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The NefS)-CN(=") van der Waals complex, described by Jacobi coordin&e®), was studied using the
supermolecular and perturbation UHF as well as RHF ab initio treatments with the inclusion of correlation
energy. The computed potential energy surface at the restricted MP2 level of the theory reveals a single
minimum, located near the T-shaped configuratio®at 110°, R= 3.7 A, and its well depth amounts to
—145.9uE,. When compared with the RMP2 potential, the UMP2 surface is more repulsive in the region of
the minimum and the double-well character of the angular-dependent potential curves appearRsraBBout

A. The position of the minimum is nearer to the C endRat- 3.7 A and® = 50°. The influence of the
selected geometry variations on the fundamental energy components, obtained from intermolecular perturbation
theory, was also investigated. The separation of the interaction energy shows that the shape and location of
these minima are primarily determined by the anisotropy of the exchange-penetration and dispersion
components.

Introduction The general theoretical description of these processes arises
The knowledge of the inter- and intramolecular potential- from Alexander and Co.re?. Subsequently, Werner and co-
energy surfaces (PES) is essential for the understanding of mamyvorke@4 published the f!rst ab initio dgtermmatlon.of diabatic
physical, chemical, and biological processes and properties of PESs for the computationally less time-consuming—i8&l
molecules and clusters. The main experimental sources ofsSystem. This work was followed later by quantum scattering
information about PES of complexes are the high-resolution calculation$®and the theoretical predictions for HEN were
spectroscopic studi&s* and the scattering experimefits. In compared with the experiments on theATN system. Recently,
contrast to weakly bonded neutral clusters containing closed- Yang and Alexandé? have reported a similar multireference
shell molecules, such experimental data are rare for neutral openconfiguration interaction (MR-CI) study for the NE€N system.
shell complexe3%-16 However, the forces acting between a pair In their publication the electronically adiabatic and diabatic ab
of open-shell and closed-shell atoms or molecules are interestinginitio PESs were determined for the interaction of Ne with the
from the chemical point of view, as they often exhibit high ground, X2, and first excited, A1, electronic states of the
reactivities and appear as transient intermediates in the reacCN radical.
tions’ Furthermore, as shown by HeavErthese complexes From the previous brief survey it is evident that the theoretical
offer a unique opportunity to bridge the gap between a weak description of open-shell vdW complexes has been dominated
van der Waals (vdW) interaction and an incipient chemical bond. by the nonperturbative supermolecular methods such as the
In addition, since the seminal work of Lin and Heavéithe coupled electron pair approximatirte or MR-CI,2° because
dynamics of the rare gas open-shell molecules has served as athey enabled calculations of excited states of different sym-
important model problem for understanding nonadiabatic pre- metries and multiplicities. Furthermore, they can efficiently deal
dissociation processes. with the avoided crossing problem and with the states that cannot
The CN-rare gas (He, Ne, Ar) system has been one of the be easily described by single-determinant wave functions.
prototypes for the study of a collision-induced electronic energy However, these methods have also some natural limitations. The
transfer. This process is facilitated by a series of near resonancesgruncated Cl methods are not size-consistent and do not permit
between the vibrational manifolds of the ground X") and a direct decomposition of the interaction energy into physically
first two excited states (&I, B 2=*) of the cyano radical. ~ meaningful terms. In addition, the MR-CI calculations usually
Quenching of the electronically excited CN was observed in do not take into account all triple and quadruple excitations that
CN-doped Ne matrixé8and in the gas phaséDagdigian and  are necessary to describe vdW complexes accuré&ipally,
co-worker§~? have carried out the detailed state-to-state experi- for the multideterminant calculations it is not easy to ensure
ments. They investigated the energy transfer froflAto X the unambiguous correction to the basis set superposition error
?Z* induced by collisions with Ar using opticabptical double  (BSSE)3! Nevertheless, these limitations can be bypassed by
resonance. Halpern and Huhglso examined the collisional  the supermolecular unrestricted MgHidRlesset perturbation
fluorescence quenching of All — X 2X* transfer for the  theory (UMPPT)32-3 Although this method is less versatile
collision partners He, Ne, and Ar. More recently, Heaven's than MR-CI in treating excited states, it offers an important
group? has observed a nonadiabatic predissociation processajternative and a supplemental approach, if the perturbation
between A1y, and AZI13; spin—orbit states. expansion is reasonably well converged and the spin contamina-
t Department of Physical Chemistry. tion is small. The efficiency of the UMPPT accompanied by
* Department of Chemical Physics. the intermolecular perturbation theory (I-PT) has been recently
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established for several open-shell cases, in particular®e AE"T = AE™ + AEL (3)
(X %)% Ar—NH (327),36 He—CH (X 2),%” and He-Cl
(2P).38 where AEH! is the Heitler-London (HL) energy and\E., is

