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The negative-valued molecular electrostatic potential (MESP) miniyg ©bserved in the substituted carbonyl
molecules are found to be a sensitive measure for the analysis of the electronic charge perturbations due to
the substituents. MESP topography of eight monosubstituted aliphatic carbonyl molecules (HCOR;, R

F, Cl, CN, OH, SH, NH, CHs;, CR;, NO;) [following Bobadova-Parvanova, P.; Galabov,B.Phys. Chem.

A 1998 102, 1815] is carried out at the HF-SCF/6-31G** level for assessing this schemeV ihealues

are seen to clearly reflect the changes due to the electron donating/withdrawing substituents. The electrostatic
potential for intermolecular complexation (EPIC) model is used for predicting the possible hydrogen-bonded
structures of the carbonyl molecules with the hydrogen fluoride. These complexes are further optimized at
the HF-SCF/6-31G** level of theory. An excellent linear correlation is obtained with EPIC energy and the
corresponding optimized interaction energy of the complex. Total correction to the ab initio SCF interaction
energy due to basis set superposition error and zero-point energy is found to be about 40% of the SCF interaction
energy. The HF molecule binds from the nonsubstituted sides of the HCOR moleculeskhR CI, CN,

and Ck. On the other hand, it is seen to bind from the substituted side®R, SH, NH,, and CH. The

effect of substitution on the charge distribution and on hydrogen bonding is discussed.

I. Introduction effects in para-substituted phenoxide ions and found a close
relation between the minima of the electrostatic potential

Interactions of the carbonyl group are important in chemistry pseryed near the phenoxide oxygen and the gas-phase acidities.
because the group is common in many molecules of biological |, 5 recent works Gadre et al. have found the existence of a

: ! ; .
interest! particularly carbohydratesBoth the aromatic and good linear correlation between the minimum MESP values

auz?rit;ieﬁﬁgg?%ﬂug%?ﬁgI:"S hegt?c c(:a;(rtt?cr)]:“l/?#):)lgcsuelgs ICizthe observed over the benzene ring near the para and meta carbons
P p y = with the corresponding Hammett constants. This work showed

aldehydes and ketones, are found to occur widely in nature anOlthat a result of the electronic effects of a substituent is vividly

used in many manufactured products. For example, ants usebrought out by MESP. Recently, they have also used the MESP

the formic acid as a poison and inject it when they bite their . - -
victims. It is also used as a grain preservative and in soaps.to probe the cation binding patterns of hydrocarbon molecdles.

Similarly, formaldehyde is used as a solvent to control biological N various electrostatic models for the investigation of vdws
degradation and its polymers are used in manufacturing high- (van der Waals) complexes, MESP has been used as a key
strength plastics. By considering these wide variety of applica- Parameter for the calculation of the interaction eneéfgjn this
tions, attempts have been made to understand the nature of th€onnection, Gadre et al. have developed an MESP topography-
carbonyl bond,C=0, of carbonyl molecules and its interaction based model, electrostatic potential for intermolecular com-
with the acid molecul&:7 These studies reveal that the polarity plexation (EPIC), for the investigation of weakly bound
of the G=0 group has a big influence on the intrinsic properties molecular complexe¥ They have successfully used it for the
of carbonyl compounds, but it has less effect on the extrinsic investigation of the dimet8 and trimerg® of the DNA bases.
properties such as intermolecular interactions. In the present work, we consider some substituted aldehyde
The molecular structure of the weakly bound complexes can molecules toward an MESP topographical investigation and their
be determined from the rotational or vibrational spectra of the interaction with a model test proton donor, the hydrogen fluoride
molecule® They can also be predicted by applying computa- molecule. In a recent work,Bobadova-Parvanova and Galabov
tional tools based on rigorous quantum mechanical mefhods have correlated the MESP at the electronegative oxygen atom
or employing simplified theoretical modei$!l Molecular of a series of carbonyl molecules with the hydrogen bond
properties such as the molecular electron density and theenergies of carbonylhydrogen fluoride bimolecular complexes.
electrostatic potential (MESP) are closely connected with However, their investigation is limited to MESP at the carbonyl
molecular structure. Utilization of these properties for a oxygen nucleus and to only one stable structure. The present
particular series of molecules is expected to provide insights work utilizes a newly developed EP¥&model for the prediction
into what governs their intermolecular interactions. of hydrogen-bonded structure and energy. Here, we explore
In recent years, MESP has attracted much attention as aalmost all the possible stable structures as predicted by MESP
meaningful descriptor of molecular reactiviphysical proper- topography and the EPIC model. A correlation of the ab initio
ties'3 of the molecule, and intermolecular interactidhsiae- interaction energy with the EPIC interaction energy is also
berlein and Brinck® have recently analyzed the substituent presented.
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Il. Methodology Equations 4 and 5 will not converge to the same result, since
the energies of A and B are calculated at different geometries.
This problem can be overcome by estimating the interaction
energy proposed by Xanthe#s:

