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ABSTRACT: Superfluid helium nanodroplets comprised of thou-
sands to millions of helium atoms can serve as a reactor for the
synthesis of heterogeneous molecular clusters at cryogenic
conditions. The cluster synthesis occurs via consecutive pick-up of
the cluster building blocks by the helium droplet and their
subsequent coalescence within the droplet. The effective collision
cross section of the building blocks is determined by the helium
droplet size and thus exceeds by orders of magnitude that of a
reactive collision in the gas phase. Moreover, the cryogenic helium
environment (at 0.38 K) as a host promotes the formation of
metastable cluster configurations. The question arises as to the extent
of the actual involvement of the helium environment in the cluster
formation. The present study deals with clusters of single
phthalocyanine (Pc) molecules with single water molecules. A large
fluorophore such as Pc offers several sites where the water molecule can attach. The resulting isomeric variants of the Pc−H2O
complex can be selectively identified by electronic spectroscopy. We compare the experimental electronic spectra of the Pc−
H2O complex generated in superfluid helium nanodroplets with the results of quantum-chemical calculations on the same
cluster but under gas-phase conditions. The number of isomeric variants observed in the helium droplet experiment comes out
the same as that obtained from our gas-phase calculations.

I. INTRODUCTION

Exploratory spectroscopic investigations have established that
van der Waals clusters in helium nanodroplets form metastable
configurations that are absent in the gas phase.1−5 It is not only
the superfluid, high-thermal conductivity environment that
gives rise to the helium-induced configurations, but also the
involvement of He atoms as building blocks of the clusters.
This is attested by the moments of inertia of dopants such as
glyoxal, OCS, or sulfur hexafluoride and numerous other
dopant species that exhibit a characteristic increase due to a
corotating, rigidly bound helium solvation layer.6−12 Apart
from the effect on the moments of inertia as revealed by
rotationally resolved infrared spectra, the influence of the
helium host environment on the clusters transpires in
electronic spectra as helium-induced fine structure.13−15 This
manifests itself in the line shape at the electronic origin known
as the zero phonon line (ZPL) and in a combined excitation of
the dopant molecule and the helium environment known as

the phonon wing (PW). Both ZPL and PW exhibit a dopant
specific spectral shape.
Helium droplets have proved to be an ideal host for

designing heterogeneous clusters of well-defined stoichiometry
at cryogenic temperatures.16 This is accomplished by loading
the droplets with the building blocks of the desired clusters in a
pick-up process: a beam of helium droplets generated by an
adiabatic expansion of precooled helium (5−30 K) under high
pressure (10−100 bar) through a small nozzle (5−60 μm) into
a vacuum chamber picks up individual dopant particles on its
passage through a cell filled with a gaseous dopant sample. By
passing the droplet beam through a sequence of such pick-up
cells, different dopant species can be loaded into the droplet
where they invariably coalesce. Thus, cluster formation is
significantly enhanced: first, by the effective collision cross
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section, which corresponds, roughly, to the geometric cross
section of the helium nanodroplet; and, second, by coalescence
of the building blocks, which occurs with nearly unit
probability upon pick-up. The heat intake connected with
the pick-up of the dopant particles and with their coalescence
inside the droplet is let out by evaporation of the droplets’
helium atoms into vacuum. The temperature of the helium
droplets settles at 0.38(1) K, independent of the dopant
species and the droplet size.16 The pick-up process obeys
Poisson statistics, which allows to assign each observed cluster
signal to a given stoichiometry.17−19 In the case of
heterogeneous clusters, the cluster configuration can be
manipulated to some extent by choosing the pick-up sequence
of the clusters’ building blocks. Hence a helium droplet can be
regarded as a cryogenic catalyst for the design of stoichio-
metrically well-defined clusters.
Investigations of molecular dynamics inside helium droplets