Unfortunately, in contrast to the above-mentioned complexes, the so-called HF deformation contributiBhAE., is defined
the spin contamination causes a serious problem for- Ne by Lowdin® as
CN(=T). Therefore, the application of the unrestricted perturba-
tion theory to this system is questionable. In this case, the
employment of the perturbation theory with the RHF reference
wave function, which is well-defined with respect to the spin
operatorS, offers an alternative solutiolf-4! Although, in whereA is the dimer antisymmetrization operator aifd and
general, the Hamiltonian matrix elements provided by the RHF Wy are the HF wave functions of the monomers. The HF
solutions for the open-shell monomers are not invariant with energies of the A and B system are denotedzﬁfl and EE‘F,
respect to the arbitrary orthogonalization proceddfete respectively. According to the I-PT theory defined in the

computational requirements on the hardware and time capacitiesorthogonalized basis sets45 AEML may be further divided into
i i i i i : =(100 ; 2HL
for this approach are at least 4 times lower in comparison with {he HE eIectrostatuE(es ) and HL exchange-penetrati

xch

AW, W_|H,.|AW, W[
— A B| AB| ATB _EHF_EEF (4)

AE™ . -
AV, W AW, W, A

the UHF case due to the identity of theands wave functions.  components
The main goal of this paper is to reinvestigate the selected
portions of the PES for the NeCN(.=") complex and to ESSOO): |]11A1p8|\7AB|qJA1pB|] (5)
compare the ability of the single-determinant RHF and UHF
reference wave functions for this numerically troublesome EfL = AE™ — ESSOO) (6)

system. In this context, the anisotropy of the interaction energy

in terms of the basic components will be presented in a manner  AERF originates from the mutual electric polarization effects
similar to the closed-shell complexes based on the I-PT 54 in contrast to the perturbation terﬁ‘fgo) (HF second-
applicable to the open-shell systems. It might be helpful 10 qrqer induction energy), it may be viewed mainly as the quantum

understand the physical background of the stability, which can ,q,ction including the corresponding repulsive exchange-
be relevant for the experimental measurements of the above- (200)

. ; : enetration effect& The contributiorE~;" is evaluated in the
mentioned weakly bonded molecule. Finally, the importance b ind

f the Z6ro-point ener rrections will be shortly di q framework of the uncoupled HF level of thedt¥ A more
ot the zero-point energy corrections € shortly AISCUSSed. accurate approach requires additional inclusion of the so-called

response or orbital-relaxation effed#s'®
Similarly to the closed-shell cases, the second-order correla-
The ab initio methods used for the calculations of interaction tion interaction energy of the open-shell systems can be formally

energies can be classified as supermolecular, perturbative, anghartitioned as

hybrid ones! The supermolecular treatment defines the interac-

tion energy corrections as a difference between the value of AE® = E§X + AEQ, + AEG), 7)

the total energy of the dimer (AB) and the sum of the subsystem

energies (A, B) for each order of the perturbation theory WhereEﬁfigg) represents the second-order HF dispersion energy.

Theoretical Approach

separately AEY), involves the second-order exchange-correlation ener-
gies. The subscript “other” denotes the electrostatic-correlation,
AE®™ = Egg - Ef{‘) - Eg‘) n=HF, 2,3,4,... (1) deformation-correlation corrections and the response effects as

well as the “exchange-deformation” terifis'3 The evaluation
The intermolecular perturbation theory (I-PT) calculates the of the higher than second-order interaction energy contributions
interaction energy directly as a sum of the electrostdiig),( is also possible. However, their complete physical interpretation
exchange-penetratiofdycr), induction Eing), dispersion Egisp), is, in general, not straightforward.
etc. energies. Applying the standard Raylei@thralinger
perturbation theory, one can derive the many-body expansionCalculation Details

of the interaction energy corrections All I-PT calculations were performed by our program codes

interfaced to the Gaussian 94 program packddgehe super-

0 0 00 © 0 00 0 0 o

E — g 4 g 4 M 4 molecular BSSE was determined via the standard counterpoise
int IZO;]Z) es ,ZO;; exch ;;; ind method of Boys and Bernarefi The presented single-reference
® © o RHF and UHF interaction energy terms were developed using