The utilization of molecular electrostatic potential (MEZP)
is now very common in the study of molecular interactions
because of its clearness and ease of application.

The molecular electrostatic potential (MESWK)at a pointr
is defined as

ZA
V(r) = _
) ZIRA — 1| fl

where{Za} are charges of nuclei situated gRa} and p(r)

denotes the molecular electron charge density. The right-hand@nd

side of eq 1 suggests thaf(r) is negative in the electron- Ef (B) = E*.(B) — E/(B 7
dominated regions and thus directly provides information rel(B) = Exa(B) — Eg(B) (7)

regarding the electron-rich ;ite§. Equation 1 .also suggests thatare the relaxation energies of the A and B fragments of the AB
theV(r) may be endowed with rich topographical features. The complex, respectively.

topographical analysi$ of V(r) is based on locating and The geometries of carbonyl compounds and their hydrogen-
characterizing the critical points (CP’s), viz., the points at which 5n4ed complexes with the HF molecule are optimized at the
VV(r) = 0, and its chgracterization is done by calculqting the ab initio HF/6-31G** level using the GAMESSpackage. The
number of nonzero elgen\(alues of the Hessian matithe o(r) [see eq 1] is computed from the quantum mechanical ab
elements of which are defined by initio wave functions. These wave functions of carbonyl
compounds and HF molecules are calculated using the UNI-
@) MOL 28 package at the 6-31G** basis set level. The UNIPROP
and GRID® programs are used respectively to carry out
topographical analysis of MESP and to obtain the MESP-derived
wherer is a critical point. A nondegenerate minimum is always atom-centered charges for the carbonyl compounds and HF
characterized by three eigenvalues of the Hes%idn. the molecule.
present study, we have considered only negative-valued minima
(all the eigenvalues are positive) and saddles (one of thelll. Results and Discussion
eigenvalue is negative) for the initial positioning of the carbonyl  \jesp cPs of the carbonyl molecules and the optimized
and HF molecule in the guess geometry of the complex. The giryctures of the hydrogen-bonded complexes of the HCO-
guess geometry of the complex and the potential-derived atomicg...qr (R = H, F, CI, CN, OH, SH, NH, CHs, CFs, NO,)
charges are the inputs to the EPIC model. The EPIC model sgies of molecules are shown in Figure 1. The EPIC model
evaluates MESP at the atom centers and optimizes the complexyeometries are found to be nearly similar to the corresponding

AEgsse= Eay (AB) — Exd(A) — Eag/(B) + E(A) +
E,(B) (6)

p(r')
a3

Q) where
r—r

Eel(A) = Exg(A) — Ea(A)

