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The present work reports the results of the MP2/6-G1d,p) study of the interaction between €£hind

(H20), and HO,", including the optimized geometries of the stable structures, their harmonic vibrational
frequencies, total energies with the two- and three-body contributions, and natural charges. Three stable
structures exist on the potential energy surface of thg-(E+0), complex formed via a CH-O hydrogen

bond. Under its formation, the corresponding CH bond undergoes a small contraction, resulting in a blue
shift of the corresponding(CH) vibration. One of the structures, resembling a cyclic trimer with relatively
short distances between two hydrogen atoms of &td the terminal hydrogen atom of {B),, is characterized

by the largest total and the largest two-body interaction energies. This suggests the existence of a weak
attractive interaction between the three hydrogen atoms. To shed light on the nature of such an interaction
between three hydrogen atoms, we study the complex betwegra@HHO," and demonstrate that its
formation originates from a substantially stronger interaction between three hydrogen atoms and induces a
marked asymmetry of the central (€H---O) hydrogen bond of the cation. The distances between two hydrogen
atoms of CH and one of the terminal hydrogen atoms @fd4" are very short (1.87 A), implying that these

three hydrogen atoms interact with each other due to a relatively strong ionic multi-dihydrogen bonding.

Introduction some selected vibrational frequencies and the charge shifts
resulting from complex formation. The nature of the interaction

It is well established that C+O interactions play an inthe complex formed between Gldnd the (HO,)" cation is
important role in determining molecular conformations and also investigated and discussed.
crystal packing. Much of the evidence of such interactions stems
from the observation of close *HO contacts in the crystal  computational Methods
structuret2 In the case of interactions involving C(sp) or Gsp
atoms, an elongation of the CH bond and a red shift of the  The geometries of the CHH,0), complexes were optimized
corresponding stretching vibration have been observed. How- at the MP2/6-33G(d,p) computational level. Harmonic vibra-
ever, there is a rather limited number of cases where the tional frequencies were computed at the same level. Basis set
CH:---O interactions causes a contraction of the CH bond and a superposition errors (BSSE) were taken into account by means
blue shift of thev(CH) vibration® One of them is the complex  of the counterpoise methddCharges on individual atoms and
between methane and wafdt.is worth mentioning that it has  populations of molecular orbitals (MOs) were obtained by using
been recently shown that, in contrast to the CH bond of the natural bond population (NBO) schefriehe GAUSSIAN
acetylene, the CH bond of methane shortens until the field 98 package of prograrfswas used for all calculations reported
reaches 0.02 au. in the present work.

The cooperativity is believed to be an important factor for ~ The total binding energyEy) was evaluated as the difference
the crystal strucure of compounds containing cocrystallized in energy between the complexes, on one hand, and the sum of
water molecules connected with €HD hydrogen bond$. the energies of the isolated monomers, A, B, and C on the other
Calculations carried out at the MP2/6-31G(d) level have shown hand, viz.
that the nonadditivity correction in CH-O(H)H---B complexes
(B being a nitrogen base) may rival or surpass the binding Et = E(ABC) — (Ep + Eg + E) 1)
energy of the ChtH,O binary compleX. To the best of our
knowledge, there are no data available on the cooperativity in This energy is then corrected via the counterpoise method by
CH, complexed with proton acceptors. The present work aims calculating the energy of each monomer in the basis set of all
to conduct a theoretical study of the interaction between CH three subunits
and the water dimer. We discuss the geometric changes, the
interaction energies (including the two-and three-body terms), aotcp= E(ABC) — [EA(ABC) + E5z(ABC) + E-(ABC)]
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Figure 1. MP2/6-3HG(d,p) geometries (distances in A, angles in degrees) of the three stable conipt@bstween Chand (HO),.

