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Geometries, vibrational frequencies, and interaction energies of the- -@DfHand HCCH--Og
complexes are calculated in a counterpoise-corre@@®dcorrectefipotential-energy surfad®ES

that corrects for the basis set superposition eilB&SE. Ab initio calculations are performed at the
Hartree—Fock(HF) and second-order Mier—Plesset(MP2) levels, using the 6-31Gi(p) and

D95+ +(d,p) basis sets. Interaction energies are presented including corrections for zero-point
vibrational energy(ZPVE) and thermal correction to enthalpy at 298 K. The CP-corrected and
conventional PES are compared; the uncorrected PES obtained using the larger basis set including
diffuse functions exhibits a double well shape, whereas use of the 6e3fjGbasis set leads to a

flat single-well profile. The CP-corrected PES has always a multiple-well shape. In particular, it is
shown that the CP-corrected PES using the smaller basis set is qualitatively analogous to that
obtained with the larger basis sets, so the CP method becomes useful to correctly describe large
systems, where the use of small basis sets may be necessar00® American Institute of
Physics[S0021-96080)30937-0

I. INTRODUCTION ometry optimizations and harmonic vibrational frequency

S . calculations were carried out. Interaction energies corrected
Stabilizing interactions between C—H bonds and elec- 9

. e 4 _ . . _
tronegative atomgparticularly oxygen are well known fea- for basis set superposition err@SSB,” zero-point vibra

tures of many crystal structures. Even though these kinds dional energy(ZPVE) and thermal correction to enthalpy at
interactions have typical bond energies-62—5 kcal/mol, 298 K were also computed. The calculations were made at

cooperative effects can play an important role in crystaf® Hartree—Fock and MP2 levels of theory. For the com-
packing or molecular conformation. The last years haveP/€X€s involving ozone, two geometries were found on the
seen an active discussion on the nature of such interactionBotential-energy surfac’ES, depending on the basis set
furthermore, their characterization as actual hydrogen bondd¢sed. With the 6-31Gf,p) basis sets, a three-center hydro-
has become doubtfulsee Refs. 2 and 3 and referencesgen bond between the hydrogen atom of the donor molecule
therein. However, in a recent paper, Gt al? showed that and the oxygen atoms of ozone was predicted. On the con-
the features of the C—HO interactions are very analogous trary, using the largeD95+ +(d,p) basis set, nonsymmet-
to the standard O—H-O hydrogen bond interactions, though ric structures were found, where the ozone molecule rotated
they are much weaker as a consequence of the smaller aciih-the molecular plane so that one hydrogen bond was—
ity of the proton involved. By comparing a C—H hydrogen- 0.7 A shorter than the other bond. Further ZPVE, BSSE, and
bonded complex to the water dimer in terms of the energetienthalpy corrections stabilized the symmetric structure with
contributions to the bonding, these authors found that there igespect to the nonsymmetric complex, the largest differences
no actual distinction between the two types of hydrogerbeing~0.1 Kcal/mol.
bonds. In both cases, the main opposite forces operating in It has been well known for years that BSSE does not
the interactions are the electrostatic and the exchange onesly change the interaction energy estimation, but also that
Thus, the blueshift effect observed for some of these comits extent is dependent on the intermolecular geometrical pa-
plexes is just a consequence of the balance of two sets @meters of the compleX® Therefore, for a proper location
forces acting in opposite directions. of the stationary points on a corrected PES, the BSSE-
In a previous papet.Turi and Dannenberg studied sev- correction term must be taken into account at every step of
eral complexes containing intermolecular C-@ interac-  the optimization procedure.
tions. They dealt with complexes between acetylene or hy-  The most common procedure to correct the single-point
drogen cyanide (as hydrogen donoys and water, interaction energy for BSSE has been thposterioricoun-
formaldehyde or ozone molecules. For each system, full Y8erpoise correction scheméCP correction proposed by
Boys and Bernardi.Going one step beyond, in a previous
dElectronic mail: quel@stark.udg.es paper we described a simple algorithm to automate the ge-
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ometry optimization of molecular orbitals calculations of
complexes on PES that are corrected for BSSE using the
counterpoise method. We showed that changes in the PES
translated into modification of interaction energies, optimal
geometries and vibrational frequencies.

