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Theoretical Study of the Interaction between Methyl Fluoride, Methyl Chloride, and Methyl
Bromide with Hydrogen Peroxide

Introduction

It is increasingly recognized that hydrogen bonds involving
CH groups play a crucial role in determining molecular
conformation and crystal packidgupramolecular architectute,
and the structure of biological systems such as nucleic dcids.
Much of the evidence of CH -B interactions stems from the
observation of close + -B contacts in crystal structurés.he
formation of standard AH- -B hydrogen bonds is accompanied
by a small elongation of the AH bond, manifested by a red
shift of the AH stretching frequency and a substantial increase
of its infrared intensity as compared to the noninteracting
species. In the case of CH-B interactions involving C(sp) or
C(sp), an elongation of the CH bond and a red shift of the
corresponding CH stretching vibrations have been obsérved.
For the hydrogen bonds involving these CH groups, the CH
stretching frequencies are correlated to the internuclearG
distancey similarly to the relations found for conventional
hydrogen bonds involving OH, NH, and SH proton donor

groups.
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MP2/6-31G(d,p) calculations are used to analyze the interaction betweeX CH = F, CI, or Br) and
hydrogen peroxide (HP). Two stable structures, A and B, are found on each potential energy surface. The A
complexes are characterized by a six-membered structure and the B complexes, having a lower stability, by
a five-membered structure. In both complexes, the molecules are held together by bothXCdthd CHZ

- +O hydrogen bonds. The binding energies range between 2.0 and 3.2 kcalfanghe A complexes and
between 1.5 and 1.7 kcal mélfor the B complexes. The frequency shifts are calculated for the CH1D2D3X
isotopomers. Both A and B complexes exhibit simultaneously an elongation of the OH bond and a red shift
and an infrared intensity increase of the corresponding OH stretching vibration along with a contraction of
the CH1 bond, a blue shift, and an infrared intensity decrease of the CH1 stretching vibration. The interaction
of CHsF and CHCI with HP also induces a contraction of the external CH2 and CH3 bonds and a blue shift
of the corresponding stretching vibrations. The results of an NBO analysis are discussed in terms of the
hyperconjugation and rehybridization model. While there is a charge transfer fropd ©HHP in the A
complexes, the charge transfer is negligible in the B complexes. Complex formation results in an increase of
the occupation of the*(OH) and o*(CH1) antibonding orbitals and an increase of the s-character of the
corresponding O or C atoms. In contrast, there is a decrease in the occupatiomtfaH) ando*(CH3)

orbitals. Then(X) — 0*(OH) hyperconjugative energies are equaht0 kcal mot?, and then(O) — o*(CH)
hyperconjugative energies range between 1.4 and 2.5 kcal ianlthe A complexes. Our results show that

the OH bond lengths are mainly determined by the occupation o&t{@H) orbitals. The CH distances
depend on both the occupation of thCH) orbitals and the hybridization of the corresponding C atom.

that blue-shifting hydrogen bonds are not restricted to CH bonds
but can also be observed for SiH, PH, and even NH bénds.
Although Hobza et al° referred to these blue-shifting
hydrogen bonds as “anti” or “improper” hydrogen bonds,
Scheiner et al. have shown in thorough theoretical studies on
the interaction between water and fluoromethakéor in the
dimers of fluromethanéd¥ that there are no fundamental
distinctions between the mechanisms of the formation of
improper and normal hydrogen bonds. The formation of both
complexes leads to similar changes in the remote part of the
hydrogen-bond acceptor. The studies were further extended to
the interaction between chloromethanes and water where the
occupation of theo*(CH) orbital of the CH - -O bond was
shown to increase upon complex formatiéimhe similar nature
of standard and improper hydrogen bonds appears from the
calculations of Dannenberg and co-workémsho have shown
that, at small electric fields, electron density from the hydrogen
moves into the CH bond, shortening and strenghtening it. This
conclusion is further substantiated by theoretical considerations
of HermanssoH whose calculations suggested that the reason

However, there is a rather limited number of systems where for the blue shift is the sign of the dipole moment derivative

the CH - -O interactions result in alue shift of the releant with respect to the stretching coordinate combined with the
CH stretchinguibration. This has already been observed, more exchange overlap at moderate and shorter hydrogen-bond
than 20 years ago, by Sandorfy and co-workeirs the distances. Also, it was shown that the effect of an external

complexes between perfluoroparaffins and diethyl ether or electric field is such that when the field and dipole moment are
acetone. Blue shifts were also observed for chloroform com- parallel, the bond lengthens, as in the case of- OD. In
plexed with weak proton acceptémnd more recently in other  contrast, when the field and dipole moment are antiparallel, as
hydrogen-bonded systeri®Recent theoretical studies suggest in the case of CH- -O, the bond shorter$. The theoretical
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data have been critically summarized in a recent paper byA
Weinhold and co-worker¥ In an extended study involving
numerous CH- -B hydrogen bonds, these authors have shown
that the AH bond length in AH- -B hydrogen-bonded com-
plexes is controlled by a balance between two main factors
acting in opposite directions. The AH bond lengthening resulting
from the hyperconjugative interaction due to the charge transfer
from a lone pair to the*(AH) antibonding orbital is balanced
by AH bond shortening due to an increase in the s-character
and polarization of the AH bond. When the hyperconjugative
interaction is weak and the X-hybrid orbital in the AH bond is
able to undergo a sufficient change in hybridization and
polarization, rehybridization turns out to dominate, leading to
a shortening of the AH bond and thereby a blue shift in the
corresponding AH stretching frequency. This is a logical
consequence of Bent's rulé,which predicts an increase in
s-character of the A-hybrid atomic orbital of the AH bond upon ’
AH- - -B hydrogen-bond formation as H becomes more posi- Figure 1. MP2/6-31G(d,p) geometries of the optimized structures
tively charged during this process. of the A and B complexes between g CHCI, and CHBr and

