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Site-Dependent Spectral Shifts in Core-to-π* Excitations of Pyridine Clusters†
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Site- and element-selective core-to-π* excitation in free pyridine clusters is investigated. The experimental
results indicate the occurrence of site- and size-dependent spectral shifts in the C 1s and N 1sf π* excitation
regime. Specifically, we observe in the C 1s regime a substantial and site-dependent redshift of the low
energy slopes of the C 1s f π* band by 90 meV in clusters relative to the bare molecule, whereas the high
energy slopes of this band remain almost unchanged. In contrast, a size-dependent blueshift of the same
order of magnitude is found for the entire N 1s f π* band. This is distinctly different from previous results
on van der Waals clusters, where exclusively redshifts in 1sf π* transitions are observed. The experimental
results are compared to ab initio calculations, which serve to simulate the 1s f π*(V ) 0) transitions. These
results clearly indicate that the spectral shifts are primarily a result of electrostatic interactions between the
molecular moieties and that an antiparallel orientation of molecular units preferably dominates in variable-
size pyridine clusters.

Introduction

Intermolecular interactions between aromatic molecules have
been investigated in the past, because they are of fundamental
interest and they are of importance to biomolecular assemblies
and materials research via molecular self-assemblies.1–5 Elec-
tronic properties of free van der Waals clusters containing π-π
interactions have received specific interest, because these permit
to investigate fundamental aspects on size-dependent properties
of aromatic molecules. This includes ionization energies and
ionization mechanisms,6,7 microsolvation,8 multiphoton ioniza-
tion and Coulomb explosion by short pulse lasers,9 and
photoionization of size-selected anions.10

Core-level excitation of free clusters has contributed element-
selective excitation, which is also size- and site-selective.11 This
allows one to study changes in the local electronic of free atomic
and molecular clusters. It has been observed that the lowest
core Rydberg states undergo upon conversion into the corre-
sponding surface- and bulk-excitons substantial spectral shifts
to higher energy, corresponding to a blueshift.12–14 More recent
work on Rydberg states of core-excited molecular clusters
indicates that the experimentally observed spectral blueshifts
are tightly related to the molecular orientation within a cluster.15

These findings are unlike core-to-valence transitions in molec-
ular clusters occurring below the core ionization energies, where
specifically 1sfπ* transitions of unsaturated molecules and

molecular clusters were investigated.16,17 These show a slight
redshift of e5 meV, which is a result of stabilization of the
π*-state in clusters. Similar findings have been reported more
recently for low-lying continuum resonances, as observed in
SF6 clusters.18 In contrast, substantial blueshift is observed for
1sfσ* transitions, which is rationalized in terms of dynamic
localization.19

Recently, we have investigated the C 1sfπ* excitation in
variable-size benzene clusters.20 These core-excited states
undergo substantial redshifts up to 60 meV relative to the
isolated molecule, which is larger by an order of magnitude
than those observed in clusters of diatomic molecules.16,17 This
redshift occurring in benzene clusters is due to the core-excited
benzene polarized by a localized core hole, as is supported by
ab initio calculations on the C 1sfπ*(V ) 0) excited clusters.
Our previous work20 also attempted to derive the gas-to-solid
shift of core-excited benzene, which is not accurately known
(cf. ref 21).

The present work on the near-edge structure of core-excited
pyridine and its clusters is motivated by the fact that the carbon
and nitrogen sites permit element-selective excitations of the
aromatic ring system, which is a result of the different absorption
energies between the C 1s- and the N 1s-absorption edges. It is
anticipated that this element-selective excitation can be exploited
to probe the molecular orientation in pyridine clusters in a
selective way. We combine in this study experimental and
theoretical work on the C and N 1sfπ* excitations of variable-
size pyridine clusters. It is also of interest to show whether
different stabilization shifts occur in clusters upon element-
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selective excitation, that is, in the C 1sfπ* and N 1sfπ*
excitation regimes.

