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Theoretical Investigations of the Gas-Phase Dimers (CH HX), X = F, Cl, Br
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Ab initio calculations have been carried out at the MA@ level with 6-311++G(3df,2p) basis functions

to determine the equilibrium geometries and binding energies of the 1:1 gas-phase complexes between CH
and HX (X=F, CI, Br). Single-point MP4 calculation at the MP2 optimized geometry has also been performed
to include the effect of higher order electron correlation in the binding energy. Contrary to the earlier
experimental and low-level theoretical investigations, it is observed that the nonconventional hydrogen-bonded
structure is the most stable complex for all the three hydrogen halides. This occurs when the proton of HX
forms a weak hydrogen bond to the center of one of the methane tetrahedral faces to form a symmetric top
Cs, dimer. Symmetry-adapted perturbation theory (SAPT) analysis has been carried out to understand the
nature of the forces involved in the bonding and also to examine how different interaction energy components
vary with the change in intermolecular distance. It has been observed that the binding energy ofshe (CH
HX) dimer decreases in the order HFHCI > HBr.

1. Introduction

The complexes between methane and hydrogen halides are
of recent experimental and theoretical intefest. From the
pulsed-nozzle Fourier transform microwave spectroscopy, Legon
and co-workersobserved that the equilibrium structure of the
(CH4, HF) dimer is different from the equilibrium structure of
the (CH;, HCI) and (CH,, HBr)* dimers. In the case of the HF
complex, the equilibrium structure is a conventional hydrogen-
bonded structure, where the fluorine atom of HF forms a weak
bond with the hydrogen atom of GHstructure a of Figure 1),
whereas in the case of HCI and HBr, it is the nonconventional
structure, b in Figure 1, which is the most stable. The proton
of HCI or HBr forms a weak hydrogen bond to the center of ¢
one of the methane tetrahedral faces to yield a symmetric top . . . _

Cs, dimer CH;---HX. Similar observation was made earlier by E'rg_’ure 1. Possible structures for the (GHHX) dimers, X=F, Cl,
Davis and Andrewsfrom infrared spectroscopy experiments

on noble gas matrixes and ab initio calculations at the Hartree structure for a very weak complex, one needs to include electron
Fock level with 6-31G(d,p) basis functions. Subsequent theo- correlation and a basis set that is flexible enough to take care
retical calculations by Nguyen et @kt the MP2/6-311G(d,p)  of all the important interaction energy components. Second,

level of theory supported the observations made from the the experimental geometry is always vibrationally averaged, and

experiment about the contrasting behavior of ¢CHF) and thus one-to-one comparison between experiment and theoretical

(CHgy, HCI) dimers. calculation does not make any sense. Now, the basis sets used
However, the theoretical calculations at the said level fail to in earlier theoretical studies are obviously not suitable for
explain the observed low-frequency shift of the M stretching ~ studying a weak molecular complex. It is well-known that

vibration in the complex compared to the free HX. Moreover, diffuse functions and multiple polarization functions are indis-
Legon and co-workefsestimated that the (CH HF) dimer pensable for the study of weak complexXesloreover, antici-
should have a greater binding strength than the J(GHCI) pating that the dispersion energy might play an important role
dimer, whereas theoretical calculations at MP2/6-311G(d,p) in these weak complexes, it is necessary to include higher
predict a much weaker HF complex compared to the HCI angular momentum polarization functions in the basis set. In
complex. Thus experiment and theoretical calculations at the View of the above-mentioned disagreement between theoretical
MP2/6-311G(d,p) level predict the same overall optimum and experimental observations for the (CHF) complex, we
geometry of the (Ckl HF) dimer. But, they differ significantly ~ feel that it is necessary to study this system by more accurate
with respect to the other observations mentioned above. Theseheoretical techniques. In addition, present study has been
disagreements between experiment and theoretical calculation€xtended to the HCl and HBr complexes with £l the same
might have two origins. First, to obtain a reasonable equilibrium level of theory for a reasonable comparison of these complexes.
To our knowledge, there has been no theoretical study to date
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has been performed to understand the forces involved in theseTABLE 1: Optimum Hydrogen Bond Length, R (See