In the present study, we expand our studies on blue-shifting hydrogen peroxide.
hydrogen bonds to the interaction betweensEHCH;CI, and ) ) ] o )
CH3Br with hydrogen peroxide (HP). Despite the usefulness of Jugation. The hyperconjugative Interaction energy can be
HP in many field& such as atmospheric chemistry, photodis- calculated from the second-order perturbation theory
sociation dynamics, and oxidation reactions, very few studies
have been conducted on their interaction with organic molecules. [/Flo* Fi,-z
It must be mentioned, however, that theoretical calculations have E(2) = N T T TE 1)
been carried out on HP complexed with wakehydrogen 7 ’

; 19 20 ig2
halides;® urea?® and the nucleobases aderfihand uracif whereld/F/o*[] or Fj, is the Fock matrix element between the

The present paper is ordered as follows. The first part deals Ngo orbitalsi andj, ¢, ande,” are the energies of the and
with the geometrical characteristics and binding energies. In .+ NBOs andn, is t’he population of the donar orbital. The

the second part, we discuss some relevant vibrational featuresgayss|aN 98 package of programs was used for all calcula-
The third part deals with the results of an NBO analysis, more 54 reported in the present wotk.

specifically with the NBO charges, the occupation of relevant

antibonding orbitals, the changes in hybridization of the C and Resylts and Discussion

O atoms, and the hyperconjugative energies. In the last part, o )
quantitative relationships between bond lengths, occupation of _ 1- Molecular Structure and Binding Energies. For each

antibonding orbitals, and hybridization of the atoms involved CHaX—HP complex, two stable structures are found on the
in the interaction are presented. potential energy surface (Figure 1). Both structures are cyclic

with two distinct hydrogen bonds involved in the interaction.

All the CH1---O and OH - -X intermolecular contacts are
Computational Methods shorter than the sum of the van der Waals radii and the

corresponding angles larger than°9th the six-membered A

The geometries of the isolated @kand HP molecules and  structures, both O atoms of HP are involved in the interaction;
their complexes were fully optimized at the MP2/6+3&(d,p) in the five-membered B structures, one of the OH groups of
computational level. This method and basis sets also used inHP acts as a proton donor and proton acceptor. It should be
other recent worké-1121216adequately describe blue-shifted mentioned that the C#f—HP complex can also adopt an open
hydrogen bonds, and it is a reliable treatment for the purpose configuration where the two molecules are held together by one
of our study. Further, it must be stressed that the main objective CH1- - -O hydrogen bond (H1- -O distance of 2.675 A). This
of this work is not to compute the properties of the complexes complex is characterized by a lower stability and will not be
at the best computational level but rather to discuss the bondingdiscussed hereafter. All the other possible arrangements and
trends and to compare them with previous data obtained at theother ring structures are unstable and characterized by one or
same level. The interaction energies were obtained as themore imaginary frequencies.
difference in energy between the complex, on one hand, and Selected geometrical characteristics for isolate G i Hs-
the sum of the isolated monomers, on the other hand. Basis se(Cl, CH;Br, and HP and the A and B complexes are summarized
superposition errors (BSSEs) were corrected by the counterpoisein Table 1. Inspection of this table indicates that the interaction
procedure? It is worth stressing that, for these weak interac- between CHX and HP results in a small contraction of the CH1
tions, failure to correct the BSSEs would have resulted in groups bonded to the O atom of HP. In the A complexes, the
erroneous conclusiorf$ Harmonic vibrational frequencies and  contraction ranges between 0.0002 and 0.0018 A. The contrac-
infrared intensities were calculated at the same level. Chargestion of the CH1 bond is smaller in the B complexes and ranges
on individual atoms, populations of molecular orbitals, and between 0.0004 and 0.0008 A. Interestingly, in thesEldnd
coefficients of the hybrid orbitals were obtained by using the CHsCl complexes, interaction with HP also induces a small
natural bond population scherffe. contraction of 0.00020.0011 A of the external CH2 and CH3
The interaction between filled and vacant orbitals represents bonds.

