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Theoretical Study on the Bromomethane-Water 1:2 Complexes

Introduction

The number of individual crystal structures in which weak
interactions have been reported to be important has grown
rapidly in recent years:3 Therefore, understanding the nature
of these intermolecular interactions is a necessary step toward
a full rationalization of the packing and also a key preliminary
step in the design of new crystals. Considering that crystal
packing results as the sum of many different contributions of
directional and nondirectional intermolecular interactions, it is
important that different types of interactions be considered
jointly in structure analysis. Although researches have tradition-
ally focused on the more well-known hydrogen bonded
interactions’~® a growing body of experimental and theoretical
evidence confirms that interactions such-as:+-Y— (X = Cl,
Br,orl; Y =N, O, S, or) and even interactions such aX-
«Y— (X =CI, Br, or I; Y = CI, Br, or I) may also play
distinctive roles in crystal formatiof;3° as we know, such
interactions are the so-called halogen bonding. Very recently,
Auffinger et al. exploited the halogen-bonded interactions in
the crystal structures of halogenated biomolecéleSheir
survey of protein and nucleic acid structures reveals similar

Weizhou Wang,*" Anmin Tian,* and Ning-Bew Wong

Department of Chemistry, Huazhong Waisity of Science and Technology, Wuhan, Hubei 430074, China,
Faculty of Chemistry, Sichuan Urarsity, Chengdu, Sichuan 610014, China, and Department of Biology and
Chemistry, City Uniersity of Hong Kong, Kowloon, Hong Kong

Receied: May 16, 2005; In Final Form: July 12, 2005

Bromomethanewater 1:2 complexes have been theoretically studied to reveal the role of hydrogen bond
and halogen bond in the formation of different aggregations. Four stable structures exist on the potential
energy surface of the GBr(H,0), complex. The bromine atom acts mainly as proton acceptor in the four
studied structures. It is also capable of participating in the formation of the halogen bond. The properties and
characteristics of the hydrogen bond and the halogen bond are investigated employing several different quantum
chemical analysis methods. Cooperative effects for the pure hydrogen bonds or the mixed hydrogen bonds
with halogen bonds and the possibility of describing cooperative effects in terms of the topological analysis
of the electronic density or the charge-transfer stabilization energy are discussed in detail. An atoms-in-
molecules study of the hydrogen bond or the halogen bond in the bromomethatee 1:2 complexes suggests

that the electronic density topology of the hydrogen bond or the halogen bond is insensitive to the cooperative
effect. The charge-transfer stabilization energy is proportional to the cooperative effect, which indicates the
donor—acceptor electron density transfer to be mainly responsible for the trimer nonadditive effect.

bromodifluoroacetyl-1-(ethoxycarbonyl)methylidene)thi-
anthrené’? How about the hydrogen bonding pattern and the
halogen bonding pattern around the halogen atoms? Can the
halogen atom act in a dual role in other systems? What about
the cooperative nature of hydrogen bonds and halogen bonds
around the halogen atoms? These are questions to which the
following calculations should give a clue. In the present paper,
we report the result of a quantum chemical study of the stability,
structure, hydrogen bonding or halogen bonding pattern, topo-
logical analysis of the electronic density, and charge transfer
analysis of different orbitals of bromomethansater 1:2
complexes. It must be pointed out that, in biological systems,
the halogen bond is mainly of the—-€X:--O—Y type, where
C—Xis a carbon-bonded chlorine, bromine, or iodine, areYO

is a carbonyl, hydroxyl, charged carboxylate, or phosphate
group3! and on the other hand the halogen bond is hard to form
in other bromometharewater 1n complexes, whera = 2;33
therefore, bromometharavater 1:2 complexes are very good
models for biological systems.