dimers and how they differ from one complex to the other. Fszgtgggea Ibégn';i%unrtes g’aaig%einMgmze)nE)%lta?ngg' ffg}g he
Moreover, SAPT analysis has also been performed for both MP2=full/6-311++G(3df,2p) Calculations for the (CHs, HX)

conventional and nonconventional forms of the (CHF) dimer Dimers?
to understand how they differ in the nature of interaction.

complex R(A) u rotational constant
2. Computational Details CHs—HF 2.33(2.51) 2.28 5.299 68 (4.774 05)
) 5.299 65 (4.773 66)
Geometries of the monomers, ¢lind HX (X=F, Cl, Br), CH,—HCI 2.49 (2.68) 1.46 3.186 43 (2.942 39)
and dimers (Chl HX) were fully optimized at second-order 3.186 41 (2.941 36)

Moller—Plesset perturbation theory (MP2) level including all ~ CHs=HBr 2.56 (2.76) 122 2%23%262(22-(2)23259)

the electrons and using two basis sets: 6-83%%(d,p) and ’ @ )

6-311++G(3df,2p). The basis sets were taken directly from  @The quantities in parentheses are those obtained from the=fa2

the Gaussian program library. Harmonic vibrational frequencies 66311\1/|ng:‘:(3f(0|||’/?e)3 flfﬂrg:éfzgg]{)g I;/Iclmorlner gecc)met{i%eg4pa’&r aﬂft':ers at
. e u - ,2p) level are €H, 1. ; )

were calculated at the.same level .of theory gnd using the same}l9173 A H-Cl, 1.2715 A: and H-Br, 1.4122 A,

basis set to characterize the stationary point and to calculate

the frequency shift due to complex formation. Single-point TABLE 2: Binding Energies (kcal/mol) without (AE) and

MP4=full/6-311++G(3df,2p)//MP2=full/6-311++G(3df,2p) cal- with (AE;) BSSE Correction, AZPVE (kcal/mol), and

culations were also performed for the HF and HCI complexes {_/?g\;;i';genquAing))égmfet d(Af:;) r|1r1] gl?;;;)rrir?ofre]guTa?ﬁ Sggtfﬁw/ng
with CHg4 to include the higher order electron correlation effect 6-311++G(3df,2p) Calculations for the Structure b in Figure

on binding energy. MP4 calculations for the HBr complex could 1a
not be performed owing to limitations in our computer resources.
Single-point MP2=full/6-311++G(3df,2pd) calculations using complex MP2 MP4

f- and d-exponents as proposed in ref f{Q@) = 0.11,f(F) = (structure) ~ AE° ~ AE. AZPVE AE AE  Av°
0.275,f(Cl) = 0.15, andd(H) = 0.12) were also performed on ~ CH,—HF(b)  1.84 1.27 122 189 130 42

(CH,, HF) and (CH, HCI) dimers. All the supermolecular ab [2.14F  [1.31]
initio calculations were performed by using the Gaussian 94 CH,—HF(a) %i@ (%72::’_,)) (1.28) (39)
programé Interaction energy component analysis was per- N [0..75]d [o.él]
formed by following the technique of symmetry-adapted (0.50) (0.14)
perturbation theory (SAPT)1°and calculations were done by ~ CH,~HCI(b)  1.57 0.97 0.90 147 085 17
using the SAPT prograri. Basis set superposition error was [3.05]" [1.04]
estimate_;j2 by the counterpoise (CP) method of Boys and CH—HBr(b) (iéj) (g"jg) (gigg) (gg)
Bernardi: (1.07) (0.62)  (0.69) (03)