the deviation of the molecule from the Lewis structure and can  In all the complexes considered, the CX distances increase
be used as a measure of delocalization, also called hyperconwith respect to the free molecules. This increase is the largest
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TABLE 1: Selected Optimized Geometrical Parameters in Free CHX and HP and the A and B CHsX—HP Complexes
(Distances in A, Angles in deg)

free CHF and HP CHF—HP (A) CHsF—HP (B)
r(CH) 1.0866 Ar(CH1) —0.018 —0.008
Ar(CH2) —0.012 —0.004
Ar(CH3) —0.0011 —0.0002
r(CF) 1.4048 Ar(CF) +0.0152 +0.0096
OH 0.9704 O6H4 +0.0046 +0.0005
00 1.4726 0607 +0.0001 —0.0006
o(HOOH) 121.3 Aa(H40607H5) -3.9 —5.4
Intermolecular Parameters
CHsF—HP (A) CHF—HP (B)
H1- - -07 2.556 Hi--06 2.469
CH107 127.6 CH106 114.7
H4- - -F 1.909 H4 - -F 2.418
O7HA4F 160.2 O6H4F 98.6
free CHCIl or HP CHCI (A) CHsCI (B)
r(CH) 1.0847 Ar(CH1) —0.0009 —0.0005
Ar(CH2) —0.0004 —0.0001
Ar(CH3) —0.0003 —0.0001
r(CCl) 1.7778 Ar(CCI) +0.0079 +0.0096
r(OH) 0.9704 Ar(O6H4) +0.0042 +0.0011
r(00) 1.4726 Ar(0607) —0.0014 —0.0026
a(HOOH) 121.3 Aa(H40607H5) —7.4 —=5.0
Intermolecular Parameters
CHsCI—HP (A) CH,CI—HP (B)
H1- - -07 2.450 Hi--06 2.462
CH107 137.0 CH106 129.0
H4- - -Cl 2.378 H4 - -Cl 2.734
OHA4CI 158.2 OHA4CI 110.9
free CHBr and HP CHBr—HP (A) CHBr—HP (B)
r(CH) 1.0835 Ar(CH1) —0.0005 —0.0004
Ar(CH2) 0.0000 +0.0002
Ar(CH3) +0.0002 +0.0002
r(CBr) 1.9470 Ar(CBr) +0.0076 +0.0066
r(OH) 0.9704 Ar(O6H4) +0.0051 +0.0008
r(00) 1.4726 Ar(0607) —0.0011 —0.0027
o(HOOH) 121.3 Aa(H40607H5) —8.2 —6.4
Intermolecular Parameters
CHsBr—HP (A) CHsBr—HP (B)
H1- - -07 2.431 Hi--06 2.430
CH107 137.1 CH106 130.3
H4- - -Br 2.526 H4 - -Br 2.896
OH4Br 157.4 OH4Br 108.0

TABLE 2: Binding Energies (kcal mol~1) Including BSSE
and ZPE Corrections (in Parentheses) for the Interaction
between CHF, CH3CI, and CH3Br and HP

in the CHF—HP (A) complex (0.0152 A) and the smallest in
the CHBr—HP (B) complex (0.0066 A). A very small variation
of the CHX angle is also predicted. We must notice that the

elongation of the CX bond seems to be a general feature of the system A structure B structure

methyl halide complexes. Calculations carried out at the same gH3EI_HHPP —i-‘lig E—g-g‘g —g-gg g—i;gg
. ; e .Cl— 410 (-2 304 (1

level have indeed shown that, in the cyclic five-membered CHBr 444 (2.39) 422 (-1.64)

CHsF—H,0 complex, the CF bond is elongated by 0.012%A.
In contrast, the contraction of the external CH bonds is not a The HZI - -O intermolecular distances decrease from 2.556
general property of the methyl halide complexes. In the to 2.431 A (A complexes) and from 2.469 to 2.430 A (B
aforementioned system, the external CH bonds are elongateccomplexes) upon going from GH to CHBr. The H4 - -X
by 0.001 A2 distances range from 1.909 to 2.526 A in the A complexes;
As expected, complex formation also results in geometrical they are markedly longer in the B complexes, varying from
changes in the HP molecule. The bonded OH4 group is 2.418 to 2.896 A.
elongated by 0.00420.0051 A in the A complexes and by The binding energies for the A and B complexes including
0.0005-0.0011 A in the B complexes. The two OOH angles ZPE and BSSE corrections are reported in Table 2. Our results
increase by very small amounts (6.8.2°). Larger variations indicate that the binding energies are consistently larger for the
are predicted for the H40O607H9 dihedral angle which decreasesA than for the B complexes. This can be accounted for by a
by a few degrees in all the structures. larger departure from linearity in the five-membered structures.
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Further, it must be mentioned that the ©HX angles ranging
from 98 to 110 represent the limit for existence of a hydrogen
bond. It is indeed generally accepted that the defaceptor
bond angle must amount to at least 9The binding energies

Thi Nguyen et al.

TABLE 3: Harmonic Frequencies (cm™1), Infrared
Intensities (km mol%, in Parentheses), and Assignment of
Selected Vibrational Modes in Isolated CH1D2D3F and HP
and the A and B CH1D2D3FHP Complexes

for the B complexes are relatively small and vary in a small free CH1D2D3F  ~ CHIDZDSFHP  CH1DZD3FHP
range, from—1.53 to—1.74 kcal mot™. For the A complexes, o assignme @) ()
the binding energies are ordered as follows: sEB CH3Br gggi gg; :Z?HH g%g E‘Z‘%)?f(og:i) gggg ggg
> C_ZH3CI. Th|s order_lng r_esul_ts from two different contributions 3225 (28) VCH1 3255 (8) 3243 (12)
which act in opposite directions. 2422 (18) vaCD2D3 2436 (13) 2426 (17)

The values of the intermolecular H1-O distances which 2301 (24) vCD2D3 2311 (22) 2304 (25)
decrease from C§Br to CHsF suggest that the strength of the 183; ((835)) ngob 18‘32 ((3;1) 188§ ((%2)
H1- - -O hydrogen bond is ordered as follows: €81 > CHs- 372 (235) TOH 542 (168) fOH4) 441 (204) {OH4)

Cl > CHgF, in agreement with the acidity of the CH bonds.

