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In this paper we present quantum mechanical calculations for the energetics, nuclear dynamics,
spectral shifts, and vibrational level structure of anthraddeg (n=1,2) clusters in the ground

(Sp) and in the first spin-allowed excite&() electronic states. The anthracene—He potential in the

S, state was described in terms of a sum of Lennard-Jones atom—atom potentials, while the potential
in the S; state also included changes in dispersive energy and in repulsive interactions. Variational
calculations were conducted for anthracdie. For anthracendle, we carried out configuration
interaction calculations with the wave functions consisting of Hartree products, accounting for
boson permutation symmetry. Extensive, anisotropic, one-dimensional spatial delocalization of the
He atoms on the anthracene microsurface, which originates from large-scale confinement by the
aromatic molecule, is exhibited, being further enhanced by repulsive interactionsSp stege and

by the He—He repulsion. The anomalous size-dependence dfatespectral shifts for thes,

—S; electronic origin arises from mutually canceling dispersive and repulsive contributions which,
together with the electronic-vibrational level structure, manifest quantum effects of anisotropic
spatial delocalization, confinement and He—He interaction in nonrigid cluster00@ American
Institute of Physics.[DOI: 10.1063/1.1401816

I. INTRODUCTION rogated by electronic spectroscopy provided evidence for a

) . _gap between the zero phonon line and the phonon sideband,
Cluster chemical physics focuses on the structure, iSog,e to the excitation of rotons in the superfluid cluéter.

mer stereochemistry, electronic and nuclear level structurq_,arge organic aromatic molecules, e.g., tetracene and penta-
spectroscopy, intrastate and interstate dynamics, electronigf 4 in ¢He), clusters! provide new avenues for the inter-

nuclear response and chemical reactivity of large, finitg,qasion of local superfiuid solvation on molecular microsur-

syste_msl.“" Central issues in this research area pertain to th‘Faces. The electronic origin of tetracene’ie clusters at 0.4
bndglngé between molecular, surface and condens_gd Phase revealed splitting(~1 cm %) of the zero phonon lin&:
systgm ancg to the utilization of clust.er size equatiors which cannot be attributed to a rotational structure, and was
scaling laws for the nuclear/electronic response of nano'conjectured to arise from some kind of isomeric speties.

structures. Notable recent developments in this broad intetl-_hese studies of molecular probes for superfiuidityfte
disciplinary research area pertain to the exploration of quan-, P b

S : droplets raise a renewed interest in aromatic-moleédie

tum clusters, where the nuclear dynamics is dominated bXIusters Aromatic molecule rare-aas heterocluster
quantum effects. Landmark examples involviHg), (n N 9 R,
=2) and @He), (n=25) quantum clusters, which exhibit (M=benzene, anthracene, tgtracene, _pentac_ene antl®g
large zero-point energy motion, being liquid downTe-0 Ar, Kr, X(gg_r;?ve been ext_ens_wely studied during the last MO
and manifest bosoffor “He) or fermion (for 3He) permuta- decades ' for the eluc!datlon o'f structu.ral spectroscopic
tion symmetryf~1° Of considerable interest in this context is &nd dynamic facets of microscopic solvation phenomena, of
the phenomenon of superfluidity of bosoAHE), finite the dgtalls of Iowjtemperature rare-gas interactions with a
clusterst®=23 The structure and nuclear dynamics of |argegraph|te related microsurface, and of the structure and nature
clusters of {He), (n=10°—10F) were explored by the use of of structural isomers for an energy landscape characterized
microscopic spectroscopic probés.g., dopant atoms or by multiple potentials minima'He atoms bound to aromatic
molecule®®23 or of a transport probde.g., an electron Molecules;® " constitute the extension of the g cluster
bubblé?), which provided compelling experimental evidence family to the realm of nuclear quantum finite systems. No-
for superfluidity at 0.4 K9~ These experiments confirmed table electronic-vibrational spectroscopic  studies  of
the conclusions from quantum path integral simulations ofenzeneHe, (n=.1,2) 3637 2,.3-dimeth3'/l na[.)hthalen.lele,48
the collective excitations spectra and the superfluid fractiond cyclopentadienyHe radical” provided information on
in smaller (He),, (n=64 and 128 clusters:® the cluster geometry, the van der Waals bond length, vibra-

A variety of molecules have been spectroscopically studtional excitations and spectral shifts. The recent spectro-
ied in (“He), clusters. The smaller species, e.g., 3%  scopic studies of Even and co-workEr® on
SF;, 2% and linear monomef&?’ studied by infrared spectros- naphthaleneHe,, anthracenede,, and tetracendde, (n
copy provided information on the nature of local solvation in=1-10) in supersonic jets 8t=0.4 K, provided extensive
a superfluic?®=3°The larger molecules, e.g., glyox@linter-  information on abnormal spectral shifts of the electronic ori-
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gin of the S§;—S; transition and on the vibrational level ization even at 0 K, the symmetry of the nuclear Hamiltonian

structure in theS; electronic state of these clusters. (within the framework of the Born—Oppenheimer separation
Aromatic molecule—He (IMHe,) clusters are expected of electronic and nuclear motipiis determined by the sym-

to exhibit some unique features due to nuclear quantum efnetry of the confining rigid nuclear framework of the aro-

fects arising from large zero-point energy motion. These arenatic molecule and by the permutation group of the indistin-

manifested in the extensive delocalization of the He atomguishable He nuclei.