revealed that the conditions therein are less gentle than
expected for helium’s superfluid phase. A benchmark experi-
ment on the photolysis of iodomethane and perfluorated
iodomethane inside helium droplets demonstrated that the
dissociation dynamics known from the corresponding gas-
phase process is obscured by inelastic collisions of the
photofragments with the helium environment.20−22 Another
example is 3-hydroxyflavone, which undergoes unhindered
excited state intramolecular proton transfer (ESIPT) in helium
droplets, but its vibrational fine structure in the electronic
spectrum is completely masked.23 Further examples along with
some generalizations can be found in ref 24. In this regard, the
line shape at the electronic origin of molecular species doped
into helium droplets is an important source of insight. Since
superfluid helium has a vanishing viscosity, any dopant is
expected to rotate freely, not unlike in the gas phase.
Consequently, the spectral shape of any ZPL is expected to
be dominated by the rotational fine structure of the dopant,
with possible modifications by the surrounding corotating
helium solvation layer. Up to now, only glyoxal6,7 has been
found to exhibit a rotational fine structure at the electronic
origin in helium droplets smaller than 5000 atoms. For larger
droplets, the rotational fine structure is obscured by
pronounced line broadening.25 Recent investigations of the
ZPL at the electronic origin of phthalocyanine and porphine
led to the conclusion that inhomogeneous line broadening due
to the droplet size distribution is responsible for the
asymmetric line shape found.26,27 Simulations of the line
shape by means of the excluded volume model developed for
molecules embedded in a polarizable environment suffice to
reproduce the experimental line shape without including
particular spectral features of the rotational band system.28,29

Apparently, molecular rotation is readily resolved in helium
droplets when coupled to vibrational excitation.30,31 However,
upon coupling to electronic excitation, helium-induced
perturbations mask spectral contributions expected for a free
rotation of the dopant species.
As a first step toward elucidating the contribution of free

rotation to the ZPL at the electronic origin, we investigated
Pc−(H2O)n clusters generated in helium droplets. The
attachment of water molecules breaks the high symmetry of
Pc and thereby transforms the rotor type from an almost
symmetric top to an asymmetric top. This change might be
observable in the spectral line shape. Our experimental
approach has been supplemented by high-level quantum
chemical calculations on all possible stable and metastable

configurations of Pc−H2O clusters, however only under gas
phase conditions. Both the helium droplet experiment and the
gas-phase quantum chemical calculations have identified three
stable isomeric variants of Pc−H2O.

II. EXPERIMENTAL SECTION
The helium droplet apparatus consists of two differentially
pumped vacuum chambers that are connected by a conically
shaped wall which carries a trombone-shaped skimmer with an
opening diameter of 2 mm. The first chamber, pumped by an
oil diffusion pump (6000 L/s, Leyboldt) backed by a Roots
blower (RUWAC 250, Leyboldt) and a vane pump (TRIVAC
65, Leyboldt), houses the source of the helium droplet beam.
The continuous-flow nozzle was designed following refer-
ence.32 The nozzle with a 5 μm diameter is attached to a
closed-cycle cryostat (Sumitomo). The system is operated at a
temperature of 11 K and a stagnation pressure of 20 bar.
Thereby, a helium droplet beam could be generated consisting
of a log-normal droplet size distribution of an average size of
20 000 He atoms.16

The second chamber houses a two-compartment pick-up
unit for consecutive doping of the helium droplets as well as a
fluorescence detection setup. The pick-up unit is fashioned
with openings of about 3 mm diameter for the passage of the
helium droplet beam. The first compartment is a stainless steal
cylinder of 3 cm diameter wrapped by a resistive heater. This
unit allows for sublimation of solid samplesPc in the present
casewhose number density is controlled by the heating
power. The heater is thermally shielded by a brass cylinder
attached to a liquid-nitrogen Dewar. The second compartment,
4 cm downstream, consists of a stainless steal tubing of about 1
cm diameter, which is connected to a supply of gaseous
samples from outside the machine. The number density is
controlled by a metering valve. The entire pipe system
including the metering valve is heated in order to preclude
water condensation. A cylindrical glass reservoir holding
doubly distilled water is cooled by an ice-acetone bath in
order to reduce the vapor pressure to values conducive to
single-molecule doping conditions.
The fluorescence detection setup is mounted about 8 cm