3. Results and Discussion aBinding energy of the structure a in Figure 1 of the £HIF dimer
is also included in the table. Values in parentheses are those obtained
3.1. Structure and Energetics. Although there are many  from the MP2=full/6-311++G(d,p) level. MP4full/6-311++G(3df,2p)
possible structures for the dimeric systems ¢CHX), earlier calculations were carried out at the optimized geometry optained at
theoretical and experimental studis identified the structures ~ the MP2=level of theory.» AE = E, + Es — Eqs. © Frequencies at
the MP2 level of theory? Obtained from single-point calculations at

a and b in Figure 1 are the most probable structures for thesethe MP2=full/6-311++G(3df,2pd) level using the following- and

compl_exes. The present s_tudy is restricted to these two forms. y s ,nction exponents for heavy atoms and H-atom, respectivié)
Experimental studies predicted that the structure of thes(CH = 0.11,f(F) = 0.275,f(Cl) = 0.15, andd(H) = 0.12.

HF) dimer is similar to the structure in Figure la with a

conventional hydrogen bond between the fluorine atom of HF theory. Several geometry optimizations for the (CHF) dimer

and the hydrogen of CH Similar conclusions were reached starting from a geometry predicted by Legon and co-workers
by theoretical calculations at the MP2/6-311G(d,p) lével. using different basis sets were performed. But any stationary
Contrary to these observations, our calculations at the=Mi#E point similar in geometry to that predicted by these authors could
6-311++G(3df,2p) level show that the nonconventional struc- not be located. The equilibrium structures for the (CHCI)

ture (structure b in Figure 1) is much more stable than the and (CH, HBr) dimers are like that shown in Figure 1b, which
conventional one for the (C4IHF) dimer. In fact, the structure  are also similar to that predicted from the experiments. Thus
a is found to be a transition state with one negative frequency all the three hydrogen halides form nonconventional hydrogen-
and energetically far less stable (by 0.99 kcal/mol) than the bonded complex with CHH

structure b. Single-point MR2full/6-311++G(3df,2pd) cal- Tables 1 and 2 show the optimized intermolecular distance
culations using- andd-exponents as proposed by Chalasinski (R in structure b of Figure 1), rotational constants, binding
and SzczesnidKor better estimation of dispersion energy show energies, and HX stretching vibrational frequency shift in the
structure b is 1.00 kcal/mol more stable than structure a. The complex for all the three (CKHHX) dimers. The most striking
optimized He++X distance in structure a is 2.72 A, and the observation from Table 1 is the change in the equilibrium
distance between the carbon atom and the hydrogen atom ofintermolecular distanc® with the change of basis functions
HF is found to be 4.30 A. These geometrical parameters arefrom 6-31H+G(d,p) to 6-31#+G(3df,2p). The addition of
not much different from those predicted by Davis and Andréws, extra polarization functions in the basis set brings the two
but they differ significantly from those obtained by Nguyen et monomers closer to each other by almost 0.2 A. This is surely
al® and Legon and co-workePs Structure b, where the proton  due to the fact that the dispersion energy is better estimated in
of HF forms a weak bond to the center of one of the tetrahedral the case of 6-31t+G(3df,2p) basis set, which will be more
faces with a nea€s, symmetry, is thus found to be the most clear when we look at SAPT energy component analysis in the
stable structure for the (G)HHF) dimer. Similar observations  next section. To test the convergence of the optimum inter-
were also made from the MP2ull/6-311++G(d,p) level of molecular distanc® (Figure 1b) with respect to the basis size,
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additional geometry optimizations were performed at the MP2 1.6 ; T T T T — T
level for the structure b of CiH+HF using 6-31%+G(2d,2p), ek ]
6-311++G(2df,2p), and 6-31t+G(2df,2pd) basis sets. It has |

been observed that the distarRearies within 2.30 to 2.32 A. 120 T
The optimum intermolecular distanc®j of the (CH, HX) 1| o HBr -
complexes increases in the order HFHCI < HBr. The G--X EE. osl "