In order to obtain PES corrected for BSSE, it is neces-
sary to optimizeES],, as described in Ed1), whereEg e,
represents the total energy of the supermolecular aggregat:
containingn fragment units. The CP correction is stated in
Eq. (2), where, the varioug,, stand for the energies of the
individual fragments. The subscript “opt” andf* denote ™
the individually optimized geometries and the fragments fro- 180
zen in their supermolecular geometries, respectively. The as- (a) CHO, angle
terisk (*) represents fragments calculated with “ghost” or-
bitals, i.e., using the whole basis sets of the complex. This
correction term can be split into the different contributions of
all the fragments composing the supermolecule. The CP-
corrected interaction energy calculated at the CP-optimized
geometry ESF, is expressed by Eq4)
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B = Esupert i;l AE, 21 Ermopt @ FIG. 1. Comparison between conventional and CP-corrected RESor

the 6-31G(l,p) basis set(b) For theD95+ +(d,p) basis set. Pointa and
The first derivatives oES" . with respect to all geometrical c mean optimized structures on normal and CP-corrected surfaces, respec-

coordinates of the comple@needed to find a geometry sta- tively, while pointsb andd mean optimized geometries on the other surface.
tionary poinj, and second Cartesian derivativeeded to

compute force constants and vibrational frequenaies be

expressed as a simple sum of first and second derivatives of _ _ _

E<uperand the energies of each fragment with and withoutpology. For instance, an earlier woPkyielded that the

ghost orbitals, as indicated by EdS) and (6) weaker the interaction, the larger the effect BSSE has on the
, . PES of several intermolecular complexes. In that study, for

JEgiper IEsuper <= | PEmi  IEms the case of the hydrogen fluoride—water complex for certain
(9—[3;: 07—[3, .21 p; N ,9_p] ' (5 pasis sets at the DFT and MP2 levels of theory, large differ-

ences in the intermolecular arose, although the main internal
9*ESP PEsuper ( 9PE! aZEir;f> features of the stationary points remained unchanged. In the

super mf R X
. == _ T o (6) same paper, for the well-known water dimer, BSSE contami-
Pi9Pk - IPyIPk =1 L IPIPk PPk nation distorted the curvature of the PES, by transforming

PES for weakly bound complexes are very flat, so thehe optimized geometry into a saddle point. Finally, for the
changes in geometry lead to small changes in electronic inaydrogen fluoride dimer, conventiond SSE-contaminated
teraction energies even for relatively large differences in theptimizations, even with the 6-3116,p) basis set, lead to
bond lengths or angles. The CP correction evaluated on theyclic structures, whereas the subsequent CP-corrected opti-
uncorrected PES minima, i.e., single-point counterpoise comizations yielded the expected linear geometry that are ob-
rection to the interaction energfhenceforth SP leads to tained with larger basis sets including diffuse functions.
point labeledd in the PES of Figs. (&) and 1b). It can be = The aim of this paper is to perform a deeper study of some of
seen that, in general, it does not correspond to the geomettitle C—H--O complexes studied earligbut now taking into
of the CP-corrected surface minimugpoint c). It is well-  account the BSSE effect in both the geometry and the vibra-
known that, because BSSE carries some artificial bindingtional frequencies. We will assess how the corresponding
BSSE-corrected intermolecular distances are incre@ased PES is modified through correction by BSSE, and whether
ing either the counterpoise method or any aprioristic procethe counterpoise method is still able to yield reliable results
dure to eliminate BSSEEwhereas intramolecular parameters using small basis sets. In that case, the CP correction would
remain almost unchanged. Besides, the uncorrected and the a good compromise to obtain accurate descriptions of
CP-corrected PES can have different curvature and even téarge systems presenting hydrogen bonds or weak intermo-
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lecular interactions like crystals structures or biological mol-TABLE I. Comparison of the geometric parameters of CNB; on the

ecules. We have chosen as benchmarks the complexes Bﬂfmal surface, the CP-optimized surface and the symmetric CP-optimized.
o . . istances in A and angles in degrees.

cyanide and acetylene with ozone for two reasons. First, the

interactions between the donor and acceptor moieties are 6-31G(,p) D95+ +(d,p)

small enough to foresee that a correct estimation of the

. ) . X HF MP2 HF MP2
BSSE effect is essential to discern between the possible

structures the complexes have proved to adopt, namely tH&!O: Normal 2.704 2536 3265  2.993
symmetric three-center hydrogen bogsihgle wel) and the CP opt 3.163 2,983 3.292 3.020
. CP opt(sym) 2771 2631 2822 2755
r)onsymmetrlc bonddouble wel). Second, because an ear- o, Normal 3111 2972 3313 3168
lier study by one of usalready suggested that correction for CP opt 3.244  3.167 3.338 3.252
BSSE may transform a double well into a single well. We CP opt(sym) 3.185 3108 3238  3.213
expect that the deeper analysis of the CP correction byHO: Normal 2.704  2.536 2540  2.448
means of a CP-corrected PES will help us to explain under CP opt 2507 2452 2.560 2.570
hich ci inal I h f CP opt(sym) 2,771 2.631 2.822 2.755
which circumstances a single-we on the PES of some 60,  Normal 504 58.1 772 70.2
weakly bonded complexes transforms into a double well, de- CP opt 75.4 70.0 77.4 68.2
pending on the basis set and methodology used, and whether CP opt(sym) 59.3 58.1 59.4 58.0
this situation is due to a poor behavior of the method or to &(HO,0s)  Normal 59.4 581 417 45.8
For thi d h h . hod f CP opt(sym) 59.3 58.1 59.4 58.0
For this study we chose the counterpoise method for twq, ¢y, Normal 1800 1800  168.6 1637
main reasons: First to compare our results with the previous CP opt 168.1  167.3  168.2 168.2
work,? and second, because the counterpoise method applied CP opt(sym) 180.0  180.0  180.0 180.0