Experimental Section

The experimental setup consists of a supersonic jet expansion
that is used for cluster production and a time-of-flight mass
spectrometer for cation separation and detection. Details of this
setup have been published elsewhere.20,22 This setup is mounted
at the UE52-SGM beam line of the storage ring BESSY (Berlin,
Germany), where monochromatic synchrotron radiation in the
soft X-ray regime is delivered for photoexcitation and photo-
ionization of neutral, variable-size pyridine clusters. The energy
resolving power E/∆E is set tog6 000. The photon energy scale
is calibrated according to previous results on molecular pyri-
dine.23 Clusters are formed in a coexpansion of argon and
pyridine, where the seeded beam technique is used.24 The gas
mixture is expanded at room temperature with moderate
stagnation pressures ranging between 1 and 2 bar. Such mild
expansions lead preferentially to homogeneous cluster formation.
The size regime explored in this work focuses on small clusters,
containing e20 molecules per cluster. There is no evidence for
the occurrence of heteroclusters, as evidenced by photoionization
mass spectra, where no mass lines from heterogeneous clusters
are observed. This result is also consistent with recent work on
benzene clusters, where photoion yields in the Ar 2p regime
indicated via element-selective detection that there is no argon
bound in clusters containing aromatics.20 The pyridine and argon
samples are of commercial quality. They are used without
purification. Cations are formed by photoionization in the soft
X-ray regime. They are separated in a time-of-flight mass
spectrometer.22 Photoion yields of the molecular fragments that
are centered in the mass range near m/z ≈ 50, corresponding to
C3HxN+/C4Hx

+, are not affected by fragmentation of clusters.
This is similar to previous work on benzene clusters.20 Therefore,
we use this range of mass channels for probing molecular
properties. We have measured simultaneously the pyridine dimer
cation yield, which is indicative for the electronic structure of
clusters. Note that different mass channels that are populated
by cluster fragmentation show similar results in near-edge
spectra, implying that the final ionic fragmentation channels do
not yield size-dependent electronic properties at constant
expansion conditions. An efficient way to probe size effects in
electronic structure is to change the expansion conditions, as
done in the present and previous work.20 The experiments cover
the regimes of the C 1s and N 1s absorption edges, similarly to
previous work.15–18,20,22 This provides photoion yields, which
reflect changes in electronic properties upon cluster formation,
as outlined in our previous work on benzene clusters.20

Theoretical Model

Full geometry optimization for the pyridine dimers, trimers,
and tetramers at the MP2 6-311G** levels are performed with
the Gaussian program package.25 The core-to-π* excited states
of those optimized geometries are solved within the Hartree-Fock
approximation by explicitly taking the core hole into account.
This is accomplished by using the GSCF3 program package,
which makes it possible to keep from variational collapse to
lower states within one-Hamiltonian and partial self-consistent
field (SCF) schemes.26–28 Primitive basis functions are taken
from the (73/7) and (63/5) contracted Gaussian-type functions
of Huzinaga et al.29 They are augmented with d-type polarization
functions �d ) 0.617 for C and N atoms. The contraction scheme
is an extended basis set (3111121/31111/1) for the ionized C
and N atoms and a split-valence basis set of double � quality

(621/41/1) for the neutral C atoms and (32) for H atoms. Diffuse
functions are not included, because Rydberg states are not
considered in the present work. The core-to-π* calculations
ignore the zero-point vibrational energy and the electron
correlation energy involving the intermolecular van der Waals
or dispersion interactions. It is expected that these are canceled
between the electronic ground state and the core excited state.
A separate calculation is performed for each distinct atomic site
for all stable isomers by using GSCF3.

Experimental Results and Discussion

Photoionization mass spectra of pyridine clusters have been
measured in the C 1s and N 1s excitation regimes. The mass
spectra show, similarly to previous work on valence shell
excitation,6,30 singly charged cluster mass lines. We have used
the dimer cation mass signal in order to detect electronic
properties of clusters as a function of cluster size. Molecular
properties are measured simultaneously by using the m/z ≈ 50
mass signal. This approach is known to yield reliably spectral
shifts in the core level excitation regime.17,18,20,22 The results
are shown in Figures 1–3.