corresponding isolated monomers, keeping all geometries frozenTABLE 1: Relevant Geometric Data (Distances in A, Angles

in the ternary complex structur and Dihedral Angles in Degrees), Variations of the Distances
the ternary complex structure, (mA) for the Three Stable CH,:(H,0), Complexes, and
Corresponding Parameters for the CH,-H,0 and (H,0),
CP_
E,” = Exg(ABC) + Eg(ABC) + Exc(ABC) — Dimers
2[EA(ABC) + 2E5(ABC) + 2E(ABC)] (3) CHaH0 or
complexl complex2 complex3 (H20)2
The three-body nonadditive binding energy or cooperativity was Ar(CH8 014 —034 -070 —0.44
obtained from the difference between the total energy and the y(Hg.--02) 2.475 2644  2.655 2.507
two-body energy, JC7H802 175.7 158.5 162.7 179.6
Ar(O2H5F 7.3 7.3 6.2Ar(01H3)) 6.5
CP_ CP_ CP_ pCP R(H5---01) 1.936 1.936 1.960 (H8302) 1.946
= Ecoop Brot = “) 0O2H501  175.7 165.4  174.2 176.4
_ . . tH80O2H5H6 —177.0 90.1 —150.4 —180.0
More sophisticated correlations, based on a perturbation scheme,jjs01H3H4 1294 1307 1263 126.3

have been proposed for a trimér.
The 6-3HG(d,p) basis set was chosen to compare the present
data with those related to the corresponding 1:1 compléxes.

For the CH-H20 complex, the BSSE-corrected energy is rather |5ger (21 8) and the HSO2H5H6 angle is equal to 90.This
msens;tgve to the computatlo_nal me_thods including correlation g,ctyre reveals similarities with the structure of the,EHO
effect;. The.same remark will certainly hold forthe.t.otal two- complex reported in ref 4b where the approach of one of the
body interaction energy and the three-body nonadditive energy, one pairs of the water molecule was thought to be preferential.
which are defined as differences (egs 3 and 4). In complex3, where the two lone pairs of water molecule B
act as proton acceptor, the CH&®2 bond also shows a
relatively large departure from linearity (17)3The H8--02
Geometries of the CH»(H20), Complexes.The MP2/6- distance is shorter by-0.17 A than in structurd and also
31+G(d,p) potential energy surface of the £{H,0), interac- shorter by 0.03 A compared to that in the £H,O complex3e
tion displayed in Figure 1 comprises three stable structures In the three trimers, the interaction with the water dimer causes
mirroring three different sites of the bonding of methane to the a contraction of the CH8 bond that is rather substantial in
water dimer. In the first two structures, Glit bonded to the complexe2 and3, (—0.14 mA in1vs —0.34 and—0.70 mA
two lone pairs (complex) or to one of the two lone pairs in 2 and 3, respectively). Overall, this implies that the
(complex2) of the O2 atom of water molecule B. In complex CH8---O2 hydrogen bond is stronger in complethan in both
3, the two lone pairs of water molecule B are involved in the the others. There are several reasons for that. The important
interaction with CH on one side and with water molecule A one is that inl, CH, is simultaneously bonded to two lone pairs
on the other side. Table 1 reports relevant geometric data in of water molecule B, which acts as the proton donor in the water
these complexes along with the corresponding parameters fordimer, in contrast t@ where a single lone pair of B is involved
the CH;-H,0 complex and the (D), dimer, earlier calculated  and in contrast t8 where B plays the role of the proton acceptor

aFrom ref 3e The CH distance in isolated Gl 1.0862 A.c The
OH distance in isolated 40 is 0.9631 A.

