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Energy Surface
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The structure and dynamics of the van der Waals (vdW) complex of aniline (An) with argon (Ar) are studied
using ab initio methods. The inversion potential of the anitinegon (AnAr) complex perturbed by the weak
vdW interaction is calculated taking into account subtle corrections from the zero-point energy of the vdW
modes and from the frequency shifts of the An normal modes modified by the complexation. The intermolecular
potential energy surface (PES) of the AnAr complex is determined by performing a large-scale computation
of the interaction energy and the fitting of the analytical many-body expansion to the set of single-point
interaction energies. The PES determined shows two deep local minima correspondingud #rel syn

AnAr conformers. The difference in the energies of these two minima is only 18, dat it is sufficient to
localize the inversion wave functions and to form the two conformers. In the confemtigisyr) of lower
(higher) energy, Ar is bound to the An ring opposite (adjacent) the amino-hydrogens. In the additional local
minima higher in energy, Ar approaches the aniline ring between thé Bonds near its plane. An additional
local minimum is located opposite of nitrogen between the tweH\bonds. The high-energy minima are,
however, too flat to form stable conformers. The perturbation of the interaction of Ar with the phenyl ring
by the NH, group is described by the vdW hole, which is responsible for unusually strong intermode mixing
in the excited intermolecular vibrational states. The analysis of these states calculated for the ggpoasd (S
well as the first excited electronic state;$esolves difficulties faced earlier with the assignment of the
observed vibronic bands of AnAr.

I. Introduction presence of Ar, this symmetric potential converts into an

. . asymmetric double well potential, which can localize the amino

The complexes of aromatic molecules with rare gas atoms hydrogens above or below the An ring plane. As a result, two

are bound by weak van der Waals (vdW) interactions, which o ¢ormers of AnAr can appear. The Ar atom can be atta{ched
determine many fundamental chemical and physical phenomenato the ring either on the same sidgyf conformer) or on the

suclh als conf(t)r:natlolnst_of blodmo(;eculi_s, thfe stlruct:Jres 0:; opposite sidegnti conformer) with respect to the out-of-plane
molecular crystals, solvation and adsorption of MOIECUES, and pyqr5gens of the N group. Becucci et @.extracted the

so forth. The aniline-argon (AnAr) complex is of particular structural parameters from the rotationally resolved-S

?nterest becaus_e its cqnformers can be created by the_ Weal?luorescence excitation spectra of AnAr and assumed the
intermolecular interaction that perturbs the large-amplitude theoretical model of this complex with theyn conformer as

inversion motion of the amino (N group in the aniline (An) the most stable. Alternatively, Sinclair and Ptattdependently

igated intensively fom both expermental and heeredcal point 20SSrVed the &S specira of AnA and concluded from their
9 y P P experiment that thenti conformer is the most stable. These

of VIEWS. The experlmental_date_t on the stru%tmfa‘,r_e quencies two pictures have been supported or criticized by other
of the intermolecular vdW vibrational mod&s? binding energy authorst5.21.28.29

and its change under electronic excitafi®it14 ionization T . .
potentials® 1915intramolecular vibrational energy redistribution, The r_elatlve_ stability of AnAr conformers cannot be premsely
and vibrational predissociatid#?1516have been provided by determined without solving the problem of the dynamics of the
the studies of the ground gSand the first excited ($electronic ~ cOmplex governed by its global potential energy surface (PES)
states of the AnAr complex in the neutral and cationic forms. describing the vdW motions of Ar and their interaction with
Larger AnAt, clusters involving several Ar atoms have also the vibrational modes of the An monomer. Such a solution is

been intensively investigated experiment&fi$1>1° and necessary to estimate the vibrational zero-point energy (ZPE)
theoretically20-22 of the vdW and intramolecular monomer modes for Hmgi

andsynminima in the PES. The ZPE of the vdW modes could
because of complexity of the AnAr dynamics caused by the be derived from the band frequencies observed in the vibronic
inversion motion of the An amino group and three vdw spectra. The frequencies corresponding to such modes have been
intermolecular motions involving Ar. The spectra of the bare Measured for ground Band the excited electronic state,[S

An molecule revealed that the inversion of the amino group is However, there is still controversy about the assignment of the
driven by the symmetric double well potentft2’ In the spectra observed because three mutually exclusive assignments
of the vibronic spectra have been reportéd:3°

" Fax: (4861) 865-80-08; phone: (4861) 829 1392; e-mail: jasiu@rovib. 1 ne goal of this paper is to resolve controversies about the
amu.edu.pl. structure and dynamics of the AnAr complex whose features
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The information on the AnAr cluster was difficult to interpret
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Figure 1. Molecular system of axes y, andz used to define the Ar
position vector, and the angular coordinatesandr of the NH; group.

depend on the localization of its inversion wave functions. For
this reason, we first investigate a simpler problem of the
inversion motion in the unperturbed An monomer. In Section
I, a flexible model is defined for an adequate description of
this motion. The inversion dynamics is determined by two
crucial factors; the inversion barrier height and the equilibrium
structure of two symmetrically equivalent potential minima. This
structure is calculated using ab initio methods for An in the
ground (Q) and excited (9 electronic states. In Section lll,
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inversion coordinate is the angbedefined in conjunction with
the local axis system based on the four nuclgNBH’, with

the origin at the central nucleus N. The-X axis of this system
makes the same anglewith the three bonds: NCNH, and
NH’', cf. Figure 1. Thus, the NX axis is a trisector of the
pyramid formed by the four chosen nuclei. For the planar
C:NHH' configuration,a. = 7/2, so we can introduce a more
convenient angle = 7/2 — a which is zero for the planar
configuration,o > 0 (o < 0) for the hydrogens H and'Hbcated
above (below) the An ring. Additionally, the two twisting angles
T and 7' are necessary to specify the orientations of the two
NH bonds. The angle (z') is defined as the dihedral angle
between the plane HNX (INX) and NXGC;. Analogous inver-
sion anglesp; and p, based on the central;&nd G atoms,
respectively, are defined to specify the ring nonplanarity.

In the earlier An models, the inversion angle has been defined
as the anglg’ between the ring and Ntplanes. However, our
calculations show that the ring is slightly nonplanar, so the angle
p between the @\ direction and the Nkl bisector would be
more convenient. This angle is relatedotdy g = 7 — a tan-
(tan o cosT).