distances obtained from the experiment for the HCI and HBr 0 N

complexes are 3.9376 and 4.14 A, respectively, whereas the 06 -

theoretical values obtained at the MPRII/6-311++G(d,p) 0.4 | Hel™

level are 3.9148 and 4.115 A and those at NHRHI/6-

311++G(3df,2p) level are 3.7589 and 3.974 A for the HCl and

HBr complexes, respectively. As mentioned earlier the experi- T a4 T s 1 3
mental geometries are vibrationally averaged and are, thus, not R

directly comparable with the theoretical values. Itis expected i re 2. Change in relative energyE(— Es in kcal/mol) with the
that not-removed BSSE during supermolecular calculations alsochange in intermolecular distange(in A) for the CHi—HX (X = F,
shortens the intermolecular distanRe To check this effect, Cl, Br) complexes. Energies are calculated at the M@ level with
several single-point calculations were performed around the 6-311++G(3df,2p) basis functions.

supermolecular optimized value &f (2.33 A) for the CH—

HF system. It was observed that the BSSE corrected super-at the MP2=full/6-311++G(3df,2p) level compared to those
molecular interaction energy attains its maximum valuR at obtained from the MP2full/6-311++G(d,p) calculations. For
2.37 A, which is 0.04 A longer than the optimum valueRf a particular basis set, the+X freql_Jency shift decreases in the
obtained from the supermolecular calculations. However, it is °rder HF > HCI> HBr, which is also the order of their
clear that the intermolecular distances obtained from larger basisintéraction energy with Cki It was also observed from our
set calculations are shorter than the experimental values, whereaS&!culations that IR-inactive €H stretching vibration of Chl
those obtained from the smaller basis set are fairly closer to P6comes weakly active in the complex and the transition
the experiment. Rotational constants are also significantly INtensity is highest for the (CKH HF) dimer. This shows that

different from those obtained from the experiment. Monomer 1€ HF ligand produces enough asymmetry in the @idlecule
geometries are found to be virtually unchanged in the complex. o the complex to make the-€H stretching mode weakly active.
The highest change observed for the- Fibond length in the The frequencies related to the various vibrational modes of the

(CHa, HF) dimer amounts to 0.002 A. In all the (GHHX) CH,4 submolecule in the (CH HX) complexes remain virtually
complexes, the €Hj, (see structure b in Figure 1) distance is Unchanged to the corresponding free Gdlues.

found to be same as the-G®i distance in free Ckj whereas Flgl_Jre 2 displays the_lntermolecular potential for the ¢CH
the other three €H bonds increase by an amount of 0.001 A HX) dimers. The potential has been calculated at the ¥R/

in the complex 6-311++G(3df,2p) level and keeping all the geometrical

It is clear from Table 2 that the binding energies of these parameters buR (Figure 1b) fixed at the respective optimized

. values.
complexes decr.ease in the order HFHCI > HBr. The same 3.2. SAPT Analysis. A partitioning of the interaction energy
trend was predicted by Legon and co-workérslowever, if

- into various physically meaningful parts such as electrostatic,
one assumes a bent geometry (structure a in Figure 1) for theexchange repulsion, induction, and dispersion has been per-
(CH4, HF) dimer, then the HCI complex is more stable than

o . formed using the symmetry-adapted perturbation theory (SAPT).
the HF complex. This is the reason Nguyen €tlad obtained Only a brief description of the approach is given here in order
the HCI complex as far more stable than the HF complex. Table clarify the points relevant to the present calculations (for

2 also shows that use &f and d-exponents for heavy atoms  jatails about the SAPT approach, see refs-18). The
and H-atom as proposed in ref 7 for better estimation of jyteraction energy in SAPT is defined direéflas the sum of

dispersion energy has very little effect on the binding energies physically distinctpolarization and exchangecontributions
obtained by using the 6-3#+G(3df,2p) basis taken directly

from the Gaussian library. MP4 results are also included in
the Table 2. It is clear that there is no significant effect of
higher order electron correlation on the binding energies of these
complexes.