C 1sfπ* Regime. Figure 1 shows the C 1sfπ* (b1) regime
between 284 and 287 eV, which is split as a result of the
considerable difference in excitation energies between the carbon
sites that are located in different positions relative to the nitrogen
site. The para and meta sites contribute mostly to the low-energy
feature of this C 1sfπ* band, whereas the high-energy portion
of the band is known to be due to the ortho-carbon sites.23

Similar results have been derived from earlier high-resolution
electron energy loss spectra and model calculations.31 Figure 1
also indicates that the C 1sfπ* transition of both the molecule
and clusters is similar in shape compared to that obtained in
earlier work.23,31 However, if one carefully looks at the
separation of both C 1sfπ* features, it becomes evident that
they are more resolved in the present work. This is ascribed to
the improved energy resolution of the present experiments.
Furthermore, the separation of both bands remains almost
unchanged in molecules and clusters. The high-energy slopes
of the split band is almost identical in the molecules and in
clusters, whereas the lowest energy slope near 284.5 eV is
clearly red shifted in clusters relative to the isolated molecule
by 90 meV. A smaller shift is observed for the low-energy slope
of the C 1s(ortho)fπ* feature. This leads as a net result to an

Figure 1. C 1s excitation regime of molecular (dashed curve) and
clustered pyridine (solid curve). Experimental conditions: p0 ) 1.5 bar;
T0 ) 300 K; seed gas, Ar.
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asymmetric broadening of the features in clusters. These findings
are discussed below in comparison with ab initio calculations.

N 1sfπ* Regime. The regime of the N 1sfπ* (b1) transition
is shown in Figures 2 and 3, where different expansion
conditions are chosen for cluster production. The molecular
spectrum is included for a comparison. It shows weak features
near the maximum of the band. These have not been observed
in previous high-resolution work.23,31 This is a result of the
improved energy resolution. The features are likely due to
vibronic fine structure near the Franck-Condon maximum of
the band. The cluster spectrum displayed in Figure 2 is recorded
at a stagnation pressure p0 of 1 bar, whereas the spectrum shown
in Figure 3 is recorded at p0 ) 2 bar. Argon is used in both
experiments as a seed gas, where the stagnation pressure is
known to increase the average cluster size that is formed in the
expansion (cf. ref 20). A comparison of Figures 2 and 3 allows
one to estimate the cluster-size dependence of the spectra
features, similarly to recent work on C 1s excited benzene
clusters.20 This assumption appears to be plausible, because
model calculations on benzene and pyridine dimers reveal
similarly stacked structures.32 This is due to the fact that in
pyridine dimers, the electrostatic contribution accounts only for

1 kcal mol-1.32 The structures of pyridine dimers and clusters
will be shown further below. Furthermore, it is well-known that
it is difficult to estimate the average cluster size of molecular
clusters from the expansion conditions.33,34 The cluster size
contributing to the experimental spectra shown in Figures 2 and
3 is estimated similarly to previous work on benzene clusters.20

Core-level excitation produces efficiently doubly charged
clusters via Auger decay processes. These are known to be stable
for g23 molecular moieties per cluster.35 We assume that the
critical size for doubly charged pyridine clusters is of the same
order of magnitude. Then, the dimer cation signal, that has
massive contributions from larger clusters via ionic fragmenta-
tion, corresponds to clusters containing less than about 20
molecules. Larger clusters are not observed in photoionization
mass spectra. Evidently, they are not probed by the approach
of photoion yields, even though they may be formed in the jet.
Therefore, it appears to be straightforward to focus in the
following on model structures of small clusters in order to
simulate the experimental results. These are discussed in the
following section.

A comparison of the experimental spectra corresponding to
molecules and clusters in the N 1s regime indicates a different
behavior from that in the C 1s regime. It is evident that in the
N 1s regime, the entire N 1sfπ* (b1) band is blueshifted in
clusters. The fine structure near the maximum of the band
remains unchanged, if one considers the limited signal-to-noise
ratio in the results from clusters. The blueshift indicates that
there is a slight size dependence. We observe at p0 ) 1 bar a
blueshift of 85 ( 15 meV (see Figure 2), which increases to 95
( 15 meV at p0 ) 2 bar (see Figure 3). The magnitude of
spectral shift is similar to that of the C 1s regime (see above),
and it is substantially larger than in C 1s excited benzene
clusters.20 Note that these spectral shifts of the core-to-valence
transitions are substantially larger than those observed in
previous work on clusters of diatomic molecules, where spectral
shifts e5 meV were observed.16,17 Furthermore, the N 1sf π*
(b1) transition is the first example of a core-to-valence transition
below a core ionization energy that undergoes a destabilization
in clusters relative to the bare molecule. The origin of these
differences is also discussed in the following section.