ZZZES'E’)’-’_ . (2 the dimer-centered basis sets (DCBS)f the constituent
== monomers, and the first term in eq 4 was obtained using the
standard GramSchmidt orthogonalization procedure. All elec-
wheren represents the order of the interaction perturbation. The trons were included in calculations of correlation energies.
symbolsi andj stand for the order of the correlation operator ~ To describe the NeCN complex, we defined a two-
of the systems A and B, respectivéfThe general problem of  dimensional Jacobi coordinate system (see Figure 1), wRere
expanding the individual terms in eq 2 through one- and two- denotes the distance between the center of the mass of the
electron integrals can be elegantly resolved via the diagrammaticdiatomic molecule and the interacting atom. The sym®ol
representation of the perturbation expansion. The exchangerepresents the angle betweRnvector and the CN bond axis
effects may be specified in different wagis*> (® = 0° corresponds to a linear N&CN geometry). The
The supermolecular interaction energies can be successfullyinteratomic separation of the cyano radical in3&" ground
separated using the perturbation calculation of the interaction state was fixed at the experimental distance of 1.157 A.
energy components. The SCF interaction energy can be Two different basis sets were used in this study. The first,
decomposed as follows used for the C and N atoms, reported by Satflés, the near
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the polarity fromu = 2.3D (SCF) tou = 1.56D (post-HF)
indicates the inevitability of including also the correlation effects
in our calculations.

The computed PES at the restricted MP2 level of the theory
(see Table 1S) features a single minimum located near the
T-shaped Ne-CN configuration a® = 110°, R= 3.7 A, and
its well depth amounts te-145.9 uEn. These values are in
agreement with the ab initio results of Alexander egSal.
computed at the MR-CI level of the theory. They found a
minimum for the skewed T-shaped geometrRat 3.7 A and
Figure 1. Coordinate system for the N6CN complex. © = 130 with a well depth of about-142.6uEyp. Our potential

can be compared also with the spectroscopic measurements of
Lawrence et a¥2 Their PES shows a minimum &=~ 3.7 A
triple-¢ quality basis set augmented by the polarization functions with the well depth of-138 + 20 uE;,, which coincides with
optimized to reproduce the molecular electric properties, both above theoretical predictions.
especially polarizabilities. This basis set is designated as C, The lowest calculated point at the unrestricted MP2 level of
N(10s6p4d/5s3p2d). The basis set employed for the Ne atomtheory (see Table 2S) corresponds also to an approximate
(specified as 13s8p4d2f/7s6p4d2f) is denoted as aug-cc-pCVTZ.T-shaped geometry, and the interaction energy amounts to
It represents the correlation consistent coralence basis set,  —137.6uE;. This result is slightly shallower when compared
which extends the ideas of the original Dunning cc-pVT2%et tg the restricted MP2 value of145.9 uEn. However, the
by including extra functions designed for the cemore and  projected UMP4 computations offer the data of quality com-
core—valence correlatiok® Pure sets of d and f functions (i.e., parable with the restricted MP2 results.
five d functions and seven f functions) were used in this study.  1¢ yisualize the shape of the PES, in Figures 2 and 3 we

demonstrate the curves representing cuts through the surface at
Results and Discussion different values oR and for® ranging from 0 to 18C, which
were obtained at the RMP2 and UMP2 level, respectively. An
inspection of Figure 2 shows that the curves in the region about
R~ 4 A represent the double-well potentials with rather small
barriers separating the nonequivalent minima. In the region of
the vdw minimum R = 3.7 A), the interaction potential as a
function ofRand® is flat, and the anisotropy is relatively weak.
In contrast, the anisotropy of the potential is very pronounced
in the short-range regiorR(~ 3.1 A). The potential shows a
very strong angular dependence, the interaction energy changes
ffom 2200uEn at ® = 0° to approximately 10QE, at ©® =
90°, i.e., roughly by a factor of 22. Compared with the RMP2
potential, the UMP2 surface is more repulsive in the region of
the minima and the double-well character of the curves appears
atR~ 3.7 A. Additionally, the position of the global minimum
is nearer to the C end, at the geometry With- 3.7 A and©
= 50°. Finally, we can conclude that the presented RMP2 PES
is closer to the recently published MR-CI surface in comparison
with the UMP2 potential. However, as can be seen in Figure 3,
the projected UMPA4 calculations (fBr= 3.7 A) reveal behavior
similar to the RMP2 approach.