on the aromatic microsurface and in the nonrigidity of the  In our calculations of the energetics, spectral shifts and

cluster donor taol' = 0. Concurrently, large-scale confinement vibrational level structure of anthracehte; and

effects will prevail, with the large-amplitude motion of the anthracenéHe, clusters we kept the anthracene molecule

He atoms in MHe, clusters being confined both vertically rigid and spatially fixed. In the ground electronic st&feof

by the restoring force of the aromatic molecule and horizonanthracene, the anthracene-He potentiglvas described in

tally by the nuclear framework of the aromatic microsurface.terms of a sum of atom—atom Lennard-Jones 6—12 poten-

Finally, the effects of bosoffor “He) or fermion (for 3He)  tials. We have utilized the potential parameters_ .

permutation symmetry on energetics, nuclear dynamics, ang3.099A, &c_4=13.92cm?, opy_=2.903A, and

collective excitationgfor sufficiently large, low-temperature ey_pe=5.761cm?, which were taken from the study of

cluster$ will be important. On the theoretical front, the de- Lim®>3 on vibrational energy transfer in He—toluene. These

localization of the He atom on the aromatic microsurface inpotential parameters for the He—aromatic molecule interac-

excited vibrational states of 2,3-dimethyl naphthaléfee tion are more adequate than those based on the He-—

clusters was inferred by Bacét al*® from quantum me- hydrogenated diamond interactish,’’ which we used in

chanical calculations. Kwon and Whaféyconducted quan- our preliminary calculation® The anthracenéie potential

tum path integral Monte Carlo simulations of benzéteyy,  V, in the S; electronically excited state of anthracene is

clusters over the temperature range 0.6-5 K, demonstratingjven by

the near complete localization of two helium atoms above _

and below the benzene ring. This classical-like spatial local- V1=Vot+ Vosst VL, @

ization is consistent with the experimental spectroscopic dewhereVpssis the change in the dispersive energy between

terminations of the structure and bond length of benzdag ~ the S; andS, electronic states, which was calculated by the

(n=1,2) (Refs. 36, 37 and of cyclopentadienyHe (Ref.  dispersive spectral shift theory of Shalev and Jortfétpe-

51) clusters. These conclusions are in an apparent dichotormi{g given by

with the notion of large-scale nuclear motion and nonrigidity n

of M-He, clusters. However, in these He clusters, containing  Vpgs= — n(€%/2)aaF 2, >, S11G g, 2

a single aromatic ring, the manifestations of horizorald 1=1ap

vertica) confinement may be sufficient to attain nearly-rigid where a ,=0.204 A (Refs. 3 and 5pis the polarizability of

structures, whose spatiedveragedl configurations are ame- he He atomF=24.5eV its ionization energﬁ(')ﬂ repre-

(3

nable to study by the traditional methods of high-resolutionsents a geometric factor for the interaction of the C atams
s_pectrosco_py. _It thus appears that the_z manifestations of SP&nd g of the aromatic molecule with thieh He atom, while
tial delocalization should be explored in-Me; clusters con- G,z contains the contribution of the transition monopoles on
taining large aromatic molecules, e.g., anthracene and tefre c atomsy and 3 of the aromatic molecul®35The scal-
racene._We present quantum mephanical calculations for thﬁg parameter; in Eq. (2) was chosen, in accord with pre-
energetics and nuclear dynamics of anthracelg (N \jous calculations for heavy rare gas clusfé® as 7
=1,2) clusters in the ground electronic stag)(and inthe  _ g g \While for heavy rare gas—aromatic molecule clusters
first spin-allowed electronically excited stat€,f. The ge-  he dispersive contribution, E€R), dominates théred) spec-
ometries and topologies of the potential energy surfaces weggy shift35 in the case of the anthracei, cluster the dis-
constructed from pairwise interactions, which provide CONhersive contribution to the(red spectral shift Vpss
siderable insight into the nature of the nuclear-electronic:_11_Ocm—1, estimated from Eq(1), is by a numerical

level structure of these systems. Our studies of these larggqior of ~7 higher than the experimental spectral $Afff
aromatic microsurfaces reveal extensive spatial anisotropigs Sv;=—1.6cm L. This unusual behavior is due to the

delocalization of He atoms at the ground vibrational level,smajier C—He equilibrium distance, so that repulsive contri-
both in theS, and$, electronic states, bringing up the notion p, tions can play a larger role in the excited state potential.
of nonrigid M-He, clusters. We shall account for the anoma-\yje therefore introduced the tertaV,, in Eq. (1), which

lous spectral shifts and for the vibrational level structure inrepresents the difference between the Lennard-Jones repul-
the electronic-vibrational excitations of anthracdte, (n sive term of theS, and S, states

=1-4) clusterd®® elucidating the implication of spatial b b
delocalization, of horizontal large scale nuclear motion and AV, =g Oex— O 3)
of He—He interactions in these floppy quantum clusters. L R

II. METHODOLOGY with the excited state parameter.,. We chose ogy
=1.02845 for the carbon atoms in the 9, 10 positions. This
parametelo,, (together withz) was taken to fit the experi-
For nonrigid clusters, e.g., anthrace(ide),, whose mental spectral shift of anthracer¢e;. For the He—He po-
(He), subpart is expected to be subjected to spatial delocakential we used thab initio potentials of Voset al®° and of