Theoretical Results from Model Calculations

Ground-State Geometries. The intermolecular forces in
pyridine clusters arise not only from dispersion forces. There
are also electrostatic interactions, which are due to the molecular
dipole and quadrupole moments. Different intermolecular
orientations are possible, as shown in recent calculations on
pyridine clusters (see Figure 4).32 This implies that various
isomers of variable-size clusters are considered in this work.
This also explains the complicated X-ray structure and indicates
the occurrence of several phases in the solid state, where all
molecular 2-fold axes are nearly parallel to one basal plane of
the orthorhombic lattice, corresponding to the space group
Pna21.36–38

The most stable dimer structure is found according to ab initio
calculation and previous work32 to be an antiparallel displaced
C2h structure, where the nitrogen sites are on opposite sides, as
shown in Figure 4b. This intermolecular configuration is
reasonable to be the most stable dimer structure, considering
the intermolecular dipole-dipole interaction. It can also be seen
as a result of electrostatic interactions that the partially positively
charged hydrogen sites of one ring lies on top of the partially
negatively charged nitrogen site of the other ring. The intramo-
lecular C-N distance is found to be 1.345 Å, the C-C distance

Figure 2. N 1s excitation regime of molecular (dashed curve) and
clustered pyridine (solide curve). Experimental conditions: p0 ) 1 bar;
T0 ) 300 K; seed gas, Ar.

Figure 3. N 1s excitation regime of molecular (dashed curve) and
clustered pyridine (solid curve). Experimental conditions: p0 ) 2 bar;
T0 ) 300 K; seed gas, Ar.
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is 1.395 Å, and the C-H distance is 1.087 Å. The center-of-
mass distance between both rings is 3.32 Å in the perpendicular
direction and is displaced by 1.24 Å along the molecular planes,
which is similar to previous results.32 In addition, we have also
considered chain-like structures. An energy minimum is found
only for a dimer, where the intermolecular bonding occurs
between a nitrogen atom of one ring and a hydrogen site of the
other ring, as shown in Figure 4a. In this case, the N-H distance
is 2.40 Å, and the center of mass distance between the two rings
is 6.29 Å. Furthermore, we attempted to calculate a stable
T-shaped isomer, but this is not possible. Instead, we find a
π-stacking isomer, which is parallel displaced, where the centers
of both rings are displaced relative to the other one, as shown
in Figure 4c.

In the case of pyridine trimers, antiparallel displaced isomers
are stable, similarly to ref 32 (cf. Figure 5a). When starting
from the configuration of the cyclic benzene trimer, evidence
for stable cyclic trimers is provided. The cyclic trimer with the
N atoms pointing away from the other pyridine molecules is
found to be more stable by 89 meV/molecule than the cyclic
trimer with the N atoms pointing toward the center of another
pyridine molecule. Thus, the latter isomer is not discussed any
more. Finally, the trimer shown in Figure 5b is more stable by
28 meV/molecule than the antiparallel displaced trimer.

In the case of pyridine tetramers, the antiparallel displaced
isomer is found to be the most stable one, as shown in Figure
5c. This sandwich-like structure is stable because of the
intermolecular electrostatic interactions that are also observed
for the dimers and trimers. Furthermore, the pyridine tetramer
is optimized by starting from the crystallographic structure of

pyridine in the (001) plane, where all dipoles are arranged in a
nearly planar layer.38 The resulting isomer is face-triangular
tetramer, similar in structure to the benzene tetramer.20 It is,
however, less stable than the antiparallel displaced isomer shown
in Figure 5c.