Computational Details

halogen bonds as potentially stabilizing inter- and intramolecular  The Second-order MgllerPlesset theory (MP2) has been
interactions that can affect ligand binding and molecular folding. shown to be effective and accurate in determining the equilib-
The halogen atoms act as donors in the halogen bonds, onrium structure and binding energy for many hydrogen bonded
one hand, and they are also capable of participating in hydrogenand other weakly bound complex®&The Pople’s moderate
bonds and are good hydrogen acceptors on the otherizslad. 6-31G(d,p§® basis set has been proved to produce reliable data
very recently, by X-ray single-crystal diffraction analysis, Zhu on hydrogen bonding previous.The basis set applied here
et al. reported the example that coexisting intermolecular is Dunning’s correlation consisted basis sets aug-cc-pVDZ and
hydrogen bonding and halogen bonding share one same brominewug-cc-pVTZ® In the present study, an especially thorough
atom in the crystal structure of compoum@ns5,10-bis(1- search for all the low-lying energy structures has been done at

the MP2(full)/aug-cc-pVDZ level. No symmetries were con-

* To whom correspondence should be addressed. E-mail: wzwanglab@ strained in optimizations. Finally, we obtained four low-lying

ya??j’ug‘;g‘én University of Science and Technolo energy conformersM1, M2, M3, andM4 (see Figure 1). The
1 Sichuan vaersity_y - four conformers are all confirmed as true minima on the
8 City University of Hong Kong. potential energy surface of bromomethameater 1:2 complex
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Br HIJ‘ - TABLE 1: Selected Geometrical Parameters (A and deg)
§28 Yo, 1)-‘0, and Frequencies (cm?) for Bromomethane, Water, and
18782 Jﬁ\;‘“—‘ e Four Low-Energy Structures M1, M2, M3, and M4 at the
e 4 i MP2(full)/aug-cc-pVDZ Level?
H: 3.1719
22330 r o complexes
HJMI 0, %°d o 9 parameters  CgBr HO M1 M2 M3 M4
O1—H: 0.9652 0.9722 0.9715 0.9670 0.9685
i freq (O1—Hy) 3808.1 3719.4 3733.6 3697.8 3767.8
O>—H:2 0.9652 0.9764 0.9737 0.9686
R By ek freq (O—Hy) 3808.1 3628.2 3679.5 3765.6
'J C—Br 1.9440 1.9545 1.9453 1.9501 1.9569
C 23400 H; freq (C—Br) 634.7 617.4 633.2 626.6 616.2
JH, 0, C—Hs 1.0946 1.0951 1.0944 1.0942
freq (C—Hs) 3240.4 3245.9 3247.3 3253.5
M3 C—H4 1.0946 1.0942
Figure 1. MP2(full)/aug-cc-pVDZ optimized low-energy structures ~ fréd (C-Has) ~ 3240.4 3253.5
(distances in A) of complex Ci#r(H,0),. The dashed lines indicate Sgl_HHl_oBr iggg 152.2 11338651 11?:???
—H3—=0 . . .
hydrogen bonds or halogen bonds. 0C—H,—O, 133.7

by the presence of only real frequencies after the corresponding  a Atomic numbering is defined in Figure 1.
harmonic vibrational analysis at the same theory level. Other . . _
properties were all calculated using the aug-cc-pVTZ basis set TABLE 2: Calculated Total Energies (au), Relative Energies

e T ; i« (kcal/mol), and Interaction Energies (kcal/mol) of Four
at the MP2(full)/aug-cc-pVDZ optimized geometries. The basis Minimum-Energy Structures M1 M2, M3, and M4 at the

set superposition error (BSSE) was eliminated by the StandardMP2(fu|I)/aug-CC-pVTZ and HF/aug-cc-pVTZ (in Bold)
counterpoise (CP) correction method of Boys and Berfard. Levels of Theory