In matrix isolation experiment, Davis and Andrévabserved
a downshift of 23 cm! in the H-F stretching vibration
following complex formation, whereas Paulson and Bakrhes
noticed a downshift of 16 cnt in the H-CI stretching mode.
MP2/6-311G(d,p) calculations show a reverse trerdowever,
present calculations indeed show a low shift of Xistretching
frequency due to complex formation with GH The shifts
obtained from our best calculations are 42, 17, and 8dor en= ESent ES2 + AL {CCSD)
the HF, HCI, and HBr, respectively. The experimental vibra-
tional frequency includes the effect of anharmonicity and are, ~ The first and second-order cluster operators in the expression
thus, not comparable with the frequencies obtained from for EUZ), are replaced by converged coupled-cluster opera-
harmonic approximations. However, if we assume that anhar- tors!’ leading to a sum of higher order terms (in terms of
monicity would be same in freeHX and in the complex, then  intramolecular correlation) denoted b&(elx)d(CCSD). The
harmonic shift should provide an estimate of the frequency shift effect of monomer electron correlation on electrostatic interac-

due to complex formation. The low-frequency shifts are more tion is estimated up to third order and expressed as

En = E() + E((al)ch+ EG) + Eg)ch"‘

pol X pol X

whereE() is the classicablectrostaticenergy andE% is the
sum of classicainductionand quantum mechanicdispersion
energies ancEg‘X)ch n =1, 2, are exchange corrections. The
latter represents the effect of the resonance tunneling of electrons
between the interacting systems.

Electron correlation effects on the first-order exchange

contribution were approximated by
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D =gl 4 g3 TABLE 3: Components of Interaction Energy (in kcal/mol)
pol — =polresp © =polresp as Functions of the Intermolecular DistanceR (See Structure
b in Figure 1) for the CH,—HF Complex®

The interaction energies were calculated using the following

approximations: R(A)
o 2.10 2.30 2.40 2.50 2.60 2.80 3.00
_ 1 1
Epol = éo|)+6§o)| EX, -1.76 —-1.13 —0.93 —0.76 —0.64 —0.45 —0.34
10
EQ — 60 | EAD L £02 | AG) (cCsp) SN 485 234 162 112 077 037 017
exch ™ Texch - Texch T Texeh T Texc EY ey 267 —145 —109 —082 —0.63 —0.37 —023
(2) — E(20) (22) 20 1.13 0.51 0.34 0.23 0.16 0.07 0.03
ind — ind,resp+ Eind Eex-ind
Emf 0.93 —0.04 —-0.26 —0.38 —0.44 —-0.43 —-0.39
E(2) — E(ZO) + E(22) o)
exch—ind — “—exch-ind.resp exch—ind €exch 0.81 0.44 0.32 0.23 0.17 0.09 0.04
@ _ _ _ _ _ _ _
E _ER0 | e @ €l 0.31 —-0.17 —-0.13 —-0.10 —0.08 —0.05 -0.03
disp— disp - Tdisp T disp EX 4, 025 013 009 006 004 002 001
E® — (0 Eg. —2.29 —-148 —-119 —-096 -0.78 —0.52 —-0.35
exch—disp exch-disp 'SP
En’ —-160 —-111 -0.93 -0.77 —-0.65 —0.45 -0.32
Sup_erscnptsL() in the abov_e expressions refer to the order of ot 067 -115 —-1.19 —1.15 —-1.08 —089 —0.71
the intermolecular interaction operator and the intramolecular ™
correlation operator, respectively (see ref 10 for more details). g —1.18

int

Present SAPT calculations were terminated at second order with 2BSSE corrected supermolecular interaction eneigf)(at the
: . X ) . !
respect to the intermolecular interaction potential. Induction MP2=full/6-311-+ 1 G(2df,2p) level is also given in the table.
and dispersion components were estimated up to second order
of monomer correlation. The total interaction energy of the TABLE 4: Components of Interaction Energy (in kcal/mol)