A. Characterization of the PES. To acquire reliability in
our results and conclusions, it is necessary to discuss the
suitability of our theoretical findings. To ensure that the methods
based on the single-determinant wave function are sufficient to
describe the complex NeCN in its ground state, the CISD and
MR-CI test calculations were performed for the T-shaped and
linear geometries aR = 3.7 A by MOLCAS-3 program
package’ A reference space for the MR-CI calculations was
generated by a subsequent extension of the reference spac
starting from single-reference CISD calculation, until all
significant configurations were included, giving a total of eight
references. In all cases tlg? was larger than 0.93 for the
ground state, indicating that a single-determinant wave function
is adequate for this complex. However, during the employment
of the single-reference unrestricted approach, the spin contami-
nation can be the additional source of errors, which for both
the open-shell monomer and dimer must be of practically the
same value. Otherwise, the subtraction of the dimer and
monomer energies is inconsistent. Although this condition was

satisfied in all our calculations, the large spin contamination L ) .
B. Partitioning of Interaction Energies. The next goal of

from unwanted spin statesS ~ 1.17p7 complicates the ) . . . o -
situation, and the application of the projection technique is NS Study was to investigate the physical origin of the stability
required. The features of the used basis sets have been checke the VdW. qomplfxr:nclud|ng thz unpaired electr?n. l.:smg the
on the electric and magnetic properties of the CN molecule in . ecomposition of the RHF and UHF supermolecular MP2
interaction energy, we tried to analyze how the fundamental

its 22+ ground-state electron configurations?L..402 506 1%, o . ) . .
In agreement with the chemical expectation, the unpaired COmPonents determine its anisotropy in a particular region (at

electron was located in theorbital formed by 2s and 2/\0’s R=37 A)_' ) ) )

of the carbon atom (the bond being along thexis). The The HF interaction energieAE"") display a strong angular
calculated Fermi contact spin densities of 0.88 for the carbon dependence with a minimum at®9@nd maxima at 0and 180.

and 0.06 for the nitrogen atom are in reasonable agreement withThe anisotropy of HF interaction energy is, in principle,
the measured hyperfine splitting constantsagf= 20.99 mT  determined by the HL interactio!\g"") and HF deformation
anday = —0.44 mT, respectivel§8 The natural bond orbital ~ €nergies. The leadind\E" energy is positive due to the
analysis of the RHF wave function assigns 5.16 electrons on dominant exchange-penetration energy contribution. The at-
the C-N bonding orbitals, and the additional analysis also shows tractive coloumbic forces, represented by the HF electrostatic
1.98 lone pair electrons on the nitrogen atom. Our resulting (ES") term, are implicitly included in the\E- term.

dipole momentyg = 2.3 D) and polarizability tensor components The dependence of the selected interaction energy contribu-
(oxx = 12.8 au,0yy = 12.8 au,a,; = 20.0 au) are in perfect  tions on the Jacobi angle for a fixed value of the intermolecular
agreement with the calculations of Urban ef%ivho used a separatiorR is presented in Figures 4 and 5. It should be noted
very large aug-cc-pV5Z basis set, but the dramatic change ofthat the shape of these curves is simply a consequence of the
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TABLE 1: Interaction Energy Contributions of UHF AEHQF and AE®@ and Supermolecular MP2-MP4 Interaction Energies (in
uE;) Obtained for Different Values of R (in A), r (in A), and 02

R=3.7,0 =90° R=4.1,0 =180 R=42,06=0°
energy r=11 r=117 r=13 r=11 r=1.17 r=13 r=11 r=1.17 r=13
E‘(B1500> —37.6 —41.9 —44.7 —24.4 —27.4 —36.3 —24.5 —27.3 —35.4
E:><Lch 130.4 142.2 147.5 106.0 116.0 145.3 74.5 83.5 111.4
AERt 92.8 100.3 102.8 81.6 88.6 109.0 50.0 56.2 76.0
Egggo) —-47.1 —52.6 —55.1 —44.3 —45.5 —51.8 —-34.7 -37.3 —42.8
AE;'; -11.3 —-11.1 -9.4 —21.9 —-19.9 —17.6 —25.2 —25.6 —24.7
AEHF 815 89.2 93.4 59.7 68.7 914 24.8 30.6 51.3