Their deprotonation energies are indeed equal to 408.gR;H  free CH1D2D3CI CH1D2D3CHHP  CH1D2D3CHHP
395.6 (CHCI), and 391.7 (CkBr) kcal mol1.2” Recent data orHP assignment ) ®)
have also shown that the binding energies of methyl halides 3825(70) ~ v*OH 3822 (44) (OH5) 3820 (42)
with X~ anions follow the order of acidity of the CH bonéfs. ggig’ 8‘8 zngHl ggﬁ g)l 6)(0H4) 33821546((547))
The contractions of the + -X distances with respect to the 2434 (3) ¥2CD2D3 2439 (2) 2436 (3)
sum of the van der Waals radii are equal to 0.69 {£)}-0.57 2315 (15) v»SCD2D3 2318 (13) 2316 (14)
(CHsCI), and 0.52 A (CHBr). These data suggest that the H 57922 8-65;) Vggl ?gg &)3) %g 82))
Vv
. F pond may be stronger than the #Cl and H - -Br ones. 372 (235) OH 517 (140) €OH4) 434 (189) {OH4)
This is consistent with the larger charge on the F atom than
that on the Cl or Br atom (see section 3) which results in a free CH1D2D3Br CH1D2D3B+-HP CH1D2D3Br-HP
greater electrostatic interaction in the ©HF hydrogen bond orHP assignment ) B)
than in the OH- -Cl or OH- - -Br hydrogen bonds. There is 3825 (70) v@0H 3821 (45) (OH5) 3819 (44)
no correlation between the binding energies and the contraction 3824 (14) vOH 3731 (236) {OH4) 3818 (47)
of th(_a CH bond._Th_is results_ from the fact that, as pre\_/iou_sly gigg E% 355‘;”3 giﬁ ((g)) 3213 ®)
mentioned, the binding energies are the sum of two contributions 332 (10) »5CD2D3 2321 (8) 2320 (10)
which act in opposite directions. 905 (0.5) voorb 905 (1) 907 (1)
o i - 600 (8 vCB 595 (5 593 (10
It is interesting to compare the present results with the 372 gzés) on 564((1)33) 433((17)8)

structures and energies of the prereaction adducts of the
hydrogen abstraction of OHadicals with halogenomethanes
calculated at the HF/6-31G(d,p) levlThe HO- - -HCH,CI
adduct is found to be more stable than the*OHCICH; one,

ttht tklﬁ O:O .-I.:HCCIEIf_|agduct is more stable by 3.2 keal mbl o 0ace The perturbations of the stretching vibrations of the
an i € 2~ One. external CH2 and CH3 groups are also worth mentioning. In
As in the case of the halomethanes and water compléxes, free CH1D2D3F, theaCD2D3 andvSCD2D3 vibrations are

we were not able to find a correlation between the CH1 bond predicted at 2422 and 2301 chnwith infrared intensities of
lengths and the H1- -O distances. This can be accounted for 18 and 24 km mott, respectively. In the CEF—HP complex

by the fact that the CH1 bond lengths are determined by different (A), these vibrations are blue-shifted by 12 and 10 &nand
factors which act in opposite directions. This will be discussed the corresponding infrared intensities decrease, taking values
in the third section of our work. between 13 and 22 km mol The v*CD2D3 andv<CD2D3

2. Vibrational Frequencies and Infrared Intensities. The vibrations undergo very small blue shifts in the two {CH-
harmonic vibrational frequencies and infrared intensities of HP complexes (4 and 3 crf) and remain practically unchanged
selected vibrational modes are reported in Table 3. in the two CHBr—HP complexes, in agreement with the very

Let us discuss at first the stretching vibrations or the different small variations of the corresponding CH2 and CH3 distances.
CH bonds which show interesting features. In freesEHaving It is also worth mentioning that the infrared intensity of the
Cs, symmetry, the E mode is predicted at 3259 émwith an v3CD2D3 mode increases in both Bt—HP complexes, in
infrared intensity of 26 km mol and the A1 mode is calculated ~ contrast with the predictions in other systems.
at 3157 cmt with an infrared intensity of 33 km mot. In the The results summarized in Table 3 indicate that
CHzF—HP (A) complex where th€s, symmetry is lost, the E  vibrations of the bonded O6H4 -X group are red-shifted by
vibration is split into two components at 3288 and 3278tm  70-93 cnT!in the A complexes. In these systems, the infrared
with respective infrared intensities of 6 and 18 km mahd intensities of thevOH4 vibrations markedly increase upon
the low frequency mode is calculated at 3143 émwith an complex formation. Much smaller frequency shifts of tl@4H6
infrared intensity of 31 km mol. To avoid vibrational coupling  vibration are calculated for the B complexes, in agreement with
between the(CHs) modes, the frequencies have been calculated the much smaller elongations of the OH bonds in these
in the CH1D2D3X isotopomers. In isolated CH1D2D3F, the structures. In the CiF—HP (B) complex, where the**OH and
v(CH1) vibration is predicted at 3225 crhwith an infrared vSOH vibrations are coupled, the average shift is equal to zero.
intensity of 28 km motl. The largest blue shift of 30 cm is The vOH shifts for the two other B complexes are very small,
calculated in the CEF—HP (A) system. This blue shift parallels ~ ranging from 5 to 10 cmt.
a large infrared intensity loss of 20 km mél In the two CH- The torsional modes of the OH groups are also very sensitive
CI—HP and CHBr—HP complexes, theCHL1 vibrations are to the interaction with the C§X molecules; their frequencies
blue-shifted by smaller amounts, ranging from 11 to 18&m are predicted to increase by 14592 cntlin the A complexes
The corresponding infrared intensities are also predicted to and by 62-69 cnt? in the B complexes.