complex can be estimated'&s as Functions of the Intermolecular DistanceR (See Structure
b in Figure 1) for the CH,—HCI Complex2
tot _ —=HF
Eir?t =By t Eicnc;rr R(A)
HE , , 210 230 240 250 260 280 3.00
where E;;; is the supermolecular Hartre€&ock interaction
; ECOIT g0 —2.70 —-155 -119 -092 -0.72 —-0.47 -0.32
energy and in the present calculatiBff" is expressed as pol
Eéf(’ch 8.28 4.18 2.95 2.08 1.46 0.72 0.35
_ 12 13 22 22 1
E?n(irr_ EE)OI,)resp—i_ Ef)ol,)resp_}— Ei(nd) + E«(ex)ind + Egex)ch—i_ Eizn%,resp —-291 —-144 -1.02 -0.73 —-053 -0.29 -0.16
1 2 20
e+ EQ+ ES 0 E©°,., 178 08 053 035 023 010 005
. E.':tF 3.39 1.44 0.89 0.51 0.25-0.02 -0.13
These expansions account for the so-catkxponsdor the o
perturbation-induced modification of the molecular orbifdls.  €exch 069 040 030 022 017 009 005
Ej were calculated with dimer-centered basis set to avoid any €% -0.29 —0.16 —0.12 -0.10 —0.07 —0.04 —0.03
BSSE. The present SAPT calculations for the (CHF) and EX . 049 027 020 015 010 005 003
(CHgy4, HCI) dimers were performed by using the 6-31tG- ) P _360 —2.37 —1.93 —157 —1.28 —0.86 —0.59
(2df,2p) basis functions. The monomer geometries used in the Eaisp ) ) ‘ : ) ) :
SAPT calculations are-€H, 1.0826 A; H-F, 0.9173 A; H-CI, EQST  -275 -189 -157 -1.31 -110 —-0.77 —0.54

1.2696 A. The calculations were performed at various values =
of R for the structure b in Figure 1. The same analysis for the
HBr complex could not be performed owing to limitations in  Ejy —0.88

our computer resources. However, we observed from the SAPT . pocr corrected supermolecular interaction enefgif)(at the

analysis using smaller basis functions such as 6+34G(d,p) MP2=full/6-311++G(2df,2p) level is also given in the table.

that the general trend of various energy components is the same . .
for the HCI and HBr complexes of CH of the complex comes from the correlated part of the interaction

Tables 3 and 4 present the various interaction energy €Nergy in which displezr)sion is the main contributor. Rt=

components for the HF and HCI complexes of methane at 260 A, theEGY andE( are only—0.02 and—0.10 kcal/mol,
different values ofR. At shorterR, the repulsive exchange respectively, for the HCI complex, and thus the dispersion is
interactions are more for the HCI complex and they decay faster the main binding force at equilibrium. The major contribution
than the HF complex. Induction forces are not much different to binding energy at the correlated level for the £HiF

for the two complexes, and they decay almost in a similar way complex also comes from the dispersion force because the
with the increase iR. Ef)lo?) is significantly larger for the HCI ~ contribution from the other two stabilizing componelﬁﬁﬁ)
complex wherR < R, (R, is the optimum value dR). It decays and E§§§> are negligible at equilibrium. The importance of the
faster than for the HF complex, and the difference between themdispersion force can be realized from a closer look at the Tables
is very small atR > R,. Compared to the HF complex, the 3 and 4. At the HartreeFock level the interaction energy
dispersion components are substantially larger for the HCI minima appear aR = 2.60 and 3.00 A for the HF and HCI
complex, particularly at smalleR. For both the complexes, complexes, respectively, whereas inclusion of higher order (in
dispersion is the major attractive force at equilibrium. At terms of electron correlation) contributions to electrostatic,
equilibrium R = 2.60 A), the CH—HCI complex is repulsive induction, exchange, and dispersion components (expressed as
at the Hartree Fock level and the whole stabilization energy E2™ brings the minima aR = 2.40 and 2.60 A for the HF and