For a complex ABC made up of three interacting subsystems

CP CP CP
A, B, and C, the total interaction energyEro; can be evaluated structures Erot Bre ABra A7y AE; ABj

as the difference in energy between the complex and the three M1 *ggi-gg%ggg 8-88 13-;5 1((5)-2; 5?51517 11§Z
isolated monomers, A, B, and C, M2  —27652896706 347 11.26 7.83 7.20  0.63
ABC A B c —2764.2166069 3.20 2.74 3.08 2.43 0.65
AErq = Eppc — (Ex + Eg + EQ) (1) M3  —2765.2894773 3.59 11.14 829 829  0.00
—2764.2196945 1.26 4.68 4.87 4.86 0.01

defining E; as the energy of system X with basis set Y. This M4 —2765.2890564 3.85 10.87 6.78 6.84-0.06

energy is then corrected via the counterpoise method by —2764.2158514 368 227 239 2.40-0.01

calculating the energy of each monomer using the same, trimer,

basis set Weinhold and co-worker&. The NBO analysis will allow us

to quantitatively evaluate the charge transfer (CT) involving the
AESP = EABC — (EABC + ERPC + ERBC 2 formation of hydrogen bond or halogen bond. .
All ab initio calculations were carried out with the Gaussian
The total two-body interaction energyES” in the trimeris 03 suite of program& AIM analysis was performed with the
expressed as the sum of the difference between the energy of £IM2000 software package, using the MP2(full)/aug-cc-pVTZ

given interacting pair and the energy of the corresponding Wave functions as inpdf. NBO analysis used the MP2-
isolated monomers, keeping all geometries frozen in the trimer OPtimized structures, the HartreBock (HF) densities, and the

structure built-in subroutines of the Gaussian 03 program.
AE§P= EQEC + EQEC + EQEC — Z(EQBC + EQBC + EéBC) Results and Discussion
() Geometrical Parameters, Interaction Energies, and Vi-

brational Frequencies.Some selected geometrical parameters,

’ T . vibrational frequencies, and energies of four minimum-energy
The three-body nonadditive interaction energy or cooperat- structuresM1, M2, M3, andM4 are given in Tables 1 and 2.

ivity is obtained from the difference between the total interaction Table 1 shows that there is an elongation of the By, Oy—

energy and the two-body interaction energy, H,, C—Br, or C—H3 bond upon complex formation except for
AESP = AECP — AECP the C-Hz and C-H, bonds in structuredi3 andM4, for which
3 Tot 2 an increase of 0.0069.0112 A is observed. The;©H; and
_ EABC _ EABC | [ABC _ CABC | CABC | pABC | O,—H, bonds in structurdll are stretche_d by large amo_unts
ABC AB BC AC A B (0.0070 and 0.0112 A). The-€H3 bond in structureM1 is
EREC (4) stretched by only a small amount (0.0005 A). Theld; and
C—H, bonds in structureM3 andM4 are all shortened upon
The bonding characteristics of the different complexes were complex formation. The €Hs; bond in structureM3 is
analyzed by using the “atoms in molecules” (AIM) theory of shortened by 0.0002 A. The-@3 and G-H,4 bonds in structure
Bader4 which is based on a topological analysis of the electron M4 both are shortened by 0.0004 A. The corresponding
charge density and its Laplacian. The AIM theory has proved harmonic vibational frequencies are also shown in Table 1. The
itself a valuable tool to conceptually define what is an atom, frequency analysis reveals the red-shifting character of the
and above all what is a bond in a quantum calculation of a C—Br---O, O—H---O, and O-H---Br interactions and blue-
molecular structure. The analysis went further with those shifting character of the €H---O interactions. In agreement
obtained by means of the natural bond obital (NBO) theory of with the computed €Br or O—H bond elongation, the €Br
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Figure 2. MP2(full)/aug-cc-pVDZ electrostatic potential surfaces of

bromomethane. The blue surface represents the positive part of the

electrostatic potential, and the red surface is the negative part.

