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We analyze spectral absorption line shapes simulated using the molecular dynamics spectral density
method. We explore three classes of line shafigshe region of the 0—&,— S;(##*) transition

of peryleneAry clusters, (2) the X&S,—3P, transition of XeAg clusters, and(3) the
photoelectron spectrum of theH, cluster in the valence region. These spectra represent examples
for weak, unresolved, and extensive vibrational progressions, which have been analyzed and
assigned. Employing a simplified model for the energy gap autocorrelation function allows for an
understanding of the different behaviors and for a classification of the interrelation between nuclear
dynamics and spectral line shapes. With decreasing the characteristic decay time of the transition
dipole autocorrelation function, the line shape passes the limiting cases of the model in the order fast
modulation limit-vibrational progression limit-slow modulation limit, with the vibrational
progression limit extending the limiting cases of the Kubo stochastic model of line shapes. Some
simple qualitative rules have been extracted to predict the overall character of a line shap@96©
American Institute of Physic§S0021-960606)00241-3

I. INTRODUCTION

1 0
L(w)=— Ref dt exp(—iwt)l(t). 1
The effect of nuclear dynamics on spectral line shapes is m 0
manifested by line broadening and the possible appearance At present the spectral density method is limited to elec-
of a vibrational fine structure. The semiclassical moleculat,qnic two-level systems. The decay of the transition dipole
dynamics spectral density method of Fried and Mukanfel  aytocorrelation function is determined by the nuclear dynam-
is an appealing tool to simulate temperature-dependent Spegs. The basic idea is to treat the nuclear dynamics classically
tral line shapes, as the simulations are simple to perform ang,q explicitly only on one of the two potential energy hyper-
are not limited to a few vibrational degrees of freedom, Un-grfaces in our case always on the hypersurface of the
like wave packet dynamics simulations. ~ ground electronic state. The influence of the sec@xtited
So far the spectral density method has been applied tQiatg hypersurface on the nuclear dynamics and thus(on
the S,— S, absorption spectra of van der Waals heteroclusig reated by perturbation theory. The perturbation is given
ters ‘3102”85_'15}'”9 Ofl an ;aromauc molecule and rare gagy the different shape of this second hypersurface, which
atoms,“""to the "So—~P, absorption spectra of XeQr  would alter the trajectory, if the dynamics took place
heteroclusterS and to the photoelectron spectrum of the there2!-24 As a consequence of the Condon approximation
. . 6 . . L]
|7'4F4 cubic clustet:® Whenever the .S|mulated ho.mogeneousthe central input quantity is the time-dependent energy gap
line shapes could be compared with the experimental oneg,nction U(t), the vertical excitation energy along the clas-
which was the caselgor some small aromatic mo'%‘i‘;'%grargical trajectory on the ground electronic state potential en-
gas heteroclustet$!? and XeAg, heteroclusters>’- ergy hypersurface.
where the experimental line shape was not disturbed by in- “the transition dipole autocorrelation function is approxi-

homogeneous line broadening, the simulated homogeneoysated by a second-order cumulant expansion, resulting in
linewidths as well as the overall line shape were in close

agreement with the experiment. Although the number of ap- () =exp(—g(t)), 2
plications of the spectral density method is still small, a com~yhere

parative analysis of the spectra and a classification of the

interrela'tion between puclear Fiynamics qnq spectral_ line g(t)=Jtdt1Jtldt2 Jedty) @)
shapes is already possible at this stage. This is the subject of 0 0

the present paper. is the two-time integral of the semiclassical energy gap au-

tocorrelation functionJs(t) is related to the classical en-
ergy gap autocorrelation function

JM=((U(0)—=(U))(U(t)=(U))) 4
In the spectral density methdd! the homogeneous ab- i, the frequency space by a quantum correction
sorption line shapé (w) is expressed by the Fourier trans-
form of the time-dependent transition dipole autocorrelation 14+tan hw
function I (t) 2kgT

Il. THE SPECTRAL DENSITY METHOD

Jsd w)= J(w). 5
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IR S S T S SR S T— neous broadening arises from different microenvironments

EN=2 30K Al=18-10%cm™ (a)f (cluster isomers which are experienced by the chro-
. mophore. In the spectral density method, single-trajectory
. spectra(“subspectra’) are homogeneous on principle. Mi-
T, S SR A S ; croenvironments, which interconvert in the course of a tra-

N=7 30K A’=3610cm” (b) [ jectory (e.g., in a cluster isomerizatipnmust be considered
l i as a new singléunified microenvironmen{*‘communicat-

ing microenvironments):**?728 |n the spectral density
A’=7.7.10%m™

method, inhomogeneous broadening is simulated by a super-
position of homogeneous single-trajectory spectra, where the
initial conditions for each trajectory are chosen, in the ideal
case, according to the statistical abundance of the microen-
vironments(cluster isomensunder experimental conditions.
Trajectories of different microenvironments have different
average energy gap valu@d) and therefore different band
positions. Consequently, a superposition of these subspectra
leads to inhomogeneous line broadening. Obviously, due to
incomplete samplindtoo short simulation times the (U)
[ values as well as the overall line shapes of different trajec-
(e) ! tories differ in practical simulations, even if the microenvi-
- ronment is expected to be the safme cluster isomeps This
MM [ “artificial inhomogeneous broadening” spoils the line shape
-100 60 20 20 60 100 in those cases where the homogeneous linewidths become as
®/cm’ small as the differences in the samplgd) values(in par-
ticular for small aromatic molecule rare gas heteroclusters
FIG. 1. The classical energy gap power spectra of various perfege  like peryleneAr,). Since even a substantial enhancement of
heteroclusters@)—(c) The power spectra of thd=2, 7, and 14 clusters at  the simulation times did not lead to a convergence in these
f’ocza}f’d(i?p_éfs)i;li Poe Shecta :;f:;d;azng clusterat15and 33K.The  ,oihological cases, we calculated the homogeneous line
shapes from the power spectra averaged over several trajec-
tories. This procedufé was applied to all multitrajectory
Some typical examples of the energy gap autocorrelatio§Pectra presented in this papgreryleneAry and XeAg
function Fourier transforml(w), e.g., the classical power clusters.
spectrum, are presented in Fig. 1 for perylékrg hetero-
clusters. In the next section, the power spectra are the start-
ing point for a simplified model of the spectral line shapes. ;; A SIMPLIFIED LINE SHAPE MODEL
The consequence of performing the dynamics only on
the ground state hypersurface is that the level spacing of a In the classical power spectrum each p¢akermed an
vibrational progression corresponds to the ground stateoscillator, can be approximated by a Lorentzian
However, the Franck—Condon envelope is sampled correctly
within the classical approximation of the probability density ZAJ'Z)’J'
of the nuclei. Performing the dynamics only on one hyper- (@)= 7.2+(w_wj)2’
surface can be also of advantage, when explicit dynamics on :
both hypersurfaces is computationally too demanding, inwith a peak maximum; (the oscillator frequengy the dis-
particular inab initio molecular dynamics simulations evalu- perS|onA2 (the area under the Lorentzjaand the half width
ating the energies and energy gradients at each moleculat half maximumy, . A2 expresses the difference of the shape
dynamics step directly by quantum chemical calculationsof the ground and eXC|ted electronic state potential energy
Electronically excited states mostly require an excessivdypersurfaces in the region accessible by the classical trajec-
treatment of electron correlation. In this context it should betories. y; reflects the intracluster vibrational energy redistri-
emphasized that the spectral density method does not reqwbsmtlon(IVR) 29-31The correspondence of the parameter to
excited state energy gradients. Moreovd(t) need not be quantum mechanical quantities has not been investigated yet.
evaluated at every molecular dynamics time step, as the refFhe model of the power spectrum allows us to derive an
evant sampling interval is determined by the maximum vi-analytical expression for the line shape and to discuss the
brational frequency of the system. dependence of the line shape as a function of a few param-
The spectral density method allows for an incorporationeters.
of inhomogeneous broadening. Although inhomogeneous The classical power spectddw) are symmetric with re-
broadening>?® is not the subject of this paper, we addressspect to w=0. The quantum correction factok;=1
this point here in the context of averaging procedures applied-tanh w;/2kgT) removes this symmetry, enhancing the
to the derivation of homogeneous line shapes. Inhomogedispersion of the oscillators at positive frequencies at the cost