C 1sfπ* Regime. We have calculated the C 1sfπ*
excitation energies as well as the C 1s ionization energies of
pyridine and its cluster by using the different isomers discussed
above. The molecular C 1s ionization energies are calculated
to be 291.585, 290.652, and 291.191 eV for the carbon centers
relative to the nitrogen site, labeled 2 (ortho), 3 (meta), and 4
(para), respectively. These values are similar to earlier theoretical
work.23 On the other hand, the C 1sfπ* excitation energy is
calculated to be 286.722 eV (ortho), 286.152 eV (meta), and
286.082 eV (para) with oscillator strengths of 0.0195 (ortho),
0.00119 (meta), and 0.0168 (para), respectively. The present
results indicate that transition energies are systematically
somewhat higher than the experimental ones (cf. Figure 1). Each
calculated excitation is broadened by a Voigt profile. This
contains a Gaussian line width of 60 meV and a Lorentzian
line width of 110 meV, which is mostly determined by the core
hole lifetime. Note that this assumption is quite realistic,
considering the instrumental resolution, as determined from
additional calibration experiments, where 40 meV are derived
for the C 1s regime and 60 meV for the N 1s regime. The
Gaussian line width is essentially due to the bandwidth of the
X-ray monochromator. Furthermore, the calculations do not take
vibronic fine structure into account. As a result, the simulated
line shapes correspond only to the C 1sfπ* (V ) 0) transitions,
which occur at the low-energy part of each experimental 1sfπ*

Figure 4. Simulated C 1sfπ* (V ) 0) transition of molecular pyridine (dashed vertical lines and curves) and different isomers of the pyridine
dimer (solid vertical lines and curves). The symbols indicate the different carbon sites and their excitation energies: (a) chain-like dimer isomer; (b)
antiparallel displaced isomer; (c) parallel displaced isomer. The symbols mark equivalent sites. The data are plotted on an energy scale relative to
molecular benzene.

Figure 5. Simulated C 1sfπ* (V ) 0) transition of molecular pyridine (dashed vertical lines and curves) and different isomers of the pyridine
trimer and tetramer (solid vertical lines and curves). The symbols mark equivalent sites. The data are plotted on an energy scale relative to molecular
benzene.
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band. This is different from previous work, where the entire C
1sfπ* band was simulated by different fitting models.23

Because there are only minor changes in spectral shape, we
focus in this work on the C 1sfπ*(V ) 0) transition. The
molecular spectra are used as reference values, where a relative
energy scale is used in order to visualize the energy shifts
between the neat molecule and clusters. In the C 1s regime,
benzene is used as a reference value, whereas in the N 1s regime,
molecular pyridine is used. Figure 4b shows the comparison
between the most stable dimer and the molecule. The ortho-
carbon sites, corresponding to the higher-energy feature, show
a negligible redshift relative to the molecular excitation. In
contrast, the para-carbon site, corresponding to the lowest-energy
feature of this band, shows a redshift of 54 meV, and the meta-
carbon sites contributes to a redshift of 28 meV. This result is
already qualitatively in agreement with the experimental results
shown in Figure 1. The distinct spectral shifts of the different
carbon sites reflect the experimental results, where the strongest
shift is due to the para-carbon center. This corresponds to the
substantial redshift of the low-energy slope of the lower portion
of the C 1sfπ* band, whereas the high-energy slope of this
feature is only slightly redshifted. This can be rationalized by
contributions from the meta-carbon sites. The high-energy
portion of the band shows a smaller spectral shift, which can
be explained by the ortho-carbon centers. It is clear that the
experimental results cannot be fully explained by the most stable
dimer isomer. Therefore, the spectral simulations of other
isomers and larger clusters are considered, as well.

Figure 4a shows the calculated spectra of the C 1sf π* (V
) 0) excitation of the chain-like dimer. This leads to nonde-
generate transition energies for the different positions of the
carbon sites (ortho, meta, and para), which is unlike the situation
of the most stable isomer shown in Figure 4b. The C 1s
excitation of the ortho-carbon sites yields a slight blueshift of
the band. The meta-sites yield a slight redshift of the high-energy
slope. Excitation of the para-carbon, which interacts with the
nitrogen from the other molecule in the dimer, shows a
substantial redshift (marked by f in Figure 4a). This would
result in a distinct shoulder in the experimental spectra and
indicate that this isomer is likely not present in the jet.

Figure 4c shows the calculated spectrum of the C 1sfπ*
excitations in the parallel displaced pyridine dimer, which is
the most unstable of the three isomers. The excitation at the
ortho- and meta-sites are redshifted, whereas the excitation at
the para-site is slightly blueshifted relative to the excitation in
the molecule. This is unlike the experimental results, which also
indicates that this isomer is likely not present in the jet.
However, low mixing ratios of various isomers cannot be
excluded to occur in the jet expansion.

