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Line shapes of 53— & excited molecular clusters
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The line shapes ofsk— 7" -excited molecular Van der Waals clusters are compared to those of the corre-
sponding isolated molecules. Small, but distinct spectral changes are observed, such as spectral shifts, line
broadening, and changes in intensity. These are assigned in terms of variations in motion of the core-excited
molecule within the molecular clusters using a simple model. Contributions from intra- and inter-molecular
vibrations in core-excited clusters, which contribute to the experimentally observed spectral changes, are
discussed.
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Core level excitation of molecules and molecular clusterghrough a 50um nozzle. Variable size clusters are formed
provides specific information on electronically excited mo-under conditions, where the stagnation presggrand stag-
lecular states and their dynami¢&]. This is a result of nation temperaturd, are varied in the following regimes:
strong spatial localization of the excited atom, which allowsl bar<py=<5 bar and 150 KxT;=<300 K, leading at low
site- and element-selective excitations in variable size fred, and highp, to the efficient formation of clusters. The
clusters[2]. Therefore, clusters allow to investigate specifi- average cluster siz@N) characterizes the size distribution of
cally size effects of matter, since the surface-to-bulk ratio canmhe neutral cluster jet. In the case of CO- angtdsters,
be easily varied1,3,4. Core-to-valence transitions, such asone obtains(N)<150 under the present expansion condi-
1s— = -transitions, dominate the near-edge regime of mol+jons (cf. Ref. [10]). The gases are of commercial quality
ecules and molecular cluste[S-7], as well as the corre- (Messer-Griesheim; purity>99.99%. The cluster jet is
sponding molecular solidg8]. These transitions may show shaped by a 50@m skimmer. The experiments are carried
vibrational fine structure, which can be described by Franckout at the U49-SGM- and UE52-SGM-beam lif@&ESSY
Condon transitions. Moreover, substantial line broadeningBerlin, Germanyj, where an energy resolution KE>10*
may also occur. This is essentially due to the femtosecong reached11]. The cluster jet is crossed by the beam of
lifetime of the core-excited states. Furthermore, strong dymonochromatic synchrotron radiation under collision free
namic localization and temporary trapping of the ejectecconditions in the ionization region of a time-of-flight mass
photoelectron occurs in the narrow region at the core-ionizedpectrometer. Yields of mass-selected cations are obtained by
atom[7]. Recent high resolution studies on Van der Waalsselecting a mass channel while scanning the photon energy.
clusters indicate that there is further broadening Compared tPhe spectra are normalized to the photon flux by using either
the bare mOleCUIeS, small Spectral shifts of the Vibrationall)l(he photocurrent of a go|d mesh or the total ion y|e|d of rare
resolved transitions, and small Changes in Fraan'CondOQasesl The photon energy scale is calibrated by Comparison
factors[5,7]. These works already show that localized mo-wjith high-resolution electron energy loss dat2)].
lecular modes have no importance to the dynamics of Van The energy of a molecular core-to-valence transition from
der Waals systems. However, it is not clear yet to what extenthe vibrational ground state’=0 into the 5— = -excited
they affect photoexcitation and de-excitation processes itate with vibrational levels’ can be described in the frame-
core-excited Van der Waals clusters and the correspondingork of the Born-Oppenheimer approximation
solids.

In the present paper we examine in a systematic way the 1 2
effect of intermolecular interactions on the vibrational fine Ex ') = Eis .’ +hwe(v' + 5) ‘hwexe<v' + 5) +E,
structure of — 7 -excitations in free and clustered carbon
monoxide and nitrogen. We develop a concept that allows us — Eymre (1)
to rationalize changes in line widths, line intensities, as well . N
as changes in energy position upon cluster formationsof 1 Th‘_:" total ex0|tat|qn energy v )_'S well-known from
— o -excited molecular clusters. We also provide experi-€XPeriments. It consists of the following componefiufs Eq.
mental results on Ost- 7 -excited carbon monoxide clus- (D]: (i) The energy of the d— a -transition (Eys . ); (ii)
ters [(CO),], which are discussed along with a theoreticalthe vibrational energhhwgv’ +1/2)]; (iii) the anharmonic-
model and previous results on G2 7 -excited CO clusters ity energy[hwexe(v’ + 1/2)2], wherehweX, is the anharmo-
and N k— 7 -excited nitrogen cluster§(N,),] (cf. Refs. nicity constant; and(iv) the rovibrational energy [y
[5,7). —-E,, Where Ey takes the coupling of vibrational and ro-