N=14 30K

©

J(w)

N=279 15K

N=279 33K A= 1710%m?

(6)
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of the corresponding oscillators at negative frequenciessatios KjAJ-Z/a)J?Zl, as is evident from expressighl). One
where the total dispersion remains constant. The semiclasstonsequence is that m—m-—n progression is always less
cal functionJ; s w) reads extensive than the correspondimg—m+ n progression, due
to the smaller x values of negative frequencies. For

2
Jjsdw)= _2% (7)  KjAf/of<1, which is the case when the two potential hy-
’ Yt (o~ o)) persurfaces are very similar, tine=0 transition is the domi-
The semiclassical energy gap autocorrelation functiorﬂat'”g spectral_feature. Second, the appearance of a vibra-
Jj.sdt) is t|ona! progression depends_ on the decay rate of ah%.
’ . function. For x;A?/w?=1, this factor represents the major
Jj,sd )= kA7 explio;t)exp(— ¥lt]) (8  contribution to the decay of the 9 function. If the e 9

function decays too fast, the vibronic bands coalesce
) o, to a single broad Gaussian, which spans the entire pro-
kiAj(yjtiw)) ) gression, with a FWHM(full width at half maximum of

and the corresponding efpg;) function

exp(—gj)zexp<

(Y+ w?)? I'=2(2In 2*2A; . This is the slow modulation limit. We will
5 _ now discuss the limiting cases of the line shape model more
exr{ _ KAy tie) t) systematically.
Vit o] A. The fast modulation limit
B KjAj2(7j+iwj)2 The fast modulation limit was originally formulated for
"ex (2 + w?)? ;=0 (the Kubo limi$.*% The Kubo fast modulation limit

applies, if the term exp-v|t|) can be neglected in thg
function (long time approximation This approximation is
valid for y;>A;. Then the line shape is Lorentzian with a

. . . FWHM of F=2Aj2/yj . A consequent extension to finite fre-
Now we are able to discuss the effect of a single oscillator Oyuencies requires that the term éxp 7)- exp(—yi[t]) in the
{ i

the I|n_e shape. The first exponential fa(_:tor in £9).is con- fthird term of thee™ 9 function, Eq.(9), becomes negligible.
stant int and need not_be further cons_|dered, because it afiis is the case ify,-2+w12>KjAj2- Then the spectrum exhib-
fects only_ the absol_ute |ntenS|ty_0f the line shape. The secongl only a Lorentziam=0 band with a FWHM

exponential factor in Eq9) manifests two effects. The real
part is responsible for line broadening. Without the third fac- KjAJ-Z‘yJ'

tor of the e 9 function, the line shape would always be Fn-0=2 Yo+ w?
Lorentzian with a linewidth of &;A%y;/(y?+w?). The _ b o _
imaginary part shifts the line shape bMA,-Zw,-/(yszrwjz) Slncg the decay of the ekpg;) function is excluswe}y de-
with respect to(U), the center of the spectrum. This fre- termined by the second term of K@), the exponential de-

quency shift is partly compensated by the corresponding o<ay times; is given by

XeX[X—'yJ|t|)eX[XIw]t)) (9)

(12

cillator at —w;. To analyze the third factor in Eq9), we Y2+ w?

expand the outer exponential into a Taylor series T = KIAZ’)/] . (13
27

= — kA vitiw)2\" . . ;

D 1 ( KJAJZ( 71“;""1) ) In the general casg is not given by such a simple expres-

n=o [ Nn! (¥it o )? sion, so that we determineg] by a numerical inspection of

the ex@—g;) function, when, in general, the oscillatory func-
_ (10) tion dropspermanentlybelow 1£. Using 7, Eq. (13), the
criterion for the fast modulation limit can be recast as

X exp(inw;t)exp(—ny;lt])

Expression(10) can give rise to a vibrational progression 7i
with a Poissonian intensity distribution, where tin term o
corresponds to then—m-+n transitions for oscillators at B. The slow modulation limit

positive frequencies and to the— m-—n transitions for os- The character of the expg;) function is mainly deter-

cillators at negative frequencies, e.g., the:0 term com-  mineq py its behavior up ta; . In the slow modulation limit,

prises the 6-0, 1—1, 2—2, efc., vibronic transitions. For 6 g function is quadratic irt. A quadratic expansion of

>}, which is always the case except for the soft modesg,, w;t) and exg—y|t|) occurring in theg function re-

at w;~0, the relative intensities of the vibronic transitions quuires (1) wr<ml2 and(2) y,7<1. Both criteria can be
i7 <1

the progression are given by met by finite frequencies and by the soft made=0 (Kubo
1 KjA-Z n limit). In the latter case, conditiofl) always applies and
- : (11)  condition (2) simplifies to y;/A;<1. For finite frequency
n'\ w I
’ j

components, the first condition is more demanding. The ideal
Whether such a progression can be observed is strongly dease of the slow modulation limit is given lay, 7;<7/2 and
pendent on the ratio of the parametess A;, andy; . First,  y;7;<1. The corresponding parameter constellation is
the progression assumes only an appreciable extension far;,y;<A;.
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C. The case of a vibrational progression ciently short7; causes the entire 9 function to correspond

to the slow modulation limit, even if all the other oscillators

wj7y=2m and (2) y;7;<<1. Condition(1) means that they go ?Ot' 'Il'he condltl_ons fo:jtrt'ﬁ sl?wtmodglaltl?n “T.'t’.ta Vi

function must be able to perform an oscillation within the rational progression and he fast moduiation fimi, are
analogous to the single oscillator case with the difference

period 7; . In practical model calculations for one oscillator, that th diti N b ledta. | | ;
however, it turned out that some vibrational fine structure. 2+ (€ cONdIions must now be appiie Q. In analogy to

starts to appear already fes;7;>=/2, indicating that the :hte lTJ L;'“]lt wa;_s obtattknedthby %mémigcal inspection of the
decay of the exp-g;) function is not complete at;. In oale uncllotrrl] ra etr.batr.] Y fqth )'d' tinct illators t
other words, the range/2<w; ;<2 represents a situation n general, the contributions ot the distinct osciliators 1o

where the Gaussian line shape gradually evolves into a Vit_he linewidth are not additive. Some cases, where the relation

brational progressioft In the ideal casew r>2m and of the total linewidth to the individual contributions is
' 17 imple, areg(i) If the entiree™9 function is in the fast modu-