The C 1s spectra of the trimer are simulated in the same way
as the dimer. The results are shown in Figure 5a,b. The spectral
simulation for the most stable antiparallel trimer is shown in
Figure 5a. Similarly to the antiparallel dimer as shown in Figure
4b, all the transitions are redshifted relative to the excitations
in the isolated molecule. The smallest redshift is observed for
the ortho-carbon sites, which is in qualitative agreement with
the experimental results. In contrast, the spectral redshift of the
other carbon sites is considerably larger. Specifically, in the
sandwiched middle pyridine, the para-carbon site shows a 105
meV redshift. This redshift is smaller (47 meV) for the meta-
carbon sites. It is also evident from Figure 5a that the low-
energy slope of the low-energy feature containing the C 1sfπ*
(para, meta) transitions shows a larger redshift than the high-
energy slope of this spectral feature. The shift of 105 meV for

this para-site indicates that the magnitude of the redshift changes
from surface to bulk, where the middle molecule resembles bulk
sites. Its magnitude is indeed comparable to the experimental
results shown in Figure 1. This shift is also larger than that for
the dimer simulations (cf. Figure 4b) and indicates that larger
clusters than dimers contribute to the experimental results.
Figure 5b shows the spectral simulation of the C 1sfπ*
transition of a symmetric cyclic trimer. A slight blueshift of
the high-energy feature, corresponding to the ortho-carbon, is
observed, which is similar to that of the chain-like dimer, as
shown in Figure 4a. Most significant is the redshift of the para-
sites. A shift of 148 meV is calculated for this site. This indicates
that a split signal, or at least a significantly broadened spectral
feature, should occur in the experimental results, if such trimers
are present. However, the sum of all spectral features is not in
agreement with the experimental findings. Therefore, the
occurrence of significant mixing ratios of a cyclic trimer in the
cluster jet is discounted.

Figure 5c shows the most stable tetramer along with a spectral
simulation. Only one isomer is considered, because the above-
discussed dimers and trimers indicate that only the most stable
species yield agreement with the experimental findings shown
in Figure 1. The results indicate that all transitions are redshifted
relative to the neat molecule. Similarly to the trimer, one finds
the smallest spectral shift for ortho-sites. In the sandwiched two
pyridine molecules, the para-carbon sites show 100 meV
redshift, which is smaller for the meta-carbon sites (52 meV).
These values are nearly the same as those for the antiparallel
trimer shown in Figure 5a, underlining the occurrence of these
species in the jet. This indicates that the second-nearest neighbor
pyridine is only contributing a little to the C 1sfπ* excitation
of a target pyridine that is bound in clusters with an antiparallel
stacked geometry.

N 1sfπ* Regime. The molecular N 1sfπ*(b1) (V ) 0)
transition is calculated to occur at 399.245 eV. This value is
somewhat higher than the experimental value, which corre-
sponds to the maximum of the Franck-Condon profile (see
Figures 2 and 3 and refs 23 and 31). The calculated N 1s
ionization energy is 404.396 eV, yielding a term value of the
N 1sfπ*(b1) transition of 5.15 eV, which is somewhat lower
than what was communicated in previous work.31,39 The results
clearly indicate that there is good agreement of the calculated
N 1s ionization energy with the experimental value, which is
known to be 404.9 eV.40

We focus here, as in the C 1s regime, on energy shifts in
dimers and trimers relative to the molecular 1sfπ*(V ) 0)
transition. No attempt is made to model the entire band profile.
Each calculated transition is broadened by a Voigt profile,
similar to the C 1sfπ*(V ) 0) transition discussed in the
previous section. The Voigt profile consists of a Gaussian line
width of 60 meV and a Lorentzian line width of 120 meV. This
considers the bandwidth of the X-ray monochromator and the
core hole lifetime. Note that the oscillator strengths of the
1sfπ* transitions does not change in clusters compared with
the isolated molecule, which is similar to the C 1s regime.