The experimental setup has been described bgfgB.  tational motions into account. Usually, the rovibrational term
Briefly, a continuous supersonic jet expansion is used fois ignored in the analysis of x-ray absorption spectra, because
cluster production, where pure molecular gases are expand@d substantial line broadening. In the case of molecular Van
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der Waals clusters the molecular wave function is replaced
by a superposition of the wave functioﬂ's‘,#), corresponding
to those of the molecules bound in the cluster,
where j=1,2,...n and n is the number of molecules
bound in the cluster. The functioﬂfﬁfﬂ is represented by
ngl)(r,R) X(v‘i)b(R) X;J)(X'XO)j- In addition to the molecular
variablesr and R, corresponding to the coordinates of the
electrons and the nuclei, we introduce the coordingte
which describes the motion of the molecular center of mass
relative to the equilibrium positioiXy; in a cluster.x;‘) de-
scribes librations of the molecular uijitelative to the equi-
librium position. In addition to the intramolecular’— v’
transitions there are intermoleculaf —\’ transitions.\” Yo

and\’ describe the vibrational levels in the cluster potential Distance [arb. units]

of the ground-state and core-excited state, respectively. Then,

the energy of a v"=0)— = (v')-transition in a cluster is FIG. 1. Cluster potentials and Ns1v’'=0)— =" (v') transition
given by in a linear chain of nitrogen molecules withja) statistic(U*) and

(b) dynamic(U"®) models of the intermediate core-ionized cluster
state(for details see text

2]
]

Energy [arb. units]

1 1\2
L (At TR G RS
5 — 1 (v')-excitation, are represented by phononlike bands.
) Their widths éw,, account for the presence of intermolecular

where 8¢ is the average energy of intermolecular Motions with considerably lower energié,(~few meV)

\"— \’-transitions. B .., fiw, and iwX, are the elec- than the intramolecular vibrations4(~hundreds of mey,
tronic excitation energy, the harmonic vibrational spacingcorresponding td},<w.. The center of molecular mass os-
and anharmonicity constant of intramolecular vibrations inCillates around the equilibrium position, practically without
clusters, respectively. Equati@8) shows that the direct ap- any changes before and after the x-ray transition. The inten-
plication of the Franck-Condon analysis to the vibrationalsities of the intramolecular vibrational transitions are gov-
fine structure may encounter difficulties in clusters, becaus@rmed by Franck-Condon factors and no energy shift of the
of the uncertainty in the term that originates from the differ- core-to-valencey’-bands will appear. There is just an addi-

ent energies of the molecular motions in their respective entional symmetric broadening of the-bands. The width of
vironments: each line isw,, +28w,, wherew,, is the width ofv’-band in

an isolated molecule and the magnitudedof, can be esti-
A=E,\ + Eyny— 6. (3 mated from the intermolecular ground state vibrations. This
statistic model does not allow us to account for a correlation
. i ; between molecular librations and strong dynamic localiza-
molecular rotations upon cluster formation, corresponding Qion of a 15— 7 (v')-excitation within a molecular unit. The

Eynr-Eymy, @ssuming that the Van der Waals clusters ar%otentialu* () is used to account for this correlation effect in
solid and(ii) changes in the intermolecular potential from theCluster excitations. The individual line shapes of the core-

neutral ground state cluster to the core-excited cluster, COIes, cited molecules are superimposed to all degenerate or

Faprﬂinbdr;]t?otnos&WL?f;Z?er%Sgqglttlr?gigraya(t:igingfej 'Cno:gorl]%?g'quasidegenerate molecular sites in a cluster to obtain the line

. ) ; R shape of core-excited molecular clustesse, Ref[2]). Fig-
electron pair, corresponding to spatial localization. The P & {2)). Fig

brational and librational effects i lecul " ure Xb) indicates that local changes of the potentialXat
rovi ratl |t§)na aln ' |dra ;]ona eF ec Sk 'g mé) ecu arl mo 'Ofnf are observed for a linear chain of nitrogen molecules, where
cannot be neglected wnen a Franck-t.ondon analysis o r}ﬂe intermolecular separatidb(oj—xojﬂ| is set to the value
experimental vibrational fine structure of core-to-valence

i ition i ¢ 71 The i " f int diat in solid nitrogen. This already shows that it is possible to
ransition is performeq7]. The importance o INtermeadiate 5hserve significant spectral changes, even if a oversimplified
core-hole state effects on core-to-valence transitions of clu

e . . ) . . Zluster geometry is used. The potentil!) differs strongly
ters is discussed in the following: First the intermediate clusg. = 4 Xy U'0) becomes deeper and two distinct