at the MP2 level of theory has proved to yield similar
results! to thea priori CHA-MP2 BSSE-correction method.
Other approaches may exist. For instance, in the last year,
the so-called localized second-order IMo-Plesset method by Csaza and Pulay, was used to ensure a precise localiza-
(LMP2)*? have been used for some authors to eliminate to %on of the stationa;ry points on the flat surface. The

large extent the BSSE at the correlated level. For inStanceBroyden—FIetcher—GoIdfarb—Shann(JBFGS)19 variable-

13 H
Schuz™ et al. studied small water clusters at LMP2 level of metric method to update the inverse Hessian was also used to

theory, where they showed that the geometrical parametery. -olerate convergence. The convergence criterion was set to

and interactiqn energies obtained with the LMP2 method_forlofsa_u_ in the root-mean-square of the gradient. An initial
the water dimer were comparable to the counterpmseQuess for the inverse Hessian, calculated at the AM1 level of
corrected ones obtained by Xantéasthe LMP2 method theory, was found to be mandatory for a fast convergence.
represents a valuable way to reduce the BSSE at the corre- For the location of the stationary points on the CP-

lated level, although, by construction, it is unable to deal. .. +oq PES we minimized the CP-corrected supermol-

W'th the BSSE a_t the HF level, as the localized mOIecu_larecule electronic energy as expressed in Gg. In a second
orbitals are obtained from an uncorrected SCF calculatio

Theref . fal BSSE eff h I nstep, vibrational analysis was also carried out for the station-
erefore, in case of a large effect at the uncorre atezgry points of the CP-corrected PES using the CP-corrected

level, the LMP2 method might fail to predict reliable results, Cartesian second derivative matrix as defined in (Bl. As
;’:md da mgthod tlhat(;alllmln;altlglf thﬁ BCSI—?AE |\a/|1§,§30th thg ugcorr%{ consequence, both the ZPVE correction and the vibrational
ated and correlated level, like the A S Tequired. — contripution to the enthalpic thermal correction term can dif-

_ The paper is organised as follows. In the next section Wo ¢ uncorrected ones, and slightly modify the corre-
will describe the methodology used. Then we will discuss

) , >~ ~>>sponding interaction energy estimation.
the CP-corrected results obtained in terms of geometries, m-p g gy

teraction energies and vibrational frequencies for the com-
plexes, and compare them with both the uncorrected resulﬂc,l' RESULTS AND DISCUSSION
and the experimental data available. Finally, we will presenA. The CNH---O; complex

the conclusions derived from this investigation.

ﬁ1ethod(direct inversion in the iterative subspacproposed

Results obtained for the CNHO; complex are col-
lected in Tables I-Ill. Two different planar geometries are
considered for this complex. One of them has a symmetric

Calculations were carried out at Hartree—FGciHF)  structure, where theH;0; andrH,0; distances are equiva-
level and second-ordéfrozen corg Mdller—Plessef pertur-  lent and the CH@angle has a value of 180 degrdese Fig.
bation theory(MP2) levels of theory. Two different basis set 2). Uncorrected optimizations lead to these symmetric struc-
were used, namely 6-31@(p) andD95+ +(d,p). We ob-  tures with the 6-31G{,p) basis set, whereas with Dunning’s
tained the CP-corrected PES by writing a short segment db95+ +(d,p) basis set, only nonsymmetric minima are
FORTRAN code to drive the energy optimizer, together with found, which corresponds to the other planar geometry con-
several UNIX shell command files. These scripts drovesidered.

GAUSSIAN 941 the program used to calculate tha-21 en- Uncorrected interaction energies range froml.51
ergies, 21+ 1 derivatives and 2+ 1 second derivative ma- Kcal/mol, obtained at the HRD95+ + (d,p) level, to the
trices that were used in the CP correction. Thaens'® largest interaction energy of-3.84 Kcal/mol at the

IIl. METHOD
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TABLE Il. Energetic results of the NCH-O; complex. The values labeled ZPVE corr. and Enthal. corr. hold
for the interaction energy including the ZPVE correction and both the ZPVE and the thermal correction to the
enthalpy, respectively.