A. Potentials
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TABLE_ I Expan;ion coefficientsy; and G_aussian exponentg of the wherecﬂ are the linear expansion coefficientsandy de-
Gaussian expansion of the He—He potential, @. note the short and the long molecular axis, respectively, with
No. gi/au. v lau. the center-of_—mass of the anthracene molecule as the origin
of the coordinate system. At present, in all calculations of
; é-ggigg 2-223?2 An-He, and AnHe,, the coordinatez perpendicular to the
3 176275104 3205385 molecu'lar plgne is restrlcteql to value®. As a consequence
of the limitationz=0, the point group of the ArHe, system
is C,,. The three-dimensional(3D) basis functions
¢.(X,y,2) are taken as products of one-dimensioftD)

Ceperley and Partrid§ktabulated and reviewed by Aziz and functions,
Slamar? While the potential values of Vot al. (in Ref. 62 b.(Xy,2)=

Y,2) = ux(X) duy(Y) b ,2(2). (6)
denoted as VVVVR describe interatomic distanceR a . A
=3.0a.u., the results of Ceperley and Partridge address thehe 1D functionse,,(x), ¢,.y(y), and ¢,,(z) are the nu-
range 1.0 a.usR<3.0a.u. We employed a linear combina- merical solutions of the Schdinger equation for one-

tion of three Gaussian functions, dimensional cuts Vy_qg,-opX), Vx=0z-op(y), and
3 Vy=o0y=0(2) of the intermolecular potentidfy(x,y,z) of the

_ _ P22 ground electronic state of anthracene. Specifically, the cuts
M R)_gl g exp— R/277) “) V(x) andV(y) were taken for fixed values of=0 andx

tered aR=0 1o int late the tabulated potential val =0, respectively, and the coordinate was optimized with
centered ak=0 toInterpolate the tabulated potential va uesrespect to the minimum potential energy. The ¥(z) was

and to extrapolate them to interatomic distances of less thaf}, . ax=0 y=0. Figure 2 shows the 1D cut4(x), V(y)

ﬁ a.u.bAIthough seg?gtralfT ;)hre SS Ph't‘?‘t'%atfd functlhonal IﬁrmsandV(z) of the anthracene electronic ground state potential
ave been proposedio Tit the ab Initio data, we chose the together with the lowest 1D eigenfunctions and their eigen-

S|mplgr linear qomblnatlon of Gau_ssm_ns with rgspect to A alues. Since the 1D functions are orthonormal, so are the
analytical solution of the two-particle integrals in a subse

i . Th i Hicient 4G . “3D product functions, Eq6), which also form an orthonor-
quent work. 1ne expansion coe€tlicients and Laussian €xpoy | pasis set. Each 3D basis function is completely charac-
nents were obtained by a least squares fit and are given

¥erized by the triple £,y 1D quantum numbers. As
Tab_le_ .I' Figure 1 shows th_e fitted p‘?t?f‘“a' together with themdicatedyin Fig. Ec) tﬁé fl:% tﬁ;zgis fur?ctions were considered
ak_) Initio _da_ta points. Th§lf|t to thab |n|t_|o da_ta_ is excellent only forz>0, i.e., tunneling or side crossing was disregarded
with deV|at|c1r1ls of0.5cm atthe pf)ltentlal minimunwhere i e jinear variational calculations. The kinetic and poten-
V=—7.6cm 2’1 and of 1700 cm” at 1 a.u.(where V tial energy integrals were calculated numerically.
=2.03 10 cm ™). Our variational calculations for Atie; involve 165 3D
basis functions, spanning all possible triples («, ,u,) for
0= py<4, O=puy=<10, and Gs u,<2. This basis set, derived
from the 1D cuts of the ground electronic state potential
For anthracendde, (An-He;) we have performed varia- Vy(X,y,z), also served in the variational calculations of the
tional calculations, using the following wave function S; state with the potential given by E¢L).

B. Variational calculations for anthracene  -He;

V¥ (x,y,z) of the helium atom in the potential well of the More extensive calculations were also conducted. Test
aromatic molecule, calculations for anthracernide; involving both sides of the
n aromatic molecule and large basis sets of up to 1200 3D
_ Lowdin orthogonalizep basis functions, consisting of our
V(xY.2)= 2 ¢, bu(xY.2), 5 (Lo 10gonalizefi basis : g
a=1 original basis set and additional Gaussian functions, were
5.0t 40
@ T T ® 7
3.8 L 304
WO 2.61 F 204 . . .
- TE FIG. 1. The He—He potentiala) The entire potential
H'E K curve. (b) A magnified part at the minimum of the po-
o » > tential curve. The data points represent the tabulated
> 0 initio data(Refs. 60—62and the solid curves represent
the Gaussian fit, Eq4).
0.24 r 04
-1.0 Fe T T T T T -10 — =TT
0.0 1.0 2.0 30 4.0 5.0 2.0 3.0 40 50 6.0 7.0
R/A R/A
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FIG. 2. One-dimensional cuts of the anthracene—helium ground electronic state potential abang #melz axes. For the cufa) along thex axis,y was set

to 0 and thez coordinate was optimized according to the minimum potential energy for the gjwepair. Cut(b) along they axis was taken at=0 with
the z coordinate optimized. The 1D c(t) along thez axis was obtained fax=0 andy=0. The 1D eigenfunctions, which served as basis functions in the
subsequent variational calculations, are included in the diagrams; their eigenEalasgiven relative to the minimum potential energ$38.1 cmit. To
compare the spatial extension of the 1D wave functions irxtuedy directions with the size of the molecule, the anthracene moldébuknd its central ring

