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Abstract B3LYP/6-311??G(d,p) calculations were

employed in order to examine the molecular parameters of

the C2H3XS���NH3 heterocyclic hydrogen-bonded com-

plexes with X = H, F and CH3. Intermolecular criteria

were taken into account when studying the formation of

these hydrogen-bonded complexes, such as geometry

analysis, charge density quantification and interpretation of

the harmonic vibrational spectrum, in which case the

appearance of red-shift and blue-shift effects was dis-

cussed. It was assumed from the outset that many hydrogen

bond types may exist in these systems, and these were

investigated using the results of topological integrations

from the quantum theory of atoms in molecules (QTAIM)

and intermolecular charge transfer calculations using the

ChelpG scheme. The proton donor/acceptor behavior of

C2H3XS was interpreted in terms of hydrogen bond ener-

gies, whose values were corrected using the basis sets

superposition error (BSSE) and zero point energy (ZPE).

Keywords Hydrogen bonds � Heterocyclic � Thiirane �
B3LYP � QTAIM

Introduction

In organic chemistry, it is known that there are an enor-

mous variety of nucleophilic mechanisms [1], and that, in

these, the heterocyclic compounds are important interme-

diaries owing to their high reaction capacity [2], which is

essentially a function of the strained ring energy [3].

Thiirane (C2H4S), in particular, is a three-member hete-

roring possessing properties internally related to nucleo-

philic reaction mechanisms [4]. In order to understand the

functionality of C2H4S in nucleophilic reactions, one of the

most widely used courses of investigation is the charac-

terization of transition state based on interaction between

C2H4S and a number of well-known nucleophiles [5], such

as ammonia (NH3). According to Banks [6], elucidation of

the reactivity of thiirane with ammonia has been reported,

according to which structures of the transition state have

been examined through the application of sophisticated

computational methods. It is therefore argued that NH3

interacts with thiirane specifically on carbons of its CH2

methyl groups undergoing a SN2 generalized reaction

mechanism. Nevertheless, it is also known that small

compounds such as C2H4S and similar heterorings have

been widely studied with regard to hydrogen-bonded

complexes [7, 8]. In these cases, it has been assumed that,

instead of a SN2 nucleophilic mechanism, it is possible for

there to be an electrophilic interaction of haloacids with n

lone pairs of the sulphur atom. This kind of examination

has been validated using theoretical results and insights

based on available experimental data [9].

However, except in cases reported by Banks and White

[10], it should be stressed that in terms of intermolecular

parameters, such as those routinely used for studying

hydrogen-bonded complexes, no study of the interaction of

nucleophiles such as NH3 and C2H4S has been reported
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until now. It is naturally assumed that hydrogen bonding

criteria can be used to investigate nucleophilic interactions

of NH3 with C2H4S. In other words, it is conceivable that

the C2H4S���NH3 hydrogen-bonded complex is formed.

Taking into account the importance of heterocyclic com-

pounds and with reference to oxirane and aziridine [11], for

instance, our proposal in this study is to understand the

interactions between nucleophilic species and small het-

erorings [12]. Furthermore, we believe that it may be of

great interest for theoreticians and experimenters who

specialize in SN2 mechanisms, not only for thiirane but

also for investigation of the reaction capacity or interaction

strength of thiirane derivatives, such as fluorine-thiirane

(C2H3FS) and methyl-thiirane (C2H3CH3S). To achieve

this objective, efficient theoretical methodologies are

employed, even though a computational strategy needs to

be carefully designed. First, we suggest that density func-

tional theory [13] calculations may be a useful computa-

tional method, where an efficient functional must be

chosen. Using this procedure, we expect that geometrical

and electronic parameters, as well as the interpretation of

the vibrational harmonic spectrum, will be satisfactorily

described and that the intermolecular properties of hydro-

gen-bonded complexes will be able to be extracted in its

essence, i.e., the characterization of vibrational red-shift

effects on proton donor bonds [14].