The position of the Ar atom in the complex is specified by

the An inversion barrier is estimated accurately using high-level the Cartesianxy,z) or the corresponding sphericat,{.¢)

ab initio methods. The inversion potential function perturbed
by the vdW interaction in the AnAr complex is studied in
Section IV.

coordinates measured with respect to the axis system with the
origin at the An ring center (RC), which is the middle point
between @ and G. The x axis connects £and G and is

The assignment problem of the vdW vibrational modes can directed toward the Catom. They axis is perpendicular to the

be resolved knowing a highly accurate intermolecular PES.

Thus, in Section V we perform ab initio calculations of the-An

Ar interaction energy to construct the analytical PES. In Section

VI, the dynamical problem of the vdW intermolecular motions
of the complex is solved numerically for the ground)(8nd
the first excited (9 electronic states. A comparison of the
calculated vdW vibrational frequencies with the experimental

x axis and parallel to £-C,. Thez axis is perpendicular to the
x andy axes.

To describe the inversion motion in the AnAr complex
adequately, we investigate first a simpler problem of the
inversion in the An monomer with the aim of determining the
accurate equilibrium inversion angbeand the inversion barrier
Vp. The experimental values of these important parameters are

ones allows us to establish a proper assignment of the observedharged with large errors depending on the experimental data

bands. Section VII presents a concluding summary.

II. Aniline Equilibrium Structure and the Flexible Model
of the Inversion Motion

The AnAr complex exhibits the small-amplitude vibrations
(SAVs) of the An monomer, the large-amplitude inversion
motion of the amino group, and three intermolecular vdwW
vibrations. The inversion motion interacts with SAVs and vdW
vibrations. A complete rigorous dynamical treatment of all

and models used to extra6t and V,,. The angleSe has been
determined as 37.% 2° from the microwave data on the
assumption that N bond lies in the An ring plan®, whereas
the far-infrared data yielded /& of 42 £ 1°.26

Ab initio calculations of the equilibrium geometry of aromatic
molecules in their ground electronic states provide satisfactory
results already at the level of second-order Mgtlelesset
perturbation (MP2) theory. To optimize the An geometry, we
use here the standard cc-pVTZ basis®éétl of the calculations

vibrational modes is unfeasible. Thus, approximate models @'€ carried out using the GAUSSIAN 03 progréhithe An

appeared to be unavoidable. The first proposed dynamical modelduilibrium geometry in the lectronic state calculated at the
of the An monomer included the inversion mode as a dynamical MP2/cc-pVTZ level compares well to the corresponding ex-

variable, whereas all SAVs were frozen 8812 Such a rigid
model has been extended by including the Nitbersion and
torsion motion$! However, the features of the inversion motion

perimentalrs structure?® and the geometry parameters of the
NH, group are expected to be more accurate than the experi-
mental ones. The calculated equilibrium inversion angle

interacting with the remaining modes can be better describedPe = 16.5’ corresponds tfe = 45.5" and tof’, = fle — ye =

using the flexible model in which the SAV coordinates are

considered as geometry parameters dependent adiabatically on The interpretation of the vibronic spectra of An and AnAr

the inversion coordinate. A simplified model of this kind has
been applied to the An monomer by Bludsky efZal.
In our problem, a full relaxation of the AnAr geometry along

requires the knowledge of the equilibrium geometry of An in
its first excited electronic state {SHolas et aPé deduced from
the inversion frequencies observed in the-S, vibronic bands

the minimum energy path of the inversion mode has to be that An becomes nearly planar in thesate. Very few ab initio
considered because it may affect a small difference in the studies have been carried out to describe the properties of this
energies of the two AnAr conformers. To describe all possible state. Recently, a series of An singlet excited states has been

deformations of the An ring and of the amino group during the
inversion motion, we introduce the umbrella-like coordin&iés

that define uniquely an instantaneous configuration of a set of

four arbitrary nuclei. They are illustrated in Figure 1 for the
NH, group connected to the carbon ©f the An ring. The

studied theoretically; however, the An structure has been
assumed to be the same in all electronic stétes.

In this paper, we use the complete active space self-consistent
field (CASSCF) methot?—42 to optimize the An geometry in
the S state. A good description of this state requires the selection
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of a proper active space. Initial calculations on the CIS level TABLE 1: Aniline Inversion Barrier VY (cm™?) Calculated
have revealed that the electronic configurations contributing to at the MP2/cc-pVTZ Optimized Geometries of the Minimum
the S state involver orbitals Ofa2 and bl Symmetry Species and_Transition State Using Various Correlation Consistent
for a planar An molecule witkS,, point group symmetry. Thus, ~ Basis Sets

the three highest occupied orbitals;,,,b1) and two virtual bazis set HF MP2
orbitals @p,b1) were included into the active space to perform cc-pVDZ 641.5 820.7
the calculations CASSCF(6,5) on the Sate ofB, symmetry cc-pvTZ 455.0 584.8
type. The same active space was also used for nonplanar  cc-pvVQZ 410.5 496.0
structures with lower symmetry. aug-cc-pVDZ 471.6 5018
The An structure in the Sstate optimized at the CASSCF- Zﬂgiggiﬁ%zz ggéé jggg
(6,5)/cc-pVTZ level appears to be planar with the i€ bond basis set limit 363.0 381.9

significantly shortened and the extended ring. The excitation AVA(MP2y 18.9
also changes the electric properties of the An molecule. Our HF MP2(full)2
calculations predict an increase in the dipole moment from cc-pCvDZ 643.9 814.9
1.46 D in the $ state to 2.76 D in the Sstate. These values cc-pCVTZ 458.7 553.5
agree well with the experimental counterparts of 1.52 and gﬁg%é/ SéVDZ i%%i 259%63
2.80 D correspondingly. aug-cc-pCVTZ 379.8 432.5
aug-cc-pCVQZ 363.5 368.6
. Inversion Motion of Aniline basis set limit 363.5 333.8

AVI(MP2Y —-29.7

Experimental estimates of the An inversion barigrange

94.7

from about 450 to 560 cni. For this reason, several ab initio 2\/8[CCSD(T)]C 64.0
. ; SAV) .