ay, stretching vibrationy, torsional vibration? Coupled with the
rocking mode of the CD2D3 group.
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The data obtained in this work allow us to establish isolated molecules, the percentage of s-character of the CH1
correlations between the frequency shifts of the stretching bond is equal to 26.9% (GH and CHCI) and 27.5% (Ch+
vibrations and the variations of the corresponding bond lengths. Br). In the complexes, the s-character increases slightly, taking

For the CH1 bond involved in complex formation, the values of 27.6-27.7% in the CHF and CHCI adducts and

following relationship is obtained: having a maximal value of 28.4% in the @Bt—HP (A)
complex. A very important result of the NBO analysis is that,
Av(CH1) (cm ) = 7.1— (12.8x 10°)Ar(CH1) (A) in all the systems examined, complex formation results in an

(r=0.9977) (2) increaseof the occupation of the*CHL1 orbital. This increase
amounts to 0.00020.0009 e in the CEF—HP adduct, 0.0018
Notice that this correlation has been obtained from the blue shifts 0.0019 e in the CkCI—HP complex, and 0.0023 e in the gH
and the contraction of the CH1 bond, in contrast with conven- Br—HP complex. Our results also show that the hyperconju-
tional AH- - -B hydrogen bonds where titey — Ar correlations gative energien(06) or n(O7) — ¢*(CH1) are moderate,
are obtained from the elongation of the AH bond and the red ranging from 1.4 to 2.5 kcal mot for the A complexes and

shift of the corresponding streching frequencies. from 0.8 to 1.9 kcal moi! for the B complexes.

The relationship between the frequency shifts oft&H4 The variations of charge and hybridization on the external
andvO7HS vibrations and the elongations of the corresponding cH2 and CH3 bonds of the systems are also worth mentioning.
OH bonds can be written as In the A complexes, we note a small decrease of electronic

1 charge on H2 and a very small increase in the B complexes.
Av(OH) (cm %) = —1.2— (17.2x 10°)Ar(OH) (A) The percentage of s-character of the C atom bonded to the H2

(r =0.9869) (3) or H3 atoms does not change markedly. In contrast with the

o CH1 bonds, the occupation of theg'CH2 orbital decreases
The slopes of eqs 2landl3 demons_trgte the greater sensitivity Ofslightly in all the systems, by amounts ranging from 0.000 47
thevOH stretching vibrations to variations of the corresponding 5°0.0014 e.

bond lengths. This may be related to the largeacceptor
character of the OH bond.

3. NBO Analysis.The formation of a hydrogen bond implies
that a certain amount of electronic charge is transferred from
the proton acceptor to the proton donor molecule. In addition,
there is a rearrangement of electron density within each
monomer. This has been discussed recently for the interaction
between fluoromethanes and chloromethanes with Waleble
4 summarizes the results of an NBO analysis for the present
systems. This table reports the overall charge transfer (CT)
occurring from one molecule to another, the NBO charges, the
occupation of the* antibonding orbitals of the CH, CX, and
OH bonds, and the percentage of s-character of selected bond
in the isolated ChX and HP molecules and in their complexes.
This table also contains the energies of the hyperconjugative
interactionsn(X) — ¢*(04H6) andn(O) — ¢*(CH1). ) .

Inspection of these results shows that the charge transfer (CT) L€t us now discuss the changes occurring in the HP molecule

occurs from CHX to HP in the A complexes. The CT ranges UPON complexation. A common feature of all the complexes is
from 0.0103 to 0.0157 e. In contrast, the CT is negligible the marked decrease of the electronic charge on the bridging

(sligthly positive or negative) in the B complexes. This indicates proton H4, ranging from 0.001 96 to 0.0235 e, and the increase

that, in these systems, the two partners are held together b)pf the electronic charge on the O6 atom, ranging from 0.0039

intramolecular polarization. We may also note that the amount © 0'0215 e in the A complexes. This leads to an increasing
of CT does not exactly match the sum of changes of the 06~ H4* polarity similar to the conventional hydrogen bonds.

population of bonding and antibonding orbitals. The small 1€ occupation of the*(OH) orbital is 0.002 55 e in free HP;
difference can be rationalized in terms of a small variation of tiS occupation takes values 0f0.017-0.024 e in the A

the occupation of the Rydberg orbitals. In the EHHP (A) complexes and-0.003-0.006 e in the B complexes. These
complex, for example, the occupation of the Rydberg orbital changes parallel an increase of the percentage of s-character of

on the C atom decreases by 0.0004 e and the occupation of thd6 bonded to H4 which is equal to 23.8% in free HP and