(a) have been included at the same scale.

conducted. These calculations led to similaithin 1 cm %) Ay(p,p)=¢,(1)d,(2), 9
ground state energies, while the spectral shift, the transition

energies and the Franck—Condon factors are relatively little 1

effected. Side crossing or tunneling was not found to have a Ax(m,v)= 5(¢#(1)¢V(2)+ $(1)$u(2)). (10
notable influence on transition energies in the energy range _ _

of interest(~40 cm %), as the addition of basis functions The notation of Eqs(9) and(10) stresses the occupation of

located in the molecular plane, but beyond the hydrogen a8D basis functions, rather than the dependence on the atomic
oms, showed. coordinates of helium atoms 1 and 2, cf. E¢8. and (8).

The Hamiltonian of the ArHe, system is

H=h(1)+h(2)+§(1,2, (11)
C. Configuration interaction calculations . .
for anthracene -He, whereh(1) andh(2) are the one-particle operators, which

consist of the kinetic energy operators of the helium atoms
and the potential energy operator of the helium in the field of
the aromatic moleculeg(1,2) is the two-particle potential
energy operator between the two helium atoms, for which the
superposition of Gaussians, E@), was taken(Sec. Il A).
The matrix elements of the Hamiltonian in the basis of the

For the AnHe, cluster we have performed configuration
interaction(Cl) calculations. The nuclear wave function was
taken as a linear combination of symmetrized Hartree prod
ucts (“permanents’) A,(1,2), so that

‘I’(112)=2a (Cala(1,2) (7)) permanents, Eq8), are
with 1 and 2 denoting the Cartesian coordinates of heliun{A(u,u)|A|A(v,v))=2h,,8,,+ (uv|uv), (12
atoms 1 and 2, .

21 <A2(M,V)|H|Aé()\,0)>
1 v [ A
Aa(l,Z) = \/7 PZl ( P].l:.[ (¢,U,)> ' (8) = h,u)\b‘wr—i_ h/urgv)\—’_ hl/)\b‘/ur+ hv<r5/L)\
a
+(uNvo)+(nolvn), (13)

whereN, is the normalization integral of the permanent and
P is the permutation operator. Each permanent is built up BYA () [H| AN, 0))

the 3D basis functiong,, defined in Sec. II B and is spi®)

and symmetry adapted. For a two-boson system there are =V2[h\ 8,0+ huedn+ (uN|po)], (14
two types of permanents, denoted here as typ#®,{u,u), with

or type 2,A5(w,v), respectively, which are constructed ei-

ther from identical 3D functionsg,,, or from different 3D _ ~
functions¢, and ¢, hw‘j d7;1¢,(1)h(1)#,(1) (15
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FIG. 3. Contour plots of the probability density of the
helium atom on the anthracene molecular surface for
030 | the vibrational ground states of anthracéie, (a) for

0.20 the Sy and (b) for the S, state.

y/A

-0.751

25 .15 05 05 15 2525 -15 05 05 15 25
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and g(x,y,2) acts as a damping factor of the products of the three
cross-correlation functions. For the present calculation the
(Iu,yl)\g')ZJ dTlJ d7h,(1)$,(1)8(1,2) integration was limited from-2.55 A to+2.55 A. This trun-
cation of the integration limit is justified by the fact that the
X \(2) 4(2), (16)  repulsive part of the He—He potential gives the dominant
contribution to the He—He integrals, and that the attractive

where 7, and 7, denote the entire three-dimensional defini- ., 1o interaction is weak compared to the anthracene—He
tion range of helium atoms 1 and 2, respectively. interactions

A” the one- gnd two-particle integrals were s.olved MU= Qur CI calculation involved 165 3D basis functions,
rr]erlcal!y,. exploiting theC,, symmetry of the confining one- spanning the 1D quantum numberss <4, 0< u,<10,
sided, rlgld.anthracene nuclegr framework. The I'arge numbeénd 0<u,<2. From these 3D basis functions all possible
of two-particle integrals requires that the numerical SOIUt'Onpermanents have been generated, resulting3600 perma-

is very efflment. The two-_partlcle ||_1tegrals_ are sixfold inte- nents and~2.3 10/ He—He integrals for each symmetry
grals, ruling out a numerical solution at first glance. How-t

e of the point grou .
ever, the two-body potentig(1,2) depends on a coordinate P P grouiz,
difference, so that the sixfold integrals can be factorized into
a threefold integral and three single integrals, [ll. RESULTS AND DISCUSSION

J'm g jx J jw g Joc g jm g foc g ) A. Spatial delocalization of He atoms
X z X z X
It N IR P y2 —o 2P For the anthracenele; (1|0) configuration, the nuclear

wave function of the vibrational ground state consists almost

X buy(Y1) bpuz(21) ix(X1) buy(Y1) b12(21) exclusively of g (coefficient 0.99 and 0.95 for tHg, and
X Q(Xo—X1,Y2~ Y1,22— 21) brx(X2) hry(Y2) S, electronic states, respectivﬁlyﬁ cursory examinat_ion (_)f
the three 1D components of this ground state vibrational
X Pro(22) box(X2) by (Y2) P oo(Z2) wave function(Fig. 2) reveals that the energy of the helium
o o w atom in the long axiy direction is located below the double
=J dxf dyj dzg(x,y,2)Fx(X)Fy(y)F,(2), minimum of the two outer rings and no tunneling splitting is

exhibited for the motion along the lon@) in plane axis.
a7 Figure 3 shows the probability densi®(x,y) of the helium