studies of An have been undertaken to determinévthealue total V2 492.5

more accurately. The sensitivity of the geometry and/pfo
the basis-set size and the correlation level of theory has been *Core orbitals are included in the correlation calculation of
studied extensively by Bludsky et ®.Recently, a series of \/g 5 MP2 correlation correction tvg. ¢ CCSD(T) correlation correc-
correlation-consistent basis sets cc{@/augmented by diffuse 10" © Vo
functions (aug-cc-p¥Z) and supplemented by tight functions ) i .
adapted to corecore correlatioff (cc-pCVXZ) up to X = 4 This corr_ect|on of 64 cmt! as determln_ed from_ the_ calculated
has been used to study the amino group nonplanarity in nucleic/"eduencies appears to be an essential contribution,to
bases by Wang and Schaefei heir results demonstrated that The values of the electronic contributiMﬁ =VOo0) - VO
the quadruplé: (X = 4) quality basis set was necessary to (pe) to the inversion barrier calculated at the MP2 level using a
calculate reliable/, values. series of the cc-p¥Z and aug-cc-XZ basis sets for the cardinal

To compare the theoretical inversion barrier with the experi- numberX = 2, 3 and 4, that is, D, T, and Q, are presented in
mental one, the effect of the SAVs should also be investigated Table 1. The results obtained with frozen core orbitals show
because the effective inversion potential energy function the same trends as those observed in the case of nucleic bases

Vinl(p) includes the contribution from SAV frequencieg(p) with the amino groug® The barrier height? systematically
dependent on the inversion coordirféte diminishes with the extension of the basis-set size. The
augmentation of the cc-pXZ basis sets by diffuse functions
Vin(0) = V(o) + hZVk (p)(ny + 1/2) 1) essentially improves the results. The aug-cc-pVDZ basis already

yields a\/ﬁ value very close to that obtained using large cc-
where\9(p) is the usual Bora-Oppenheimer potential energy ~PVQZ basis. Moreover, the augmented series provides less
calculated along, andny are SAV quantum numbers. Until  variation in the inversion barrier in comparison to the co@Vv
now, the SAV contribution to the An inversion barriés has series, so the MP2 basis-set limit fof, can be estimated
not been considered. Here, this contribution is determined by accurately using the results obtained alreadyXer 3 and 4.

calculating the SAV frequencies for the minimumy(p = pe)] A simple and reliable method proposed by Helgaker &t fdr
and for the transition state T${p = 0)] corresponding to the  the estimation of the correlation energy at the basis-set limit
planar An molecule. needs only two correlation energy valuagy.,, and AE!,

The frequencies of the SAV normal modes can be calculated calculated for the cardinal numbexsandY of the basis sets.
accurately at a low computation cost by employing the density Using the MP2 and HF results for the aug-cc-pVTZ € 3)
functional theory. Recently, a wide variety of basis sets and and aug-cc-pVQZX = 4) bases, we obtain, according to the
exchange-correlation functionals have been tested in calculationsrecipe of ref 57, the correlation correctiaM/g of 18.9 cntl.
of the fundamental frequencié§:*® Triple- basis sets with  The HF [imit of V is close to its HF/aug-cc-pVQZ value of
polarization f_unct|ons already provided accurate results_, and theggs cntl, cf. Table 1: thus, the MP2 limit dflg is 382 cnl.
B97—1 functionaf® was recommended for the calculations of . .
the vibrational frequencies of aromatic molecules. The An Howe_ver,. in the above evgluanon the eﬁegt O.f the core
vibrational frequencies calculated at the B97-1/cc-pVTZ level _correlgtlon IS _neglected. To mqlude the contribution to the
for the minimum and the transition state are scaled by the factors/MVersion ba}rrlgr creatgd by t.hls effe_ct, the aug-cc-pzv
recommended in refs 5153 agree well with the experimental basis sets with tight ba_15|s funct|ons_de3|gned for egmre _an_d
datald54-56 core—valence correlations are applied. The MP2(full) limit of

According to eq 1, the SAV correction ¥ is the difference AVD _is det_ermined from the extrapolation using the results
between the ZPE of the transition state and of the minimum ©btained with the aug-cc-pQXZ basis sets foX = 3 and 4.

The total correlation correctionvg approaches the limit of
AV,(SAV) = hZ[Vk(o) =1 (p)/2 2 —29.7 cnTl. It is interesting to note that the core correlation
contribution dominates and it lowers the barrier height to the
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value of 333.8 cmt, which is much lower than any other values
reported previously.

Because the MP2 correlation corrections are small, the higher
order correlation contribution tv2 must be determined. It is
calculated at the coupled-cluster singles and doubles including
the connected triples method [CCSD(T)] combined with the
aug-cc-pCVDZ basis set and assuming that the difference
AV{[CCSD(T)] between the CCSD(T)(full) and MP2(full)
energy values gives a reliable estimate of this effect. The higher
order correlation effect increases the inversion barrier by
AVE[CCSD(T)] equal to 94.7 cmt.

The correctiomAV[CCSD(T)] together with/J[MP2(limit)]
of 333.8 cmi? finally gives V) = 429 cntl. The additional
vibrational correctionAVy(SAV) of 64 cnt! provides the
effective inversion barriev, of 493 cntl. This value falls into
the range of the experimental estimates. However, we should

J. Phys. Chem. A, Vol. 111, No. 8, 2007501

TABLE 2: Comparison of the ab Initio MP2/ADZ Inversion
Potential Parameters with the Fitted Parameters Using the
MP2/ADZ (fit 1) and MP2/cc-pVTZ (fit 2) Flexible
Geometries of Anilinet

observed

parameter fit1 fit2 abinitio  v(n—m)
A —-12732 —12 500 —12 684

75 049 72 150 83 457

27985 289740  —38398
Pe 16.3 16.45 16.3
Vo 523.9 523.9 500.9
»(0—1) 40.7 40.7 41.1 40°8
v(1—2) 381.9 381.9 368.2 38%9
r(0—3) 700.1 700.1 672.7 700
v(0—4) 1083.95 1084 1036.0 1084

a2 The calculated inversion frequencie@ — m) are compared to
the observed ones. The, potential coefficients are in cn¥rac®, pe
is in degrees, and the remaining quantities are im‘cthReference

remember that they were based on crude models of the inversiompg. c Reference 549 Reference 14.

motion.