(75) 77) (88) (64) (76) 97) (23) (34) (55)

Egi;m) —223.7 —230.1 —229.9 —204.8 —217.2 —236.2 —158.6 —170.3 —190.5

AE(%) —196.7 —187.6 —175.2 —-177.6 —194.6 —215.1 —133.1 —150.2 —175.8

EMP2) —115.2 —98.4 —81.8 —-117.9 —125.9 —123.7 —108.3 —119.6 —124.5
(—121) (—109) =87) (—114) (—119) (—118) (—109) (—116) +122)

EMP3) —104.3 —91.3 —79.3 —104.8 —110.3 —113.8 —95.7 —104.1 —-112.0
(—109) (—100) (—85) (—101) (—105) (=107) (—95) (—101) (—108)

EMP4) —1325 —120.6 —106.5 —138.5 —148.9 —158.3 —122.4 —133.5 —145.7
(—137) (—130) (—113) (—135) (—143) (—152) (—123) (—131) (—142)

2 The data in parentheses represent the projected UHF results.

TABLE 2: Interaction Energy Contributions of RHF AEHF 2500 - 7100
and AE®@ and Supermolecular MP2 Interaction Energies
(uEy) Obtained for Different Values of R (in A), r (in A),
and ©

2000

R=37,0=90C R=41,0=18 R=420=0 8 1a0 .
energy r=11 r=117 r=11 r=117 r=11 r=117 E
EA0) 397 -47.8 —233 -—246 —26.6 —30.4 < 10 50
EN- 1372 1596 1022 1067 825 949 2
AERt 97.5 111.8 78.9 82.1 55.9 64.5 & s00 -100
Ei(sgo) —51.2 —-63.1 —426 —40.9 436 —494
AEME 126 -150 -214 -—186 -26.7 —29.7 6 150
AERF 84.9 96.8 57.5 63.5 29.2 34.8 . . . A
Egzigo) —236.3 —252.9 -210.9 -—230.9 -—-180.3 —202.0 0 50 100 150 200
AE(%) —220.2 —237.5 -176.7 —195.1 -—-142.7 —-150.1 ®/deg
EMP2  —1353 -140.7 -119.1 -131.6 -1135 —1153 Figure 3. Angular dependence of the interaction energy, obtained

through the second-order of the unrestricted MP2 (solid) and the fourth-
order projected MP4 (dashed) theory. (The arrows oriented from left

2500 ~ : . .
to right stand for right axes and vice versa.)
2000 + 0 30 60 90 120 150 180
600 — 0
1500 + 4 .50
3 500 |-
h 4.
g 1000 | @ 100
% 400
~ 41
w J::L 50
500 ~
5 300 - 1 200
[
or c
w200} 1-250
- -300
®/deg 100
. . . 1 1 L 1 1 1 1 -350
Figure 2. Angular dependence of the supermolecular interaction o 0 0 %0 120 150 230

energy, obtained through the second-order of the restricted MP2 theory.

(The arrows oriented from left to right stand for right axes and vice

versa.) Figure 4. Angular dependence of theEH" energy and its components
atR= 3.7 A: (solid symbols) RHF; (open symbols) UHF. (The arrows
oriented from left to right stand for right axes and vice versa.)

®/deg

used coordinate system. Wikfixed at 3.7 A, the Ne atom is

much closer to the carbon atom@t= 0° or to the nitrogen . ) .

atom at® = 180 than it is to either atom at 90This geometry ~ Smoothing effect on the total SCF interaction energy around
effect readily explains the increase of the exchange repulsionthe linear configurations. Although the CN radical system has

and dispersion interactions for the linear geometries. Conse-the permanent dipolzeoomomem & 1.5D), the second-order
quently, if the distance between interacting atoms decreasesjnduction energiesg(’”) do not provide a good approxima-
repulsive exchange-penetration contributions predominate overtion of theAE'l;'eFf energy due to the exchange-repulsion induc-

the attractive HF electrostatic and HF dispersion energies.  tion effects (compare the differences betwe"; and E2”
The HF deformation termA(EE';) shows an approximately  energies in Figure 4). Both mentioned terms have the smallest