Results and Discussion

at the same levéE It is also worth mentioning that complex in the water dimer. This weakens its proton acceptor ability in
is less polar (its dipole moment is 2.7 D) than that of complexes forming the CH8:-O2 bond. The other one is apparently that
1 3.4 D and3 (3.3 D). complexe2 and3 are cyclic due to a weak attraction between

We first start with discussing the CH802 interaction CH, and water molecule A which likely counteracts that between
between CH and water molecule B in the ternary complex. In  CHs and A. This suggestion will be further discussed.
complex1, the CH8:-O2 bond is nearly linear. The dihedral Let us now analyze how the methanegater interaction along
angle HBO2H5HG is equal to177. This structure is analogous  the CH8--0O2 bond influences the initial geometry of the water
to one of the stable structures of the £H,O complex where dimer. As follows from Table 1, it undergoes only small
the CH8 bond bisects the lone pairs of oxydgm complex2, changes. Compared with the free water dimer, the intermolecular
the departure from the linearity of the CH82 bond is much distance between the two water moieties is shorter in complexes
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TABLE 2: Total Interaction Energy for the CH 4(H20), TABLE 3: Frequency Shifts (cm™1) of the v(CH8), v(O2H5),
Complexes Eio), Two-Body (E;) and Three-Body and (CH8) Vibrations, Intensities (km mol~1) between
Contributions (Ejz) (kcal mol~1), and Percentage of Parentheses, Changes in Occupation of the*(CH8) and
Three-Body Contributions in Trimer Binding Energies 0*(02H5) Molecular Orbitals, Charge Transfers, and
(% Coop) Changes in Natural Population of the C and H8 Atoms
Relative to the Monomer (me)
complexl complex2 complex3
CHgyH20 or

Eoof® 5.24 (7.50) 5.55 (7.75) 5.09 (7.33)

E,(AB)®  4.76(6.41)  473(629)  4.79 (6.40) complex] complex2 complex3  (H:O)

E, (BC) 0.26 (0.89) 0.23(0.60) 0.31(0.78) Av(CH8R  +9(1.1) +4(0.1) +7(3.1) +12 (0)

E, (AC)? 0 (0) 0.29 (0.62) 0.12 (0.46) Av(O2H5P —170(276) —140 (339) —120 (319) —125 (370)

E 5.02 (7.30) 5.25 (7.51) 5.22 (7.64) (O1H3)

Es 0.22 (0.20) 0.30(0.24) —0.13(0.31) AS(CH8F  +30 (6) +25 (5) +15 (9) +27 (6)

% Coop 42 (2.7) 5.4 (3.1) —2.6 (-4.2) +25 (6) +19 (9) +13 (6) +19 (6)

*

2The uncorrected-BSSE values are given in parentheses. All the 2;{8;'3)5) 1398 21:?8 1158 (O1H3) 21?3

energy parameters are calculated by egg.1 cTd 28 23 1.7 23
Aq(H8)¢ +33. +29.7 .

1 and2 (both equal to 1.936 A) and longer in complgx1.960 Agg(;?e) _3.3216 _12_6 fig% t?

A). Such shortening parallels a slightly larger elongation of the

02HS5 bond by 0.001 A. In the three complexes, the dihedral . *(CH) in isolated CHI = 3234 cm ' (17 km mol ). " v(OH) in

isolated HOD= 3946 cnt? (43 km moi™). ¢ 6(CH) in isolated CHR

angle HSO1H3H4 is almost the same,.varylng from 126a3 = 1354 cn1t (5 km molY). 4 Defined as the sum of the atomic charges
130.7. However, the O2H-O1 bond in complex2 rather on the water dimer. The last entry corresponds to the charge transfer
strongly departs from linearity that is likely accounted for by in the CH,-H,O complex.® By convention, positive values indicate a
the weak attraction between Gldnd water molecule A. loss of charge and negative values correspond to a gain of charge.

As already mentioned, the structure of compBesembles
that of a cyclic trimer. The H3H10 and H3H9 distances are negative (anticooperativity). It is worth mentioning that in the
relatively short and equal to 2.467 and 2.697 A, respectively. open water trimer, a large destabilizing effect takes place when
The O1H3 distance is sligthly more elongated (2 mA) than the the central HO molecule acts as a biaccepté?.
O1H4 one (1 mA). This indicates the existence of a weak The present results may be also compared with data obtained
attractive interaction between the H3 atom, on one hand, andon the cooperativity in the cyclic complex formed by formal-
the H10 and H9 atoms, on the other hand. In com@ethe dehyde and two KD molecules? The CH bond length holds
H4H10 and H4H11 distances are equal to 2.953 and 3.001 A, unchanged. However, the two-body binding energy for the
respectively. These distances are markedly shorter than theCH---O interaction is equal to 2.1 kcal mal Thus, the two-
H3H11 one of 5.906 A in complex. These weak interactions  body binding energies seem to be much larger for interactions
may also affect the total binding energies. This issue will be involving C(sp)H than C(sp)H bonds.
discussed in the next section. Vibrational Frequencies and NBO Analysis.Table 3 reports