We can derive a proper flexible model from the ab initio
calculations. To construct this model, all of the geometry
parameters specifying the An configuration are optimized at the
inversion angle varied from O to 4@t a step of 5 Then, they
are represented by polynomids(p) of even or odd powers,
depending on the parameter symmetry, by fitting the polynomial
coefficients to the optimized parameter values. In this way, the
complete flexible model of the inversion motion is determined.
It is sufficient to construct the kinetic energy operator of the
inversion Hamiltonian by employing a purely numerical pro-
cedure of ref 58. Naturally, the inversion potential function
Vinv(p) is also necessary to generate the energy levels of the
inversion mode. We cannot expect thgt, (o) determined for
several points by very demanding ab initio calculations presented
above will allow us to reproduce perfectly the observed inversion
transition frequencies due to approximations inherent in the
method such as additivity of the correlation corrections. Thus,
it is reasonable to use slightly less-accurate ab initio potential
function Vinv(p) and then refine it using the experimental data.
Notice that the inversion barriaf; of 501 cnm? calculated at
the MP2/aug-cc-pVDZ level is close to thg of 493 cnt?!
estimated at a much higher level. We can use this fact to
generate the approximate inversion potential function. It can
be represented by the polynomial symmetric with respect to
the reflectionp — —p, namely

3
Vinv(p) = A2np2n

n=

®)

The values of the coefficien,,(ADZ) fitted to the MP2/aug-

5
4 4
3 <
2-
(=)}
D 1 4
T
0+
1 4
2 -
‘3 L) L} L) L} L} L] L)
40 -30 -20 10 O 10 20 30 40
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Figure 2. Flexible parameters of the AnAr complex as functions of
the inversion anglep. The anglesp; and p, specify the An ring
nonplanarity,y(N) [y(H)] describes the tilt of the £-N [C,—H] bond,
and @ is the angle between the moleculaaxis and the Ar position
vectorr.

potential function reproduced higher observed frequencies with
much larger errors and they assumed a rigid inversion model.

IV. Inversion Motion of the Aniline —Argon Complex

The vdW interaction of Ar with the An monomer is weak;
nevertheless, it is able to change qualitatively the character of
the inversion motion in the AnAr complex. Theoretical analysis
of this motion requires the determination of the minimum energy
path along the inversion motion in the AnAr complex. This path
is determined here by optimizing the AnAr geometry at the
inversion anglep varied from—40 to + 40° at a step of &

The negativep corresponds to AnAanti conformation with

cc-pVDZ energy values are presented in Table 2, together with Ar placed over the An ring. The optimization is performed at
the predicted inversion frequencies. The inversion splitting of the MP2 level with aug-cc-pVDZ basis, abbreviated further by
the two lowest levels is predicted very accurately. However, ADZ, because it provides an accurate estimate of the vdW

the quality of the results deteriorates for the frequencies
involving higher inversion states.

The refined inversion potential function fitted to four observed
inversion frequencies is very similar to the corresponding ab
initio functionVin(p). The coefficientsAy, are obtained using
the MP2/aug-cc-pVDZ optimized geometry to define the flexible
model. To check the effect of the flexible geometry on the
potential function shapé\y, are also fitted using a more accurate
MP2/cc-pVTZ optimized geometry. The results show that both
models yield almost identical inversion potential functions.
The obtained “experimental” value of the inversion barrier of
523.9 cm! is almost the same as the barrier of 524.47&m
derived from far-infrared data by Larsen e€&hlthough their

interaction in complexes of Ar with aromatic molecufés.
The basis-set superposition error is automatically eliminated by
the counterpoise proced@?é! comprised in the GAUSSIAN

03 program.

The optimized structure of the An monomer in the complex
changes under vdW interaction negligibly in comparison to the
isolated An structure, except for the angles defining the An
nonplanarity such as the nitrogen tilt angleand the ring
inversion angleg: andp,. Their variations as functions of the
amino inversion angle are illustrated in Figure 2. The angle
y reaches its maximum of 3.47at the first local potential
minimum anti for the inversion angleg¢(anti) = —16.2 The
minimum angley of —2.46° is achieved at the second higher



1502 J. Phys. Chem. A, Vol. 111, No. 8, 2007

TABLE 3: Parameters of the anti and syn Potential Minima
of AnAr Calculated at the MP2/ADZ ab Initio Level 2

parameter mirgnti) min(syn
le 3.503 3.510
Ze 3.492 3.505
Xe 0.275 0.177
Oe 45 2.9
Vy 19.6 21.0
vy 34.6 34.6
v, 41.6 41.2
ZPE(vdW) 47.9 48.4
AE,in(SAV) 3.3 5.7
De 453 442
DJCCSD(T)P 434 417

2 The coordinates of the minima ., and x are in angstroms, except
for the anglede in degrees. The remaining quantities explained in the
text are in cm. P D, is calculated at the CCSD(T)/ADZMB level.

potential minimumsynfor pg(syn) = +16.2. Notice that the
angled(p) describing the deviation of Ar from the molecular
axis toward the nitrogen atom oscillates in phase with the
oscillation of the angle/(p). Whenp < 0, the NH group is
strongly bent and its hydrogens push the ring carbonar@
Cs up toward Ar, which is reflected in the largg angle, cf.

Makarewicz

The frequencyy of the softest mode is noticeably lower for
the minimumanti than for the minimurnsyn

The intramolecular frequencies of the An monomer modes
also differ slightly for theanti and syn minima. The An
vibrational frequency shiftdv; = vij(An) — vi(AnAr) calculated
at the MP2/ADZ level are positive and below 1 cthfor most
of the SAV modes. This shows that the vdW interaction slightly
lowers the SAV frequencies, except for the lowest out-of-plane
modes. These are thg-€N bending withAvpendanti) = —2.7
andAvpendsyn) = —2.3 cnt! and the NH torsion with Aviors
(ant)) = —2.4 andAwrSyn) = +0.6 cnTl. A small value of
Aviordsyn) follows from the fact that the N atom moving during
the NH, torsion is less sensitive to the vdW interaction in the
synconformer because the-Mr distance is longer than that
in the anti conformer.

The large sensitivity of the out-of-plane low-frequency modes
to the vdW interaction has been observed in fluorescence
excitation spectra in AnA complexes with= He, Ne, Ar>
However, theAv; values for the ground electronic state))(S
could not be extracted from the spectra because the observed
shifts of vibronic bands in the 1SS electronic transition
contained contributions fromuwi(Sg) and Avi(S,).