Nevertheless, there can be no doubt that if we wish to

characterize hydrogen bonds or any other kind of inter-

molecular interaction in the C2H3XS���NH3 heterocyclic

hydrogen-bonded complexes (with X = H, F and CH3),

this objective can in fact be achieved through the appli-

cation of the quantum theory of atoms in molecules

(QTAIM) [15]. In overview, the utilization of the QTAIM

theory and its topological parameters serves to locate bond

critical points (BCP) [16] either on each chemical bond or

on intermolecular contact, demonstrating whether there is a

possibility of covalency [17] or interaction between sepa-

rated nuclei [18]. In addition, employing an atomic charge

algorithm may also yield interesting results, especially if

the interaction between the hydrogen of the N–H bond of

NH3 and the n lone pair of the sulphur in C2H4S can be

identified, in addition, if possible, to other intermolecular

interactions, such as the secondary ones [19–22]. We thus

accept that ChelpG [23] charge partition may be able to

describe the electrostatic potential and electron population

on the C2H3XS���NH3 set of hydrogen-bonded complexes

studied here and thereby quantify the charge transfer on the

formation of the hydrogen bonds in these systems.

Another central concern of this study regards the func-

tion of C2H4S, which may act as a proton donor or acceptor

when it interacts with NH3. Based on valence-shell electron

pair repulsion (VSEPR) [24], it is well known that the

electronic structure of C2H4S is formed by two n lone

electron pairs orthogonally adjusted to the heteroring plane

(see Scheme 1). By taking this into account, we are

admitting the strong possibility of the formation of multiple

interactions within the C2H3XS���NH3 complexes, since it

is perfectly acceptable that the hydrogen atoms of NH3

interact with the n lone electron pairs of sulphur atoms,

besides the preferential hydrogen bonds formed by the

interaction between the nitrogen of NH3 and hydrogen

atoms of the CH2 groups of the thiirane ring. Given this,

the present study will assess whether the interaction in

which thiirane and its derivatives act as proton donors or

acceptor donors is the stronger. Finally, we hope this study

will be able to serve as a guide for theoreticians and, above

all, experimenters who are interested in new insights

regarding nucleophilic interactions involving C2H4S and its

derivatives, C2H3FS and C2H3CH3S.

Computational details

The optimized geometries of the C2H3XS���NH3 hetero-

cyclic hydrogen-bonded complexes with X = H, F and

CH3 were obtained using the GAUSSIAN 98W program

[25], all calculations being carried out on a single personal

computer. Due to the efficiency of B3LYP for describing

intermolecular interactions [26], this hybrid functional was

chosen, in conjunction with 6-311??G(d,p) basis sets. On

the basis of the optimized geometries, the QTAIM calcu-

lations were carried out using the AIM 2000 1.0 program

[27], although some determinations were also obtained by

means of the GAUSSIAN 98W by activating the

‘‘AIM = ALL’’ keyword. The values of the ChelpG atomic

charges were also computed using the GAUSSIAN 98W

program. For each complex, the interaction energy DE at

the B3LYP/6-311??G(d,p) level of theory was deter-

mined using the supermolecule approach [28] as governed

by Eq. 1.

Scheme 1 Illustration of the n-lone electrons pairs of the thiirane
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DE ¼ E C2H3XS � � �NH3ð Þ � E C2H3XSð Þ þ E NH3ð Þ½ �
ð1Þ

Corrections were thus developed for these interaction

energies based on basis sets of superposition error (BSSE)

[29] (see Eq. 2), whereby the contribution of the energies

of the monomers (m) in comparison with their energies

within the (c) complex is quantified.

BSSE = E C2H3XSð Þm� E C2H3XSð Þc½ �
þ E NH3ð Þm� E NH3ð Þc½ �

ð2Þ

Finally, the values of the DEC corrected interaction

energies were determined as follows:

DEC ¼ DE � BSSE ð3Þ

Results and discussion

Optimized geometries

The optimized geometries of the C2H4S���NH3 (a),

C2H4FS���NH3 (b) and C2H3CH3S���NH3 (d) hydrogen-

bonded complexes are illustrated in Fig. 1. Analysis of

these structures reveals a new aspect: systems (c) and (e).

The generation of (c) and (e) was anticipated, since it is

possible to form more stable complexes when the nucleo-

philic attack of NH3 occurs on the same side where the F

and CH3 substituent groups are located. The structural

results for the NH3, C2H4S, C2H4FS, and C2H3CH3S

monomers obtained from B3LYP/6-311??G(d,p) calcu-

lations are listed in Table 1; and those for the (a), (b), (c),

(d) and (e) complexes, the distance values for their main

bonds and increments are listed in Table 2. As it is through

the intermolecular interactions that the (a), (b), (c), (d) and

(e) complexes are formed, the results of their hydrogen

bond distances will be discussed here separately in more

detail.