. i
¥j7;<<1, which corresponds to the case of a well resolved” .= = =" o ) . : .
and extensive progression, the relative intensities are give tion I|m_|t, with the |nd|V|d_uaI I_|neW|dths bemg add't'.vé")

ne oscillator causes a vibrational progression, while all the

by expression{11), and the line shapes of the vibronic tran- . - : o .
y €Xp iy b other oscillators are in the fast modulation limit. As in case

sitions are Lorentzian, with & FWHM of (i), the contributions are additivéiii) The entiree™ ¢ func-
tion is in the slow modulation limit. Then the linewidth is
given by 2.358; A% being the sum of the dispersions of all
] ] oscillators. (iv) m oscillators are in the progression limit.
Equation(14) applies to bottm—m-+n andm—m-n tran-  Then the linewidth of a vibronic transitiom,n,: - - n, is ob-

sitions. Parameter constellations for a resolved and extensi\gined by the sum of the linewidths of the individual vibronic

progression are y;<w;~A; and in _principle also transitions, ['(ny,n,,...n)=C(n)+T(ny)+---+T(n,);

yj<w;<Aj. However, as we shall see in Sec. IVB, the ynere thel'(n;) are given by Eq(14). (v) One oscillator

latter parameter constellation contains the danger of a cogjjyes rise to a well resolved progression, one or several 0s-

lescence to a broad Gaussietow modulation fimif. cillators are in the slow modulation limit, without driving the
In previous line shape analysis we made use of modelsynjre e~ function into the slow modulation limit. Then the

in which an exponential decaying cosine functféra heu-  resulting line shape exhibits a vibrational progression, where
ristic description of a damped oscillator motion each vibronic band is Gaussian.

Jj(t)=A? cog wjt)exp — y;It]), (15)
f37

A vibrational progression may be expected, (if)

(14

2
A7y
FnZZ(w—j2+n’yj

or the damped oscillator function its&
Yi . _ .
Jj(t)=AJ-2 COS{wjt)+—J Sln(wjt) e ilt (16) IV. ANALYSIS OF SOME SPECTRA
@] A. The Sy— S,(@w*) electronic transition of aromatic
was taken for the energy gap autocorrelation function of @nolecule—rare gas heteroclusters
single oscillator. In both models the quantum correction fac- |, the first example we consider uvivis spectra of
tor is disregarded. Especially E4.6) seems to be appealing, aromatic-moleculéperyleng rare-gasgargon heteroclusters
as it relates the .dampmg of the autoc_orrelatlon f.unctllor]n the spectral region of the electronic origin of the
ploser to the physmal plcturg of Fhe damping of th'e \{lbquon .S, (war*) transition of the aromatic molecule. Figure 2
itself due to intracluster vibrational energy redistribution. pows five simulated homogeneous absorption line shapes of
However, since the line shape analysis of the present paper iSsmall of two medium sized and of a large peryléirg,
not limited to then=0 band, a model, which incorporates the cluster(N=2,7,14,279, see Fig.)3The line shapes for the

quantum correction factor, is more suitable. N=2, 7, and 14 clusters were simulated at 30 K, khe279
cluster at 15 and 33 K. The line shapes are determined by the
D. Several oscillators intermolecular motions only, as the underlying molecular

dynamics(MD) simulations were carried out for a rigid but
not space-fixed perylene molecdfet* Lennard-Jones 6-12
potentials have been employed for the intermolecular inter-
actions, with different parameter s¥tfor the ground and for
exp( _g):H expl—gj)- (17 the electronically excited state of the perylene molecule. The
homogeneous line shapes were calculated from the averaged
If all oscillators were in the fast modulation ||m|t, the total power spectra, F|g 1. The extracted parameter sets
1/e time 7 is {w;.A;,7;} as well as the calculated quantum correction fac-
-1 tors «; are listed in Table I. The averaging of the power
2 (7

(18 spectra was carried out over 50 trajectories for the2, 7,
and 14 clusters and over ten trajectories forkhe279 clus-

Although Eq.(18) does not applyquantitativelyin the gen-  ter. Each trajectory had a temporal length of 340 ps and a

eral case, it showgualitatively that an oscillator of a suffi- sampling interval of 80 fs, resulting in a spectral resolution

Whenseveral oscillatorsare present, the total ¢ func-
tion is given by

Ttot—
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N=2 30K @) f
I'=3.4cm™ [

N=7 30K ' RY:
=9.2cm™ [

IN=14 30K
1r=15.5cm™

relative intensity

N=279 15K
I=3.3cm’

N=279 33K
I=66.2cm’

(©)N=14 (d)N =279

FIG. 3. Images of the perylenry clusters. The depicted nuclear configu-
rations correspond to local minima on the potential energy hypersurfaces;
T T their possible global minimum character has not been examined. For the
-100 60 -20 20 60 100 N=279 cluster, the van der Waals radii of the Ar atoms have been used to
-1 bring the overall shape of the cluster into prominence. The view is almost
®/cm . :
parallel to the five Ar layers. The perylene molecule is completely covered
by Ar atoms and is therefore invisible.

FIG. 2. The simulated optical line shapes of various peryl&ng hetero-
clusters using the spectral density meth@-(c) The spectra of th&l=2,

7, and 14 clusters at 30 K¢)—(e) the spectra of th&l=279 cluster at 15 . . .
and 33 K. The center of each spectrum constitutes the origin of the energbne Shape of the peryleer cluster, Fig. 2a), exhibits a