According to eq 1, the difference in the total frequency shift

Figure 2. The Ar atom is repulsed by these carbon atoms at AZPE(SAV) of the An modes contributes to the effective

short distances and shifted toward thaxis. The shape of the
function 6(p) at p > 0 can be explained similar to that at
p <0.

The calculated MP2/ADZ inversion potential function of the
complexvﬁw(p) is asymmetric with the local minimuranti
lower than the minimunsynby 11 cn. This potential can be

inversion potentiaVin(p) of the AnAr complex. This potential
also includes the contribution from the ZPE of the vdW modes.
As a consequence, the differerts¥®iny = Vinv(pe) — Vinv(—pe)
between the inversion potential minima at (syn and

— pe (anti) can be calculated as

represented as a sum of the inversion potential of the unper-AV,,, = —[Dd(o.) — D—p)] — [AZPE(SAVp,) — AZPE

turbed aniline and the contributiodVi,,(p) generated by the
vdW interaction of Ar with the An monomer. The functioWi,,-
(p) is defined as

V2, (plAnAr) —

V2, (olAn)

OVin(0) = 4)
where both inversion potentials of AnAr and of An are taken
as zero atp = 0. This function is approximated by the
polynomialdéViny(p) = 3 ndno" with the coefficientsd,dz,ds,ds,ds)

= (31.4,57.7+162.5,-96.0,152.4) cm™.

(SAV, —pJ)] + ZPE(VdWp,) — ZPE(VdW;—p,) (5)

Taking the binding energieDe(+pe) calculated at the
CCSD(T) level and the remaining data from Table 3, one obtains
AViny = 15 cntl. The functiondViny(p) calculated at the
MP2/ADZ level gives too low of a difference of 11 crh
between two potential minima and does not contain vibrational
corrections. We can approximately correct this function and
convert it to the effective correctiodVes(o) by multiplying
OVinv(p) by the scaling factor of 1.4 to obtain a proper value of

The properties of the inversion potential minima are compared AVinv. Now the total effective inversion potential function

in Table 3. In the lower minimuranti, the Ar atom is closer to
the ring and its shifi. from the RC point toward the N atom
is larger than that in the corresponding minimwwyn The

binding energies determined for both minima appear to be about

450 cntl. This value is larger than those determined recently
for the complexes of Ar with planar benzene derivati®%&Bhe
difference AD. = Dg(anti) — Dg(syn) in the binding energies
of both minima is crucial for the inversion dynamics, so we
calculated it at higher ab initio level involving the CCSD(T)
method with the ADZ basis set supplemented by midbond (MB)

of AnAr is composed of two components

Vinv(p|AnAr) = Vinv(p|An) + 6Veff(p) (6)
The An inversion potential fitted to the experimental data can
be substituted td/iny(p|An) because it is more accurate than
the corresponding ab initio potential function.

The inversion wave functions calculated from the AnAr
inversion flexible model with the potential function of eq 6 give
us the probability densitp,(p), which is presented in Figure 3

functions 3s3p2d1flg with exponents recommended by Koch for the lowest inversion states= 0 and 1. It is apparent that

et al® The obtained binding energies are slightly lower but
the differenceAD. of 17 cnt! is larger in comparison to the
MP2/ADZ value.

The vibrational frequencies of the complex, except for the
inversion mode considered further, differ slightly for both
minima. The vdW frequencies calculated at the MP2/ADZ
method, including the counterpoise correction, were multiplied

the inversion tunneling is not completely damped by the vdW
interaction. However, a small asymmetry of the inversion
potential Viny(p|AnAr) induces a strong localization qfy(p).

In the ground inversion state= 0, the density of probability

of finding AnAr at theanti conformation is almost three times
higher than that of theynconformation. The reverse situation
appears in the first excited inversion state= 1. Thus, the

by the scale factor of 0.85 determined in ref 64 for complexes ground (excited) inversion state can be considered as a well-

of Ar with aromatics. The scaled frequencigsand vy (19.6
and 34.6 cml) agree well with the corresponding frequencies
(19.6 and 35.7 cm') observed in the ArAn electronigState?

defined conformemanti (syn). The inversion splitting of 41.1
cm! calculated for AnAr defines the difference in the energies
of these conformers.
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Figure 3. Inversion potential functioWin(p) of AnAr in its ground

electronic state, and the probability density functip(®) for the first
two inversion states = 0 and 1.

V. Intermolecular Potential Energy Surface

The description of the AnAr complex can be simplified due
to the fact that the inversion wave functions are localized mainly
at theanti or synlocal minima, as proven above. Thus, we can
describe approximately the intermolecular interaction by freezing
the An configurations in thanti andsynstructures, which are
very similar to the structure of the isolated An molecule. We
checked that small distortions of the An structure by the vdW
interaction in theanti andsynconformers cause a perturbation
in their binding energie®. of less than 1 cml. As a result,
the two AnAr conformers can be well described by one global
intermolecular PES with two local minima generated by An in
a single frozen configuration. In this picture, the inversion of
the amino hydrogens is completely blocked, and the Ar atom
can move above and below the An ring. This model is expected
to be adequate for a description of the vibrational states of the
Ar atom interacting with An monomer in the lowest inversion
states.

The counterpoise-corrected interaction en&éj\is calculated

here using the MP2/ADZ method. Recently, we proved for a
series of complexes of Ar with aromatics that this method

J. Phys. Chem. A, Vol. 111, No. 8, 2007503

by introducing a correction functio@(2) that transform/(r)to
a new potential functionvV(r) = V(r)C(2), which behaves
properly in the ring plane. The functio®(z) of the form

C(2) =1+ Alexp(—a Z) — exp(—a 2)0 7)
with A = 0.2 ando. = 0.25A2 as been determined in ref 59
and appeared to be approximately transferable, so it is applied
to AnAr without any modifications. It is possible to use the
additional correction functiolV(x,y) to modify V(r) near the
global minimum, which is usually slightly deeper and steeper
than the real on& Indeed, the AnAr binding energpe
calculated using the CCSD(T) method, which provides more
accurate results than the MP2 method, appears to be slightly
lower thanDg(MP2/ADZ). Instead of correctiny/(r) with the
help of theAV(x,y) function, we simply scale the functior(r)
C(2) by the factorsy = DJCCSD(T)]D(MP2) whereD{CCSD-
(T)] = 434 cnrl, see Table 3. In this way, we finally obtain
the potential function

V(r) = V() C() (8)
for which the global minimum is equal te Dg[CCSD(T)] for
s = 0.961.