Rydberg orbitals on the F, O4, and H5 atoms increases by 'N¢reases to 26:326.6% in the A complexes. This is again in
0.0007. 0.0002 and 0.0009 e r,espectively. agreement with Bent's rule. Smaller changes are predicted for

o the B complexes where the percentage of s-character of O6
bonded to H4 ranges between 24.6 and 24.9%. Smaller

As claimed in ref 30, a key difference between the blue- and
red-shifting hydrogen bonds may be the target of the charge
transfer. Although for red-shifting hydrogen bonds it is’a
antibonding orbital, for blue-shifting hydrogen bonds, it is the
remote part of the proton acceptor. These conclusions are
valuable for complexes involvingsEH and proton acceptors,
where the electonegativity of the F atom causes an electronic
flow in the remote part of the system. However, in the present
complexes, our results clearly show that there is an increase in
the ¢* population of the CX and CH1 bonds involved in the
interaction and that there is no appreciable charge transfer to
the remote part of the complexes, with the variations of

lectronic charge on the H2 and H3 atoms being very small
and the population of the*(CH2) or ¢*(CH3) antibonding
orbitals decreasing slightly.

We will now discuss more in detail the results of the NB

analysis for the CH bonds which is one of the main objectives ~~'™** ;
of our work. A common property of all the systems is the variations are calculated for the external H5 atom, with the

decrease of electronic charge on the bridging proton H1. This harge on this atom decreasing sligthly in the A complexes and
decrease ranges between 0.021 and 0.024 e in the A complexelficréasing slightly in the B complexes

and is somewat smaller in the B complexe€.0180 e. In the We must also note that the hyperconjugative energ($

two CHsF—HP complexes, the C atom gains electronic charge, — 0*(OH) calculated according to eq 1 are relatively large in
leading to an increased GH1* polarization. In the two Ckt the A complexes, ranging from 9.9 to 10.2 kcal molThey
Cl—HP and CHBr—HP complexes, the C atoms lose electronic are much smaller in the B complexes, ranging from 0.5 to 1.9
charge. It is noteworthy that, in agreement with Bent's rule, kcal mof.

the decrease of electronic charge on H1 parallels an increase of 4. Correlation between Bond Lengths, Occupation of the
the percentage of s-character of the C bonded to H1. In the Antibonding Orbitals, and Hybridization. As discussed in a
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TABLE 4: NBO Analysis of the A and B CH3;X—HP Complexes—NBO Charges (e), CT (e), Occupation of Antibonding
Orbitals (e), % s-Character, and Hyperconjugative Energies (kcal mot?)

free CHF or HP CHF—HP (A) CHF—HP (B)
NBO charge —0.1154 C —0.1236 —0.1191
C
H 0.1890 H1 0.2130 0.2073
H2 0.1946 0.1869
H3 0.1933 0.1892
F —0.4517 F —0.4671 —0.4650
(0] —0.5112 06 —0.5347 —0.5174
H 0.5112 H4 0.5327 0.5253
CT 0.0103 —0.0007
o*(CH) 0.01064 o*(CH1) 0.01086 0.01158
0*(CH2) 0.00921 0.00996
0*(CH3) 0.00928 0.01006
o*(CF) 0.00397 o*(CF) 0.00502 0.00452
o*(OH) 0.00255 0*(OH4) 0.01736 0.00366
0*(OH5) 0.00259 0.00275
% s-character 26.9 CatH1 27.7 27.5
CatH
C at H2 (H3) 27.0 26.8
CatF 194 CatF 184 18.9
OatH 23.8 06 at H4 26.8 24.6
06 (07) atH5 23.9 23.6
LP(1)(F) too*(0O4H6) 10.1 0.6
LP(2)(F) too*(O4H6) 1.6 0.8
LP(1)(06)(07) tav*(CH1) 1.4 0.6
LP(2) (06)(07) tao*(CH1) 0.4 0.8
free CHCI or HP CHCI—HP (A) CH;CI—HP (B)
NBO charge —0.6325 C —0.6263 —0.6269
C
H 0.2440 H1 0.2660 0.2617
H2 0.2447 0.2433
H3 0.2460 0.2433
Cl —0.0994 Cl —0.1155 —0.1193
O —0.5112 06 —0.5311 —0.5242
H 0.5112 H4 0.5167 0.5220
CT +0.0149 +0.0018
o*(CH) 0.00965 o*(CH1) 0.01151 0.01140
o*(CH2) 0.00876 0.00900
o*(CH3) 0.00872 0.00900
o*(CCl) 0.00145 a*(CCl) 0.00168 0.00161
0*(OH) 0.00255 o*(OH4) 0.01960 0.00637
o*(OHb5) 0.00268 0.00271
% s-character 26.9 CatH1 27.9 27.6
CatH
C atH2 (H3) 26.9 26.8
CatCl 194 CatCl 18.4 18.7
OatH 23.8 06 at H4 26.5 24.9
07 (06) at H5 24.0 23.7
LP(1)(Cl) too*(O4H4) 10.2 1.9
LP(2)(Cl) too*(O4H6) 0.7 0.3
LP(1)(06)(07) tas*(CH1) 25 1.6
LP(2)(06)(07) tas*(CH1) b 0.4
free CHBr or HP CHBr—HP (A) CHBr—HP (B)
NBO charge —0.7053 C —0.6947 —0.6946
C
H 0.2511 H1 0.2725 0.2699
H2 0.2535 0.2486
H3 0.2507 0.2496
Br —0.04805 Br —0.0666 —0.0715
(0] —0.5112 06 —0.5308 —0.5229
H 0.5112 H4 0.5151 0.5218
CT 0.0157 0.0019
o*(CH) 0.00725 o*(CH1) 0.00955 0.00958
o*(CH2) 0.00661 0.00678
o*(CH3) 0.00671 0.00675
o*(CBr) 0.00186 a*(CBr) 0.00212 0.00205
o*(OH) 0.00255 o*(OH4) 0.02400 0.00589
o*(OH5) 0.00268 0.00277
% s-character 27.5 CatH1 28.4 28.3
CatH
C atH2 (H3) 27.4 27.4
CatBr 17.6 CatBr 16.7 16.9
OatH 23.8 06 at H4 26.3 24.8
07 (06) at H5 24.0 23.7
LP(1)(Br) too*(O4H6) 9.9 1.6
LP(2)(Br) too*(O4H®6) 0.5 0.2
LP(1)(06)(07) tao*(CH1) 2.4 1.9
LP(2)(06)(07) tas*(CH1) b 0.5

