.27 -31.91 -42.79 -17.35 -27.83

Ecoop -2.56 -5.55 -8.78 -2.05 -4.89

All energies were corrected for BSSE. Values in parentheses are from the dimers. The interaction energies between the two pairs are calculated

with the supermolecular method. The cooperative energy is calculated by subtracting the sum of the interaction energy of the corresponding

dimers from the total interaction energy of the polymer. A and B denote H3N and HNC, respectively
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the A–B2–B3–B4 and B1–B2–B3–B4 tetramers, in which

the cooperative energies are –5.55 and –4.89 kcal/mol,

respectively. These results are consistent with the conclu-

sion that the cooperativity is more prominent between

different types of hydrogen bonds than that between the

same types of hydrogen bonds [18, 24, 28]. The proportion

of Ecoop to the total interaction energy is about 12 and 17%

in the heterotrimer and heterotetramer, respectively. This

proportion in the heteroclusters is close to that in the

homoclusters. Although the cooperativity is more promi-

nent in heterocluster, the contribution of cooperative

energy to the total interaction energy is similar in hetero-

cluster and homocluster, at least in the clusters presented

here. If the number of B molecule in the heterocluster

increases continuously, such as A–B2–B3–B4–B5 poly-

mer, the value of Ecoop also grows (–8.78 kcal/mol). This

value amounts to more than three times as much as that in

the A–B2–B3 trimer. It corresponds to about 20% of the

total interaction energy. Analyzing the change of Ecoop

proportion to the total interaction energy with the increase

of B molecule, it can be found that the average contribution

of each B molecule decreases.

The frequency shift in infrared spectroscopy is also a

useful tool for the characterization of hydrogen-bonded

cluster. Here, we just investigate the NH stretching vibra-

tion in the proton donor HNC molecule. The results are

given in Table 2. As expected, the NH stretching vibration

in all complexes has a red shift upon complexation. The red

shift of NH stretch frequency is 670 cm-1 in the A–B2

dimer, which is two times more than that in the B2–B3

dimer (314 cm-1). The result is consistent with the inter-

action energies in both dimers. Upon trimeration, the

red shift increases, indicating there is a cooperativity of

hydrogen bonds in these trimers. The increase of the red

shift in the A–B2–B3 trimer is larger than that in the

B1–B2–B3 trimer. The red shift for B2 NH stretch fre-

quency is increased by 223 cm-1 when it is from the A–B2

dimer to the A–B2–B3 trimer. This red shift from the

addition of B3 as the proton donor is far smaller than that

from the contribution of A as the electron donor. The result

supports the conclusion that the electron donor plays a more

important role in the cooperativity of hydrogen bond [25].

3.2 Energy decomposition

Kar and Scheiner [26] thought that cooperativity is typi-

cally attributed in large degree to the polarization induced

in each subunit by the presence of its H-bonding partner.

However, King and Weinhold [27] studied the cooperative

effects of the B trimer and tetramer using second-order

Møller–Plesset method and suggested that most of the

cooperativity arises from the donor–acceptor (nN ? CH*)

electron density transfer in the C–H���N bonding. In order

to unveil the origin of the hydrogen bonding cooperativity,

the interaction energies in these complexes were decom-

posed into electrostatic interaction energy (Eelstat), Pauli

repulsion energy (EPauli), and orbital interaction energy

(Eoi). The term Eelstat corresponds to the classical electro-

static interaction between the unperturbed charge distri-

butions of the molecules. The Pauli repulsion energy,

EPauli, comprises the destabilizing interactions between

occupied orbitals. The orbital interaction energy, Eoi,

accounts for charge transfer (i.e., donor–acceptor interac-

tions between occupied orbitals on one moiety with

unoccupied orbitals of the other) and polarization (empty/

occupied orbital mixing on one fragment due to the pres-

ence of another fragment). The energy decomposition was

performed on the equilibrium geometries obtained at the

MP2/aug-cc-pVTZ level with BLYP/QZ4P (small core) in

the ADF program. The results are shown in Table 2. The

steric interaction energy (Esteric) is the sum of Eelstat and

EPauli, and the interaction energy (DEint) is the sum of

Eelstat, EPauli, and Eoi. It can be seen from the table that the

values of Eelstat and Eoi are negative, while that of EPauli is

Table 2 Frequency shifts (Dv, cm-1) of NH stretching vibration in the proton donor calculated at the MP2/aug-cc-pVTZ level and energy

components (kcal/mol) of the interaction energies in the complexes

B2–B3 B1–B2–B3 A–B2 A–B2–B3

B1–B2 B2–B3 A–B2 B2–B3

Eelstat -10.22 -12.56 (23%) -13.20 (29%) -18.54 -22.33 (20%) -14.18 (39%)