Interaction energyKcal/mol) AEo, AEcww
Basis set Method Geom. Electronic ZPVE corr  Enthal. corr  (Kcal/mol)

HF? Symm. —2.28 —1.69 —1.26

SP-HF Symm. -1.39 —-0.80 —-0.38 0.83 0.05

CP-HF No Symm. —1.48 —-0.83 -0.47 0.61 0.05

. CPyyrHF Symm. —1.41 -0.79 —-0.41 0.81  0.04
6-31G(,p) MP2 Symm. -3.84 —-3.04 —2.69

SP-MP2 Symm. —1.66 —0.86 —0.51 2.03 0.14

CP-MPZ No Symm. —-1.78 -0.97 —0.64 1.66 0.11

CPyyyrMP2* Symm. -1.74 —-0.96 —0.60 1.91 0.10
HF® No Symm. —-1.51 —-1.01 —0.56

SP-HE No Symm. —-1.35 —0.85 —0.41 0.09 0.05

CP-HF No Symm. -1.36 -0.87 —0.41 0.10 0.06

g CPyyrHF Symm(TS) —-1.28 -0.89 —-0.94 0.10  0.05
D95+ +(dp)  yp2 No Symm.  —2.20 ~1.67 ~1.24

SP-MP2 No Symm. —1.23 —-0.70 —0.28 0.72 0.24

CP-MPZ No Symm. —1.27 —0.82 —0.34 0.67 0.23

CPsym-MPZUI Symm(TS) -1.26 —-0.88 -0.93 0.64 0.23

gPointa in Fig. 1(a).
bPointd in Fig. 1(a).
‘Pointc in Fig. 1(a).
dPointc in a symmetric surface.
fPointa in Fig. 1(b).
Pointd in Fig. 1(b).
9Pointc in Fig. 1(b).

MP2//6-31G@,p) level of theory. ZPVE and enthalpy cor- energies are reasonably close for both basis sets, despite the
rections decrease the interaction energy by roughly 0.5—-0.&rge difference in the geometries. This is due to the large
and 1.0—1.1 Kcal/mol, respectively. Inclusion of correlationflatness of the PES studied. The interaction is so weak that
energy through the MP2 method increases this value by mor@rge displacements on the quadratic region of a minimum
than 60% in all cases. translate into small energy penalties. However, the SP cor-
When the CP correction is added to the uncorrectedection slightly overestimates the effect of BSSE, because it
minima, the numerical dispersion in the different interactionis computed at the uncorrected minimum. Figa)ldepicts
energies clearly decreases. SP-corrected results range fréhe situation in this case: the distance between the paints
—1.23t0—1.66,—0.70 to—0.86, and—0.28 to—0.51 Kcal/ and b (CP-correctioh is always shorter than the distance
mol for the electronic, ZPVE-corrected and enthalpy-betweend anda (SP-correction
corrected interaction energies, respectively. SP-correction The behavior of CP-correction changes upon use of dif-
has proved to be larger at the MP2 level for both basis setduse functions; as mentioned above, with tH295+
however, the use of diffuse functions clearly decreases its-(d,p) basis sets, both the conventional and the CP-
value. corrected PES yield nonsymmetric minima. A qualitative
Differing from conventional, BSSE-contaminated re- graphical representation of both PES is given in Fitp).1At
sults, CP-corrected optimizations yield nonsymmetricthe HF level, the BSSE effect on geometry is very small:
minima in all cases. The ozone molecule is displaced fartheMaximum differences of 0.03 A in the intermolecular dis-
from the hydrogen and becomes slightly rotated in the motances are observed, whereas the angles remain practically
lecular plane, so that the intermolecular distandd®, and  unchanged. At the MP2 level, the CP-corrected intermolecu-
rHO, increase, whereas jGapproaches the hydrogen atom lar distances increase by more than 0.1 A forithé®; bond,
(see Fig. 2 and the ozone molecule rotates about three degrees. Regard-
Since symmetric structures were located on the uncoring interaction energies, as both the SP and the CP correc-
rected surface with the 6-316,p) basis set, larger geomet- tions are performed on a nonsymmetric surface, the differ-
ric changes appear in this case. Differences of up to 0.4 A iences are very small. Again, predicted SP-corrected
the intermolecular distances and 10—15 degrees in the hydr@teraction energies are more repulsive than the correspond-
gen bond angles are observed upon CP-correction. It is inng CP-corrected ones.
teresting to see that, even though €O, andrHO, dis- Because all CP-corrected structures are unsymmetrical,
tances clearly increase, the distance to the closest oxygeme performed CP-corrected optimizations on a symmetry-
atom decreases by more than 0.1 A, thus leading to a stromestricted PES (CHv too, i.e., keeping theHO, and the
ger interaction. rHO, distances the same, and freezing the aagf@,H,0,)
Concerning energetics, CP and SP electronic interactioto be linear. The nature of the corresponding,fzFtation-
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TABLE lll. Comparison of the vibrational frequencies of CNHD; on the
normal surface, the CP-optimized surface and the symmetric CP-optimize
surface(cm™3).