With X=X,—X{, Y=Yo—V1, 2=2,—2,, and the cross atom on the anthracene surface for t) configuration,
— A2 1 — Y2 1 —£2 1 -

correlation functions=,(x), F , F,(2), e.qg., 0
00 By, A2, €0 Poy)= | Tazvicy.2). (19
o 0
Fy(x)= J dx X1) @ x(X
(%) — 18 X0) SixlX0) While in the ground vibrational level of th&, state the
helium atom is mainly located over the central ring, in the
X Prx(X1+X) Pox(X1+X). (18) ground vibrational level of th&, state the density is shifted
In order to reduce the computational demand of each thregewards the outer rings. The probability density can be char-
dimensional integral, Eq17), the integration limit was trun- acterized by its standard deviatiofsx?)*?, (Ay?)*2, and
cated as much as possible, making use of the fact thd’rA22>1/2 in the x, y, andz directions, respectively. The stan-
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TABLE II. Anisotropic spatial delocalization of He atoms on anthracene in — 0.52A (g 1 oo 1. 0) — 0.44A(dg 1 oo 3 0) + 0.51A

the ground vibrational state of ti& andS, electronic states. (¢020¢020) for the S, state. The coefficient of the
Standard AnthraceneHe, AnthraceneHe, A(¢o,o,o¢o,o:o) configuration in the vibrational grqund state
deviation wave function for both theS; and theS,; state is small
A) So Sy So S, (=~0.1) due to the large He—He repulsion. Figure 5 shows the
(AX?)Y2 055 0.54 0.60 057 one-particle density(x,y) for the (2|0) configuration,
(Ay?)2 0.75 0.99 1.91 1.96
(AZ?)Y? 0.29 0.30 0.31 0.31 " " - "
First moment(2) 3.33 3.36 3.35 3.34 P(xy)= P(Xl’Y1):2fo dzlf_dezJ_dezfo dz,
A

XW2(Xq,Y1,21X2,Y2,22). (20)

dard deviations for thes, and S; states are displayed in Due to the He—He repulsio®(x,y) is delocalized over the
Table Il. These parameters can be taken as a measure thiree aromatic rings in the direction already in the ground
nonrigidity in the ground vibrational state 8 andS;. The  electronic state. The spatial delocalization is even slightly
He atom is grossly delocalizedt T=0) in both theS; and  enhanced in th&,; state. The standard deviations in they,
the S; states. The horizontal spatial delocalization along theandz directions are summarized in Table II.
long y axis is especially largéTable 1l). We also note the The one-particle densities allow for the observation and
considerable spread of the density in Bestate relative to  quantification of extensive anisotropic spatial delocalization
the S, state in they direction, while remaining unchanged in of the He atoms on the anthracene microsurface in the
the x and z directions. The delocalization in thedirection  ground vibrational state of anthracehie, (n=1,2) clusters,
across the central ring of the anthracene molecule is largboth in theS; and S; electronic states. The spatial delocal-
(Fig. 3, increasing from (Ay?)¥2=0.75A in S, to ization of both one or two He atoms along the perpendicular
(Ay?¥2=0.99A in S, (Table Il). The enhanced spread of z axis, i.e.,(Az?)Y?=0.3A, is quite substantial, but is con-
the vibrational ground state density in tBe state along the fined by the strong restoring force of the aromatic frame.
y axis can be readily understood from a contour plot of theSimilarly, the spatial delocalization for both tt&|0) and
difference potentiahV=V;—V,, i.e., a contour plot of the (2|0) configurations along the short horizontalaxis, i.e.,
spectral shift, Fig. 4. Due to the enhanced repulsion at the §Ax?)Y?=0.54-0.60A, is confined by the horizontal
10 carbon atoms, the contour plot shows positive potentiahuclear framework of a single aromatic ring. We also note
differences in the central ring, causing a decrease of ththat the He—He repulsion in thH&|0) configuration does not
probability density in this region. markedly modify the spatial delocalization across zleadx

For the AnHe, one-sided(2|0) configuration extensive axes in large aromatic molecules, which are dominated by
mixings of the permanents are exhibited for the ground vithe vertical(z) and horizontalx) confinement. The physical
brational levels of th&s, and S, states, with the major con- situation is drastically different for the large scale horizontal
tributions to the wave function being 0A4%¢g o obo 20 motion along the long/ axis on the microsurface of large
— 0.52A(¢o 1, 0%0.1,0) — 0.40A(g, 1, 0¢0,3,0) + 0.46A aromatics, which reveals a considerable sensitivity to the re-
(do200020 for the S, state and 0.44(¢hg 0020 pulsive interactions with the large aromatic frame for

:5@/2\

375 P S R S S S a

2.251

-2.254

-3.75 .&.' T ../. T
5 0.5 0.5 15 2.