reciprocal character to the HL anisotropy and has a nominal values around the perpendicular geometry and theref&#
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TABLE 3: Equilibrium Distances R (in A), Dissociation
b EnergiesDe (in cm™1), Ground-Vibrational-State Dissociation
EnergiesDy (in cm™2), and Harmonic Stretching (wsye) and
b Bending (mpend) Frequencies (in cm?) for the Complex
Ne(S)—-CN(xZ™)

method R (€] Wstre Wpend D& Do

RMP2 3.69 103 16.2 5.9 32.01 20.96
4 UMP2 3.82 47 14.9 7.7 30.20 18.90

aConversion factor: 1 cmt = 4.556(Ep. P Dg = D¢ — Ya(wstre +
wbenc)-

=300

350

400

450

Energy/ nHartree

500

D. Vibrational Analysis. The good description attained for

SSOL ' L - 1 ; L] the structure and energetics of the-N&N complex within the
0 % &0 % 120 450 180 supermolecular MP2 approach stimulated us to analyze the
©/deg vibrational spectrum for the intermolecular degrees of freedom.

Figure 5. Angular dependence of th®E® energy and its dispersion  Although the experimental ro-vibrational spectrum for the-Ne
componentsEqe? at R = 3.7 A: (solid symbols) RHF; (open  CN complex was not detected up to the present time, Lawrence
symbols) UHF. et al22found hot band in the electronic spectrum of this system
. . originating from the low-lying level. As interpretation of these

energies are very close to the sum of the electrostatic andgpecira may be difficult, creation of the PES’s should be helpful
exchange componentag™. ) _ for their assignment. Another motivation is to answer the

Similarly, AE® plays an important role in forming the shape g estion how the vibrational spectrum of the complex may
of the total RHF and UHF MBPT2 interaction energies (Figure nfiuence the topology of the PES.
5). One can see thﬂfgg) is the dominant attractive contribu- To accomplish the vibrational analysis, the calculated ab initio
tion. It favors the linear orientations whereas theninimum points were fitted to the analytical surface by the cubic spline
occurs at the lowest value 6f230uE, (UHF) and—253 uEy method implemented in the SURVIB program pack&géhe
(RHF), respectively. The positive values obtained from the harmonic frequencies were found by evaluating the second
difference of the\E® and the above-mentioned dispersion terms geivatives at the appropriate minima and diagonalizing the
in both structures indicate the nonnegligible role of the mags.weighted Cartesian force constant matrix. The results of
remaining exchange-dispersion, correlation-electrostatic as wellthese calculations are summarized in Table 3. The obtained

as deformation energies. _ values clearly show the distinctly different topologies of the
C. Effect of CN Bond Length on the Interaction Energy. calculated RMP2 and UMP2 PES'’s. The smaller stretching
The origin of the minima for the linear forms (NeN, Ne---C) frequency for the UMP2 surface is the consequence of the

as well as the influence of the intramolecular CN bond distance gnajiower radial cuts in the vicinity of the vdW minimum with
() on the interaction energy is also quite interesting. Unfortu- yegpect to the RMP2 potential. Similarly, the sharper angular
nately, with increasing CN bondzlength% 1.25A)the energy  cyts cause the increasing bending frequency based on the UMP2
gap petwe?n the X= and A Il states of cyano radical  pgg jn comparison with its counterpart calculated from RMP2
diminishes>’ This fact not only can cause the SCF procedure g race. Although, the depths of the wells are also significantly
to fail to converge but also may cause it to converge t0 a jnfluenced, the zero-point energies are about one-third of the
different state than has been initially intended. To avoid these gissociation energies, the ZPE corrections keep the difference
problems, the stability of SCF wave functions was tested using petween RMP2 and UMP2 well depths roughly at the same
the single-excitation configuration interactiéhAlthough the level.
UHF wave f_unctions were f_ound to_be st_able with respect to However, it should be added that our harmonic vibrational
the perturbation from th? excited co.nflguratlo.nS, _the convergence analysis represents a crude approximation. The main discrepancy
of the RHF wave functions was hlghly OSC'”.at'ng' Therefore, arises from the shallowness of the PES, since the large amplitude
the effect_ of th_e C.:N bond eIongatlor_l on _the Interaction energy nqtions of the Ne atom are likely to be highly anharmonic.
W"ﬁ/stumﬁd VCVI&hIQ thg .UHII: approglmaf%réc:&nlyh . . Furthermore, the barriers to the linearity are 3.5 and 5.0'¢m