EPauli 9.94 12.01 (21%) 12.37 (24%) 20.54 25.18 (23%) 13.24 (33%)

Eoi -5.99 -7.90 (32%) -7.63 (27%) -12.18 -16.18 (33%) -8.19 (37%)

Esteric -0.28 -0.55 (96%) -0.83 (196%) 2.01 2.84 (41%) -0.94 (236%)

DEint -6.27 -8.45 (35%) -8.46 (35%) -10.17 -13.34 (31%) -9.13 (46%)

DvHN -314 -443, -395 -670 -893 -444

Esteric ¼ Eelstat þ EPauli and DEint ¼ Eelstat þ EPauli þ Eoi. Values in parentheses indicate the increase percentage of interaction components in the

trimers relative to the corresponding dimers. The energy decomposition was performed at the BLYP/QZ4P level on the MP2/aug-cc-pVTZ

geometries. For B1–B2–B3 trimer, the NH symmetric and antisymmetric stretching frequencies of two proton donor B molecules are listed. The

NH stretch frequency is 3,818 cm-1 in the isolated B molecule. A and B denote H3N and HNC, respectively
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positive in these complexes. The negative values of Eelstat

and Eoi indicate that they play a positive contribution to the

stability of the complexes, whereas the positive EPauli

means that its contribution is negative. The sum of Eelstat

and Eoi is larger in absolute than EPauli, and thus these

complexes are stable.

In the B2–B3 dimer, the ratio of Eelstat to Eoi is about

1.71. This value indicates that the electrostatic interaction

makes a main contribution to the C���HN hydrogen bond

although the contribution from the orbital interaction is

also important. As a B1 molecular as a proton acceptor is

inserted into the B2–B3 dimer, the interaction energies of

the B1–B2 and B2–B3 pairs in the B1–B2–B3 trimer

increase by about 35% relative to that of the B2–B3 dimer.

The Eelstat value in the B2–B3 pair is larger than that in the

B1–B2 pair, whereas Eoi value in the B2–B3 pair is smaller

than that in the B1–B2 pair. For the B1–B2 pair in the

trimer, Eelstat and Eoi increase by 23% and 32%, respec-

tively. For the B2–B3 pair in the trimer, the two terms

increase by 29 and 27%, respectively. The increase per-

centage of the two terms is close to each other, and thus the

cooperative energy in the trimer results from the combined

effect of the electrostatic and orbital interactions.

In the A–B2 dimer, the ratio of Eelstat to Eoi is about

1.52, which is smaller than that in the B2–B3 dimer. It

means that the orbital interaction plays a major role in the

A–B2 dimer than in the B2–B3 dimer. This conclusion

supports the fact that molecule A is a stronger electron

donor. For the A–B2 and B2–B3 pairs in the A–B2–B3

heterotrimer, the interaction energy increases by 31 and

46%, respectively. The values of Eelstat and Eoi are larger in

the A–B2 pair than those in the B2–B3 pair. For the A–B2

pair in the trimer, the increase percentage of Eoi is 1.65

times as much as that of Eelstat. For the B2–B3 pair in the

trimer, however, the increase percentage of Eoi is close to

that of Eelstat. The results show that the orbital interaction

plays a major contribution to the increase in interaction

energy of the N���HN hydrogen bond, whereas the elec-

trostatic and orbital interactions are responsible for the

C���HN hydrogen bond. The same reason can be used to

understand the reason that the strength of the B2–B3 pair in

the heterotrimer is stronger than that in the homotrimer.

The steric interaction energy, Esteric, can be considered

as the sum of Eelstat and EPauli. From Table 2, it can be seen

that the value of Esteric is positive for the C���HN hydrogen

bond but negative for the N���HN hydrogen bond. Negative

Esteric means that the contribution of electrostatic interac-

tion is larger than that of Pauli repulsive interaction,

whereas positive Esteric indicates that the contribution of

Pauli repulsive interaction is larger than that of the elec-

trostatic interaction. The positive Esteric further shows the

importance of orbital interaction in the formation of

C���HN hydrogen bond.