ter state s presented by a superposition of deg%nerate Minima appear, which are separated by a potential barrier at
qu:ills|(1eger1?§ate core-exc!ted*(J) cluster — statest (X) Xoj- This double minimum potential is caused by the in-
="V l(X).*The potential)” " refers to a cluster that  oreaqed attraction of the core-excited molec(jlefo the
ContainS as$—m 'eXCited molecule, Wh|Ch iS Centered at neighbors Centered a¢0j¢1 in the |inear Chain mode'_ Th|s
Xoj- Forn>>1 the potential is obtained from shifting the additional attraction is caused by a dynamic dipole moment
ground state potentidl upward by the photon energy,E ¢, of the core-excited molecule due to dynamic core-hole
e, U (X)=U(X)+E,. Figure 1a) serves to illustrate the |gcalization on one of the equivalent atof®. As a result
expected spectral changes in x-ray transition within this stagne finds

tistic model of core-excited clusters. The vertical i) o

N’ —\'-transitions, which accompany the s(2”=0) UV~U+E+ Ud,- =U+ Ud,-' (4)

Equation(3) contains contributions from(i) freezing of
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(a) { o molecule (b)""' dicating that the C 4— = -transition is primarily governed
f 1 acluster by intramolecular properties. However, there are characteris-
tic differences between the transitions of neat and clustered
CO. The C 53— (v'=0)-band in clusters is broadened
(full width at half maximum 113+1 me) relative to
102+1 meV in the isolated molecule. These line profiles can
be represented by a Voigt fjil6,17. It is found that the
increased width of the Csk— 7" (v’ =0)-band in clusters is
mostly due to an increase of both, the Gaussian and the
b o Lorentzian line width to 50+1 meV and 90+1 meV, respec-
287.2 2874 2876 287.8 533 534 535 536 . . . . . .
Photon Energy [eV] Photon Energy [eV] tively. Assuming, that the contribution to the Gaussian line
width from the bandwidth of the x-ray monochromator is a
FIG. 2. Near edge spectra of G and O 5 excited CO and its ~constant quantity, then there must be other reasons which are
clusters near the sk-s -transition: (a) C lsregime; (b)  related to the properties of clusters. In addition, we observe a
O 1s-regime. See text for further detai{sluster: recorded afN) small, but clearly identifiable redshift of 2+1 meV of the
~150). maximum of the C §— = (v’ =0)-transition in clusters rela-
tive to the neat molecule, similar to previous wdit,7].

The additional potentia(U, <0) is responsible for the 11€S€ spectral changes are discussed below. Figlme 2
shows the vibrational fine structure of the

attraction that appears betwepandj+1 bound units. This 0 1s— 7 -resonance in CO and in CO-clusters. This band is
potential considers the spectral changes that occur upon Clugz known in the isolated moleculd7-19. It is character-

ter formation in the case of strong dynamic core-hole localy;eq py a progression of transitions to vibrational levels and
ization on the molecular unit (cf. Ref. [13]). The redshift ntayorable Franck-Condon factors of transitions into iow
(6 <0) of the Is—m (v'=0)-band in clusterssee Fig. |gyels. This is mostly due to the increase of the internuclear
1(b)] originates from the coupling of the core-excited mol- separation in O 4— 7" -excited CO. There is no energy shift
ecule with its neighbors and reflects the correlation of theyetween the vibrational maxima of isolated and clustered
molecular motion with dynamic core-hole localization in molecules[cf. Fig. Ab)]. We also observe for the Osl