Binding Energies and Cooperativities. Discussing the the frequency shifts of some relevant vibrational modes along
energetical features of the studied complexes-G#0),, let with the changes in occupation of th&(CH8) ando*(O2H5)
us first notice that the BSSE-corrected interaction energy or ¢*(O1H3) antibonding MOs. This table also includes the
(excluding the ZPE-correction) in the binary €H,0 complex charge-transfer taking place from the®. dimer to CH,
is equal to 0.29 kcal mot. Notice also that the BSSE correction together with the changes occurring in the natural population
amounts 0.58 kJ mot.2¢ The total interaction energies and of the atoms C and H8 relative to the ¢ionomer. By analogy
their two- and three-body contributions in the three studied with our previous worke the shifts of thev(CH8) stretching
CH,4(H20), complexes are collected in Table 2. The percentages vibration are calculated in the CHOsotopomer to avoid a
of cooperativity defined as the ratiey/E;o; (x 100%) are given coupling with the other components of th#&{CHz) vibration.
therein as well. Complex2 has the largest total interaction For the same reason, the shifts of h@®?2H5) vibration are
energy. It is worth mentioning that the two-body interaction calculated in the (D)O2H5O2 isotopomers (complexdsand
energy in the AC subcomplex is equal to zero in complex 2) or D601H3--0O2 isotopomer (complel). Inspecting the data
and to 0.29 kcal molt in complex2. The latter determines the  of Table 3, we conclude that in the three ternary complexes,
two-body energy between the water molecule O1H3H4 and the thev(CH8) is blue-shifted, by 49 cnm L. There is no correlation
CH9H10 group of methane. It is sligthly larger than the two- between the contraction of the CH8 bond and the corresponding
body energy between GHand water molecule B (0.23 kcal  blue shift. Our findings are in agreement with calculations of
mol~1) and, on the other hand, it clearly indicates the existence ref 14, showing that cooperativy smoothly affects the vibrational
of a weak attraction between the H3 atom of water molecule A properties of C(sPpH-+- hydrogen bonds and that no clear trends

and the H9 and H10 atoms of GHt also exists in comple8 in terms of red or blue shifts are obseréd similar remark
though it is weaker by a factor ef2.5. The reason for such a also holds for the intensity of the(CH8) vibration, which is
difference is likely that water molecule A in compl@dplays equal to 17 km mol! in isolated CH, vanishes in the

the acceptor role in water dimer AB whereasiit is the proton CHg4-H2O complex, and becomes weak or even negligible in
donor. Interestingly, in both structurdsand 2 where water the ternary complexes. We also note a splitting and a blue shift
molecule B acts as proton acceptor and proton donor, the BSSE-of the degenerate deformation vibratig{{CH8).

corrected cooperativities are equal to 4.2 and 5.4%, respectively, In the three ternary complexes, the occupation of the
which is about half of the cooperativity in the open water trimer ¢*(CH8) antibonding MO sligthly increases from its value in
calculated at a comparable 1e148](9.2%). Such a feature is  isolated CH. As could be anticipated from the cooperativity,
rather unexpected in view of the substantially smaller proton the red shift of thev(O2H5) vibration appears to be larger in
donor ability of CH, as compared with that of 4. In contrast complexesl and2 and sligthly smaller in comple® than in

to 1 and2, the water molecule in compleXacts as a biacceptor.  (H2O).. A stronger bonding between Gldnd B in complexi,