aCharge transfer from HP to GH. ° Lower than 0.05 kcal mokF.
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Figure 2. r(OH) (A) as a function of the occupation of tla(OH)
antibonding orbital (e). for systems characterized by a nearly constant occupation of

. theo*(CH) orbital, the CH bond lengths are mainly determined
recent work® the AH bond length in AH- -B hydrogen-bonded  py the percentage a-characterof the considered atom. For
complexes is controlled by a balance of two main factors acting each isolated CkX molecule and its A and B complexes €
in opposite directions. The AH bond lengthening due torthe 7), we have derived the following dual expression:

— o*(AH) hyperconjugative interaction is balanced by AH bond

shortening due to the increase in s-character and polarizationr(CH) = A — 0.0020(s-character of the CH bond (%))

of the AH bond. When hyperconjugation is dominant, the AH 0.0060*(CH) (5)
bond lengthens. When hyperconjugation is weak and the

structure of the proton donor allows for a significant change in where o*(CH) is expressed in electronic fraction, to have

AH bond hybridization, the AH bond shortens. dimensionless units. Thevalues are values are equal to 1.1339
Let us now discuss how both factors are influencing the OH A for the CHsF systems, 1.1328 A for the GHI systems, and
and CH bond lengths for the present systems. 1.1348 A for the CHBr systems. Equation 5 allows one to

As mentioned in the previous sections, complex formation predict CH values with a deviation &f0.0001 A for the CHF
causes a marked increase of the occupation ofati{©H) systems ane-0.0002 A for the CHCI and CHBr systems. The
antibonding orbitals of HP. There is also a small increase (2% correlation between the CH bond lengths predicted by eq 5 and
or less) of the percentage of s-character of the O atom. Ourthe theoretical CH distances is shown in Figure 3 (correlation
results show clearly that the first effegiredominatesin coefficient 0.9929). We note that the coefficient of s-character
determining the OH bond length. Considering all the free and s between the value 6£0.0014 and-0.0026 calculated in ref
complexed OH bonds of HP, we have deduced the following 16. Further, eq 5 has been tested for the getbfmplexes (the

correlation illustrated in Figure 2: proton acceptors areJ9, FH, oxirane, MgO, CI-, and NH),
calculated at the same level of thedfyln this case, the
r(OH) (A) = 0.9698+ 0.2544*(OH ) (e) correlation coefficient is only 0.9775 and much larger deviations

(r =0.9896) (4) are obtained for the $$ and CIH complexes. This suggests that
the coefficients of eq 5 depend not only on the nature of the
Interestingly, a very similar equation has been recently obtained proton donor but also on the nature of the proton acceptor.
for the complexes between cytosine tautomers and water where It should be further mentioned that complex formation results
the v(OH) frequencies vary within a much broader range and in an increase of the €X distances in all the systems. This
the percentage of s-character of the OH bond remains almostbond lengthening is related to the increase of the occupation of
constant (23.424%)31 the 0*(CX) orbitals and to the decrease of the percentage of
We must note that the hyperconjugative energies in the A s-character of the C bonded to the halogen atoms, with both
complexes are relatively large but nearly constant (10 kcal effects contributing to the elongation of the CX bonds. The
mol~1) in such a way that we could not establish a correlation effects are the largest fot the GH(A) complex, where the
between the hyperconjugative energies and the bond lengthss*(CF) occupation increases by0.001 e and the percentage
similar to the one reported recently for Ckl€omplexed with of s-character of C bonded to F increases by 1%. We note that
a variety of proton acceptot8.In the present case, we are in the CHF/CHF; dimer, where the CF distance elongates by
comparing the hyperconjugative energigX) — o*(OH) in 0.008 A, theo*(CF) occupation increases by a smaller amount
the OH - -X (X = F, ClI, or Br) hydrogen bonds which may be (0.0006 e):'¢ The variation of hybridization of C bonded to F
influenced by the nature of the methyl halide. Our calculations was not reported.
indicate that the energies of the valence lone pairs of the halogen Finally, theoretical results obtained recently for the first local
are not the same, decreasing from ££Ho CHBr. As a minimum of the cyclic formic acid dimer are worth mention-
consequence, the occupation of &¢OH) (or o*(CH)) orbitals ing.32 In this structure, OH- -O and CH - -O hydrogen bonds
in the complexes may be more relevant than the hyperconju-are involved in the formation of the closed complex. The
gative energies. contraction of the CH bond parallels a decrease of the occupation
We will discuss now the factors influencing the CH bond of the o*(CH) orbital and an increase of the s-character of the
lengths. In the CkF—HP and CHCI—HP systems, the hybrid- C atom. A reverse trend is predicted for the nonbonded CH
ization of the C bonded to the external H2 or H3 atoms remains bond (elongation, increase of the occupations®fCH), and
almost constant. For a nearly constant percentage of s-charactedecrease of the s-character of the C atom). For these two bonds,
of the C atom, the CH bond lengths are mainly determined by both effects are acting in the same direction. This is no more
theoccupation of the correspondirg(CH) orbitals. Inversely, the case for the two external CH bonds in the conventional dimer
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where the molecules are held together by two ©HD hydrogen