axis, disregarding the different average energy gap valués weak vibronic band at 46 cn relative to itsn=0 band. The
vibronic band has been assigned to thel vibronic transi-
tion of the vibration of the Ar atoms perpendicular to the
of 0.1 cm ! and a maximum frequency of 200 ch The  aromatic molecule surfacg z vibration”). Vibronic bands
main spectral features and their assignments are summarizadound 40 cm® are characteristic for aromatic-molecule—Ar
in Table II. heteroclusters and were also found in the experimental spec-
The clusters are imaged in Fig. 3. In tNe=2,7 clusters, tra of tetracenéAr*® and dichloroanthracenar,* hetero-
the Ar atoms are located on one side of the molecular planelusters. The power spectrum of tf@0) cluster, Fig. 1a),
[shorthand notations(2|0) and (7]0), respectively, in the  exhibits its most intense oscillators a#6 cm *. The inten-
N=14 cluster 7 Ar atoms are placed on either sf@7) sity of then=1 transition relative to the intensity of time=0
isomefl. The Ar dimer of theN=2 cluster, in Fig. &) lo-  band can be obtained from expressitil) as x;Af/w?.
calized on two six rings of the perylene surface, can movd-rom the parameters listed in Table | one obtains a relative
freely on the perylene surface already at temperatures mudhtensity of 0.059 of then=1 transition, in close agreement
lower than the simulation temperature of 30 K. In the7  with the value of 0.061 of the simulated line shape. Higher
andN=14 clusters, Figs.®) and 3c), each of the Ay sub-  vibronic transitions are, according to expressidi), ex-
units (“adclusters”) are in one layer, forming filled hexa- pected to be much weaker and therefore cannot be observed
gons on the molecular surface. In the perylérg,q cluster, in the simulated spectrum.
Fig. 3(d), the perylene molecule is placed in the central 111  The line shape of thé€7|0) cluster, Fig. 2b), shows two
layer of a fcc lattice of Ar atoms with two layers of Ar atoms vibronic bands at 31 and 49 crhrelative to then=0 band,
on both sides of the aromatic molecule surface. The perylenwith relative intensities of 0.054 and 0.073. The correspond-
molecule replaces 16 Ar atoms of the central Ar layer. Thang power spectrum, Fig.(h), shows two oscillators at these
first shell around the perylene molecule consists of 43 Affrequencies. On the basis of the intensities, 0.051 and 0.067,
atoms, covering also the peripheral H atoms. calculated by expressiofll) and the extracted parameter
The most intense spectral featuiieig. 2) is then=0  sets of the power spectrum, both bands must be assigned to
(0—0 band, which is broadened and redshifted compared ta=1 transitions. Looking at the Fourier transforms of the
the 0—0 band of the bare molecule. The redshift, as well aselocity components of the Ar atoms projected on the
the total dispersion, increases monotonously with the numbgrerylene surface, the underlying vibrations have mainly a
of Ar atoms in the first layer; additional Ar atoms in higher character. Moreover, the coefficients of the velocity Fourier
layers almost do not contribute. Aside from theO band, transform allow for the determination of the phases of the Ar
the optical spectra show some additional fine structure. Thatoms?® The oscillator at higher frequency represents the
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TABLE |. The parametrization of the power spectra of peryléig clusters and some derived quantities.

Wj Aj2 Y Csiow Ttast i
Cluster Oscj (emY) (em? (m?Y & «A%0? 7 (P9 o7 YT ] Tior ¥ Toot em™®  (em™H°  (em b
N=2 1 0 1.7 0.2 1 5.92 0 0.21 0 0.19 3.1 17.8 2.9
T=30K 2 7.0 1.5 1.0 117 3.40°7° 150 197 28 6.8 0.97 3.1 0.07 0.07
3 -7.0 1.5 1.0 0.83 280°? 210 276 40 6.8 0.97 2.6 0.05 0.05
4 46.2 69.7 0.9 1.80 5:9072 98.7 859 17 45 0.88 26.4 0.11 0.10
5 —46.2 69.7 0.9 020 6:80°° 912 7940 155 45 0.88 8.7 0.01 0.02
6 88.9 11.5 2.6 197 2.90°° 361 6040 173 87 2.5 15.9 0.03 0.02
Total 179.8 5.17 31.6 349
N=7 1 0 175 1.1 1 1.83 0 0.37 0 0.32 9.9 32.4 9.0
T=30K 2 31.8 31.6 1.8 164 51072 58.9 353 20 9.5 0.53 16.9 0.18 0.17
3 -31.8 31.6 1.8 0.36 1:10°2 273 1640 91 9.5 0.53 7.9 0.04 0.05
4 49.4 88.9 1.3 183 6:71072 58.9 550 15 15 0.40 30.0 0.18 0.17
5 —49.4 88.9 1.3 0.17 6:20°° 636 5920 160 15 0.40 9.2 0.02 0.02
Total 360.9 1.58 44.7 9.2
N=14 1 0 42.0 1.3 1 1.17 0 0.29 0 0.23 15.3 63.2 14.1
T=30K 2 34.1 210.0 2.0 1.67 0.30 8.30 53 3.1 5.9 0.34 44.1 1.18 1.20
3 -34.1 210.0 2.0 0.33  6:0072 45.3 290 17 5.9 0.34 19.5 0.23 0.22
4 40.5 109.4 0.8 1.75 0.12 53.2 410 8.3 7.0 0.14 32.6 0.19 0.20
5 —-40.5 109.4 0.8 0.25 1.1072 375 2860 59 7.0 0.14 12.3 0.03 0.02
Total 770.3 0.917 65.4 15%
N=279 1 0 2.6 1.0 1 5.50 0 1.08 0 0.32 3.8 5.0 2.9
T=15K 2 5.8 7.0 0.7 1.26 0.27 27.5 29 3.4 1.7 0.20 7.0 0.34 0.34
3 —-5.8 7.0 0.7 0.74 0.16 41.9 44 5.2 1.7 0.20 5.4 0.20 0.20
4 12.6 16.7 0.7 1.52 0.16 38.0 89 5.2 3.8 0.22 11.9 0.23 0.22
5 —-12.6 16.7 0.7 0.48 5.00°2 137 320 19 3.8 0.22 6.6 71072 0.10
6 +24.7 128.4 1.5 1.82 0.38 8.22 38 2.4 7.5 0.47 36.0 1.17 1.17
7 —24.7 128.4 1.5 0.18 3:90°? 86.1 400 25 75 0.47 11.4 0.12 0.12
8 63.8 156.9 3.8 199 7.10°? 17.9 210 13 19 1.2 41.6 0.58 0.59
Total 739 1.61 64.0 6.9
N=279 1 0 66.9 0.24 1 0.92 0 41072 0 1.0102 19.3 558 19.1
T=33 K 2 21.4 333 5.4 1.43 1.04 0.79 3.2 0.80 0.90 0.23 51.4 10.5 32.6
3 —-21.4 333 5.4 0.57 0.41 2.29 9.2 2.3 0.90 0.23 32.4 4.2 4.3
4 59.9 404 8.1 1.86 0.21 3.02 34 4.6 25 0.34 64.6 3.3 3.4
5 -59.9 404 8.1 0.14 1.80° 42.1 470 64 25 0.34 17.6 0.25 0.24
Total 1680 0.23 96.5 614

2

&The total dispersiong,, of the power spectrum. The value always exceeds the sum of the dispersions of all oscillators listed in the table, since only the most
important oscillators have been parametrized.

PHomogeneous linewidths in the slow modulation limitye,=2.355¢/?A; . The values “total” have been calculated from the total dispersi@s

l—‘slowz 2. 3S&tota\l .

‘Homogeneous linewidths in the fast modulation limit, Etp).

“Homogeneous linewidths of the=0 transitions obtained by inspection of the individual line shapes of the simplified line shape mod@l),. Eq.