or O—H stretching frequencies are lower by £83.5 or 40.3-
179.9 cnTlin the complexes than the corresponding frequencies
in the monomers. The individual red shift can be correlated
directly to the magnitude of ©H or C—Br bond elongation.
Similarly, the blue shift of the €H stretching frequency is
proportional to the magnitude of the-&l bond contraction,
which is consistent with the recently calculated results of the
blue-shifting hydrogen bontf.Note that there are two excep-
tions. One is the ©-H; bond in M3. The red shift of its
stretching frequency cannot be correlated directly to the
magnitude of @—H; bond elongation. The other is the-€l;
bond in structureM1. As is listed in Table 1, the €Hs; bond
elongates upoiM1 formation, while its stretching frequency
increases. This is because the—®l; or C—Hj stretching
vibration mode is a combination or mixture of several vibration
modes. It must be pointed out that all these vibrational motions
are anharmonic, and this may cast doubt on the “harmonic”
results, but information from the study of the blue-shifting
hydrogen bond indicates the promising adequacy of the har-
monic model®

According to the above analyses, we sketched the hydrogen

bonding and halogen bonding patterns in Figure 1. It is very
noticeable that the bromine atom M2 acts as an electron
acceptor in the halogen bond and an electron donor in the
hydrogen bond. The electrophilic portion of the neighboring
H,O molecule interacts with bromine in a “side-on” manner,
nearly normal to the €Br bond, whereas the nucleophilic
region of the other KD molecule interacts nearly “head-on”,
along the C-Br axis at the Br end. This can in fact be explained
from an analysis of the surface electrostatic potential. The
electrostatic potential map of GHr shows the anticipated
negative region around the bromine and the positive region at
the outermost ends of the-Br axis (see Figure 2). In structure
M4, the Br atom forms a bifurcated hydrogen bond with two
C—H groups.
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Figure 3. The molecular graphs of four low-energy structures of
complex CHBr(H-0),. Small red dots represent bond critical points
and small yellow dots indicate ring critical points.

of the four studied structures calculated at the HF/aug-cc-pVTZ

level of theory. Obviously, the HF calculations underestimate

the interaction energies of the four studied systems since the
HF calculations cannot evaluate the attractive dispersion interac-
tion. A large part of the attractive interactions in these systems
is covered by the HF calculations, which indicates that disper-

sion and electrostatics are both responsible for the attraction in
these systems. Interestingly, the HF calculations yield three-
body interaction energies rather close to much more accurate
MP2 calculations, obviously due to the error cancellation at the

HF level.

AIM Analysis. The rigorous AIM theory has been success-
fully applied in characterizing hydrogen bonds of different
strengths in a wide variety of molecular complef&&47
Popelier proposed a set of criteria for the existence of H-bonding
within the AIM formalism#647 The most prominent evidence
of hydrogen bonding is the existence of a bond path between
the donor hydrogen nucleus and the acceptor, containing a
interatomic surface (IAS) and a bond critical point (BCP) at
which the electron densitypf) ranges from 0.002 to 0.035 au
and the Laplacian of the electron densify2§,) ranges from
0.024 to 0.139 au. In our previous stutywe found that the
three criteria for a hydrogen bond are all echoed in a halogen
bond. In the present study, the properties of the BCPs of the
hydrogen bonds and the halogen bonds have been examined
for both the trimer and the related dimer.

It can be seen from Table 2 that the calculated CP-uncorrected Figure 3 clearly demonstrates the existence of a BCP for each

interaction energies increase in the ortilgt < M3 < M2 <

M1 at the MP2(full)/aug-cc-pVTZ level of theory, which is in
agreement with the total energies ordét < M2 < M3 <

M4. However, the CP-corrected interaction energies order of
M2 and M3 is contrary to the CP-uncorrected interaction
energies order d#12 andM3. This is understandable since their

noncovalent bond. The expected bond paths associated with the
noncovalent bond BCPs can also be visualized in Figure 3. The
electron densityy) of the bond critical point is listed in Table