6-31G(d,p) D95+ +(d,p)

HF MP2 HF MP2
Normal 28 53 24 24
CP opt 1) 32 36 25 17
CP opt(sym 30 43 a7 48
Normal 51 63 71 79
CP opt 8o 81 94 72 65
CP opt(sym 58 73 38 31
Normal 54 67 44 41
CP opt ™ 65 80 45 42
CP opt(sym) 68 81 42 39
Normal 64 87 64 66
CP opt v 68 77 61 45
CP opt(sym 56 67 52 53
Normal 150 162 121 126
CP opt T 144 160 120 123 ergy.
CP opt(sym) 156 164 129 124
Normal 859 737 850 719
CP opt 856 735 850 711
CP opt(sym) 860 738 853 698
Normal 907 772 885 738
CP opt 916 791 884 730
CP opt(sym) 908 776 869 726
Normal 932 845 889 739
CP opt 928 833 887 737
CP opt(sym 930 836 884 736
Normal 1447 1176 1424 1185
CP opt 1436 1174 1424 1185
CP opt(sym) 1443 1176 1432 1186
Normal 1539 2041 1557 1997
CP opt 1548 2039 1557 1997
CP opt(sym) 1537 2040 1546 1997
Normal 2434 2392 2405 2440
CP opt 2433 2389 2404 2440
CP opt(sym 2434 2392 2405 2445
Normal 3642 3510 3619 3472
CP opt 3633 3503 3621 3477
CP opt(sym 3641 3510 3627 3481

Salvador et al.

and hence, the averaged atomic positions correspond to a
gymmetric structure, which is actually what experimental
dat&® have shown.

On the contrary, for the GR, D95+ +(d,p) calcula-
tions, the CR,,, geometries are found to be a saddle point,
which must be related to two equivalent CP nonsymmetric
structures. Therefore, one can determine the barrier height to
internal rotation, estimated as the energy difference between
the CRy, and the CP minima. It is interesting to note that
this energy difference becomes negative upon ZPVE or en-
thalpy corrections, i.e., the symmetric structure is favored
respect to the nonsymmetric one. In the latter case, this gap
is ~0.5 Kcal/mol. However, this large difference is spurious,
as there is one vibrational modthat assigned to the imagi-
nary frequencythat does not contribute to the enthalpic ther-
mal corrections for the CB, structurei* and thus leads to an
artificial lowering in the energy of the Gf, interaction en-

Vibrational analysis shows the presence of up to five
intermolecular vibrational modes having an associated vibra-
tional frequency below 200 cnf. Indeed, such vibrations
are those where the CP-correction has a largest effect, not
just concerning the vibrational frequency val(tee maxi-
mum differences observed are40 cmi %), but especially on
the relative ordering of the vibrational modes. We have
sorted these intermolecular modes from smaller to larger vi-
brational frequency, with respect to the values obtained using
the 6-31G(,p) basis set. These modes are assigned as fol-
lows: Modes labeled and §, correspond to the oscillation
of the H-donor molecule respect to the ozone moiety in the
molecular plangfor the &, case, the motion of the ozone
molecule is practically negligibje Two out-of-plane bend-
ing modes are marked as, andr,, and finally,v holds for
the XH --O5 stretching frequency.

The overall effect of BSSE correction is similar to the
effect of improving the basis set; for instance, for the the
6-31G(d,p) basis set, thé, frequency is smaller than one of

the out-of-plane bendings(;) and the CNH--O5 stretching

ary point will clarify whether the CP-corrected PES exhibits
either a double-well minimum separated by a small energeti
barrier, or multiple minima on an extremely flat surface. In
the first case, the two equivalent CP-corrected non-
symmetric minima would be connected through a saddlé’
point, which would correspond to the GR. stationary
point.