_0PV(r)
XX =r,

A

by minimizing the electrostatic interaction energe(c, fully optimized ab initio one. The typical hydrogen bond
1 distances obtained from the EPIC model are found to be 0.3
Ecpic= 5{ ZVAYiqB’i + ZVB’iqA’i} 3) 0.5 A less than the corresponding ab initio ones, which is an

artifact of the radii used for exclusion purposes. It has been
noted that the EPIC model enerdigpic, is found to be 5-10%

less than the corresponding ab initio one. These observations
show that the EPIC model provides a good estimate of the
geometry of the complex, which can be further optimized using
the ab initio HF-SCF method. It implies that the relative
orientation of two monomers in the complex is mainly controlled
by the electrostatic “pushpull” forces acting between the
different regions of the monomers. All the carbonyl MESP CPs
of interest are found to be in the molecular plane and are
negative-valued nondegenerate ones. In Figure 1, M1 and M2
denote (3;+3) CP’s, i.e., minima, and S1 represents a{3)

o N p ) saddle. The EPIC model enerdsgpic (cf. eq 3), and the fully
where E,g"(AB), E5(A), and Eg(B) are the total energies of  gptimized ab initio HE-SCF interaction energy, i.e., energy of
the fully optimized complex AB, monomer A, and monomer the hydrogen bond formation calculated as the difference
B, respectively. Equation 4 overestimates the intermolecular petween the respective SCF energies of the complex and the
interaction energy owing to the basis set superposition error monomersAEscr, are given in Table 2. MESP at the negative-
(BSSE) and zero-point energy error. The BSSE correction canygjyed CPs (M1, M2, S1) and the CP positions from the

whereV is the MESP of one species evaluated atith@tomic
site of the other species where the potential-derived charge is
g. Use of vdWs radii of heavy atoms and appropriately scaled
hydrogen radius prevents the collapse of the two species.
The EPIC optimized structure of the complex is further
optimized at the ab initio HF-SCF/ 6-31G** level of theory.
Intermolecular interaction energy of the complex formed by A
and B molecules #

AEgcr= Eng’(AB) — Ex(A) — E5(B) (4)

be estimated using the function counterpoise (F€®chnique, carbonyl oxygen atom are reported in Table 1.
and the correctedEscris An examination of Table 1 reveals that on substitution of an
o oUp oUp electronegative group the carbonyl CP that is in the vicinity of
AEgcp= Epg (AB) — Exg"(A) — Eng'(B) (%) the substituent acquires a more negative MESP value. However,

the corresponding H-bonded structure is found to be less stable
where Eﬁgﬁ(A) and Eﬁgﬁ(B) are the energies of monomers A (cf. Table 2, for example, structute? in Figure 1b). On the
and B, respectively, evaluated at the geometry of complex AB other hand, substitution of the hydroxyl and amine groups
using a full basis set. exactly does the reverse. The effect of substitution is observed
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Figure 1. Various sites of the hydrogen bonding of HCORIF
complexes (R= H, F, Cl, CN, OH, SH, NH, CHs, CF;, NO,). M1—
M6, S1, and S2 are the MESP critical points (CP) of HCOR. See text
for details.

to be maximum for the HCOO+HF complex. Here, the large
difference in MESP at M1 and M2 and the shift of their angular
positions (cf. Table 1) are indicative of a substantial variation
in the charge distribution of the=80 region. Structurel is

Gadre and Bhadane

approaching monatomic cation such a% kiill prefer the M1
(most negative) side of this molecule. The salient features of
the MESP topography of the carbonyl molecules along with
the structural features and interaction energies at the SCF level
of the hydrogen-bonded HCORHF complexes are discussed
below. Energy corrections due to zero-point energy, basis set
superposition error (BSSE), and fragment relaxation are taken
up later.