3 for the hydrogen bond or the halogen bond. The values for
the noncovalent bonds do fall within the proposed range of
0.002-0.035 au. It has been shown thagis related to the bond

energies, either total energies or interaction energies, are almosorder and thus to the bond strength. As a result, the valpg of

one and the same. The total two- and three-body interaction
energies for the four studied GBIr(H,O), complexes are
collected in Table 2 as well. Structukl has the largest total

is much lower for the (C)H-O bond or the (C)Br-O bond
compared to the (O)H-O bond. The two negative eigenvalues
of the Hessian matrix of electron density; @nd ;) measure

interaction energy and the largest two- and three-body interactionthe degree of contraction pf perpendicular to the bond toward

energies. The three-body interaction energy of strudil@ds
equal to 0.63 kcal/mol, which is about half of the cooperativity
in structureM1. It is worth mentioning that the three-body
interaction energy is equal to zero in structi#8. In contrast

to structuresM1, M2, and M3, the Br atom in structurdi4

the critical point, whereas the positive eigenvallsg (neasures

the degree of contraction parallel to the bond and from the BCP
toward each of the neighboring nuclei. The Laplaci&py, is
simply the sum of the eigenvaluds, 1,, andAs. It has been
observed that for closed-shell interactions (ionic bonds, hydrogen

acts as a double proton acceptor. The three-body term and thebonds, and van der Waals interactiongjpo, is positive.

resulting cooperativity then become negative (anticooperativity).

According to Table 3, the noncovalent bonds are also typical

Table 2 also listed the total energies and interaction energiesclosed-shell interactions, the positive values ¥8py, lying in
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TABLE 3: Density (p), Density Laplacian (V?p), Eigenvalues TABLE 4: Some Significant Donor—Acceptor Orbital

of the Hessian Matrix (41, 42, 43), and Ellipticity ( €) at Bond Interactions and Their Second-Order Perturbation
Critical Points between Hydrogen (or Halogen) Bond Stabilization Energies AEZ, kcal/mol)2
Acceptors and Hydrogen (or Halogen) Bond Donors at the ; : ;
MP2(full)/aug-cc-pVTZ Level of Theory2PAll Units Are structures _ donor acceptor interaction  AE
Atomic Units@ M1 LP(1)Br BD*(1)O,—H;  n—o* 0.17 0.18
. : P LP(3)Br BD*1)O,—H; n—o* 5.63 6.02
interaction  pp V20 A Az Az € LP(1)0, BD*(1) Or—H, n—o* 0.13 0.1
M1 LP(2) O, BD*(1)O,—H, n—o* 10.46 0.79
Hi--Br 0.0164 0.0437 —0.0175 —0.0169 0.0754 0.0341 LP(1) O BD*(1) C—Hs n—o* 0.12 0.0
0.0162 0.0418 —0.0172 —0.0167 0.0758 0.0334 LP(2) O BD*(1) C—Hjs n—o* 2.73@.47)
Hy:--O; 0.0294 0.0895 —0.0459 —0.0449 0.1804 0.0237 M2 LP(1) Br BD*(1) Oi—H, n—o* 0.19 0.18
0.0292 0.0917 —0.0456 —0.0446 0.1819 0.0222 LP(3) Br BD*(1) O,—H, n—o* 4.04 3.59
Hs-+O, 0.0137 0.0528 —0.0157 —0.0149 0.0834 0.0520 LP(1) &1 BD*(1) O;—H; n—o* 0.09 0.08
0.0136 0.0536 —0.0156 —0.0149 0.0841 0.0506 LP(2) 01 BD*(1) O,—H; n—o* 7.03 6.89
M2 LP(1) 0, BD*(1) C—Br n—o* 0.12 0.13)
Hq---Br 0.0148 0.0396 —0.0150 —0.0148 0.0694 0.0134 LP(2) 0, BD*(1) C—Br n—o* 1.26 (L.16
0.0146 0.0403 —0.0147 —0.0145 0.0696 0.0153 M3 LP(3) Br BD*(1) O,—H, n—o* 1.57 1.63
Hy:--O; 0.0246 0.0824 —0.0355 —0.0338 0.1517 0.0515 LP(1) 0. BD*(1) C—Hs n—o* 0.47 0.00
0.0245 0.0833 —0.0354 —0.0336 0.1523 0.0509 LP(2) 01 BD*(1) C—Hjs n—o* 0.58 0.8)
Br---O, 0.0088 0.0335 —0.0059 —0.0055 0.0449 0.0707 LP(1) &, BD*(1) O1—H: n—o* 0.08 0.08
0.0087 0.0335 —0.0058 —0.0054 0.0447 0.0691 LP(2) O, BD*(1) O1—H; n—o* 7.56 (7.55
M3 M4 LP(2)Br BD*(1)O—H; n—o* 0.50 0.00
Hq:--Br 0.0109 0.0336 —0.0096 —0.0092 0.0524 0.0401 LP(3) Br BD*(1) Oi—H; n—o* 1.85@.43
0.0109 0.0333 —0.0096 —0.0093 0.0522 0.0371 LP(2) Br BD*(1) Oi—H; n—o* 0.69 0.00
Hs:--O; 0.0105 0.0459 —0.0100 —0.0090 0.0649 0.1115 LP(3) Br BD*(1) Oi—H; n—o* 1.62 2.39
0.0103 0.0457 —0.0098 —0.0088 0.0644 0.1160 LP(1) 01 BD*(1) C—Hs n—o* 0.47 0.49
Hy:--O, 0.0250 0.0823 —0.0376 —0.0366 0.1566 0.0275 LP(1) O, BD*(1) C—H, n—o* 0.330.33
0.0250 0.0824 —0.0376 —0.0366 0.1566 0.0277 LP(2) O, BD*(1) C—H,4 n—o* 0.230.22
M4H1---Br 0.0126 0.0372 —0.0118 —0.0116 0.0606 0.0116 aNumbers in bold are values of the corresponding dimers. BD*