25 -5 05 05 15 2525 -5 05 05 15 2525 -l y 5
x/A x/A x/A

FIG. 4. The contour plot of the difference potentlV=V,—V, on the anthracene molecular surface. For each point ix,thelane thez coordinate was
optimized according to the minimum potential energy at that p&fThe total difference potentialb) the dispersive, antt) the repulsive contributions to
the difference potential.
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3.75

2.254

FIG. 5. Contour plots of the one-particle densities of
the helium atom on the anthracene molecular surface
for the vibrational ground states of anthracéie, (a)

for the S, state andb) for the S; state.

y/A

-0.754

x/A x/A

An-He,, discussed above, and to the effects of He—He repuldases (Ar, Kr, Xe), where the size dependence é¥ is
sion for An-He,. The one-particle probability density along gradual and isomer specificity @ is small (10%—20%.%
they axis for AnHeZ (F|g 5) reveals delocalization across We shall now show that this dramatic Iarge difference be-
the two terminal aromatic rings of the anthracene moleculetween the spectral shift for two-sided and one-sided struc-
The pushing of the delocalized probability density from thetures of anthracengle; originates from the large amplitude
central ring for AnHe; to the two center rings for Aie,is ~ quantum motion of two He atoms on the microsurface of
induced by the strong He—He repulsive interactions inanthracene, which will change the balance between the dis-
An-He,. This delocalization along the long axis is de- persive and repulsive contributions to the spectral shift.
scribed by the second central momefits/?)¥2=1.91 A for The vibrational states of thel|0) and(2|0) cluster con-
the S, state and Ay?)Y/2=1.96 A for theS, state. The small figurations are classified according to the point symmetry of
increase of<Ay2>1/2 in the electronically excited state of the (one-sidegl anthracene microsurface. The vibrational
An-He, manifests the dominating role of the He—He repul-level structures in th&, andS, states are presented in Fig.
sions, which overwhelm the change of the repulsive interac?- The spectral shifts for the electronic origin of ti$g

tion with the large aromatic frame in ti§) state. —§, transition were calculated from the difference of the

B. Spectral shifts

Evenet al. observe®®°°an anomalous size dependence
of the spectral shifts of the&s,— S, electronic origin of 1 @ cac. O
anthraceneHe, (n=1-4) clusters, which correspond to the 20{ O exp op)
lowest-energy excitation of each mass-selected cluEigr ’
6) are to the red, manifesting the dominance of dispersive g 5
interactions forév. Then=1 cluster reveals a low value of
Sv;=—1.6cmt, which was attributed to the one-sided
(1j0) structure®® The configurations of larger clusters (
=2-4) were inferre®f on the basis of additivity rules for
spectral shift§? The n=2 cluster, with v,=—3.2cm’?,
was assignéd to the two-sided1/1) cluster in view of the
additivity relation év,=26v,. The large jump of Svg . -
=—-12.6cm?! was attributet to the (2]1) structure for
anthraceneéHe;. The experimental spectral shiftov,
=-21.9cm? for the n=4 cluster was assign&tto the ] (110
two-sided(2|2) structure, with the experimental value &,
being in accord with the estimatév(2|2)=26v(2|0) O . S e ——
=-22.0cm ' The anthracenéle, clusters reveal an ir- 0 1 2 3 4
regular pattern of the spectral shift, with an abrupt jump of n

Sv, versusn at n=3 (Fig. 6), which is manifested by the , _
FIG. 6. A comparison of the calculatégresent workand the experimental

surprlsmgly I,arge ?nhanc_ement 6]‘} fc_)r .5V(2|O) relat_lve to (Ref. 49 red spectral shifts for anthraceite,, n=1-4. The calculated
the (1/1) configuration. This behavior is in marked difference spectral shifts fon>1 clusters were obtained as sums of the spectral shifts

with spectral shifts of aromatic molecules with heavy rareof the (1/0) and of the(2/0) configurations, using additivity rules.

@l

v /cm?

Ly
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(a) An-He, S state (b) An-He, S, state (c) An-He, S state  (d) An-He, S, state
. 6B, -120 5B,  -120 A,
. — :4A2 5A, 5B,
_50.—\\53, .50 5B, A, 5A,
N\ 5B, “\M' SB, 5B,
i N\ 74, _—\5132 130 /; 143, 130 4B,
6A, NN 6A, 6A, 6A,
604 4B, _60_-\43, EBe=—"—138, 4B,
3A, N\ 34, —\Timz 4A,
| 5A, 5A, 4A, 3B,
- 4B, 1 \ \3B, 1401 Osa, 140 5A,
g 3B, 48, 34, 3A,
2 70 2, 0] \\ 24, I 4A, 3B,
[Ed) 3B, 3B, 3B, ﬁ«ml
1 4A, 1 44, -1501 24, 1504 24,
2B, 2B, 2B, 2B,
-80- 3, -80 34, 1 34, ] 3A,
1A, 1A, 2B, 2B,
2B, \. \'2B, -160 24, -160] N\ V24,
1B, 1B, 1B, N\ 1B,
904 24, 904 N\ 24, 14, . 1A,
N\ 1B, _\132 1B, 1B,
14, . 14, -170- AL (170F——14,

FIG. 7. Vibrational level diagrams for thel|0) and for the(2|0) cluster configuration in th&, and in theS; electronic state. The vibrational states are
classified according to th€,, point symmetry of thelone-sidedl anthracene microsurface, with the symmetry typedBnoting wave functions being
antisymmetric with respect to the plane.