Complex (a)

The attack of NH3 on C2H4S is widely regarded by organic

chemists as a regioselective process [5]. According to this

view, the interaction between NH3 and C2H4S occurs in

such a way as to form two hydrogen-bond types: (N���H1)

and (H���S). Considering the results of 2.9214 Å and 2.7575

Å for these two hydrogen bonds, it is clear that the shorter

distance for (H���S) suggests that NH3 is acting as a proton

donor and C2H4S as an acceptor. As for the main defor-

mation caused by NH3 on C2H4S monomers subsequent to

the formation of (a), the (N���H1) hydrogen bond does not

lead to alterations in C2H4S, i.e., the (C–H1) and (C–H2)

bond lengths of 1.0834 Å in (a) are equal to those com-

puted for the monomer. On the other hand, the (N–H) bond

is slightly elongated, their distance values being 1.0146 Å

and 1.0180 Å before and after formation of the (a) complex

respectively. Structurally, these alterations to the proton

donor bonds following complexation constitute one of the

most important effects verified upon the formation of

hydrogen-bonded complexes [30, 31].

Complexes (b)–(c)

At the first sight, the hydrogen bonds on (b) and (c)

complexes seem to be directly related to the fluoride sub-

stituent, although there may be some doubt about this. In

the (b) complex only one hydrogen bond is formed,

(N���H2), whose length calculated at the B3LYP/6-

311??G(d,p) level of theory is 2.3361 Å. In (c), however,

two hydrogen bonds are formed, (N���H1) and (H���F1),

whose values are 2.3788 Å and 2.5276 Å, respectively.

Fig. 1 Optimized geometries of the C2H4S���NH3 (a), C2H3FS���NH3 (b, c) and C2H3CH3S���NH3 (d, e) hydrogen-bonded complexes using

B3LYP/6-311??G(d,p) calculations
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Note that, although two hydrogen bonds are formed in (c),

it is important to take into account the fact that (N���H1) and

(H���F1) present longer distance values, which leads us to

affirm that (b) is the preferential configuration, because its

intermolecular strength is shorter than that of (c). There-

fore, in this case, NH3 is a proton acceptor, since C2H4S is

a donor. Once again, on analysis of the modifications on

bonds after formation of both (b) and (c) complexes, it can

be found that (F1C–H2) yields a significant increase in

length, varying from 1.0836 to 1.0867 Å when (b) is

formed from C2H3FS. Furthermore, a variation was

observed in the (N–H) bond, of 1.0146 and 1.0162 Å for

the C2H3FS monomer and the (c) complex, respectively.

Nevertheless, (C–H1) also presents slight modifications

with values of 1.0840 and 1.0870 Å after formation of (c).

Complexes (d)–(e)

The (d) and (e) complexes present multiple interactions,

which need to be carefully examined. Initially, the hydro-

gen bonds (H���S) present values of 2.7990 and 2.8034 Å

for the (d)–(e) complexes, respectively. However, the dis-

tance values of 2.6667 and 2.8235 Å for the (N���H2) and

(N���H1) hydrogen bonds indicate that (d) is more strongly

bonded than (e). In fact, even though a tertiary interaction

recognized as (N���Hb) has been identified in (e), the value

of 2.9046 Å is the longest interaction distance. As com-

plement to this, it is expected that the traditional relation-

ship between the interaction strength and the alterations on

proton donor bonds can be obtained [32–34]. Given this,

the distance values of 1.0180 and 1.0179 Å of the (N–H)

bonds are slightly augmented in comparison with 1.0146 Å

for the NH3 monomer. There is one further interesting

feature related to (C–H1) and (C–H2): the first bond pre-

sents a negligible variation in its length, whereas the sec-

ond undergoes a reduction, of 1.0843 and 1.0841 for the

C2H3CH3S monomer and the (e) complex, respectively.