0.0127 0.0372 —0.0119 —0.0117 0.0609 0.0100 denotes the formally empty antibonding orbital. LP denotes the occupied
H,+Br 0.0125 0.0372 —0.0117 —0.0115 0.0603 0.0127 lone pair. All values are obtained at the HF/aug-cc-pVTZ level of

0.0126 0.0372 —0.0117 —0.0116 0.0605 0.0102 theory.
Hs:--O; 0.0082 0.0364 —0.0072 —0.0057 0.0493 0.2643

0.0081 0.0363 —0.0072 —0.0058 0.0493 0.2504  hydrogen bond, involves charge transfer from the proton
Har+:O, 0.0084 0.0370 —0.0074 —0.0060 0.0505 0.2351  4ccentor to the proton donor. This results in the increase of

0.0083 0.0370 —0.0074 —0.0061 0.0505 0.2302 L . . .

electron density in the XH antibonding orbitals of the proton
2All units are atomic units? Numbers in bold are those of the  donor. For the halogen bond, the case is a little sindidihe
corresponding dimers. charge transfer from the lone pairs of the electron donor in the

the proposed range of 0.028.139 au. The ellipticitye is halogen atom acceptor is mainly directed to the B¢ anti-
defined asli/A; — 1 and measures the extent to which charge bonding orbitals of the halogen atom donor, too. Since the
is preferentially accumulated. The ellipticity provides a measure charge-transfer accompanies the formation of hydrogen bonds
for not only thes character of a bond but also its structural or halogen bonds and plays a major role imNE? can be taken
stability. Substantial bond ellipticities reflect structural instabil- as an index to judge the strength of hydrogen bonds or halogen
ity; that is, the bond can easily be ruptured. In Table 3 we see bonds. As can be seen from Table 4, the largest charge-transfer
that ¢((C)H---O) or ¢((C)Br---O) is much larger thaa((O)H- stabilization energies are computed to be 10.46, 5.63, 2.73, and
-:0), confirming that the former bond is weaker, which is 1.26 kcal/mol for n(OY¢*(O—H), n(Br)—c*(O—H), n(O)—
consistent with the case of interaction energy. 0*(C—H), and n(O)-0*(C—Br) interactions, respectively, which
Density, density Laplacian, eigenvalues of the Hessian matrix, are comparable in magnitude to their interaction energies. In
and ellipticity at the BCPs of the hydrogen bonds or the halogen comparing the stabilization energy terms in Table 4 with the

bonds in the corresponding dimers are also presented in Tablegorresponding density terms in Table 3, it is found that they
3. The most striking phenomenon is that the density of BCPs ¢orrelate very well.