bonds. In this centrosymmetrical dimer, the two external CH

bonds are slightly contracted and there is a decrease ofthe

Thi Nguyen et al.

Jeng, M.-L.; DelLaat, A. M.; Ault, B. SJ. Phys Chem 1989 93, 3997.
(6) Trudeau, G.; Dumas, J.-M.; Dupuis, P.; @oeM.; Sandorfy, C.
Top. Curr. Chem198Q 93, 91.
(7) (a) Budsinsky, M.; Fiedler, A. ZSynthesid 989 858. (b) Boldeskul,

(CH) OCCUpatiO_n an_d of the _S-Ch{iracFer of the C_atom. Both | £ Tsymbal, I. F.; Ryltsev, E. V.; Latajka, Z.; Barnes, AJJMol. Struct
effects are acting in opposite directions, but this does not 1997 436, 167.

contradict the rehybridization model, as demonstrated in the
present work. The number of theoretical data dealing with the

formic acid dimers do not allow quantitative correlations similar
to those deduced in the present work to be established.

Concluding Remarks

The present work deals with theoretical calculations of the

interaction between methyl halides, @ and hydrogen
peroxide. Two stable structures involving the formation of a

six-membered or five-membered ring are found on the potential

(8) (a) Hobza, P.; Spirko, V.; Havlas, Z.; Buchold, K.; Reimann, B.;
Barth, H.-D.; Brutschy, BChem. Phys. Letil999 299, 180. (b) Reimann,
B.; Buchold, K.; Vaupel, S.; Brutschy, B.; Havlas, Z.; Hobza JPPhys.
Chem. A2001, 105 5560. (c) Dalanoye, S. N.; Herrebout, W. A.; van der
Veken, B. J.J. Am. Chem. So002 124, 11854.

(9) (a) Li, X.; Liu, L.; Schlegel, H. BJ. Am. Chem. So2002 124,
9639. (b) Fang, Y.; Fan, J.-M.; Liu, L.; Li, X.-S.; Guo, Q.-Khem. Lett
2002 116.

(10) Hobza, P.; Havlas, ZZhem. Re. 200Q 100, 4253.

(11) (a) Gu, Y.; Kar, T.; Scheiner, S. Am. Chem. Sod999 121,
9411. (b) Scheiner, S.; Kar,.T. Phys. ChemA 2002 106, 1784. (c)
Kryachko, E. K.; Scheiner, Sl. Phys. Chem. 2004 108 2527.

(12) Kryachko, E. K.; Zeegers-Huyskens, Th.Phys. Chem. 2001,

energy surface. In both structures, the molecules are held105 7118.

together by OH--X and CHZ --O hydrogen bonds. The

complexes exhibit simultaneously an elongation of the OH bond

and a red shift of the(OH) vibration along with a contraction
of the CH1 bond and a blue shift of th¢CH1) vibration. The

(13) Masunov, A.; Dannenberg, J. J.; Contreras, RJ.H?hys. Chem.
A 2001, 105 4737.

(14) Hermansson, KJ. Phys. Chem. 2002 106, 4695.

(15) Qian, W.; Krimm, SJ. Phys. Chem. 2002 106, 6628.

(16) Alabugin, I. V.; Manoharan, M.; Peabody, S.; WeinholdJ FAm.

external CH2 and CH3 bonds also show interesting geometrical Chem. Soc2003 125 5973.

and vibrational features. The most important results emerging
from our calculations are the relationships between the OH and
CH bond lengths, the occupation of the corresponding anti-

(17) Bent, H. A.Chem. Re. 1961, 61, 275.

(18) Dobado, J. A.; Molina, I. Phys. Chem1994 98, 1819.

(19) Dobado, J. A.; Molina, I. Phys. Chem1994 98, 7819.

(20) Dobado, J. A.; Molina, J.; Portal, D. Phys. Chem. A998 102

bonding orbitals, and the hybridization of the O or C bonded 77s.

to the H atoms.
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