(A) HCHO--HF. Figure l1a shows the MESP CPs of the
HCHO molecule. The symmetrical lone pair minima M1 and
M2 located at a distance 1.23 A from the oxygen atom appear
at the lone pair position of oxygen atom (cf. Table 1). Their
location suggests that there is greater electron density over the
more electronegative oxygen atom. The saddle, S1, found on
the C, axis of the molecule is located at a distance of 1.3 A
from O. The locations of M1, M2, and S1 are found near the H
atom of the HF of the H-bonded structurds 2, and 3,
respectively. As can be seen from the Figure 1a, structures
and 2 are nonlinear [[COH, 105.4; OOHF, 151.18). These
angles are found to be nearly equal to that of the experimentally
estimate#l ones (115, 163). The experimental ©-H bond
length (1.79 A is in reasonable agreement with the theoretically
calculated (1.86 A) value. It is interesting to note that the angles
0COM1 andOOM1H are found to be nearly equal to 20
and the angle between M1 andHH is indeed very small (5.
Structure3 appears on th€; axis at a distanc®o...4 of 1.91
A, and AEsce is —26.29 kJ motl. These angles show that
direction of the H-F molecule can be predicted from the
location of CPs. The two symmetrical structuresind2 are
found to be the most stable structures (cf. Table 2). It is
noteworthy that the F atom in HF is tilted toward H of HCHO,
as was shown by the celebrated Buckinghdrowlef%2model.

In fact, this success was one of the factors leading to the wide
acceptability of this model.

(B) HCOOH--HF and HCOSH:-HF. The C=0 and G-H
groups of the formic acid are so close that they perturb the
charge distribution of each other. As expected, the location and
value of MESP at the CPs of this molecule are significantly
different from the symmetrically charge-distributed HCHO one
(Table 1). The CPs M1 and M2 are located almost at the same
distance from O; however, the anglECOM2 is larger by 15
than thellCOML1. The saddle S1 is turned toward the hydroxyl
group by 10, and it is closer to carbonyl O than the S1 of
HCHO one. The H-bonded structures of this complex are
displayed in Figure 1le. The structure on the l&f} is found to
be the most stable one witfkpic and AEscrvalues 0f—44.05
and —49.15 kJ mot?, respectively. The extra stability dfis
due to the two H-bonds (€0O---H and O-H---F) between the
two molecules. ThAEscrof 3 (—28.41 kJ mot?, Ro...u = 1.9
A) is comparable to those dfand2, and it makes an angle of
15° with S1. Structurel is found near the CP M3 of the MESP
value of—120.7 kJ mot?, which is much less compared to the
MESP at M1 and M2. As expected\Escr (—19.37,Ro..n =
1.96 A) is also less than those of structutesnd?2. In the last
structure,5, formic acid is a proton donor; howevehEsce
(—21.05,Ry... = 1.96 A) is found to be much less compared
to others.

The MESP topography and the parameters of the H-bonded
structures of HCOSH-HF are expected to be similar to that
of the HCOOH--HF system. However, owing to the relatively
smaller polarity of the SH group and its nonplanar charge
distribution, as indicated by MESP topography (not shown in

found to be more stable because of the double H-bond. However Figure 1f), the charge distribution in the=© region remains
the MESP values at M1 and M2 (cf. Table 1) suggest that an nearly symmetrical. As expected, the structures onLttend
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TABLE 1: MESP Topography of Carbonyl Compounds?

molecule Vw1 Vuz Vs1 Rwi1 Rwi2 Rs1 JcoMi JcomM2 [JCos1

HCHO —202.54 —202.54 —179.27 1.23 1.23 1.30 129.3 129.3 0.0
HCOF —153.34 —166.56 —146.28 1.33 1.28 1.37 137.2 131.6 6.8
HCOCI —131.41 —146.36 —124.85 1.30 1.30 1.36 137.0 1315 7.4
HCOOH —209.31 —186.15 —183.35 1.23 1.25 1.25 129.5 144.8 9.4
HCOSH —182.48 —171.28 —161.58 1.25 1.25 1.31 130.9 138.5 2.6
HCOCN —119.08 —123.02 —105.71 1.29 1.30 1.37 133.2 133.1 2.1
HCONH, —262.30 —257.05 —243.94 1.20 1.20 1.26 129.3 133.6 4.9
HCOCH; —227.15 —220.86 —200.13 1.22 1.22 1.29 127.7 130.7 1.2
HCOCRK —146.02 —140.91 —125.40 1.29 1.28 1.35 130.7 132.1 0.4
HCONG, —144.39 —143.18 —96.01 4.45 3.96 2.21 37.8 61.5 83.1