€The total homogeneous linewidths of the=0 transitions obtained from the total €xpg) function, Eq.(17).

in-phase vibration of the Ar atoms, while the phase shift oflators, located at 34 and 41 cth represent the antiphase and
some Ar atoms tends to 180° at the lower frequefay-  the in-phasez vibration of the Ar atoms, in analogy to the
tiphase vibration The velocity autocorrelation Fourier trans- (7|0) cluster. Due to the smaller frequency separation, the
form contains further oscillators, which have no notable in-dispersions of both oscillators can be cumulative. The
tensities in the energy gap power spectrum. smaller frequency separation is obviously due to the different
The (7|7) cluster could be considered, at a first sight, ascoupling of the motion of the rigid, but not space-fixed,
a doubled7|0) cluster. Indeed, the average energy gap valugerylene molecule relative to the two Asdclusters. In con-
of —412 cm ! is almost twice as high as the correspondingclusion, the(7]7) cluster is dynamically not simply a doubled
value, —208 cm%, of the (7|0) cluster. However, the line (7]0) cluster. While previous simulations could successfully
shape of thg7|7) cluster, Fig. 2c), is quite different from describe spectral shifts keeping the aromatic molecule space
that of the(7|0) cluster. The(7|7) cluster exhibits a much fixed***?such a treatment is apparently improper to account
stronger progression consisting of thee—1, then=1, and for the intermolecular vibrational fine structure. However, a
then=2 transition, at-33, 35, and 70 cm® with respect to complete modeling of the dynamical behavior of
then=0 band and relative intensities of 0.07, 0.4, and 0.09peryleneAry clusters should also incorporate the low-
respectively. One reason for the stronger progression is thieequency intramolecular butterfly motions of the perylene
larger number of Ar atoms contributing to the dispersion.molecule®*~*
The other reason is the smaller frequency separation of the The energy gap power spectra and the optical line shapes
most intense oscillators of the power spectrum. These oscibf the N=279 cluster at 15 and 33 K are presented in Figs.
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TABLE Il. The simulated homogeneous line shapes of perylang heteroclusters.

Cluster sizeN,
Temperatureg® o (cm Y° Rel. Int® Rel. IntY T (cm™b)e Assignment

N=2, 30 K, 0 =1 1.00 34 n
-8g cmt 46 0.061 0.059 4.8 z,n
N=7, 30 K, 0 =1 1.00 9.2 n
—207 cm'? 31 0.054 0.051 Antiphase,n=1
49 0.073 0.067 In-phaseg,n=1
N=14, 30 K, -33 0.074 0.076 In-phaseantiphasez,n=1
—411 cm?t 0 =1 1.00 15.5 n=0
35 0.38 0.42 211 In-phasantiphase z,n=1
70 0.094 0.052 In-phaseantiphase z,n=2
N=279, 15 K, —-12 (Shouldey 0.050 xy,n=-1
-835 cm?t -5 (Shouldey 0.15 xy,n=—1
0 =1 1.00 3.3 n=0
5 0.26 xy,n=1
12 0.16 xy,n=1
24 0.38 z,n=1
N=279, 33 K, 0 66.2
—-824 cm!

I
o o

ag. position of the electronic origitin=0 band, being identical with the spectral shift of the cluster.
PRelative position of the vibronic band with respect to the posiéiaf the n=0 band.

‘Relative intensity of the vibronic band.

‘Relative intensity of the vibronic band expected according to expre$sibn

fSimulated homogeneous linewidth.

1(d)-1(e) and Zd)—2(e). At 15 K the n=0 band is suffi-
ciently narrow, so that a resolved vibrational fine structure
can be observed. The vibronic bands at 6 and 12*cane
assigned taxy vibrations of the Ar atomgx,y: long and
short molecular axis, respectivglythe band at 24 cit is a

z vibration. The energy gap power spectrum contains another
strongz vibration at 64 cm?, which does not appear in the
optical spectrum due to the smallAfw ratio. 75% of the
dispersion of thez vibrations is caused by ten first-shell Ar
atoms, five below and five above the central part of the
perylene surface, while for they vibrations also peripheral
first-shell atoms are important. Above 25 K the vibronic
structure coalesces to a single broad bgFid. 2(e)].

Proceeding to the analysis in terms of the simplified line
shape model, three issues are of particular inte@sthe
characterization of the individual oscillato(fast and slow
modulation limit, vibrational progressipn(ii) the combined
action of all oscillators with respect to the overall line shape,
and (iii ) the line broadening mechanism.

The extracted parametef®; ,A; , y;} of the power spec-
tra, Table I, have been used to perform model calculations
for the exg—g;) functions, Eq(9), and for the line shapes of
the individual oscillators, as well as for the total éx)
function, Eq.(17), and the corresponding line shape. From
these model calculations the exponential decay timesf -100
the exi—g;) functions and the linewidthE; have been ob-
tained. These and other quantities characterizing the oscilla-
tors are also listed in Table I. Two examples of model CaI'FIG. 4. The optical line shapes of the oscillators of the peryl&ng cluster
culations for theN=14 and theN=279 cluster are presented at 30 K using the simplified spectral line shape model and#he4; , y;}
in Figs. 4 and 5. parameters listed in Table I. For comparison the corresponding Gaysesian

From thew]- 7 and Y7, values of the individual oscilla- the same dispersion val}_Jbas been_ added as a‘dotted curve in p(iljelr_]

. . panel(a) the corresponding Gaussi@mot shown is almost congruent with
tors it can be concluded that the soft moglesl are always ihe jine shape; in panels)—(e) the Gaussians are too broad and weak for a
in or close to the slow modulation limit. Accordingly, the meaningful representation on the intensity scale of the narrow line shapes.

= | (b

= ©
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P S S S S — values with the corresponding; z,; and y; 7, values. All
j=1 (@ F soft modes, also of th&l=279 cluster, get into the slow
[ modulation limit. The finite frequency components are still
in the fast modulation limit or are moved to the progression
I(b) 5 case. However, their smak;A’/w? ratios allow for not
; more thann=2 transitions.
: The line broadening is almost quantitatively determined
© F by the modes in the slow modulation linfit**Modes in the
: fast modulation or in the progression limit almost do not
contribute because of the tem)f in the denominators, Egs.
(12) and(14). In peryleneAry, and tetracene-Arheteroclus-
ters, usually only the soft modes are in the slow modulation
limit. It was previously found that the soft modes represent
- —t either cluster isomerizations or slow diffusive motidas?
= (e In the first case, the dispersion in the soft modes increases
¥ with the difference in the spectral shifts of the interconvert-
—F ing isomers. High dispersions in the soft modes and conse-
O quently broad spectral bands have been observed, in particu-
; lar when the number of first-shell atoms changed upon
cluster isomerization. Such processes in the cluster are ac-
companied by a strong temperature dependence of the lin-
o/cm’ ewidths. In the perylendr, clusters studied in this work, no
cluster isomerization was observed. We note in particular
FIG. 5. The optical line shapes of the oscillators of the perylang,  that the structure of the first shell of tiN=279 cluster was
cluster at 33 K using the simplified spectral line shape model and thegreserved up to 40 K, the highest considered temperature. It
{w;,A;,y} parameters listed in Table I. The corresponding Gaussiins s therefore not surprising that the dispersion in the soft
the same dispersion valyebave been added as dotted curves in panels . .
(b)—(d) and (f). In panel(a) the Gaussian is not to be seen because of themode of theN=279 cluster at 33 K is not conS|derany
congruence with the line shape; in pasel the Gaussian is too broad and higher (66.9 c¢cm?) than that of theN=14 cluster(42.0
weak to be visible on the scale of the narrow line shape. cm_z). Instead, the soft modes pertain to the second class,
denoted as slow diffusive motions, which are essentially
low-frequency combination vibrations.