The systematic tendency computed for the remaining

bonds was similar: a reduction in bond lengths for the

(C1–Hb), (C–C1) and (C1C–H2) of the (d) and (e) com-

plexes. Clearly these changes are not generally so evident,

but it should be borne in mind that some consequences may

be important: for instance, the alterations in stretching

frequencies and absorption intensities of the infrared

spectrum [35].

From a structural point of view, evidence emerged of the

formation of hydrogen bonds on the (a), (b), (c), (d) and (e)

complexes, although, at this level of analysis, only

empirical criteria, such as the tabulated values of the van

der Waals’s radii [36] are taken into account. All of the

hydrogen bonds examined in this study have been con-

sidered for potential interaction, because a single criterion

was decisive: the distance of the intermolecular contact

must be shorter or at least coequal to van der Waals’s radii

[37]. It is widely known that the van der Waals’s radii

constitute an important chemical parameter and this has

often been used to study the formation of intermolecular

systems. This study aims to achieve this by analysis of

interaction energy or hydrogen bond strength and, princi-

pally, topological analysis based on the QTAIM approach,

the results of which will be discussed below.

QTAIM parameters

The QTAIM theory can serve as a guide to identification of

which kind of intermolecular interactions are formed in the

(a), (b), (c), (d) and (e) complexes. It is through analysis of

topological parameters such as electron density (q) and

Laplacian (r2q) that it is possible to determine whether

Table 1 Values of the main bond lengths of the NH3, C2H4S,

C2H3FS, and C2H3CH3S monomers using B3LYP/6-311??G(d,p)

calculations

Bonds Monomers

NH3 C2H4S C2H3FS C2H3CH3S

rN–H 1.0146 – – –

rC–H1 – 1.0834 1.0840 1.0851

rC–H2 – 1.0834 1.0844 1.0843

rF1C–H2 – – 1.0836 –

rC1–Hb – – – 1.0921

rC–C1 – – – 1.5098

rC1C–H2 – – – 1.0862

rC–F1 – – 1.3717 –

All values are given in Å

Table 2 Values of the main bond lengths of the C2H4S���NH3 (a),

C2H3FS���NH3 (b, c) and C2H3CH3S���NH3 (d, e) hydrogen-bonded

complexes using B3LYP/6-311??G(d,p) calculations

Bonds Hydrogen-bonded complexes

(a) (b) (c) (d) (e)

r(N–H) 1.0180 – 1.0162 1.0180 1.0179

r(C–H1) 1.0834 1.0841 1.0870 1.0849 1.0851

r(C–H2) 1.0834 1.0846 1.0846 1.0844 1.0841

r(F1C–H2) – 1.0867 1.0837 – –

r(C1–Hb) – – – 1.0921 1.0914

r(C–C1) – – – 1.5093 1.5097

r(C1C–H2) – – – 1.0860 1.0861

r(C–F1) – 1.3760 1.3802 – –

R(N���H1) 2.9214 – 2.3788 – 2.8235

R(N���H2) – 2.3361 – 2.6667 –

R(N���Hb) – – – – 2.9046

R(H���S) 2.7575 – – 2.7990 2.8034

R(H���F1) – – 2.5276 – –

All values are given in Å
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closed-shell interactions may be considered as hydrogen

bonds [38–40], in addition to whether they can facilitate

the task of determining which of the complexes covered by

this study is the more stable. Table 3 duly reports the

values of q and r2q computed using the QTAIM approach

for all intermolecular interactions which may be hydrogen

bonds. It is worth, first, pointing out that the (N���H1)

hydrogen bonds were characterized in the (a), (c) and (e)

complexes, whose q and r2q value lie in the range of

0.0050–0.0133 e.u. and 0.0163–0.0383 e.u., respectively.

Furthermore, the (N���H2) hydrogen bonds of the (b) and

(d) complexes were characterized using q values of

0.0147 e.u. and 0.0078 e.u., which are higher than those

calculated for (N���H1). At first sight, it would appear to be

unjustified to affirm that the (b) and (d) complexes are

more stable solely on account of the intermolecular elec-

tron density; the contrary would appear to be the case,

since other intermolecular contacts beyond (N���H1) and

(N���H2) can be identified. For example, in (d) a (H���S)

hydrogen bond with a higher intermolecular electronic

density of 0.0090 e.u. was identified. On the other hand, the

(H���S) hydrogen bond is also observed in (a) and (e),

which suggests that C2H4S and C2H3CH3S may be either

proton donors or acceptors. Moreover, the (e) complex has

in its structure the formation of three hydrogen bonds:

(N���H1), (H���S) and (N���Hb). By way of illustration the

bond critical points (BCP) are presented in Fig. 2. For

these hydrogen bonds cited above, the lone electron pair of

nitrogen forms two hydrogen bonds (N���H1) and (N���Hb),

or more correctly speaking, what is essentially a bifurcated

hydrogen bond. Even though the value of 0.0046 e.u. is the

lowest electron density, the Laplacian of 0.0133 e.u. is

proof of the existence of (N���Hb). The QTAIM analysis

presented here was then extremely important in under-

standing and, above all, visualizing all hydrogen bonds on

the (a), (b), (c), (d) and (e) complexes. However, the

computation of the electronic density does not provide

sufficient evidence to affirm whether the C2H4S, C2H3FS,

and C2H3CH3S rings are proton donors or acceptors.

Nevertheless, it is well known that hydrogen strength can

be predicted using the electronic density calculated at the

intermolecular BCP, but quantification of the hydrogen

bond energies and charge transfer can provide more

accurate results regarding the proton donor–acceptor

behavior for thiirane and its derivatives.

Table 3 Values of the electronic densities (q) and Laplacians (r2q)

of the C2H4S���NH3 (a), C2H3FS���NH3 (b, c) and C2H3CH3S���NH3

(d, e) hydrogen-bonded complexes using QTAIM calculations

Modes Hydrogen-bonded complexes

(a) (b) (c) (d) (e)

q(N���H1) 0.0050 – 0.0133 – 0.0057

r2q(N���H1) 0.0163 – 0.0383 – 0.0175

q(N���H2) – 0.0147 – 0.0078 –

r2q(N���H2) – 0.0415 – 0.0230 –

q(N���Hb) – – – – 0.0046

r2q(N���Hb) – – – – 0.0133

q(H���S) 0.0098 – – 0.0090 0.0089

r2q(H���S) 0.0276 – – 0.0255 0.0247

q(H���F1) – – 0.0065 – –

r2q(H���F1) – – 0.0257 – –

Values of q and r2q are given in electronic units (e.u.)

Fig. 2 Illustration of the electronic density pathways and BCP of the C2H4S���NH3 (a), C2H3FS���NH3 (b, c) and C2H3CH3S���NH3 (d, e)

hydrogen-bonded complexes using QTAIM calculations
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Hydrogen bond energies and charge transfer

Table 4 presents the uncorrected values for hydrogen bond

energies (DE), corrected hydrogen bond energies (DEC),

BSSE and ZPE corrections, and the intermolecular ChelpG

charge transfers (DQChelpG) of the (a), (b), (c), (d) and (e)

complexes, all these data being gathered from the results of

the B3LYP/6-311??G(d,p) calculations. Although it is

well known that large and complete basis sets yield small

BSSE errors, it can, in fact, be seen that the ZPE has

contributed most to correction of the hydrogen bond

energies DE. Thus, by taking into account the corrected

values DEC, the hydrogen bond energies reveal that (b) is

the more stable complex, followed by (c). In comparison to

other systems, (c) is more stable at least at 1.0 kJ mol-1.

However, it should be stressed that this can be observed,

not only through the application of BSSE and ZPE, but also

from the fact that the uncorrected hydrogen bond energies

likewise indicate that (b) and (c) are the most stable

complexes. In terms of charge transfer, the positive

DQChelpG results of 0.055 e.u. and 0.012 e.u. suggest that

NH3 is partially losing its electronic density. It is also

worth noting, in passing, that the DQChelpG charge transfer

was computed only in terms of NH3; in other words, it

confirms only the loss or gain in electronic charge on NH3

due to the formation of the (a), (b), (c), (d) and (e) com-

plexes. If there is a loss of charge transfer on NH3, this

shows that C2H3FS is acting as a proton donor because the

H2 hydrogen in (b), in addition to the H1 hydrogen in (c)

receives the charge from NH3. However, in the case of (c),

it is not so simple a matter to affirm that that C2H3FS is a

proton donor, owing to the existence of the (H���F1)

hydrogen bond, which was identified by the QTAIM

analysis. On the other hand, the (a), (d) and (e) complexes

present negative DQChelpG charge transfer results, of

-0.032 e.u., -0.027 e.u., and -0.027 e.u., respectively. In

these situations, C2H4S and C2H3CH3S are typically proton

acceptors because NH3 is the charge transfer acceptor.