aM1, M2, and S1 are the minima and saddle poiMs, V2, andVs; are the MESP at M1, M2, and S1 points, respectivBly:., Ruz2, andRs:
are the distances between carbonyl oxygen atom and M1, M2, and S1, respectively (MESP in*kdnualistances in A).

TABLE 2: Geometrical and Energy Parameters for Carbonyl---HF Complexes

complex EEp|C(1) EEp|C(2) AESCF(:L) AESCF(Z) Ro.--n (l) Rep.--H (l) 0OCOH (l) OOHF (1)
HCHO---HF —27.59 —27.59 —33.82 —33.82 1.86 0.89 105.4 151.2
HCOF--HF —23.98 —21.06 —27.94 —24.09 1.98 1.17 102.2 138.8
HCOCE--HF —21.26 —17.51 —25.93 —21.13 1.99 1.19 101.8 138.1
HCOOH--HF —44.05 —32.26 —49.15 —35.14 1.85 1.08 110.4 143.3
HCOSH--HF —31.86 —28.70 —36.34 —32.18 1.86 0.79 1195 153.5
HCOCN---HF —20.07 —14.85 —26.26 —17.69 2.01 1.12 102.3 136.4
HCONH,*--HF —50.80 —40.61 —54.99 —45.79 1.76 0.80 110.7 154.7
HCOCH;---HF —34.17 —32.94 —39.90 —37.94 1.82 0.69 1175 162.0
HCOCKFRs:+-HF —22.14 —16.29 —27.09 —21.48 1.96 1.05 103.0 150.2
HCONGO,--HF —24.76 —17.13 —29.26 —21.40 4.15 2.72 10.2 89.3

a Egpic and AEscr denotes the EPIC model and fully optimized ab initio interaction energies, respecfiatyl2 refer to structures in Figure
1. Ro..n is the distance between the carbonyl oxygen and hydrogen of HF of ab initio optimized strlicR#se. is the distance between the
hydrogen of HF and the nearest CP (M1 or M2) of the carbonyl mole€L@OH is the angle between-€D and the H atom of HHIOHF is the
angle between HF and the carbonyl oxygen. (Energy in kJ mipldistances in A, and angles in degrees).

R sides are equally stable with a small energy barrier of 4 kJ HF are same in both the complexes; however, the energy ranking
mol~1, and its most stable structurg, has much less energy of the structures is different.

compared to that of of the HCOOH--HF (cf. Table 2). The (D) HCOCN:-HF, HCOF--HF, and HCOCIi--HF. Here, the
other possible structure8,and4, have interaction energies of  carbonyl group is polar with a considerable partial positive
—24.97 and—8.8 kJ motl, respectively. charge on the C atom, which is the effect of the electron-