3.3 Effect of HNC chain length on the strength

of N���HN hydrogen bond

From Table 1, it is seen that the interaction energy of

N���HN hydrogen bond increases from A–B2 dimer to

A–B2–B3–B4–B5 complex. Thus two questions arise: (1)

how much is the effect of B chain length on the strength of

N���HN hydrogen bond; and (2) how this effect happens. To

answer these questions, we optimized the structures of

A–(B)N, where N = 1–8, complexes at the MP2/aug-

cc-pVDZ level. The subscript N denotes the number of B

molecule in the complex. The interaction energy of N���HN

hydrogen bond in these complexes is decomposed into

three parts, Eelstat, EPauli, and Eoi, which is performed with

BLYP/QZ4P (small core) method on the MP2/aug-cc-

pVDZ geometry. The results are summarized in Table 3.

From Table 3, it is seen that the interaction energy

(DEint) of N���HN hydrogen bond is enhanced with increase

in the number of B molecule. The interaction energy dif-

ference of N���HN hydrogen bond between the two adjacent

complexes decreases with increase in the B number. For

example, it is –1.36 kcal/mol between A–(B)2 and A–(B)3

complexes, whereas it is –0.15 kcal/mol between A–(B)6

and A–(B)7 complexes. This result means that the inter-

action energy of N���HN hydrogen bond trends to be a fixed

value when the B number tends to be infinite. To obtain

this value, we constructed Fig. 2 by plotting the interaction

energy of the N���HN hydrogen bond versus 1/N where N

refers to the number of B molecule. A linear relationship is

found between them. By extrapolating the line to 1/N = 0,

a maximum (–16.93 kcal/mol) of the interaction energy of

N���HN hydrogen bond is obtained. The above analyses

show that the strength of N���HN hydrogen bond is affected

the most by the first B molecule added to A–(B)1 dimer,

whereas this influence is minuscule when the added B

number is larger than 3. This result indicates that

Table 3 Ineteraction energy components (kcal/mol) of N���HN

hydrogen bond in the A–(B)N clusters, where N = 1–8

Eelstat EPauli Eoi DEint

A–(B)1 -18.63 20.70 -12.54 -10.47

A–(B)2 -22.58 25.57 -16.83 -13.84

A–(B)3 -24.09 27.55 -18.66 -15.20

A–(B)4 -24.75 28.41 -19.50 -15.83

A–(B)5 -25.09 28.87 -19.94 -16.16

A–(B)6 -25.19 28.94 -20.06 -16.31

A–(B)7 -25.38 29.26 -20.34 -16.46

A–(B)8 -25.43 29.33 -20.41 -16.52

The decomposition of interaction energy was carried out with BLYP/

QZ4P (small core) method on the MP2/aug-cc-pVDZ geometry:

DEint ¼ Eelstat þ EPauli þ Eoi. A and B denote H3N and HNC,

respectively
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electrostatic induction interaction plays a dominant role in

enhancing the strength of N���HN hydrogen bond. This

conclusion can be further validated through analyzing the

change of the components of the interaction energy, which

was decomposed with ADF program. Figure 3 shows the

relationship of the interaction energy with Eelstat and Eoi.

Clearly, their relationship is linear which indicates that the

change of Eelstat and Eoi is similar to that of the interaction

energy. The term Eoi accounts for charge transfer and

polarization [29], and thus the strength of N���HN hydrogen

bond is regulated mainly through the electrostatic and

polarization interactions although the charge transfer

interaction also has an effect on it. This conclusion is

consistent with the nature of N���HN hydrogen bond in

A–B dimer obtained according to symmetry-adapted

perturbation theory (SAPT) [16].

4 Conclusions

The (HNC)N and H3N–(HNC)N complexes have been

studied with quantum chemical calculations. The results

show that a larger cooperativity exists in the heterocluster

than in the homocluster. According to the analysis of the

energy decomposition, the cooperative energy of N���HN

hydrogen bond is mostly contributed from the orbital

interaction, while for the C���HN hydrogen bond the

emergence of cooperative energy is mainly attributed to the

electrostatic and orbital interactions. Based on the analysis

of the interaction energy of N���HN hydrogen bond, it is

found that the interaction energy of N���HN hydrogen bond

trends to be a fixed value when the HNC number tends to

be infinite, and the strength of N���HN hydrogen bond is

dominated mainly through the electrostatic and polariza-

tion interactions although the charge transfer interaction

also has an effect on it.
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