The three-body term and the resulting cooperativity then becomecompared to ChtH,O results in a shorte(H8---0O2) distance
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Figure 2. Charge shifts (me) in compleX The sign+ indicates a
loss of charge and the signrefers to a gain of charge with respect to
isolated CH and HO.

and in a larger red shift of thg(O2H5) stretching vibration by
45 cnml, A smaller red shift of 15 cmt is due to the fact that
the CH8--02 bond is provided by a single lone pair of the
oxygen atom O2. It is also worth noticing that in compl&x
thev(O1H3) vibration, calculated for the D4O1H3 isotopomer
is red-shifted by 23 cmt and parallels a small elongation of
the O1H3 bond. This shift is negligibly small for the other

complexes and confirms the existence of the aforementioned
weak attraction between the O1H3 bond and the C7H9 and
C7H10 bonds discussed in the previous sections. Let us finally

mention that the charge transfer, occurring from theQ}d
dimer to CH, and the increase in the occupation of the
0*(CH8) and 0*(O1H3) antibonding MOs take the smallest
values for the anticooperative compl@xThe change in natural
population of the H8 atom is also the smallest for this complex.
However, the change in the natural population of the C atom
does not show a simple pattern, being the largest in contlex
and approximately equal ih and 3.

Nature of the Bonding in Complex 2.As concluded in the
previous sections, compleR forms a cyclic trimer with a
relatively large cooperativity due to two kinds of interaction.
One of them is a weak CH802 hydrogen bond, and the other

Figure 3. MP2/6-3HG(d,p) geometry (distances in A, angles in
degrees) of isolated 40," and the CH.HsO," complex.

the charge on H3 and increases it on the carbon and H9 and
H10 atoms, together with its loss on H11. This shows first a
rather strong shift of the atomic distribution in @lesulting

from its interaction with water molecule A, and second, a partial
charge transfer of the charge from the O1H3 bond to the CH9
and CH10 ones. Therefore, concluding, there exists a clear-cut
similarity between the present trihydrogen bonding and a
subclass of weak dihydrogen ones that allows us to suggest that
the former should be certainly referred to multiple dihydrogen

one is the attraction between two hydrogen atoms H9 and H10bonds!® Complex3 can also be viewed as partly formed by a

of CH4 and the H3 atom of water molecule A. What is a type

weaker multiple dihydrogen bond. In both comple®esnd3,

of such three-hydrogen-atom attraction to be referred to? Thethe shifts in the atomic charge distribution on Cigsults in

H3--+H9 and H3:-H10 distances, equal to 2.467 and 2.697 A,

respectively, are larger than the sum of the van der Waals radii

of the hydrogen atoms (2.4 A). The angles H3H9C7 and
H3H10C7 are equal to 8C7and 92.0, respectively. Geo-

their higher polarity, in comparison with compléx

Interaction between CH,; and HsO,". To demonstrate that
the structure of compleR is not a specific feature of the GH
(H.0), interaction, we investigate the interaction between, CH

metrically, such distances are larger than those inherent for theand HO,*, which is expected to be stronger. Its structure is

typical hydrogen bonds2.0 A), although for some dihydrogen
bondd4®such as, e.g, in ReHPPh),(imidazole), two distances
(N)H---H(Re) markedly exceed 2.4 &> The calculated values

displayed in Figure 3, which also shows the structure of the
isolated HO,™ cation, useful for further comparison. The latter
hasC, symmetry, the O2H5 and O1H5 distances being both

of the bond angles are essentially different from those existing equal to 1.194 A. This structure is in good agreement with the

in many theoretical quasi-linear dihydrogen bond complexes;
however, they are rather close to those{2aC) revealed from
the experimental dat&9~' Energetically, the binding energy of

early data reported on this catiéfiThe harmonio2{O1H502)
vibration is predicted at 913 cmh with an infrared intensity of
2910 km mot?. The »3(O1H502) vibration calculated at 633

such trihydrogen bonding is considerably lower, the typical ones cm™! is infrared inactive. The two deformatiof(O1H502)

of the dihydrogen bonding amounting te-8 kcal mol2.15h
To get a better insight onto the nature of such weak

vibrations are predicted at 1524 and 1576 émvith respective
infrared intensities of 335 and 145 km mal

trihydrogen attractive interaction, the resultant charge shifts are  The structure of the CiHsO,™ complex shows interesting
evaluated using the NBO scheme and presented in Figure 2.and rather unexpected features. We must at first notice the short