(C) HCONH*--HF, HCOCH;---HF, HCOCF;---HF, and withdrawing group attached to it. As expected, a partial negative
HCONG;---HF. Figure 1g shows the MESP CPs of formamide charge on the N atom increases and more electronic charge is
molecule. MESP value at the CPs suggest a stronger interactioraccumulated on the top of the N atom. This charge concentration
with the electrophile at these sites (cf. Table 1). The double is indicated by the CP M3-{117.28 kJ mot?) for HCOCN
H-bonded structure on the NRide,L, is more stable than the  that appears at a distance of 1.31 A from the N atom. The
R one by 9 kJ moil. This extra stability is nearly equal to the  H-bonded structure (N-H) found near the N atom appears to
AEsck of the H--F hydrogen bond structuré, found in the be more stable than structulte(—22.57 kJ mot?). However,
vicinity of 1. The energy of other F-bonded {+F) structures, structureR turns out to be more stable than these two structures,
5and6 (AEscg —15.6,—14.4 kJ mot?) and their orientation possibly owing to the two H-bonds ¢OH and F--H) between
with reference to the H atom of N\H are found to be similar  the two molecules. In HCOF and HCOCI molecules, the F and
to those of4. The H bond length of F-bonded structuresé is Cl atoms carry more negative charge in comparison to the H in
about 0.5 A more than the H-bonded ones. In general it suggestsHCHO. Thus, the structure on theside is less stable than the
that the binding of the formamide molecule with HF is stronger R one, owing to the repulsion between two electronegative
than that of HCHO. If the amine group of this complex is atoms as indicated by parts b and c of Figure 1. The energy of
replaced by N@ then the geometrical and energetic features 3 is found to be comparable with that @fand 2. However,
of the structures are significantly modified as seen from Figure structure4 is less stable thath and 2.
1j. The structures with HF positions near the N@oup are To assess the efficacy of the EPIC model for predicting the
found to be more stable than the=O---HF one. This is complexation energies, a plot &:pic versusAEscr is made
expected because the most negative-valued MESP CPs lie iland shown in Figure 2. The nature of this plot suggests that the
the vicinity of the NQ group. qualitative information about the geometry and energy of the

The MESP CPs of the HCOGHare depicted in Figure 1h.  hydrogen-bonded complex can be obtained from the EPIC
The MESP at M1 and M2 are nearly the same. As expected, model. The correlation coefficient value of 0.9969 indicates that
the energies of the corresponding H-bonded structures are alsdhe EPIC model can be used for a variety of complexes as a

comparable, the values being39.90 and—37.94 kJ mof?! predictive tool for obtaining estimates of ab initio interaction
respectively. Structur8 has AEscr and Ro...q of —29.89 kJ energies.
mol~! and 1.88 A, respectively. Id—6, the F atom binds to Interaction Energy Decomposition Analysis.The stability

the methyl group with relatively less interaction energy. It is of the hydrogen-bonded complex is mainly dependent on the
interesting to compare these features with the results of theelectrostatic interaction between its monomers. It is observed
HCOCH;---HF complex that are presented in Tables 1 and 2. that this interaction is always attractive for the stabilized

Comparison of Figure 1h and 1i shows that the binding sites of complex. Other phenomena such as polarization and charge
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Ercpe — Erre, WhereErcpe and Erre are the function counter-

55 _ poise and fragment relaxation energy corrections, respectively.
E _0'98 XEM +35.50 N2 The energy ranking of the structures remains the same upon
504 R=0.9969 total correction except for the halogen-substituted complexes.
8 45 oH It can be seen from Table 4 that tBecps Erre, andEzpe are
5 nearly equal for the entire series of carbonyl molecules, which
8 401 is in agreement with the earlier stuéfyHowever, substantial
o S B corrections are noted for the relatively weaker structures, e.g.,
& 351 He structurel of Cl-, CN-, and CR-substituted complexes. Total
S 304 correction due to BSSE and ZPE is found to be-20% of
1 CI: a NO2 the AESCF-
254 C]CF3
T T T T T 1 ! IV. Concluding Remarks
20 25 30 35 40 45 50 S5 g
EPIC energy (EM) This work has clearly indicated that the strength of MESP at

Figure 2. Plot of numerical values of EPIC interaction energy, EM
(Eepi0), verses ab initio interaction enerdy,(AEscH, of the HCOR
*HF complexes (R= CN, CI, F, H, SH, CH, OH, NH,, CF;, NO,).