The corrected PES is presented in Figure-daThe intersec-
tion of the PES by thez plane reveals two deepest potential
wells, anti (above the An ring) andyn (below the An ring)
and an additional shallow local minimum aty(,z2)rc = (6.39,
—0.71,0.0) A with the energy of 278 crhabove the global
minimumanti. This minimum, located 3.67 A from the N atom,
shows properties analogous to that of the deepest minimum in
the simpler NHAr complex where Ar approaches nitrogen
between two N-H bonds at a distance -NAr of 3.57 A%6
The binding energy of 150 cm of this minimum is very close
to the corresponding value of 156 ckifor AnAr.

The PES around its global minimuamti shown in Figure
4b reveals a strong anisotropy in the domain of theNCbond.
The PES shape is very similar to that in the isoelectronic

generates highly accurate interaction energies due to a mutuaPhenot-Ar (PhAr) complex. The same refers to secondary

compensation of the MP2 correlation error and the incomplete-
ness error of the ADZ basis s&t6?

The PES is sampled by varying Ar positions in a large
domain. The distanceof Ar from the ring center (RC) of An
is varied from 3.0 A up to 10 A in steps of 0.1 A near the
anti and syn minima. The polar angl® is varied in a full
range from O to 180 with a step size of 3near the minima.
Larger steps are taken in regions far away from the minima.
The azimuthal angleé is varied from 0 to 180 with steps of
30°.

The interaction energy values calculated at the chosen grid
points are fitted by the analytical functior(x,y,2) in the form
of the many-body expansion applied successfully to other
complexe$? The form and parameters specifying these func-
tions are reported in the Supporting Information. The analytical

shallow minima placed in AnAr near its ring plane. All of these
minima with the binding energies ranging from 210 to 230ém
are localized opposite to the-C bonds in the An ring, as
shown in Figure 4c. The potential barriers separating these
minima from theanti andsynminima are too low €20 cnt?)

to localize the vibrational states corresponding to planar
conformers. An analogous situation takes place in PhAr.

A detailed picture of the vdW interaction in AnAr compared
to the interaction in the parent benzerfer (BAr) complex is
visualized in Figure 5a and b, which presents the vdw %ole
defined asAVan(r) = Van(r) — Va(r) whereVan(r) [Va(r)] is
the PES of the AnAr [BAr] complex. This function describes
how the NH group attached to the benzene ring perturbs its
interaction with Ar. The vdW hole is plotted in the planes
z= 20 = 3.5 A (Figure 5a) andz = —z (Figure 5b). Both
figures show large regions around the-I8 bond where

PES obtained reproduces 1640 ab initio single-point energies Ay, (r) takes negative values. This means that in these regions

included into the fit, from the energy range betwee460 cnt?!
and the threshold enerdmax = 200 cnt! above the dissocia-
tion limit, with the standard error of 2.3 crh

The potential functiorV/(r) obtained is further improved to
correct its anisotropy that has been slightly overestimated by
the MP2/ADZ method, which produces overly high potential
values in the ring plan#. Such a shortcoming can be removed

the Ar atom is more strongly attracted to the An monomer than
to benzene. The vdW hole is deeper near the mininauntn

than near the minimunsyn at the same distance from the
monomer plane. However, the interaction changes its character
near the N atom because of a small tilt of the N atom above the
ring plane, that isz(N) = +0.07 A. The vdW hole in AnAr is
deeper than the analogous hole in PhAr. The stronger vdW
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c: V(x,y,0)

Figure 4. Contour plots of the potential energy surfagé,y,z) of
AnAr in the xz plane (a), in thexy plane forz =z = 3.481 (b), and
for z = 0 (c). The &y,2) coordinates are in angstroms, and the
subsequent contours differ by 50 thnThe sticks and balls represent
the An monomer.

interaction in AnAr can be attributed to the nonzero dipole
moment componeni, perpendicular to the An ring. For
Ph,u, = 0, whereag, calculated for An at the MP2/cc-pVTZ
level is given by—1.12 D.

Makarewicz

VI. Intermolecular Vibrations

The frequencies of the intermolecular vdW modes of AnAr
in the ground electronic state {fShave been observed in the
Raman spectra obtained in the molecular beam condifions,
where only the lowest vdW vibrational states of the most stable
AnAr conformer could be populated. These states are localized
in the deepest minimum of the intermolecular PES. A com-
parison of the vdW energy levels calculated from the PES
determined with the observed frequencies can indicate which
of the two conformersanti or syn was observed because the
tunneling between these minima is unfeasible for low vdW states
due to potential barriers, higher than 200 ¢éprseparating these
minima.

The lowest vdW states of the minimuamti, calculated by
the variational method described in ref 67, are collected in Table
4. They are assigned by approximate harmonic oscillator
quantum numbersn{,ny,n;) determined with the help of the
coordinate mean amplitudesy = g — [GDRH2 for g = x,y,z,
vibrational density matrice® and nodal patterns of the vibra-
tional wave functions.

The ZPE of the vdW modes of 54 cthderived from the
PES, see Table 4, the ZPE correction from the An monomer
modes of 3 cm?, and the binding energy of 434 ¢ taken
from Table 3, give the dissociation ene@y(anti) = 383 cn1.

The spectroscopic estimatirbrackets thdg value for the $
electronic state between 442 and 460 énThe corresponding
lower and upper limit for the Sstate can be determined from
the spectral shift 13 of 53 cnrt, which describes the increase
in Do under electronic excitation, so 389Dy(Sy) < 407cntl.
Our theoretical value is close to lower experimeridgllimit.

However, Piest et df using their experimental data for the
AnAr cation proposed significantly lower limits foDo(Sp)
between 273 and 329 cth A comparison of the experimental
value Do(Sp) = 364 & 12 cnt? for the PhAr comple$ with
the Do(Sp) upper limit of 329 cm? for the isoelectronic AnAr
complex suggests that this limit is probably too low. Our
theoretical method reproduceDo(Sy) for PhAr to within
experimental errof? so the same accuracy can be expected for
AnAr.