1A, state eigenvalues in tHg§ andS, electronic state&-ig. (2|0) configurations to calculate the spectral shift for the

7). The spectral shiftsv(1|0) for the n=1 (1|0) configura- =2(1]1), n=3(1]2), andn=4(2|2) clusters. The calcu-

tion is calculated a$v(1|0)=—1.6cm ! and is presented lated spectral shiftéFig. 6) account well for the abrupt jump

in Fig. 6. This small spectral shift constitutes near-in év versusn betweenn=2 andn=3, originating from the

cancellation between dispersive, attractived and repul- enhancement of dispersive interactions due to large ampli-

sive (blue) contributions. tude parallel motion of the two He atoms located on one side
The spectral shift can also be approximately estimateaf the microsurface of anthracene.

from the first moment of the difference potentaV (Fig. 4),

being given by the expectation value afV for the one-

particle (nucleaj densityP(x,y,z) of the vibrational ground C. Electronic-vibrational level structure

state ofSy, The calculated vibrational level structures of t(g0)
@ . w and (2|0) configurations(Fig. 7) provide information on
5V~J’ dxf dYJ dzR(x,y,z)AV(z,y,2). (21)  electronic-vibrational spectroscopy of anthracéte clus-
e a0 ters (1=1-4). The vibrational level structure in ti$g state

Knowing the one-particle density, this approximate expresof anthraceneHe,; (Fig. 7) reveals that the lowest vibrational
sion can provide information concerning parts of the mol-excitations are 7.3 cit (1B,) and 12.0 cm*(2A,), respec-
ecule that contribute to the spectral shift, and it provided ugively, so that their thermal population is negligible under the
with a valuable tool for adjusting the excited state potentialexperimental conditions of Eveet al. (T=0.4 K).*%%° Ac-
V., presented in Sec. IlA and utilized herein. The one-cordingly, only Sy(1A;)— Si(nA;) electronic-vibrational
particle density for thé1/0) and(2|0) configurations, which transitions, which involve the A; state as the initial state,
are markedly delocalized in thedirection, caused the dras- contribute to the spectra. We calculated the transition ener-
tic increase of the red spectral shift, calculated in &), gies and the Franck—Condon vibrational overlap factors for
from —1.6 cm * for the (1/0) configuration to the value of the allowedSy(1A;)— S;(nA,) electronic-vibrational exci-
—11 cm ! for the (2|0) configuration. The marked enhance- tations of the(1/0) and (2/0) configurations. These data al-
ment of the red spectral shift reflects on the large increase dbwed us to obtain the anthracehis, (n=1-4) vibronic
the anisotropic delocalization due to He—He repulsionspectra by again invoking the additivity rules. The calculated
which drives the density towards outer regions of negativen=1 cluster spectrum corresponds (0), the calculated
AV values(Fig. 4) in the (2/0) configuration. n=2 cluster spectrum is taken as that for|{}[ =(1/0)

The calculated spectral shift for th@|0) cluster, ob- +(0|1)], the calculatech=3 cluster spectrum was chosen
tained from the difference of theA}, state eigenvalues i,  as that for (21)[=(2|0)+(0|1)], while the n=4 calcu-
and Sy, is Sv=—10.7cml, being higher by a numerical lated spectrum was attributed to |@3[=(2|0)+ (0|2)].
factor of ~7 than the corresponding spectral shift for the The comparison between the calculated stick spectra and the
(1/0) cluster. Invoking the additivity rules for anthracehle,  experimental spectfa® is presented in Fig. 8. The promi-
(n=1-4) we used our theoretical results for #i¢0) and nent calculated vibrational excitations in tSg state origi-
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An-He; and AnHe,, respectively is indeed considerably
higher in energy than the first vibrational excitation of
An-He,(8.3cm ). However, this first vibrational excitation

<10 : x5 (~22.5 cm'!) is somewnhat higher than the calculated energy
U ] U (15.6 cm'Y) of the (2|0) configuration. There is one notable
0-0

(a) AnHe, [ | (b) An-He,

I WAV N discrepancy in the confrontation between our theoretical cal-
110y {1 foo (110)+(0I11) culations and experimental reality. The spectral feature at
. 16.5 cm * experimentally observed for the=2 clusterfFig.

y Xy oz y vy x y 1z 8(b)], which we attribute to the two-sideld1/0)+ (0[1)]

\ configuration, cannot be assigned by the theoretical calcula-
t tions. This discrepancy calls for further work transcendenting
the approximation of one-sided anthracdi#e configura-

[ ] ] tions, while large amplitude nonrigid motion in excited vi-
(¢) An-Hej [ (d) An-He, | brational states can result in overside crossing and nuclear
] L tunneling of the He atom.