TABLE 3: Interaction Energy ( AEscp) Decomposition
Analysis Using the Morokuma and Kitaura (KM) Method
for the Structures of HCOOH---HF Complex?

the CP’s of carbonyl molecules can be employed for predicting
the sites of HF binding as well as the respective binding
energies. It is observed that HF does not always bind from the
nonsubstituted side of carbonyl molecule, as reported by
Bobadova-Parvanova and Galal¥éwor instance, if the hy-

droxyl or amine group is attached, then the binding is more
favorable from the substituted side. For all the complexes, it is

structure ES PL cT ER found that the initial site predicted by the EPIC model is very
1 —68.12 —8.86 —22.72 54.47 close to the final optimized one.
2 —46.54 —5.63 —13.65 31.29 In this work, we have employed the split valence polarized
3 —27.55 —3.23 —9.87 21.38 Gaussian (6-31G**) basis set. In an earlier st&#iit is found
4 —27.80 —31l —9.91 17.74 that the MESP topographical features are sufficiently well-
5 —19.87 —1.55 —9.91 11.69

aES, PL, CT, and ER are

interaction energy, respectively (energy in kJ mpl

reproduced at this basis set. Further, it has been shéwhat

the electrostatic, polarization, charge the incorporation of electron correlation does not alter the CP
transfer, and exchange repulsion energy contributions to the total

characteristics at this level of basis. Our earlier investig&tion
has also concluded that the inclusions of diffuse basis functions

transfer also take part in the stabilization process. The interactionin the above basis (6-3i+G(d,p)) do not change the energy
energy decomposition analysis (EDA) provides details of the ranking of the structures of the hydrogen-bonded complexes.

various factors involved in the stabilization of the complex. We

To explore the role of correlation for these complexes, a study

have performed decomposition analysis according to Morokuma including correlation (MP2/ 6-31G** basis level) is carried for

and Kitaurd! (KM) for this purpose. It gives the details of the

the HCHO--HF complex as a test case. It is observed that the

energy contribution from electrostatic (ES), polarization (PS), interaction energy values for structureand3 are—41.65 and
charge transfer (CT), and exchange repulsion (ER) terms. Table—27.44 kJ mot?, indicating an enhancement of-6 kJ mol .

3 presents the EDA for the various structures of HCOGHF

However, the energy ranking of the structures is not altered by

complex. It can be observed that the electrostatic contribution the MP2 method. Similarly, the basis set superposition error
is the largest followed by charge transfer and polarization for (BSSE) and ZPE calculations are carried out for the entire series
all the structures. The EDA of the other complexes shows that of complexes. Total correction due to them is about 40% of
the contribution from the electrostatic term is always greater the SCF interaction energy.
than the others. EDA analysis thus gives justification for the In a recent work/3® we have carried out the Kitaura-
use of the electrostatic model for the investigation of car- Morokum&! interaction energy decomposition analysis for
bonyl--HF complexes. similar types of complexes, viz.38s:-*NH3 and GHg:--NHa.
BSSE and ZPE Correction.Table 4 presents the BSSE- and The analysis shows that the electrostatic component is dominant
ZPE-corrected intermolecular interaction energies. BSSE energyover the charge transfer, polarization, and exchange terms of
is calculated using eq 6, which can be simplifiedHgssg = the energy. With some experience in handling such complexes,

TABLE 4: BSSE and Zero-Point Energy (Ezpe) Corrections in the ab Initio Intermolecular Interaction Energy ( AEscg) for
Structures 1 and 2 (See Figure B