Analysis of the infrared spectrum

The main stretching frequencies and absorption intensities,

based on analysis of the infrared spectrum at the B3LYP/

6-311??G(d,p) level of theory, are listed in Table 5.

Throughout this study, the main purpose has been to

identify hydrogen bonds and the extent to which these

interactions may be useful for understanding the proton/

acceptor behavior of the C2H4S, C2H3FS, and C2H3CH3S

rings on formation of the (a), (b), (c), (d) and (e) com-

plexes. In corroboration of the QTAIM results, analysis of

the infrared spectrum also confirmed the existence of

stretch frequencies for the (N���H1) hydrogen bonds in (a),

(b) and (c) complexes, whose t(N���H1) values are 78.4,

130.3 and 26.9 cm-1, respectively. Furthermore, the

t(N���H2) frequencies of the (b) and (c) complexes have

already been well characterized, at values of 109 and

61.1 cm-1, respectively. Moreover, the values of 100.5,

97.4 and 90.8 cm-1 for the t(H���S) stretch frequency of

the (a), (d) and (e) complexes are the strongest vibra-

tional modes, although the absorption intensities are not

the highest, their values being in the region of

0.5–3.7 km mol-1.

Nevertheless, it is well established that the main vibra-

tional mode that occurs as a result of the formation of

hydrogen-bonded complexes is not determined by their

intermolecular stretching modes, but by the changes on the

bonds involving proton donors/acceptors observed after

complexation. Table 6 presents one of these changes typ-

ically related to hydrogen complexes, which is the

Table 4 Results of the uncorrected (DE) and corrected (DEC)

hydrogen bond energies, BSSE and ZPE corrections, and the inter-

molecular ChelpG charge transfers (DQChelpG) of the C2H4S���NH3

(a), C2H3FS���NH3 (b, c) and C2H3CH3S���NH3 (d, e) hydrogen-

bonded complexes

Parameters Hydrogen-bonded complexes

(a) (b) (c) (d) (e)

DE 11.52 14.4 13.6 11.32 10.50

BSSE 1.11 2.40 1.84 1.10 1.12

DZPE 4.6 4.40 4.97 4.51 4.80

DEC 5.81 7.6 6.79 5.72 4.58

DQChelpG -0.032 0.055 0.012 -0.027 -0.027

All these data were obtained at the B3LYP/6-311??G(d,p) level of

theory

Values of DE, BSSE, DZPE and DEC are given in kJ mol-1; values of

DQChelpG are given in electronic units (e.u.)

Table 5 Values of the hydrogen bond stretch frequencies and

absorption intensities of the C2H4S���NH3 (a), C2H3FS���NH3 (b, c)

and C2H3CH3S���NH3 (d, e) hydrogen-bonded complexes using

B3LYP/6-311??G(d,p) calculations

Modes Hydrogen-bonded complexes

(a) (b) (c) (d) (e)

t(N���H1) 78.4 – 130.3 – 26.9

I(N���H1) 19.8 – 19.4 – 4.3

t(N���H2) – 109 – 61.1 –

I(N���H2) – 2.5 – 21.2 –

t(N���Hb) – – – – 65.9

I(N���Hb) – – – – 16.9

t(H���S) 100.5 – – 97.4 90.8

I(H���S) 3.7 – – 0.5 1.8

t(H���F1) – – 62.7 – –

I(H���F1) – – 7.3 – –

The values of t and I are given in cm-1 and km mol-1, respectively

668 Struct Chem (2009) 20:663–670

123



displacement of stretching frequencies in proton donors.