n each trimer is almost Fhe same as that in th? corrgspondlng On the other hand, the charge-transfer stabilization energies
dimer. The other properties such as the Laplacian, eigenvalues L )

) . o . of structuresM1 andM2 exhibit clear alteration compared to
of the Hessian matrix, and the ellipticity are also very similar those of the related dimers. The charge-transfer stabilization
for the trimer and dimer (Table 3). The same characteristics of : g

the BCPs suggest that the electronic density topology of the energy valueg o1 andM2 are generally .Iarger thap those i.n
hydrogen bond or the halogen bond is insensitive to the the related dimers (see Table 4). The increase is especially

cooperative effects. This phenomenon is consistent with the ©PVious for the n(O}o*(O—H) interaction. Large changes can
results of the previous study of the isoguanine triffer. also be seen for other interactions in structviisandM2. A
NBO Analysis. For a better understanding of the noncovalent cooperative effect seems largely to influence the charge-transfer
bonds and their cooperativity, NBO analysis has been carried Stabilization energy. For structuréd3 and M4, the charge
out at the HF/aug-cc-pVTZ level of theory using MP2(full)/ transfer stabilization energies show very little change because
aug-cc-pvVDZ geometry. Some significant dor@icceptor there is no cooperativity in these trimers. Finally, we can
orbital interactions and their second-order perturbation stabi- conclude that, unlike the electronic density topology of the
lization energies, provided by NBO analysis, are collected in hydrogen bond or the halogen bond, the charge transfer
Table 4. stabilization energy is sensitive to the cooperative effect. This
Let us first repeat that the formation of a hydrogen-bonded indicates the inductive effects to be mainly responsible for the
complex, either conventional hydrogen bond or the blue-shifting trimer nonadditive effect.
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Conclusions

J. Phys. Chem. A, Vol. 109, No. 35, 2008039

(13) Latajka, Z.; Berski, SJ. Mol. Struct.(THEOCHEM 1996 371,
11

In summary, we have systematically described the results of (14) Ruiz, E.; Salahub, D. R.; Vela, 8. Phys. Chenil996 100, 12265.

a quantum chemical study of the stability, structure, hydrogen
bonding or halogen bonding pattern, topological analysis of the
electronic density, and charge-transfer analysis of different
orbitals of bromometharewater 1:2 complexes. We conclude
with the following remarks as answers to the questions put forth
in the beginning:

(i) The bromine atom acts mainly as a proton acceptor in the
four studied structures. It is also capable of participating in the
formation of the halogen bond; for example, the bromine atom

in M2 acts as an electron acceptor in the halogen bond and an

electron donor in the hydrogen bond and plays a dual role.

(i) The most stable structureMl, is cyclic with three
different hydrogen bonds. The strongest cooperativity is ob-
served for structurdi1, where it amounts to 12% of the total
binding energy. The cooperativity decreasedlihand becomes
zero in M3. It is worth mentioning that the cooperativity in
M2 is derived from two hydrogen bonds and one halogen bond.
A slightly destabilizing effect (anticooperativity) takes place in
structureM4 when the bromine atom acts as a double acceptor.

(i) The changes of electron density and Laplacian at the
bond critical point of the hydrogen bond or the halogen bond
are insensitive to the cooperative effects.

(iv) The charge-transfer stabilization energy is sensitive to
the cooperative effect, which indicates the donacceptor
electron density transfer to be mainly responsible for the trimer
nonadditive effect.
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