Analyzing them, it appears that the interaction between, CH

intermolecular H&-H9 and H6--H10 distances, equal to 1.879

and water molecule A leads to a relatively substantial loss of and 1.873 A, respectively. These distances are shorter by 0.6
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0.8 A than those in comple®. Interestingly, the interaction H, Hy H;
with CH, induces a marked asymmetry in the cation. The 2.4 —g&-11.8
02H501 bond remains almost linear, but the O2H5 and O1H5
distances become equal to 1.103 and 1.308 A, respectively,
indicating a marked shift by 0.09 A of the middle proton toward 9.5
02. Also, the H6O2H7 angle increases from 120nlisolated
HsO,* to 122.7 in the CH, complex. The interaction with CH e
results in a marked elongation of 9.8 mA of the O2H6 bond. In
contrast with comple®, the CH9 and CH10 bonds are elongated " ]
by 5.6 and 4.9 mA, respectively. The geometric changes parallel
a shift of some vibrational modes. Th€O2H6) vibration is
red-shifted by 220 cmt and its infrared intensity increases by

a factor of 5. The*{CH9, CH10) and{(CH9, CH10) vibrations
become also red-shifted by 54 and 77 ¢énmespectively. Strong
perturbations of the vibrations involving the O1H502 part of
the complex are also expected. Several vibrational modes are
strongly mixed with the H301H4 and H60O2H7 deformation Figure 4. Charge shifts (me) in the CHHsO,* complex with respect
vibrations. This is the case for the modes calculated at 1430, to isolated CH and HO*. The sign+ indicates a loss of charge and
1668, and 1720 cnt. It is worth noticing that the mode  the sign— refers to a gain of charge.

predicted at 1905 cnt with an infrared intensity of 2440 km and O2 atoms, an electronic charge of 54 me being removed to
mol~! involves predominantly the stretch of the O2H5 bond. the terminal I-’|3 H4 and O1 atoms. Summarizing, we may

Further, the mode calculated at 452 cnhas a predominant ¢,y de that the ChHsO," complex is predominantly formed
v(O1H5) character. This mode becomes infrared active owing j,e to the ionic multiple dihydrogen bonding, by a straight-
to the asymmetry induced by the interaction with LHts forward analogy with the complexes treated in ref 16.
intensity takes a value of 145 km mal Our results show that
the mode at 1905 cmi s shifted to higher frequencies by about  cgonclusions

1000 cnt! and the mode at 452 cmhis shifted to lower , )

frequencies by about 180 ciwith respect to isolated (@@,)". _ In th|_s paper, we have reported a t_heoretlcal study of the
These results are in line with the contraction of the O2H5 bond, Interaction between Crand the water dimer on one hand and

on one hand, and with the elongation of the O1H5 bond, one the HO," cation on the other hand. In both cases, the most
the other hand. stable structure is stabililized by the attractive interaction

. . . . . involving three hydrogen atoms. This interaction differs from
The interaction energy of CHwith H,Os" including the ZPE . - . .
and the BSSE corrections amounts to 2.06 kcal Forhis the classical dihydrogen bondings and may be considered as a

value is substantially larger than the two-body interaction energy type of multiple dihydrogen bonding.

Esc in complex2. The charge-transfer taking place from £H Acknowledgment. E.K.S. acknowledges a grant of the
to the cation is equal to 14 me. University of Leuven.

Let us now discuss the nature of the interaction between CH
and the studied cation. The H902 and H16--O2 distances
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