A similarity of both complexes is apparent from their vdW
spectra. Table 4 contains the lowest vdW vibrational levels of
the isoelectronic complexes: AnAr, PhAr, and fluorobenzene
Ar (FBAr). The calculated stretching fundamentals are identical
in AnAr and PhAr, which means that the PES curvature at the
minimum, along thez coordinate relevant to the dissociation
limit, is nearly the same in these complexes.

The lowest-frequency modes in AnAr are the bending
vibrations along the andy axes. The fundamental frequencies
vy(ant) = 19.6 andwy(ant) = 35.6 cnt! of these modes
calculated for the minimuranti are in excellent agreement with
the frequencies of 19.6 and 35.7 cthobserved in the Raman
spectré® Note that the vdw fundamentals computed from the
anharmonic PES also agree well with the corresponding scaled
harmonic frequencies from Table 3. At present, the harmonic
frequencies can be calculated routinely including the counter-
poise correction, so the vdW fundamentals can be calculated
with a reasonable accuracy at a low computational cost.

The vdW frequencies calculated earlier for thestte cannot
be considered as reliable. The AnAr fundamentalg/,v,) =
(12.6, 22.0, 46.6) cmt calculated from an empirical PES by
Parneix et af? are very far from the real ones, except for the
stretching fundamental.

The vdW vibrational frequencies calculated from our PES
for the conformersyn appear to be almost the same as those
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a: M(anti)
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b: M(syn)

Figure 5. van der Waals potential hole in AnAr near the minimanti in the planez = 3.5 (a) and near the minimusynin the planez= —3.5
(b). The §&.y,2) coordinates are in angstroms. The potential contours are plotted with a step of 20Tt sticks and balls represent the C-NH

group.

TABLE 4: Comparison of the AnAr, PhAr, and FBAr
Vibrational vdW States in the Ground Electronic State, $?

TABLE 5: Assignments of the Vibrational vdW Frequencies
(cm™1) of AnAr in the S, Electronic State

AnAr PhAr FBAr calc

N nnn, [AxO [AyD AZD Ea(S) Ea(S)®  Eca(So)° nynyn, expPk this work exp? calc— expf

0 000 0.291 0.287 0.116 c0 od (0 100 221 22.6 22 184+ 22.1

1 100 0.518 0.300 0.117 19.6 21.2 21.9 010 37.7 37.6

2 010 0.316 0.521 0.119 35.6 34.6 334 200 39.6 40.3 41 33.8-37.7

3 200 0.648 0.320 0.136 36.1 36.6 37.6 001 47.8 48.2 49 42.3-39.6

4 001 0430 0.345 0.187 44.6 445 45.2 020 73.5 39 53.6-47.8

g % é 8 8?22 822% 8122 ggg gig ggs aReference 13 Assignment of the observed frequencies by Bieske

7 101 0696 0366 0178 645 61.6 64.7 et al® °Assignment of the calculated frequenéfe the observed

8 210 0:712 0:588 0:131 668 66:4 67:0 ones? according to the quantum numbers from column 1.

9 420 0691 0532 0149 684 68.6 69.3 The excited states involving the vdW stretching mode have
ﬂ 8 1 2 8'222 8'223 8'%2‘2 ?g'g %'S gg'g been observed in the SS, vibronic spectra; however, there is
12 002 0766 0405 0208 795 81.2 go7  Still disagreement between alternative assignments of these

aThe calculated energies are in chand coordinate amplitudes
(Aq)rc Of the AnAr states are in angstronfsReference 625 Eqopo =
53.8 cnl, 9 Eggo = 54.2 cnml. € Egeo = 52.9 cnTl.

for the conformeanti, except for the lowest bending frequency
v(syn = 21.1 cntl. The fact that the calculated value of
vx(anti) matches the observed frequency perfectly indicates
strongly that theanti conformer of the lowest energy was
observed in the molecular bedm.

spectrd” The knowledge of the accurate PES for thg S
electronic state can help us solve the assignment problem
because the PES for the 8lectronic state usually does not
differ much from PES(§. The approximate PES{Scan be
obtained by a simple modification of PEg)SHere, we take
into account only the two most important properties that change
under the electronic excitation, namely, the equilibrium geom-
etry of the An monomer, which becomes planar in thstate,

and the binding energy, which increases under electronic

The higher vdW states show a mixed character not reflected excitation. The observed spectral shift of 53 dmis ap-

by the approximate quantum numbexgt,.n;). The mode

proximately equal to the increase in the potential well depth in

mixing is so extensive that purely excited stretching overtones the S state. The PESgBwith the binding energp«(S:) larger

do not exist in AnAr, similar to that in PhA#2

by 53 cnt! than D¢(Sy) is obtained by increasing the scaling

A close relation between the features of vdW states and thefactor s in eq 8 to the new valug; = 1.08.

vdW hole can be found in Table 4. The minimum value of vdW
hole AVpin at the distancey, = 3.5 A from the ring approaches
the value of about£70, —100,—120) cnt! in the complexes
MAr = (FBAr, PhAr, AnAr), see ref 62. The increasing
deformation of PES along thecoordinate lowers the bending
frequency v« (21.9, 21.2, 19.6) cmt and simultaneously
increasesyy (33.4, 34.6, 35.6) cmt in these complexes. The
relation betweer\ Vimin(zo) andvy, as well asy, is nearly linear.
The vdW hole affects the equilibrium structural parameters

The modified potential functiorVs(r) = sV(r) C(z) is
obtained using the An planar structure. The vdW vibrational
frequencies determined fros,(r) are ascribed to the vdw
frequencies measured in the Sate by Douin et &S in Table
5. The theoretical frequencies are systematically higher than
the observed ones by about 0.5 ¢rexcept forvy that is even
better estimated. Such a high accuracy achieved by introduction
of only one well-defined parameter is a strong argument in
favor of our assignment. The assignment of Bieske éwes

Xe andz.. A deep vdW hole shortens the distance between the correct, except for the frequency of 39 thascribed to the

monomer ring and Ar. The relation betwerr (3.530, 3.510,
3.491) A andAVmin(z) is nearly linear for MAr. The shift of
Ar from the RC pointxe = (0.113, 0.136, 0.261) A, see ref 62,
grows faster than linearly with the increase/o¥nmin(Zo).

overtone 2y instead of tovy. According to the FranckCondon
rule, the fundamentaly should not be observed because of its
symmetry lower thare;. However, this rule does not apply
strictly to floppy molecular complexes.
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TABLE 6: Comparison of the MPA Coordinates (in than ys associated to thgg mode of the higher frequency.

angstroms) of Ar ml AnA_thﬁtermlned from thel Eflnp'”C]le' However xs determined for AnAr is much smaller thgg This

Fo. I's, and rer Models® with the Coordinates Calculated from clearly indicates that these empirical parameters do not reflect

the ab Initio Potential Function V(r) .
the real structure of the complex correctly. The corresponding

parameter V(r) Pt ro Irs ab initio parameters¥’[§? and [¥’[}? are consistent and

Xe —0.192 —0.163 reliable because they are calculated from the PES that describes
Z 3.487 3.535 the vibrational modes very accurately.

le 3.493 3.539 . . . . .