linewidthsT'; obtained in the model calculations are close to  Unlike in other examples, the finite frequency oscillators
the valuesl'y,,=2.355\,, and the line shapes are almost]=2.3 (wj=21.4 and—21.4 cm %) of the N=279 cluster at
congruent with Gaussians. The finite frequency oscillators33 K are also in the slow modulation limit. Accordingly, the
are mostly in the fast modulation limit, as theif7; values tqtal |In6WIdth of 63.8 Cl'ﬁll, as obtgin.ed from the sum of the
are much larger than 1 due to the |qﬁ,§/wj2 ratios. Typical ~ dispersions of three oscillators, is in very good agreement
examples are exhibited for th&l=14 cluster in Figs. With the value of 66.2 cm of the “exact” simulation,
4(c)-4(e). The linewidths I'; come close to thely Tablell.
=2yjk;A?/(w?+ y?) values. Only oscillator 2, Fig. (8),
tends somewhat towards the borderline between the fast
modulation and the progression limit, forming the onset of aﬁé
vibrational progression. The oscillatgrs 2,3 of theN=279
cluster at 33 K are exceptions among the studied finite fre- The Xe(S,—3P;) Rydberg transition of XeAy
quency oscillators of this cluster type. The2 oscillator is  heteroclusterd=%° constitutes another type of absorption
in the domain between the slow modulation limit and a vi-spectra being characterized also by low vibrational frequen-
brational progression: the line shape, Figh)5starts to show cies but with much larger differences between the ground
a vibrational progression, but is not far from a Gaussian. Thend excited electronic state potentials than in aromatic
j=3 oscillator is a borderline case between the fast modulamolecule—Ar heteroclusters. Figures 6 and 7 show the clas-
tion and the progression limit, as also indicated by;a; sical power spectra averaged over 20 trajectories, and the
value of 2.3. The line shape shows the—1 and then=0  optical line shapes of thd=12 and theN=199 cluster at 20
bands; the most intense peak is Lorentzianlike. K. The simulation® were carried out using Lennard-Jones
As discussed in Sec. lll, one important effect of the co-6-12 potentials for the electronic ground state and an exp-6
operative action of all oscillators is the shortening of the totalpotential for the excited state Xe—Ar interactidfighe tem-
exponential decay times,; with respect to the individual poral length of each trajectory was 330 ps, the sampling
decay times7; and consequently a shift of all oscillators interval of the energy gap function 5 fs for the=12 and 10
towards the slow modulation limi{the fast modulation fs for the N=199 cluster. The Xe atom is located at the
limit—the progression limitthe slow modulation limjt  center of both clusters. In tHé=12 cluster, the Xe atom is
This becomes apparent when comparing éhe; and y;7; surrounded by one closed shell of Ar atoms, where the sym-

J=

j= (d) E

relative intensity

—
(=3
(=]
(o)}
(=)
(153
<
[~
[=3
(=}
<o
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The Xe(1S,—3P;) extravalence excitation of XeAr
teroclusters
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FIG. 6. The classical energy gap power spectra at 2@of the XeAr, FIG. 7. The optical line shapgs) of the XeAr, and (b) of the XeArqqg

and (b) of the XeAr g cluster. The total dispersiof? is indicated in each  cluster at 20 K obtained by the spectral density method. The center of each

panel. spectrum constitutes the origin of the energy axis, disregarding the different
average gap valugdJ). The homogeneous linewidths(FWHM) are indi-
cated in each panel.

metry is icosahedral. Th&l=199 cluster consists of three

shells, two closed icosahedral shells and a third incomplete

outer shell. be related to the highrjAjzle2 values. In the progression

The {w;,A;,y;} parameters extracted from the power limit the vibronic bands are Lorentzian, where for snmall
spectra are listed in Table Ill. The oscillators carry disperthe linewidth, Eq. (14), is dominated by the term
sions, which are typically higher by 2 orders of magnitude2y;«;A%/ w?. Therefore, the ratia;A?/ »? does not only de-
than in the perylendry clusters, manifesting the larger dif- termine the extension of a progression, but can be also con-
ferences in the potential energy surfaces. The total dispesidered as a magnification factor of the linewidth, leading to
sions of both XeA (N=12,199 clusters are similar, reflect- coalescence of the vibronic bands in the case of Xedus-
ing the fact that again interactions mainly with first shell Ar ters. In other words, the higthJ-Z/wj2 values require ex-
atoms contribute to the dispersion also for this extravalenc&emely smally, values in order not to coalesce to a Gauss-
electronic transition. The same applies to the spectral shifian, which may be expected for di- and triatomic systems
which is, contrary to the perylenr clusters, a blueshift. with a sparse vibrational level structure, where IVR rates are
The considerable increase of the blue spectral shift fronsmall. In correspondence to the quantum mechanical picture,
2460 cm ! of theN=12 to 7150 cm® of theN=199 cluster  the increase of the line broadening caused by the dispersion
originates predominantly from a shortening of the first sheIIKjAj2 can be interpreted as an accelerated decay of the initial
Xe—Ar distance caused by the stronger Xe—Ar bonding uponvave packet subjected to an altered potential after the elec-
adding additional shells of Ar atoms. tronic excitation.

The K]-Ajzlez values of the oscillators at positive fre- The power spectrum of thid=12 cluster has also a very
quencies range from 10 to 4However, the corresponding intense soft mode, unlike thd=199 cluster, in which the
optical line shapes of the single oscillators are Gaussianshell structure is preserved at 20 K. The strong soft mode of
rather than very extensive vibrational progressions, as ththe N=12 cluster originates from reversible wetting—
oscillators are, according to the,7; and y;7; values, in the nonwetting transitions, where the Xe surface is partially
slow modulation limit. The absence of progressions can alsbared of Ar atoms, a process which is accompanied by a

TABLE lll. The parametrization of the power spectra of X@Atlusters and some derived quantities.

Spectrum Os¢j  w em™)  A*(cm?)  y (cm™) K kA w? 7 (py o;7; YiTj O] Tigt ¥ Toot
N=12, 20 K 1 0 44 540 0.7 1 0.033 0 4m° 0 221078
2 6.2 31410 2.0 1.216 994 0.033 -2 13102% 1910° 6.310°
3 -6.2 31410 2.0 0.784 641 0041 -®? 16102 1910% 6.310°
4 31.0 31140 3.0 1.803 58 0.025 0.14 14?2 9.710%2 9.4.10°°
5 -31.0 31140 3.0 0.197 6.4 0.091 0.53 502 97102 9410°
Total 179 700 0.016
N=199, 20 K 1 0 2137 15 1 0.16 0 48° 0 4.7.1078
2 16.4 19 240 1.0 1.529 109 0.041 0.13 40° 51102 3.110°
3 -16.4 19 240 1.0 0.471 34 0.075 0.23 1¢? 51102 3.1.10°°
4 48.1 30730 5.7 1.939 26 0.025 0.23 402 015 1.81072
5 —-48.1 30730 5.7 0.061 0.81 0.94 8.5 1.01 0.15 -1082
6 775 34810 5.7 1.992 12 0.025 0.36 402 024 1.81072
Total 184 100 0.016

&The total dispersion contains contributions of additional oscillators, which have not been parametrized.
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0.5404 i FIG. 9. (a) The total line shape of the }f, cubic cluster at 200 K as the
superposition of the 12 subspectra in the Zalence region of fluoringb)
J ! A stick spectrum of the negative MO energies at thg=L cube equilibrium
nuclear configuration(c) The energy gap power spectrum of thAdion-
ization.
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time/fs two-level systems. The total line shape is then obtained by a