structurel structure2

complex AEscr Ercre Erre Egsse Ezre AEscraz AEscr Ercre Erre Essse Ezre AEscrez
HCHO---HF -3.82 —8.33 0.14 —8.47 1055 -—-14.79 —-33.82 —8.33 0.14 —-8.47 10.15 -—-14.79
HCOF--HF —27.94 —8.73 0.63 —9.36 8.38 —10.23 —24.09 -—2.88 047 —-3.35 7.18 —13.56
HCOCE--HF —25.93 —8.81 0.67 —9.48 8.03 —8.42 —21.13 —2.47 0.58 -3.04 6.84 —11.25
HCOOH--HF —-49.15 —-11.91 216 —14.07 11.33 —-23.75 —-35.14 —-8.32 099 -—-9.32 9.36 —16.46
HCOSH--HF -36.34 —10.19 1.19 -11.39 10.01 -—-1494 —-32.18 -—-8.42 0.86 —9.28 9.05 -—13.85
HCOCN---HF —26.26 —9.58 0.30 —9.94 8.19 —8.13 —-17.69 —8.39 0.23 —8.63 6.34 —2.27
HCONH,---HF —-5499 -—-11.49 2.36 —13.85 12.88 —28.26 —45.79 —8.36 1.62 -—9.98 11.18 —24.63
HCOCH;*+-HF —39.90 —9.62 0.84 —10.46 10.13 —21.23 —37.94 -8.35 0.82 —9.17 9.71 —19.06
HCOCFK--HF —27.09 —9.61 1.31 -10.93 8.21 —9.36 —-21.48 —3.50 0.54 —-4.03 6.65 —10.43
HCONGQ;,:--HF —29.26 —9.09 0.43 —9.52 747 —10.86 —21.40 —4.09 0.31 —4.40 6.33 —11.03

a|ndividual terms are defined in Methodologircre and Erre denote the function counterpoise and fragment relaxation energy corrections,
respectively. Total BSSE erroiEgsse = Ercpe — Erre Total interaction energyAEscrsz = AEscr — Essse + Ezpe. Energies are in kJ mol.
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we believe that these trends are generally valid for the presentMootz, D.; Dahlems, TJ. Am. Chem. Sod997 119, 12665. (d) Qian,

work as well. This analysis and the aforementioned success o

fWV.; Krimm, S.J. Phys. Chem. A998 102 659.

(8) Legon, A. C.; Millen, D. J.Chem. Soc. Re 1987, 16, 467. (b)

electrostatic-based models indicate that such models can bec apiree, R. HChem. Re. 1995 95, 987. (c) Andrews, A. M.; Hilling, K.

fruitfully applied to the study of rather weakly bound complexes.
The directionality of approach of the HF molecule is found

to depend on the substituent group. For instance, the F atom in
HF is seen to repel away from the electronegative substituent.

Similarly, if the acidic proton is attached to=€D, then the F
end of HF tilts toward the proton.
Attachment of the electron-withdrawing group makes the

W., Il; Kuczkowski, R. L.J. Am. Chem. S0d 992 114, 6765.
(9) Hobza, P.; Zahradnik, RChem. Re. 1988 88, 871.

(10) (a) Buckingham, A. D.; Fowler, P. WCan. J. Chem1985 63,
2018. (b) Buckingham, A. D.; Fowler, P. W. Chem. Phys1983 79,
6426.

(11) (a) Dykstra, C. EJ. Am. Chem. So&989 111, 6168. (b) Alhambra,
C.; Luque, F. J.; Orozco, Ml. Phys. Chem1995 99, 3084.

(12) (a) Politzer, P. 'Chemical Applications of Atomic and Molecular
Potentials Politzer, P., Truhlar, D. G., Eds.; Plenum: New York, 1981,

MESP value at CP numerically smaller, resulting in a smaller Chapter 2. (b) Scrocco, E.; Tomasi, Topics in Current Chemistry
interaction energy. An electron-donating group exactly does the Springer: Berlin, 1973; p 42. (c) Bonaccorsi, R.; Scrocco, E.; Tomadi, J.

reverse and enhances the value of the interaction energy. ACh

remarkable plot of ab initio interaction energy versus EPIC
model energy (cf. Figure 2) indeed brings out the utility of the
EPIC model toward such a study.

With this qualitative and quantitative predictive ability and
simplicity of approach, it is felt that EPIC model would be

highly useful for studying interaction energies of the complexes
formed by large molecules. Such applications are currently being

explored in our laboratory.
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