en the ond Is elongated to 1.30 A, the Interaction ¢, yhe ¢ and N ends, respectively. Thus, the complex can be
energies reveal the greater stability for the linear configurations. very close to a free rotor and probably the angular momentum
On the other hand, Wherm; shortened to 1.10 A, the energy of the cyano radical is quenched by the presence of the Ne atom
of the T-shaped structure is found to be lower than the energyOnIy very weakly
in the approximate equilibrium bond of 1.17 A (cf. Taples 1 The vibrational frequencies of the intermolecular stretching
and 2). The results of the supermple_cular UHF calculations up and bending motions should be calculated with more sophisti-
o the fourth-order MBPT level indicate that the T-shaped cated models based on the solution of the ro-vibrational

structure is not so sensitive to the changes af the linear - .
. . - Hamiltonian. Such betterments would tend to improve the values

configurations. We found the similadependence for both the Lo . )
of the vibrational frequencies, and this would lead to a more

ig)lln-contamlnated and the projected UHF calculations (see Tablereliable description of the surface.
The selected UHF interaction energy components depend on

the changes of the CN bond length mainly in the linear

Configurations. EVidently, the induction and diSperSion energies The interaction potentia| energy surface of the—m(x

play an important role in strengthening the interaction energy. 25+) van der Waals complex has been investigated in a broad

The exchange-penetration effects XE@ seem to be less  range of geometries using the supermolecular approach based

Summary

important than the in thA\E"F energies (cfAEHL, AEL — on the RHF as well as UHF wave function. A way of the
E2) and AE® — Egzigg) in Table 1.) interaction energy decomposition applicable to open-shell



Ne(S)-CN(E=") van der Waals Complex

J. Phys. Chem. A, Vol. 104, No. 1, 200001

systems was proposed. This scheme was used to analyze the (27) Mayer, W.Int. J. Quantum. Chem. Sym{971, 5, 341.

origins of the interaction for the studied system. As was shown,

(28) Mayer, W.Theor. Chim. Actdl974 35, 277.
(29) Werner, H.-J.; Reinsch, E. Advanced Theory and Computational

the dominant attraction part of the interaction energy comes approaches to the Electronic Structure of MolecuBykstra, C. E., Ed.;
mainly from the dispersion and induction contributions. The Reidel: Dordrecht, The Netherlands, 1984; p 79.

PES was found to be weakly anisotropic in the region of the
vdW minimum. On the contrary, the ab initio potential indicates

a very pronounced anisotropy in the repulsive region. To
estimate the influence of the zero-point correction on the stability

(30) Lee, E. P. F.; Wright, T. GI. Chem. Phys1998 109 157.

(31) Chalasinski, G.; Szczesniak, M. Ehem. Re. 1994 94, 1723
and references therein.

(32) Chalasinski, G.; Simons, Chem. Phys. Lettl988 148 289.

(33) Chalasinski, G.; Gutowski, M.; Szczesniak, M. M.; Sadlej, A.;

of the complex under study, some harmonic vibrational proper- Scheiner, SJ. Chem. Phys1994 101, 6800.

ties were evaluated from the presented PES calculations.

It is necessary to emphasize that the more appropriate

(34) Cybulski, S. M.; Burcl, R.; Chalasinski, G.; Szczesniak, M.JM.
Chem. Phys1995 103 10116.
(35) Cybulski, S. M.; Burcl, R.; Chalasinski, G.; Szczesniak, M.JM.

comprehension of the processes connected with spectral andchem. Phys1996 104, 7997.

scattering measurements demands a more complex descriptio

(36) Kendal, R. A.; Chalasinski, G.; Klos, J.; Bukowski, R.; Severson,
. W.; Szczesniak, M. M.; Cybulski, S. Ml. Chem. Phys1998 108

of the PES in relation to the excited states. Despite the natural3o3s.

difficulties of the supermolecular and I-PT approach based on

(37) Cybulski, S. M.; Chalasinski, G.; Szczesniak, M.MChem. Phys.

the single-determinant RHF as well as the UHF wave function, 1998 105 9525.

(38) Burcl, R.; Krems, R. V.; Buchachenko, A. A.; Szczesniak, M. M.;

it could be a useful tool to perform theoretical studies of the cpajasinski, G.; Cybulski, S. MI. Chem. Phys1998 109, 2144.

open-shell vdW systems. Works of this type are likely to

intensify soon.
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