G 8 The 12 el cubic d - | superposition of the 12 individual subspectra, where the in-

. O. e ener aps of the cubic cluster in the valence i

region of fluoring v.v?th?ril tﬁe Ff)irst 250 Fls tf the fsimulgtion. The Segeneracy atgle\?gfrs:nzvﬁ:;?er):sr;tei;%yo?]at%e\/zlgsjﬁ tgfetgsr;;gi?:cr l,r]aa d-

t=0 reflects the initially chosefy nuclear configuration. The temperature is =~ ] :

200 K. dition to the crudeness of an independent treatment of the
energy gaps, the spectrum may be affected by strong nona-
diabatic effects, which can be expected from the avoided

strong variation of the energy gap function. At 30(Kot  crossings of the energy gap functiofi&g. 8. We therefore

considered in this wopk a transition to a surface state takesfocus our discussion on the line shape of thg, donization
place and the soft mode dominates the power spectrum. (corresponding to the uppermost energy gap in Fignw8ich
When acting cooperatively, all oscillators get into theis energetically more separated.

slow modulation limit. The slow modulation formula applied The total line shape is shown in Fig. 9 together with a

to the total dispersions yields linewidths of 999 and 1011stick spectrum of the negative MO energies of the clipe

cm ! for the N=12 andN=199 cluster, respectively, in ex- structure. The A, ionization gives rise to a pronounced and
cellent agreement with the values 1000 and 1009°coiithe  well-resolved vibrational progression centered at 16.7 eV.

“exact” simulation. The vibronic bands and their assignments are summarized in

Table IV. The power spectrum, Fig(®, is dominated by

the two oscillators at-636 cm %, in accord with the spacing

of the progression. The oscillators must be assigned to the

1A, normal mode(harmonic vibrational frequency: 646

C. The photoelectron spectrum of the Li  4F, cubic
cluster

The photoelectrofPE) spectra of the L=, cubic cluster
(point groupT,) has been recently simulated usialy initio
molecular dynamics(AIMD) simulations evaluating the TABLE V. The spectral featu_res of the simulated line shape of tAg 4
forces on the nuclei at the Hartree—Fock SCF I&¢dhe o o o" band of the L, cube cluster at 200 K.
energy gap functiotd (t) is given by the vertical ionization o @em™®2 T (@em? Relint® Rel.int®  Assignmenn®
energy along the trajectory on the ground electronic state

. 2 . 134 =1 1.00 0
potential energy hypersurface. The ionization energies were ..o 134 188 188 1
calculated at the Koopmans level as the negative energies of 1573 138 1.82 1.78 2
the molecular orbital$MOs). 1908 138 1.16 1.12 3
Li,F, has 24 doubly occupied MOs, the 12 highest are in 2547 142 0.56 0.53 4

the 2p valence region of fluorine. These MOs lie within a 3182 150 0.22 0.20 5
3820 154 0.07 0.06 6

narrow energy range of less than 2 eV and therefore all have
to be considered in a simulation of the total line shape. Fig2Band position relative to the position of the electronic origin, 16.5 eV.
ure 8 exhibits the 12 corresponding energy gaps for the firsiRelative intensity of the vibronic band from the area under the vibronic
250 fs at a temperature of 200 K. Since the spectral density2"%: o .

.. . . xpected relative intensity according to expresgibh.
method in its present version is based on a two-level modebgsignment to a vibronic transition of the 1A, (636 cn?) progression

the 12 ionizations had to be approximated by 12 independeniccording to expressiofil).
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TABLE V. The parametrization of the power spectra of thke, £nergy gap of the LF, cluster at 200 K and
some derived quantities.

Osc.j o (cm™h AJ-Z (cm™?) yj(cm‘l) Kj KjAjzleZ 7 (pS w0 YT 0T Y Toot

1 11 759 2.2 1.039 6.52 0.27 057 011 0.22 -a%?
2 -11 759 2.2 0.961 6.03 0.29 059 0.12 0.22 -a0¢2
3 20 601 1.4 1.070 1.61 1.38 51 036 039 -282
4 —20 601 1.4 0.930 1.40 1.77 65 047 039 282
5 27 146 1.6 1.096 0.22 13.7 69 4.2 0.54 3@?
6 —-27 146 1.6 0.904 0.18 14.9 76 4.5 0.54 -a@?
7 34 158 3.2 1.120 0.15 10.3 65 6.2 0.68 -80r2
8 —34 158 3.2 0.880 0.12 13.2 83 7.9 0.68 -a@?
9 636 383 200 2.2 1.980 1.88 0.83 99 0.34 128 1042
Total 840500 0.11

@The total dispersion contains contributions from additional oscillators, which have not been parametrized.

cm 1), which is a breathing mode mainly of the lithium at- the progression to an unresolved Gaussian line shape. Al-
oms. The parameters extracted from the power spectrum atbough a more realistic description of the line shape gFLi
given in Table V. The power spectrum contains also contri{incorporating nonadiabatic effe¢tmay modify the features,
butions below 50 cm'® from combination vibrations, which the phenomenon of the coalescence of a progression into a
are too weak to be seen in Fig.cR Gaussian line shape by low-frequency modes is expected to
Expanding the energy gap in a power series of an be general and to be exhibited in other systems. Such a be-
elongationQ,, of a normal modeu up to the linear term in  havior is different from the XeAy clusters, where all the
Q,, Where the expansion is carried out at the ground elecmain oscillators are in the slow modulation limit per se. But
tronic state equilibrium nuclear configurati@ in either case, the width of the resulting total line shape is
given by applying the slow modulation formula to the entire

oU . :
_) (Q,— Qo)+ (19 dispersion of the energy gap.
Qo

dQ,
andU is given by the corresponding negative orbital energyv' CONCLUSIONS

¢, the dispersiomj2 of oscillatorj is expected to be propor- Using a simplified model for the energy gap power spec-
tional to (9e/0Q M)Z. The numerically obtainec{ae/aQM)2 trum, we have derived an analytical expression for the tran-
value assumes only an appreciable value for thg thode.  sition dipole autocorrelation function in the framework of the
We mention in passing that theAl mode is active for all spectral density formalism. The derived expressions allowed
energy gaps; some energy gaps exhibit also tAg ®ode for a comparative discussion of the line shapes previously
(harmonic vibrational frequency:373 cm'b). simulated using the spectral density meth@iThe absorp-
From thew;7j, v;7j, ¥ %o, @nd w7y Values derived tion line shapes of the electronic origin of the perylene
and given in Table V it can be stated that th&;Inormal  Sy— S;(7#*) transition in perylenéAry clusters;(ii) the
mode is in the progression limit as an isolated oscillator, agbsorption line shapes of the X&—°P,) extravalence
well as when considering the combined action of all oscilla-transition in XeAg, clusters; andiii ) the photoelectron spec-
tors. With increasing the absolute frequency of the isolatedrum of the LiF, cubic cluster. The spectra provide ex-
combination vibrations they exhibit the three cases of theamples for weak, unresolved and extensive vibrational pro-
slow modulation limit, the progression limit and the fast gressions.
modulation limit. In the combined action of all oscillators To make contact between our simulations and experi-
they always correspond to the slow modulation limit. mental reality, it is useful to address some of the implications
The line broadening is almost exclusively determined byof the results and analysis. Regarding the perylang clus-
the low-frequency combination vibrations, although the sunters the detailed predictions of the vibronic fine structure will
of their dispersion, 3328 cnf, forms only a small fraction of be very useful when it will become possible to sort out
the total value, 8.4.0° cm 2. The low-frequency dispersion isomer-specific spectra of these systems, which can be ex-
results in a FWHM of 136 cm® (slow modulation limij, in  perimentally accomplished by hole burning
good agreement with the simulated linewidth of 134—154methods®#749-®1The simulations of related systems, e.g.,
cm™ 1, Table IV. In comparison, the contribution of thé]l  naphthalenéry  (N=1-15%° and tetracendry
normal mode to the linewidth™ of the n=0 transition is (N=1-50,23"and the comparison of spectral shifts and line
small, 8.3 cm® [Eq. (14)]. broadening with experiment, have already proven the reli-
The subspectra of the other energy gaps show a similability of our approach. Further detailed comparison between
behavior. The normal modes are always in the progressiothe simulations of the vibronic structure and experiment will
limit, but in some cases the line broadening due to the lowbe useful to improve the intermolecular potentials for these
frequency combination vibrations drives the entire line shapaystems. Regarding the spectra of the Xgalusters(which
into the slow modulation limit, leading to a coalescence ofcorrespond to the slow modulation limit and exhibit Gauss-