First, the changes in (N–H) bonds in (a), (c), (d) and (e)

complexes are red-shifts because the value of 3605 cm-1 is

set at lower values: -154, -133, -33 and -153 cm-1,

respectively. As such, the absorption intensity ratios also

indicate the existence of red-shifts [41], mainly in (d),

whose I(N–H),c/I(N–H), m value is 779. However, another

type of vibrational displacement was identified: the so-

called blue-shift effect [42]. In converse fashion to red-

shift, the blue-shift phenomenon is characterized by

changes of proton donor frequencies to higher values,

which leads to a strengthening of the bond. In the light of

this, the values of ?105, ?84 and ?7 cm-1 indicate that

blue-shifts due to the formation of the (N���H1) hydrogen

bond were identified on the (C–H1) bonds of the (a), (c)

and (e) complexes. With regard to the Dt(C1–Hb) and

Dt(C–H2) shifts on the (d) and (e) complexes, only slight

vibrational deformations were calculated, whose values of

-1 and -2 cm-1 are practically invariable wave numbers.

In fact, it is through QTAIM analysis that (N���H2) and

(N���Hb) can be identified as the weakest hydrogen bonds,

although it was not expected that major alterations in

(C1–Hb) and (C–H2) bonds would be observed. Finally, the

Dt(C–H2) value of ?10 cm-1 in (b) confirms that this

complex is formed by a blue-shifting hydrogen bond. In

other words, spectroscopically, the proton donor/acceptor

behavior of C2H3FS can be understood in terms of changes

in (C–H2) bonds, which function as proton donor centers.

Conclusions

In this study, we have put forward a theoretical proposal for

identifying the proton donor/acceptor of thiirane deriva-

tives and their ability to form hydrogen-bonded complexes

with ammonia. Using B3LYP/6-311??G(d,p) calcula-

tions, analysis of ChelpG charge transfer, as well as

topographic description based on the QTAIM approach, it

has been argued that there are many hydrogen bonds on

C2H3XS���NH3 heterocyclic hydrogen-bonded complexes

with X = H, F and CH3. In these systems, a large number

of hydrogen-bond types have been confirmed, including

those characterized by red- and blue-shift effects. In terms

of hydrogen-bond energies and charge transfer, fluorine-

thiirane (C2H3FS) has been shown to tend to be a proton

donor, since the (N���H1), (N���H2) and (N���F1) interactions

led to the donation of charge transfer to the ammonia

molecule as a whole. However, the infrared spectrum

revealed the existence of both red- and blue-shift effects on

C2H3XS���NH3, and especially on C2H3FS, where the blue-

shift on the (C–H2) bond is an indication that fluorine-

thiirane functions as a proton donor center.

Table 6 Values of the main stretch frequencies and absorption intensities of the C2H4S���NH3 (a), C2H3FS���NH3 (b, c) and C2H3CH3S���NH3 (d,

e) hydrogen-bonded complexes using B3LYP/6-311??G(d,p) calculations

Modes Hydrogen-bonded complexes

(a) (b) (c) (d) (e)

t(N–H) 3451 (3605) – 3472 (3605) 3570 (3605) 3452 (3605)

Dt(N–H) -154 – -133 -35 -153

I(N–H) 34.9 (3.6) – 3.7 (3.6) 28.6 (3.6) 23.6 (3.6)

I(N–H), c/I(N–H), m 9.7 – 1.0 779 6.5

t(C–H1) 3223 (3118) – 3194 (3110) – 3204 (3197)

Dt(C–H1) ?105 – ?84 – ?7

I(C–H1) 1.66 (6.1) – 24.9 (1.11) – 2.2 (4.7)

I(C–H1), c/I(C–H1), m 0.30 – 22.4 – 0.46

t(C–H2) – 3134 (3124) – 3109 (3111) –

Dt(C–H2) – ?10 – -2.0 –

I(C–H2) – 2.5 (4.3) – 15.2 (4.3) –

I(C–H2), c/I(C–H2), m – 0.6 – –

t(C1–Hb) – – – – 3081 (3082)

Dt(C1–Hb) – – – – -1.0

I(C1–Hb) – – – – 16.5 (15)

I(C1–Hb), c/I(C1–Hb), m – – – – 1.1

The values of t and I are given in cm-1 and km mol-1, respectively; the values of the stretching frequencies and absorption intensities of the

monomers are listed in parenthesis
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20. Oliveira BG, Araújo RCMU, Carvalho AB, Lima EF, Silva

WLV, Ramos MN, Tavares AM (2006) J Mol Struct (THEO-

CHEM) 775:39–45. doi:10.1016/j.theochem.2006.06.028
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