Figure 6 shows the calculated spectrum of the N 1sfπ*(V
) 0) transition. Three isomers are considered, where the most
stable one is the antiparallel displaced isomer shown in Figure
6b. Both nitrogen sites are equivalent. The calculated N
1sfπ*(V ) 0) transition is blueshifted by 44 meV relative to
the isolated molecule. Figure 6a shows the calculated dimer
spectrum of the N 1sfπ* transition in the chain-like structure.
The transition is somewhat less blueshifted, where a value of
33 meV relative to the excitation in the isolated molecule is
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derived. Figure 6c shows the calculated spectrum of the N
1sfπ* excitation in the parallel displaced dimer, which consists
of two inequivalent nitrogen sites. Spectral broadening yields
an averaged value of the spectral shift of the N 1sfπ* (V ) 0)
transition, which is redshifted by 15 meV relative to the
molecular transition.

Considering the experimental results shown in Figures 2 and
3 yields the following situation. The experimental blueshift only
resembles the results on the antiparallel dimer and chain-like
isomer. The calculated blueshift is in all the dimer cases that
are considered here smaller than that in the experimental results.
This is similar to the C 1s regime and indicates that larger
clusters contribute to the experimental spectral shifts.

Clusters larger than the dimer are also modeled in the N 1s
regime. Figure 7 shows typical examples of spectral simulations
on the N 1sfπ* (V ) 0) transition in the cyclic (Figure 7a)
and the antiparallel trimer (Figure 7b). Both isomers yield
spectral blueshifts but of different magnitude. Figure 7a shows
that there is a 42 meV blueshift relative to the molecule. This
is still smaller than in the antiparallel trimer. The sandwiched
middle pyridine molecule yields a 91 meV blueshift. In contrast,
the outer pyridine molecules show the same blueshift of 44 meV
as the antiparallel dimer. Comparing these calculated values to
the experimental results indicates that the antiparallel isomers
are dominant. Furthermore, the magnitude in experimental
blueshifts of 85 ( 15 meV (see Figure 2) and 95 ( 15 meV
(see Figure 3) indicates that there is a small size-dependent
spectral shift in the N 1s regime. This is explained by the size-
dependent ratio of molecules that are bound on the surface and
in the bulk of clusters. Additional calculations have been

performed on the N 1sfπ* transition of the most stable tetramer
(simulations not shown, where the assumed structure corre-
sponds to Figure 5c). The antiparallel displaced isomer reveals
two distinctly blueshifted features, where the interior, sand-
wiched pyridine molecules contribute to a blueshift of 92 meV,
and there is a 50 meV blueshift for the outer molecules. The
broadened band reveals a calculated overall blueshift of 72 meV,
which is slightly smaller than the experimentally determined
value. This result indicates that there are only minor changes
in spectral shift upon cluster growth, if such stable, sandwich-
like structures dominate in the regime of microclusters. Note
that other cyclic isomers of the tetramer have been modeled, as
well. These are also found to correspond to local minima, but
they are less stable than the isomer shown in Figure 5c.
However, they contribute only to smaller blueshifts to the N
1sfπ* transition (<50 meV) so that their contribution to the
experimental results appears to be less important. Finally, we
conclude that the inner molecules, corresponding to bulk sites
in antiparallel stacked structures, give rise to the largest spectral
shift, similarly to the results on C 1s excited pyridine clusters.
This view is also consistent with additional calculations of the
N 1s excited pyridine trimer and tetramer, where also different
isomers are considered. Similarly to the C 1s edge, these support
the assignments given above; therefore, these results are not
discussed in greater detail.

Origin of the Spectral Shifts. Spectral shifts of core-to-
valence transitions occurring in free clusters have been identified
before.16–20 In the pre-edge regime, only redshifts have been
observed to date, which is unlike Rydgberg/exciton transitions.12–15

A redshift corresponds to a stabilization of the transition in

Figure 6. Simulated N 1sfπ* (V ) 0) transition of molecular pyridine (dashed vertical lines and curves) and different isomers of the pyridine
dimer (solid vertical lines and curves). The symbols mark equivalent sites. The data are plotted on an energy scale relative to molecular pyridine.