Harmonic frequencies computed at the corresponding
stationary points of the three different PES considdiet
corrected, CP and Gf) are gathered in Table Ill. The sta-
tionary points of the uncorrected PES are well-defined
minima in all cases, showing symmetric and non-symmetric
features for the 6-31Glp) and D95+ +(d,p) basis sets,
respectively. However, when correcting for the BSSE the
situation changes. For the smaller basis set, both the symmet-
ric and the nonsymmetric structures located on the CP and
CP,ym PES, respectively, exhibit real vibrational frequencies,
i.e., both are local minima. The energy difference between
both geometries represents less than 0.1 kcal/mol in all cases,
and even decreases after ZPVE and enthalpy correction. This
difference is smaller than that of the first vibrational level,
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(v). Correcting by CP or improving the basis set both reverse
Ehis trend, so their effect is similar.

Regarding the intramolecular modes, the uncorrected
and CP-corrected frequencies are very similar, in agreement
ith previous results for other intermolecular compleXes.
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FIG. 2. CNH--O; structures.
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__,01 TABLE IV. Comparison of the geometric parameters of HCCB; on the
e N normal surface, the CP-optimized surface and the symmetric CP-optimized.
— L= =210 istances in A and angles in degrees.
H—C=C—H==::: S 02 Di in A and angles in d
0
3 6-31G(d,p) D95+ +(d,p)
Symmetric HE  MP2  HF  MP2
rH,0; Normal 2.888 2642  3.420 3.271
opt : . : .
0 CP op 3.358 3203  3.472 3.277
1\ CP opt(sym) 3.002 2819  3.067 2.888
SN COZ rH,0, Normal 3.307 3.086  3.531 3.357
H—C=C—H-"" ‘35/ CP opt 3474 3507 3550  3.434
CP opt(sym) 3430 3282  3.499 3.357
rH,0; ormal . . . .
H,0 N | 2.888 2642 2794 2.529
. CP opt 2.747 2579 2782 2.659
Non-symmetric CPopt(sym)  3.002 2819 3.067  2.888
a(H,0,0,) Normal 59.5 58.1 74.8 75.0
FIG. 3. HCCH:-O; structures. CP opt 74.4 722 76.5 721
CP opt(sym) 59.4 58.1 79.5 58.1
a(H,0,0;)  Normal 59.5 58.1 44.2 41.2
The comparison of calculatgdincorrectegland experi- gg gg: (sym) 5‘;4;15 5484f 5492'55 5484'11
meptal vibrational frequencies was a!ready carried out by, 0,  Normal 180.0  180.0 1745  180.0
Turi and Dannenbery.The same considerations hold after CP opt 1715 1689 1725  170.9
CP-correction, as all experimental frequencies were assigned CP opt(sym) 180.0 180.0  180.0  180.0

to intramolecular modes, and the CP correction has proved t6
have no meaningful effect on them.

ferences on the enthalpy-corrected energies are found for the
D95+ +(d,p) calculations for the same reasons brought
above for NCH--Os.

For this system, two planar geometries have been con- Concerning the vibrational features, it is interesting to
sidered again. First, a symmetric structure presenting twegee that the frequency labelégl, in this case assigned to the
H---O interactions, and second a nonsymmetric structurescillation of the HCCH molecule respect to the ozone, is
(see Fig. 3 The features of this system turn out to be similarlarger than bothr; and v for the HF/6-31Gd,p) calcula-
to those of CNH--O; complex in terms of geometries and tion, contrary to the behavior found in the NGHD; com-
vibrational analysis. Most details discussed above can applglex.
to the acetylene complex. However, the acidic character of
the hydrogen atom_of the acetylene is not so st_rong as that (g Single vs multiple well
the hydrogen cyanide hydrogen, and thus the intermolecular
interaction is weaker. Probably due to this situation, we One may wonder why and under which circumstances a
know of no experimental data for this complex. In practice,single well on the PES transforms into a double weilt
we studied the same two planar conformations considereghallow multiple well when either BSSE is eliminated at the
for the CNH--O; complex, namely the symmetric and the geometry level or the basis set size is increased. To get a
non-symmetric. The results collected on Tables IV—VI showbetter insight into this point, in the last column of Tables II
trends similar to those of the first complex studied. With theand V, we collect the energy differences between the frag-
6-31G(d,p) basis set, symmetric stationary points have beerinent calculation with its own basis set and with the basis
located on the uncorrected PES at both the HE and MP®unctions of the whole complex for the ozone and the corre-
levels of theory. CP-correction changes this situation angponding donor molecules, labeledlEq, and AEcyy or
nonsymmetric minima are obtained in all cases. Inclusion oAE, ¢y, respectively. The energy differences are calculated
diffuse functions dramatically decreases the BSSE effect oat the uncorrected, CP-corrected and,{feorrected station-
the PES. ary points. Note that the sum of both energy differences