int

! 0.63 —0.45 —-0.68 —0.80 —0.85 —0.79 —0.68
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0.4 T T T T T - T TABLE 5: Variation of Components of Interaction Energy
02 HF (in kcal/mol) with the Change in Basis Set from
’ 6-311++G(d,p) (Basis A) to 6-311+G(2df,2p) (Basis B) for
O NG the CH,—HF (at R = 2.50 A) and CH,—HCI (at R = 2.70 A)
Complexes
CH4—HF CH,—HCI
Basis A Basis B Basis A Basis B
EX, -0.77 -0.76 —0.60 —0.58
ELQ. 115 1.12 1.05 1.02
EZ esp -0.77 ~0.82 -0.38 -0.39
Estx)—ind 0.24 0.23 0.17 0.16
Emf —0.30 —0.38 0.10 0.08
e -0.72 ~0.96 -0.76 ~1.05
ESoT —0.50 -0.77 —0.63 —0.92
EX —0.80 -1.15 —0.53 -0.84
TABLE 6: Components of Interaction Energy (in kcal/mol)
for the (CH4, HF) Dimer at the Bent Geometn? (Structure a
in Figure 1) and at the Equilibrium Nonconventional
Structure (Structure b in Figure 1 and R = 2.40 Ay
structure structure
a b a b
EX, -051  —093 g~ 064 119
SN 1.06 162 E9"  -044  —0.93
R EXep 036 109  ES —-0.05  —1.19
Figure 3. Change in HartreeFock interaction energy, correlation = 0.27 0.34
energy components of interaction energy, and total interaction energy ‘:'XF"”d .
(in kcal/mol) for the CH—HX (X = F, CI) complex. Eint 0.39 —0.26 Eint —0.08 —-1.27

aH, X, 2.564 A; G++Hp, 3.338 A; OH.CH,, 23°; OCHF, 10T,
HCI complexes, respectively. But as already mentioned, at » BSSE corrected supermolecular interaction enegy)(obtained at
equilibrium, the contribution from induction and electrostatic the MP2=full/6-311++G(3df,2p) level is given in the last row.
components is negligible at correlated level for both the
complexes and thus major contribution comes from dispersion. in basis set. SAPT analysis was also performed for thg-CH
Figure 3 shows clearly the importance of dispersion forces in HF system (atR = 2.40 A) with 6-311#+G(2d,2p) basis
determining the minimum value oR. Nevertheless the functions to observe the effect of the f-function on the
importance ofeg()Ch should also be emphasized. Without this components of energy. It was observed that all the major
exchange contribution, the potential well at equilibrium would interaction energy components are insensitive to the addition
be overestimated by an amount of 0.32 and 0.17 kcal/mol for of f-functions excepEéloz,) and E&Z.S) but their increment with
the HF and HCI complexes, respectively, which is 25% and the addition of f-function is only 0.04 kcal/mol. Thus at least
20% of their stabilization energy at equilibrium. This CIearIy in the present case, the presence of mu|t|p|e d and p basis

shows the inadequacy of a Hartréleock plus dispersion (HFD)  functions in the basis set is more important than higher angular
model, which neglects this important contribution. The interac- momentum polarization function.

tion energy obtained from SAPT and BSSE corrected super-
molecular calculations at the MBR2ull/6-311++G(2df,2p) level
is almost same. The optimum intermolecular distarite

An interaction energy analysis for both the structures a and

b (Figure 1) was performed for the (GHHF) dimer. No
obtained from supermolecular calculations is shorter than the equilibrium structure of bent geometry (like structure ain Figure
1) could be located from supermolecular calculations at the

upermolectiar calculatons, which has been discussed i aMP2=TullE-311-1-+G(3d 2p)level. Structure b was found to
previous section ' abe the most stable dimer at the said level of calculations. SAPT
y analysis was carried out assuming a bent structure having the