U(Q,)=U(Qo)+
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ian line shapes where all vibronic structure is washed out(iii) slow modulation limit:A;> w;,y;. With growing the
the simulated line shapes are in excellent agreement with tmf/wf ratio the extension of a vibrational progression but
experimental spectroscopic dataFor the photoelectron also the line broadening increases, shifting the oscillator to-

spectra of the L, cluster, no experimental information is \ards the slow modulation limit. The parameter constella-
currently available. The appearance of the vibrational projions lead to the following classification:

gression of the A; mode in the A\, ionization spectrum will
confirm the simulations. The lack of a resolved vibrational

progression could have two reasofi$:the role of nonadia- 2, 2 _ . . . i
batic effects also for the A ionization and(ii) high tem- Aj/ o} values(<1) for the main oscillatorgoscillators car

perature effects, as simulations at 500 K showed the coale&¥'"9 the major part of the d|sperS|bnTh|s ca;e IS repre.-
cence of the vibrational progression. For a meaningfulsemed by perylendéry clusters. The main oscillators are in
analysis of the photoelectron spectra offi,ithe simulations the fast modulation limit and are driven into the progression
have to be extended to consider also the ladder and the rifinit when acting cooperatively, mainly by the soft modes
isomers of this clustel®® Already at this stage a wealth of (low-frequency combination vibrations or cluster isomeriza-
interesting information emerges for several classes of mations), which also make up the dominant contribution to the
lecular and ionic clusters. line broadening. The sma‘lijzle2 values of the main oscil-
In the simplified line shape model, each pdagscilla-  |ators allow only for an onset of a vibrational progression.
tor”) j of the energy gap power spectrum is described by a  (ji) Small intermolecular vibrational frequencigs:50
Lorentzian, characterized by a frequengyof its peak maxi- - ¢m4) and large dispersions, resulting in lady®/ v?>1 val-
mum, the dispersion] (the area under the cuvend the o5 This is the case of the Xafclusters. Instead of achiev-

half width at half maximunmy, . Aj expresses the difference ing very extensive vibrational progressions, the excessive

between the shape of the ground and the excited eIectron|c : N
. : . . Ilhe broadening leads to the slow modulation limit of each
state potential energy hypersurfaces in the region acceSS|bI'e

by the classical trajectories; reflects the effect of intraclus- single main oscillator. In this sense, th_e Ge_1u33|an line sh_ape
ter vibrational energy redistributiofiVR). can be thought of as an unresolved vibrational progression.
The line shape model has three limiting cas@sThe  1he entire dispersion contributes to the line broadening.
fast modulation limit, where only the electronic origin is ex-  (iii) Larger vibrational frequencie@t least several hun-
hibited as a single Lorentzian ban(d) the limit of a vibra- ~ dred wave numbeysand large dispersions, so that thé/ w?
tional progression(“‘progression limit”), where each vi- values of the main oscillators are of the order of 1 and give
bronic band is Lorentzian; ar{di ) the slow modulation limit  rise to extensive vibrational progressions. This is the situa-
with a Gaussian line shape. While limit) and (iii) are tion of the photoelectron spectrum of thejEj cluster, which
known from the work pioneered by Kubig™ limit (i) is  can be considered to be a typical example for a large number
new. o _ ~ of molecular systems with a bound electronically excited
Which of the limiting cases is approached by a singlegiaie 1t is unlikely that the dispersion can assume such high
gz(r:il\lllzgoregsgr?grcszaclmdéiiyp?irame;?rtj?léjt’r;jn'sie:ir:)i odr; tc?l?e values that theAjZ/ wjz ratio reaches values 1 as in the case
mg P of XeAry clusters. The simplified line shape model can be

autocorrelation function. With decreasing the line shape . . : .
i P Hsed to assign the vibronic bands of the progression on the

passes the three limiting cases in the order fast modulation™"’ X o _
limit —progression limit>slow modulation limit. Theentire ~ 22Sis of the intensities. However, as thgR,iexample has

line shape, which is the entity to be compared with an exShown, the moderataf/w{* values are no guarantee for re-
perimental spectrum or a spectrum from an “exact” simula-solved progressions. As in cag the major part of the line
tion, is given by the cooperative action of all oscillators. broadening originates from low-frequency combination vi-
When acting cooperatively, each oscillator contributes to thdorations. In some cases the line broadening, due to the low-
line broadening, shortening the exponential decay tig®f  frequency combination vibrations, is so large that the slow
the total transition dipole autocorrelation function. A simple modulation limit is reached. In this case, the Gaussian spans
relation betweenry and the individual7; and the corre- the entire progression. It is difficult to predict the magnitude

sponding parameters;, A, andy; was found only in the  of jine broadening of the combination vibrations on the basis
fast modulation limit. An oscillator with a sufficiently short qualitative arguments.

exponential decay time can drive the entire line shape into
the slow modulation limit.

The criteria for the realization of the three limiting cases
are (i) fast modulation limit:y; 71, (i) progression limit:

(i) Small intermolecular vibrational frequenci€s:50
cm 1) and even smalleq; values, which result in small

It is most desirable to predict line shapes by some simple
rules of thumb. Although the entire line shape is given by the
cooperative action of all oscillators, in most cases it may
w727 and y,7<<1, (i) slow modulation limit: 7<1 and prove sufficient to predict the ovgrall character of a line
y,7<1, where 7 is given either byz or r, depending s_hape_(the appearan_ce and ext_en5|on or nongppe_arance of a
whether one considers a single oscillator or the interplay o¥ibrational progression, Gaussian or Lorentzian line shape
all oscillators. Single oscillators can meet these condition®y e€xamining the parameter constellation of the main oscil-
for the following parameter constellation§) fast modula- lators. The three types of example spectra discussed in this
tion limit: w;>A;,y;, (i) progression limit.w;~A;>vy;,  work provide a valuable orientation.
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