Compared to the hydrogen cyanide-ozone complex, thgields the BSSE value as defined in Ef). The bigger the
uncorrected intermolecular distances are systematicallgnergy difference, the larger BSSE-like delocalizations are
larger, whereas the interaction energy decreases. Howevdgund for the corresponding fragment. From the reported re-
all different correction terms to the energy, namely the CPsults several conclusions can be drawn; first of all, the most
and SP, ZPVE and enthalpy corrections, are of the sameelevant contribution to the BSSE term is caused by the par-
magnitude, so the corresponding corrected interaction enetial delocalizations of the ozone orbitals onto the donor mol-
gies are less negative and even in some cases, e.g., theule atomic orbitals, mainly due to the proximity of the
enthalpy-corrected ones, the interaction turns out to be repund p hydrogen atomic orbitals to the oxygen atoms labeled
sive. O; and G,

The energetic difference between the symmetric and At the MP2 level of theory, the BSSE extent is much
nonsymmetric structures on the CP-corrected PES is alsmore important. In this case, besides the artificial stabiliza-
inverted when the ZPVE correction is included. Larger dif-tion of the fragment molecular orbitals as a consequence of

B. The HCCH---O5 complex
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TABLE V. Energetic results of HCCH-O3; complex. The values labeled ZPVE, corr. and Enthal. corr. hold for
the interaction energy including the ZPVE correction and both the ZPVE and the thermal correction to the
enthalpy, respectively.

Interaction energyKcal/mol) AEo, AEpccH
Basis set Method Geom. Electronic ZPVE corr  Enthal. corr (Kcal/mol)

HF? Symm. —-1.37 —0.82 —-0.34

SP-HP Symm. —0.55 0.00 0.48 0.80 0.02

CP-HF No Symm. —-0.60 -0.07 0.41 0.59 0.02

) CPyyrHF Symm. -0.57 0.01 0.46 0.76 0.02
6-31G(d,p) MP2: Symm. -2.92 —-2.16 -1.76

SP-MP2 Symm. -0.83 -0.07 0.33 1.98 0.11

CP-MPZ No Symm. -0.97 -0.22 0.18 1.49 0.07

CPyynrMP2* Symm. -0.93 -0.12 0.25 1.80 0.06
HF® No Symm. -0.82 -0.39 0.09

SP-HE No. Symm. —0.58 —-0.15 0.33 0.09 0.15

CP-HP No. Symm. —0.58 -0.15 0.33 0.09 0.14

g CPyyrHF Symm.(TS)  —0.55 -0.18 -0.23 0.10 0.16
DI5++(dp)  ypr No Symm.  —1.75 ~121 ~0.76

SP-MP2 No Symm. -0.62 —0.08 0.36 0.75 0.37

CP-MP2 No Symm. —-0.67 -0.21 0.30 0.69 0.35

CPysMP2  Symm.(TS) -0.67 -0.27 -0.30 0.66 0.37

gPointa in Fig. 1(a).
bPointd in Fig. 1(a).
‘Pointc in Fig. 1(a).
dPointc in a symmetric surface.
fPointa in Fig. 1(b).
Pointd in Fig. 1(b).
9Pointc in Fig. 1(b).

BSSE-like delocalizations, a large number of virtual orbitalsecule, thep atomic orbitals of the hydrogen atom play an
contribute to the MP2 correction energy term when theimportant role on BSSE-like delocalizatioffsHowever, in
whole basis set is used for the fragment calculations. Comthe nonsymmetric structure, the; @tom is closer to the hy-
paring the values obtained with the 6-31GF) and D95  drogen atom but Qis too far to interact with the hydrogen
++(d,p) basis sets, the main contribution at the MP2 levelatomic orbitals. The final balance is that the difference on the
of theory is found for the largest basis set. BSSE term is large enough to compensate for the energy
A closer look at the reported data shows thatAshT_fb3 is  penalty caused by loss of symmetry, due to the flatness of the
Strong|y dependent on the geometrica| structure of the COTTPES- Therefore, the CP-corrected PES exhibits a second en-
plex when using the 6-31@(p) basis set. The energetic ergy minimum, which is not symmetric.
stabilization due to BSSE is-0.2 kcal/mol smaller for the The inclusion of diffuse basis functions prevents this
nonsymmetric structures with respect to the symmetric oneroblem indeed. The BSSE extent does not depend on the
At the MP2 level of theory, the difference increases up to 0.4ngular disposition of the fragments, but mainly on the in-
kcal/mol. However, the ratio between the MP2 anleEos termolecularrHO5 distance. In this case, both the uncor-
values ranges between 2.3 and 2.7, independently of the gicteéd and the CP-corrected show similar topologies, the
ometry complex. When diffuse functions are included in theSYmmetric structure being saddle-point.
basis set, the dependence on the geometry is very small, even
at the MP2 level. Again, the ratio between the MP2 and HRV. CONCLUSIONS