Figure 7. Simulated N 1sfπ* (V ) 0) transition of molecular pyridine (dashed vertical lines and curves) and different isomers of the pyridine
trimer (solid vertical lines and curves). The symbols mark equivalent sites. The data are plotted on a relative energy scale relative to molecular
pyridine.
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clusters compared to the isolated molecule. Such stabilization
has been rationalized by previous ab inito calculations as well
as complimentary work by using the quasi-atomic approach.16–19

The latter one indicates that the stabilization is due to dynamic
processes that have been associated with dynamic core-hole
localization.16,17 Moreover, in the case of shape resonance,
changes in single-hole ionization cross section have been
discussed.18 These affect size-dependently a double barrier
surroundings in a cluster in cage-like molecules, such as SF6,
and contribute to small spectral shifts. The spectral changes in
the C 1s regime are in full accordance with previous work on
C 1s excited benzene clusters,20 where site-dependent spectral
shifts have been identified via ab inito calculations. These
contribute to the overall spectral shifts that are observed in the
experiments. Stabilization is evidently related to the number of
neighboring sites, which are linked to the absorbing atom via
intermolecular interactions.

The present work, however, clearly shows that destabilization
processes can also be observed in near-edge spectra. First
experimental evidence comes from N 1sfπ* excited pyridine
clusters. This observation contrasts sharply with the case of the
C 1sfπ* excitation. There are several types of intermolecular
interactions. These include electrostatic (Coulomb), exchange,
charge transfer (delocalization), and dispersion (van der Waals)
interactions. In general, we have to discuss a spectral shift ∆E
in terms of an energy difference between the ground state and
core-excited state. Both states are neutral, and the π* orbital is
not at all diffusing over to the neighboring molecules. This is
due to the present model, where we have neglected dispersion
interactions in the present calculations. Interestingly, we have
derived semiquantitatively reasonable energy shifts in clusters,
which compare well with the experimental results. Thus, we
need to discuss the other mentioned sources of intermolecular
interactions in greater detail in order to assign the dominant
contribution to the spectral shifts. The transition energies,
evaluated by freezing noninteracting wave functions, can be
compared with those evaluated by relaxing them, which
correspond to Hartree-Fock ones. However, even the former
ones should be evaluated by orthogonalizing the wave functions
with each other to satisfy the Pauli exclusion principle, which
involves exchange interactions in addition to electrostatic
interactions. Table 1 compares the energy shifts for the
antiparallel stacked dimer and trimer, where only the central
molecule is considered in the trimer. The shifts for the frozen
and relaxed wave functions are almost the same in the dimer,
indicating that the electrostatic interactions without changes in
the wave functions are essential. This implies that the overlap
and exchange interactions between the ground and core-to-
valence excited molecules should be small.

In addition, electrostatic interactions are also evaluated in
another way, as shown in Table 1. One can use point charges

for neighboring molecules, so that reasonable energy shifts are
derived. This implies that the wave functions have no overlap.
In the present work, the one-electron electrostatic potential of
the ground state of a pyridine molecule is fitted by putting a
point charge on each atom. As shown in Table 1, the point-
charge approximation using the atomic charges derived from
the electron density of the neighboring molecule is not complete
but is qualitatively reasonable to simulate site-dependent spectral
shifts, where large or small values as well as redshifts or
blueshifts are reasonably derived. The present results highlight
the fact that the energy shift in the corefπ* excitation is mainly
due to electrostatic interactions in the case of the polar pyridine
molecule.

Conclusions

Experiments on core-excited pyridine clusters show that there
is first evidence for site- and element-selective stabilization and
destabilization in free variable-size clusters. This is evidenced
by 1sfπ* transitions. The C 1s excited clusters give evidence
for a stabilization shift (spectral redshift), which is dependent
on the geometrical site. Therefore, distinct spectral shifts are
observed for ortho-, meta-, and para-carbon sites. In contrast,
the N 1s excitation shows a considerable destabilization (spectral
blueshift) of the N 1sfπ* transition in clusters relative to the
isolated molecule. Ab initio calculations are applied in order to
rationalize these experimental results. Geometry optimizations
indicate that the ground state of pyridine dimers, trimers, and
tetramers are electrostatically stabilized with the molecular
dipole antiparallel to each other. Spectral simulations of the
1sfπ* transitions indicate that only the most stable isomers
with antiparallel stacked geometries give the best agreement
with the experimental results of site- and size-dependent spectral
redshifts and blueshifts. This means that the antiparallel isomers
are preferably present in the present experimental conditions.
The site-dependent blueshifts and redshifts in core-to-π* excita-
tions of antiparallel isomers are revealed to be results of
electrostatic intermolecular interactions between the polar
pyridine molecule.
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