In view of the important role the dispersion forces played in : lecul di ioned in ref hich
these complexes, it is now clear that the basis set used in earlierfSame |ntermo (_acu ar coor mate; as mentioned in ref 6 (whic
is almost similar to the experimental structure of ref 2).

studied28such as 6-311G(d,p) is not at all adequate for studying . - ,

these types of complexes. To emphasize this point further, Monomer geqmetrles were the same as mentioned earlier. The
different energy components were calculated for the HF and esults are displayed in Table 6. At the Hartré®ck level

HCI complexes of methane using another smaller basis set,th€ structure b has a stabilization energy-d3.26 kcal/mal,
6-311-+G(d,p). The results are listed in Table 5. At the whereas the bent dimer is energetically unstable by 0.39 k_cal/
Hartree-Fock level the contributions to the binding energy are Mol. These results can be accounted for by the substantially
almost same for both the basis sets. But dispersion contributionlower Eélo?) and E2 for the bent structure and their prepon-
changes considerably on changing the basis set from 6-8Gt derance over the exchange forces. The dispersion component
(d,p) to 6-313#++G(2df,2p) by as much as 33% and 38% for is also much lower for the conventional hydrogen-bonded
the HF and HCI complexes, respectively. This explains why structure leading to a large difference in their stabilization
the equilibriumR value decreases substantially with the increase energy.
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4. Conclusions (2) Legon, A. C.; Roberts, B. P.; Wallwork, A. IChem. Phys. Lett.
o 199Q 173 107.
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Cl, Br, dimers, the proton of HX forms a hydrogen bond with (4) Atkins, M. J.; Legon, A. C.; Wallwork, A. LChem. Phys. Lett.

: 1992 192, 368.
the center of one of the tetrahedral faces of methane with a (5) Govender, M. G.: Ford, T. AL Mol. Struct.: THEOCHEM995

nearCs, symmetry. The conventional hydrogen-bonded struc- 33g 141,
ture in which the H-atom of methane forms a hydrogen bond (6) Nguyen, M. T.; Coussens, B.; Vanquickenborne, L. G.; Fowler, P.

with the fluorine of HF is much less stable, and at the MR/ W. Chem. Phys. Lett199Q 175 593.

6-311++G(3df,2p) level it is a transition state. In this context, (7) Chalasinski, G.; Szczesniak, M. Mlhem. Re. 1994 94, 1723.
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Figure 1b, see also Figure 1 of ref 19) gives rise to the most \hﬂégia?&tiié JA Véh';ﬁ;am%f; ’eA Bﬁgfiogovsﬂ Ji; Spfe{,"i‘,méhf,; 3-/:

i ion i yakkara, A.; . M.; Peng, C. Y.; Ayala, P. W.; W
stabl_e dimer. It was argued that the exchange repulsion IS\Wong, M. W.: Andres, J. L.: Replogle, E. S.. Gomperts, R.. Martin, R. L.
relatively small for theface approachcompared teedgeand Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. P.; Head-
vertex approach This allows two monomers for a closer Gordon, M.; Gonzalez, C.; Pople, J. Aaussian 94 Revision D.3;
contact in theface approach which gives rise to larger ~ Gaussian, Inc.. Pittsburgh, PA, 1995.

. . - ; . (9) Jeziorski, B.; Chalasinski, G.; Szalewicz,Iit. J. Quantum Chem
dispersion energy. The present conclusion on the dimeric 1975 14 271.

structure of the (Ckl HX) system that théace approactyives (10) Jeziorski, B.; Moszynski, R.; Szalewicz, &hem. Re. 1994 94,
the most stable dimer is also along the same line. SAPT analysis1887.

shows that the attractive forces such as electrostatic, induction, (1) Jeziorski, B.;Moszynski, R.; Ratkiewicz, A.; Rybak, S.; Szalewicz,
K.; Williams, H. L. In Methods and Techniques in Computational

and dispersion are much higher for the nonconventional Chemistry: METECC-94, Vol. B, Medium Size Sysfeéementi, E., Ed.:
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