AEq, energies is rather constant in all cases. Thus, it seems . .
3 o The CP correction has proved to be important at the
that the energy stabilization of the ozone molecule on theeometry level for the two complexes studied with basis sets
ghost-orbital calculation at the MP2 level with respect to they,5ying no diffuse functions. In these cases, the uncorrected
HF level is independent of the molecular geometry considqsimizations lead only to symmetric structures, whereas the
ered. _ _ CP-corrected PES exhibit both the symmetric and the non-
All'in all, the underlying reason for the different topol- gy mmetric geometries. Despite the large differences in the
ogy of the uncorrected and the CP-corrected PES obtain&flermolecular parameters, the CP correction only modifies
with the 6-31G(,p) basis set is the strong dependence Ofeaningfully the intermolecular vibrational frequencies, so
the AEq, value on the molecular geometry. that the ZPVE and thermal corrections to enthalpy are almost
The behavior of theAEo, can be understood by an not modified. Numerical dispersion on the reported interac-
analysis of atomic orbital interplay. In the symmetric casetion energies decrease upon CP correction. SP and CP-
both O, and G, atoms are close to the hydrogen atom of thecorrected interaction energies show very similar values for
donor, so in the ghost-orbitals calculation of the ozone molthe complexes studied. For such weakly bonded systems, the
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TABLE VI. Comparison of the vibrational frequencies of HCCHD; on

the normal surface, the CP-optimized surface and the symmetric C
optimized surfacécm™?).

6-31G(,p) D95+ +(d,p)

HF MP2 HF MP2
Normal 33 44 21 17
CP opt ) 27 28 22 8
CP opt(sym) 35 39 24 30i
Normal 41 49 48 49
CP opt ™ 51 65 43 48
CP opt(sym) 57 68 50 50
Normal 51 74 42 58
CP opt v 46 61 47 45
CP opt(sym) 43 54 36 42
Normal 58 67 57 72
CP opt 8o 63 78 60 60
CP opt(sym) 61 72 44 32
Normal 118 130 102 110
CP opt T 113 127 100 108
CP opt(sym) 123 133 104 110
Normal 817 175 784 541
CP opt 816 490 783 537
CP opt(sym) 819 495 781 533
Normal 821 512 786 542
CP opt 818 510 786 538
CP opt(sym) 823 521 786 537
Normal 855 733 848 731
CP opt 854 732 847 731
CP opt(sym) 856 735 849 733
Normal 896 779 872 747
CP opt 896 788 871 743
CP opt(sym) 897 785 866 736
Normal 910 823 876 750
CP opt 904 812 875 746
CP opt(sym) 910 819 874 744
Normal 1449 1174 1433 1183
CP opt 1446 1173 1433 1182
CP opt(sym) 1447 1173 1434 1183
Normal 1537 1997 1547 1951
CP opt 1539 1996 1547 1951
CP opt(sym) 1536 1996 1544 1951
Normal 2241 2394 2206 2444
CP opt 2240 2391 2205 2443
CP opt(sym) 2241 2394 2206 2446
Normal 3583 3496 3567 3451
CP opt 3581 3492 3568 3452
CP opt(sym) 3582 3494 3570 3454
Normal 3695 3584 3679 3544
CP opt 3693 3581 3680 3545
CP opt(sym) 3694 3583 3681 3546

Basis set superposition error 5673

changes, so both the uncorrected and the CP-corrected PES
Pshow the same double-well profile. The BSSE correction
term does not depend on the angular features of the complex.
In this case, the Cf, structures turn out to be saddle points
connecting two equivalent nonsymmetric minima. This
situation suggests that, using the 6-3d() basis set, the
CP-correction may not fully account for BSSE; the PES is
modified, as nonsymmetric structures are found, but the to-
pology of the symmetric stationary points remains un-
changed.

In general, the energy differences between both geom-
etries are so small that the energetic barrier would be very
difficult to be observed experimentally. Also, the relative
stability could be inverted after inclusion of ZPVE or ther-
mal enthalpy corrections to the interaction energy, although,
to be fair, these corrections might require introduction of
anharmonicity. We are already working in that direction in
our laboratory.

For these complexes, the modification of the geometrical
parameters induced by BSSE-correction has proved to be
very important when using small basis sets. The most impor-
tant fact is that the corresponding CP-corrected results repro-
duce, at least qualitatively, the PES obtained with larger ba-
sis including diffuse functions. Thus, the CP correction
involving geometry reoptimizations can be a very useful tool
in order to yield good descriptions of larger molecular aggre-
gates(i.e., crystal structures or biomoleculewhere the use
of large basis sets including diffuse functions is at the mo-
ment prohibitive.
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