clusters. ~This correlation effect, corresponding 1t0_, 7*_-hand no changes in vibrational spacing upon cluster
U'<U" at Xy, can be described in terms dfnamic sta-  formation. This result is consistent with previous work,
bilization [S]. This is due to the temporary self-trapping of & yyhere we have shown that dynamic stabilization following
c_ore-exgteq molecule at new, d|splac_ed mtermoIeCUh?lr POSlzore-level excitation will preferentially occur in clusters of
tions (Xy) in a deformable core-excited cluster. This dy- homonuclear molecules, leading to substantial energy shifts
namic model leads to intensities of —v’-transitions that  of core-to-valence transitions in thes o -regime[2]. In
are primarily governed by Franck-Condon factors, additionahddition, the following spectral changes are observed upon
symmetric broadening of the'-bands, and a redshie <0  ¢|yster formation:
of the core-to-valence’-band in comparison with the gas (i) The relative intensities of the individual vibrational
phase. For low’ the de-shift can be approximately de- transitions are slightly changed in clusters compared to the
scribed aS)"independent. The Wldtl'(wvr) of the individual bare mo|ecu|q:see F|g gj)] We note that the relative in-
v'-bands are mostly determined by the inverse core-hole lifetensities of the vibrational transitions above the Franck-
time (1¢). Fast molecular dissociation may also contribute toCondon maximum(v’ >5) are somewhat enhanced in the
line broadenind14]. Such channels of fast molecular disso- case of clusters. This indicates that the changesn@bond
ciation are possibly blocked by the presence of a potentigkength upon O $§— 7 -excitation is slightly larger in clusters
barrier in the intramolecular potential wh&w&approaches the than in the isolated molecule. Using tie 1-core analogy,
radius of the intermolecular potential well. The intramolecu-one can assume that CF, corresponding tos@xcited CO,
lar channels can assist in Auger and radiative core-hole deyas a slightly longer intramolecular bond length, if it is sol-
cay processes, as discussed for atomic clu§tess Thus,  vated by CO. This is likely due to the permanent dipole
one may expect that intramolecular Auger decay channelghoment of the solvent molecules, which destabilize the core-
lead to broadening of the moleculaf-bands, whereas the excited molecule. In contrast, a bond shortening-#00 fm
stabilization of dissociation channels may even lead to lings gbserved, in N 4— 7 excited nitrogen clusters, where the
narrowing. solvent shell evidently stabilizes the core-excited molecule.
Figure 2 shows high-resolution spectra of molecd@f  [7] In the case of CO, the full spectral deconvolution of the
yield) and clustered CQ(CO); yield] in the narrow spectral of O 1s— #"-band has been performed for molecular CO
regime the C and OSliqr*-resonance. The vibrational fine [16,18. It is by far more complicated than in the case of
structure of the C 4— 7 -resonance of CO is dominated by nitrogen and bears some ambiguities. Therefore, we have not
an intense resonance at 287.400 gMg]) corresponding to  attempted to perform a Franck-Condon analysis for
the C Is— 7 (v’ =0)-transition[cf. Fig. 2a)]. The weakv’ CO-clusters. In contrast to nitrogen clusters the redshift is in
=1 level is found at 287.656 eV. The spectral shape of thehe case of C dexcited CO-clusters weaker because of
1s— 7 -transition in clusters is remarkably similar to that of small changes of the intermolecular interaction upon core
the isolated molecule. The Franck-Condon factors are essefevel excitation. As a result, a double minimum potential,
tially unchanged and only minor spectral changes occur, insimilar to that shown in Fig. (b), does not describe this

co |
Cis—n

Relative Intensity [arb. units]
Relative Intensity [arb. units]
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situation properly. We rather assume that Figa) Imodels creased Lorentzian linewidths found in G-% 7 -excited

CO clusters suitably, since dynamic localization cannot effi-CO clusters are unlikely the consequence of a decreased core
ciently occur in this system. o _ hole lifetime. It is rather expected that this broadening is

~ (ii) Possible changes in line shape of the individual vibraficiently affected by fast cluster decay dynamics of the fi-
tional transitions cannot be quantitatively inferred from thep g siates that are accessed in clusters. These occur as a result

experimental data shown in Fig.(l8. The features are : : . - .
blended as a result of the small vibrational spacings, corre(-)f the intermolecular coo_rdlna}te and in addition, at least in
art, by the presence of librations.

sponding to 166 meV, and substantial line broadening of X L
143 meV[18]. At least the top of the O<l 7 -band shows In conclu5|on_, We_have deve_loped a _quahtatwe quel that
that there are no substantial changes in line width upon clugllows us to rationalize the variety of different experimental
ter formation, so that the final states in clusters do not changeesults that occur in the regime of core-to-valence transitions
the dynamics in this spectral regime. The increase of th®f molecular Van der Waals clusters. Recent and previous
Gaussian widths by 20% of thev’-bands of experimental results indicate that this model is suitable to
C 1s— 7 -excited CO-clusters relative to neat CO gives evi-explain small spectral shifts as well as changes in line shape
dence for phononlike broadening. This effect is less clear forompared to the isolated molecules.

the O Is— 7 -band. By increasing the number of molecules,

that are bound in a cluster, the broadening of #éand Financial support by the Deutsche Forschungsgemein-
approaches the conventional picture of Gaussian broadeningghaft and the Fonds der Chemischen Industrie is gratefully
which dominates x-ray transitions in solid20]. The in- acknowledged.
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