30 0111 —0.260 Notice that inconsistencies |n.the emplrlca}l §tructura| param-
&0 3.533 3.524 eters shown above follow from different simplifying assumptions
mo 3.560 3.544 inherent in the empirical models. As a consequence, it was
DQEL 0.312 0.235 difficult to establish the real structure of the complex unambigu-
y2[¥2 0.287 0.392 ously.

22042 3.535 3.516

2 Reference 5. VII. Summary and Conclusions

The present ab initio study of the structure and dynamics of
the An monomer and its complex with Ar have provided detailed
é'nformation on the inversion motion consistent with the
experimental data available. The An inversion barrier height,
Vp, has been estimated by determining the contributions from
the electronic energy and vibrational corrections. Accurate
determination of the inversion potential in the AnAr complex
perturbed by the weak vdW interaction required additional
contributions from the ZPE of the vdW modes and from the
SAV frequency shifts generated by the complexation. The
resulting asymmetrical inversion potential shows two local
minima corresponding to thanti and syn AnAr conformers.
Although the difference in their energies approaches only
15 cn1?, it is sufficient to localize strongly the inversion wave
functions of two lowest states.

The three-dimensional PES of the complex has been con-
‘structed from a large set of single-point interaction energies
calculated using the MP2/ADZ method. This PES reveals several
local minima surrounding the An molecule. A simple rule
explaining qualitatively the locations of all of the minima can
be formulated as follows. The Ar atom approaches the heavy
. . atoms A of the monomer molecule at a typicat-A distance

The molecular structure is not directly observable, and the o 5oyt 3.5 A and prefers to occupy the space regions far from
physical meaning of the “experimental structure” depends on 1,4 hydrogens to avoid their repulsion at too close—Kr

the model used in its derivation from the experimental data. yisiances. Thus, Ar intrudes into a company of the heavy atoms
The most accurate rotational constants obtained from the;

) ; . in between the A-H bonds. The minima located near the
microwave spectra of AnAr and i#8N-isotopomer have been

. ; . monomer plane are very shallow and are separated by low
used to determine tire, rs,.andreff structures O.f this compl " potential barriers, so stable conformers corresponding to such
The ro structure can be interpreted approximately as a vibra-

. . . 2" minima cannot be formed. Naturally, there is a plenty of space
tionally averaged structure defined by the coordinate expectationaa from hydrogens above and below the monomer ring and

valueslgg for the ground vibrational state. The coordind®$  here the local minima are the deepest. This rule applies to all
defining the rs substitution structure of AnAr have been nq g complexes of Ar with aromatics studied soffar.
g_etetrmmed gom :(ranc?én;n S equat!oi?sTh;s kind of coor- The shape of the PES of AnAr is similar to that of the parent
|Qa/2e can be Interpréte@s zero-point root mean squares  pan;ene Ar cluster. However, it is appreciably deformed by
[0°(g". The coordinateger| of the effective structurest have  he N1, group attached to the phenyl ring. The vdW hole
been degerm_med using the model of Kidtsmodified by describing this effect is pronounced in the region around the
Spycher’? This model incorporates partly the flexibility of the  _N hond, and this hole is responsible for important dynamical
complex; thus, theer structure is expected to be close 10 the a4 res of the excited vdW vibrational states. The interesting
equilibrium structurere, defined by the global potential energy yg|ations between the vdwW hole and the structural and dynamical
minimum. _ properties are found in the series of isoelectronic complexes
The coordinates compares reasonably with the calculated par = (BFAr, PhAr, AnAr) with increasing vdwW hole depth
equilibrium coordinate; however, the coordinatgs is much AVmin(20) at the same fixed coordinate.
too large. It is even larger tham and z that contain the The vdW bending fundamentals calculated for the minimum
vibrational contribution from the amplitude of the stretching  gp;j are in excellent agreement with the vibrational frequencies
mode. Howeve/gzO andz agree well with the theoretical values  gpserved in the ground electronic stitand this proves the
of (2§ and 23> high accuracy of the PES determined. The vdW vibrational
The empirical parameterg andxs corresponding téx(d and levels predicted for the excited electronic statq) (Bave
&2@’2 have large errors of the order of 0.1 A. This estimation permitted the explanation of the structure of the observed
follows from the fact thatxs, which includes the vibrational  vibronic bands, and their assignments as proposed earlier have
contribution from the softest bendingmode, should be larger  now been corrected.

The assignment of Hermine et alsupported further by
Parneix et af® and Douin et all® who attempted to revise
Bieske’'s assignment, appears to be incorrect. These author
based their interpretation on the theoretical frequencies calcu-
lated from a crude empirical PES constructed as a sum of two-
body interactions, supplemented by an induction term. However,
a realistic PES should include higher many-body terms, as
demonstrated in this paper.

The knowledge of PES allows us to determine the vibra-
tionally averaged structures of the complex and compare them
to the corresponding structures determined from the experiment.
The equilibrium AnAr structuree of the global minimum#nti)
is described in Table 6. The equilibrium Ar coordinates
Je = XeYeZe together with the expectation valuégld and
674 of the ground vibrational state calculated for theti
conformer are given with respect to the monomer center of mass
The “experimental” coordinates are usually reported in the
monomer principal axis (MPA) system. For this reason, the ab
initio coordinates calculated in the molecular axis system with
the x axis attached to the £C; axis, as shown in Figure 1,
are transformed to the MPA coordinates.
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