Relative Intensity

x5

WA LA [ IV. CONCLUDING REMARKS

00 Jyon  QIO+OD [ ] oo (210)+(012) | Our study of anthracenkle, (n=1,2) clusters reveals
wERO o | i extensive spatial delocalization of the He atoms in the
Yo Y(Zy'%m yoy | Yy xyoxy xyye ground vibrational state, both in th®&, and S; electronic
/x(OIl) ] states. The spatial delocalization of He on anthracene is
I/ x50 highly anisotropic. The delocalization in ttreand x direc-
T T e e e e T T e e tions (Table Il) is cqnfmed by the perpendpular restoring
1 force of the aromatic frame and by the horizontal nuclear
E/cm framework of a single aromatic ring and only weakly de-
FIG. 8. A comparison of experimental vs calculated spectra. The calculate@€Nds on small changes in C—He repulsion in $estate
vibronic lines(lower panels are represented as sticks whose length is pro-and on the strong He—He repulsion. This extent of vertical
thFtiOTz‘ngéges Féi;ﬁ':if&iognficrgs- Aii?sr?e”r‘(@lb)t?s‘:g n?d:rig‘éi%’vitfﬁ'esy(z) and horizontal spatial delocalization is expected to prevail
th: fr?eoretical s[:)ectrum of th@/0) isomti?of the anthracelrieﬁe3 cluster also for He mo'_uon T a smgl_e aro.matlc fing .Of benzErié
(c) by a superposition of thé1|0) and of the(2/0) subspectra, and of the OF cyclopentadienyt; for which high resolution spectros-
anthraceneHe, cluster(d) by the theoretical spectrum of tHg|0) isomer. ~ COpy can be analyzed in terms of “apparent rigidity” of the
The nature of th_e_ vibronic transi_tions i_s_ labeled by, andz._l_n panelsa  (floppy) “small” clusters® The interesting notion of near
and.b the_magnlfled calculated intensities of the fiygttransition exceed complete localization of the two He atoms above and below
the intensity range of the graphs. . . .
the benzene ring in benzemte;y inferred by Kwon and
Whaley’? is not expected to apply for large aromatic mol-
nate from major contributions ofb,x0d X], bouy.d Y], ecules like anthracene.
D ux.uy.d Xyl, and of ¢, 2], bo,uy.udYZ], where[x], The large 1D anisotropic spatial delocalization of He
[y], and[z] denote the major contributions to the nuclearatoms along the axis of anthracenéle, clusters(Table 1)
excitations from the corresponding one-dimensional compobrings up the details of the nonrigid#of these systems in
nents of the basis functions and are marked in Fig. 8. Théheir ground vibrational states. Two elements of the enhance-
calculated transition energies and the Franck—Condon fagnent of the 1D spatial delocalization involye the modifi-
tors for the anthracenkle; cluster are in very good agree- cation of the He—aromatic molecule repulsive interaction by
ment with experimen{Fig. 8@a)]. The calculated spectra the electronicS,— S; excitation of the microsurface, arfil)
(relative to the 0—0 originare 8.8cm[y], 22.8cm [y], the role of He—He repulsive interaction in spreading the
24.5cm Y[x], 37.4cmYy], and 49.0cm'[z]. We as- nuclear density across the long, in-plane molecular axis. Re-
signed the experimental specfta as 8.3cm[y], garding the implications of He—He interactions, it should be
23.2cm Y[y], and 37.3cm?[y] [Fig. 8a)]. The gross fea- noted that the description of the He—He interactions involves
tures of the vibronic Sy—S; spectra of the larger both He—He repulsion on boson permutational symmetry ef-
anthraceneHe, (n=2-4) clusters[Figs. 8b), 8(c), and fects. Further exploration of the consequences of permuta-
8(d)] are in qualitative agreement with the experimentaltion symmetry will be conducted by CI studies of
spectrd®*® and the main strong spectral features can be asanthracene(*He), clusters. All large aromatic hydrocarbons
signed. The calculated lowest vibrationisl] excitation of  are expected to induce anisotropic delocalization. The details
the (20) configuration of AnHe, is at 15.6 cm?, being of the spatial anisotropic delocalization in aromatic
considerably higher than the corresponding loWggtexci-  molecule (*He),, clusters will depend crucially on the geom-
tation of An-He;(8.8 cmi'1). This marked difference reflects etry and the topology of the aromatic microsurface. Linear,
on the effect of He—He repulsion on the vibrational levellong aromatic hydrocarbons, i.e., anthracene, tetracene, and
structure. The first vibrational excitation of tk@0) configu-  pentacene will exhibit 1D spatial delocalization, while “cir-
ration (experimentally observed at 22.8 and 22.3¢nfor  cular” aromatics, e.g., pyrene, perylene or ovalene will ex-
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hibit 2D spatial delocalization of He atoms, which is ex- anthraceng(“He),(n=1—-4) clusters spectra presented
pected to be enhanced by He-He repulsion, calling foherein, reveals that the lowest excitations are exhibited at 9
further theoretical and experimental studies. The spectraim™ above the electronic origin. Furthermore, the spectral
shifts of the electronic origin of th&— S, transition in  splitting between the electronic origins of A, isomer
nonrigid anthracenele, clusters =1-4) arise from mu-  structures, e.gn=2(1/1) and(2|0), are large~8 cm L. The
tually canceling dispersivéed and repulsiveblue) contri-  experimentalS,— S, spectra of tetracenkle,(n=1-10) at
butions, which result in very small overafted spectral 0.4 K (Ref. 50 do also not reveal any small splitting-1
shifts for then=1(1|0) andn=2(1|1) clusters. The abrupt cm™) of the electronic origin. Accordingly, the spectro-
increase of the red spectral shifts for=3 andn=4 mani-  scopic implications of microscopic solvation of large aro-
fests the consequences of the nuclear dynamics of two Hatic molecules in superfluitHe droplets! cannot be ac-
atoms on one side of the aromatic microsurface, which incounted for in terms of the spectral featurégbronic
volve the large scale nuclear motidnoth in theS; andS;  structure or isomer splittingf the corresponding small clus-
state$ and the enhanced 1D delocalization in yestate of  ters and require further exploration.
these floppy clusters.
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