downstream from the pick-up unit. A laser beam entering and
exiting through Brewster windows intersects the droplet beam
at right angles. The optical axis of the collection optics is
mounted at right angles to both the droplet and laser beams. A
single quartz lens with a focal length of 6 cm ( f# = 2) is fixed at
a distance equal to its focal length from the intersection
volume of the droplet and laser beams. The collected light is
imaged either onto the photocathode of a PMT (model 943−
02 Hamamatsu) or the entrance slit of a grating spectrograph
(LOT ORIEL) equipped with a charge-coupled device (CCD)
camera (Andor, 256 × 1024 pixel) and a 1,200 line/mm
grating.
At the end of the vacuum chamber along the droplet beam

axis a quadrupole mass spectrometer (QMS, Transpector 300,
Leyboldt, resolution of 1/300) is mounted. It allows one to
monitor the quality of the helium droplet beam as well as to
check the relative number density in the second compartment
of the pick-up unit.
The signal from the PMT is amplified (SRS445) and fed

into a photon counter (SRS400). The photon counter and the
CCD detector are remote-controlled by the same computer. At
a wavenumber of 15 000 cm−1, the resolution of the CCD chip
is about 0.7 cm−1 per pixel. The laser system used in this
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experiment was a cw ring-dye-laser (Coherent 899 Autoscan)
operated in single mode with a bandwidth of less than 1 MHz.
For the experiments reported herein, the oven temperature

was optimized for single molecule doping of the corresponding
Pc derivative. Phthalocyanine derivatives were purchased
(Aldrich, 98% purity) and used without further purification.
Doubly distilled water was used as provided by the Regensburg
Chemistry Department.

III. RESULTS AND DISCUSSION
The fluorescence excitation spectrum of helium nanodroplets
doped sequentially with Pc and water recorded with a
frequency step-width of about 0.167 cm−1 is shown in Figure
1. Pc was picked up first, under conditions optimized for single

particle doping. Subsequently, water was picked up, under
conditions optimized for dual particle doping. According to the
Poisson statistics, a fraction of 13% droplets remains free of
water, 27% are doped with one or two water molecules,
respectively, 18% with three, 9% with four and the residual 6%
with five or more. In Figure 1 a spectral range of 100 cm−1 is
shown with the abscissa shifted to the electronic origin of bare
Pc in helium droplets at 15088.92 cm−1. Within 90 cm−1 to the
red, the signals due to the water clusters were recorded.
In order to determine the stoichiometry of the cluster

assigned to each signal, intensity profiles were recorded as
functions of water particle density in the pick-up unit. Thereby,
the signal intensity of the QMS at 18 amu was taken as a linear

measure of the particle density. As shown in Figure 1, the
corresponding profile could be unequivocally assigned to a
Poisson function either without water (top inset, magneta, n =
0), or with a single water molecule (middle inset, red, n = 1),
or two water molecules (bottom inset, blue, n = 2). The shapes
of the dots reappear below the corresponding selected peak in
the fluorescence excitation spectrum of Figure 1 as do the
colors for the entire set of peaks pertaining to the three cluster
sizes.
In what follows, we focus on the set of the signals due to

Pc−H2O, which are all found within a single spectral range
shown in Figure 1 in red. There are a total of five resolved
peaks within this range, some corresponding to electronic
origins, others to PW or vibronic excitations. Excitation of a
PW or a vibronic transition in helium droplets is followed by
dissipation of the phonon or vibrational excess excitation
energy prior to radiative decay.33−35 Consequently, emission
occurs only red-shifted with respect to these excitation
frequencies. However, emission coincident with the excitation
frequency is indicative of no such excess excitation energy and,
thus, points to an electronic origin. Accordingly, three out of
the five peaks, marked by black vertical arrows, are identified as
00
0 transitions representing the ZPL of three different isomeric
variants of Pc−H2O clusters, while the other two, marked by
black vertical lines, show emission that coincides with one of
the ZPLs as indicated by the horizontal links (cf. Figure 1).
Because of the blue shift, these two lines represent the
accompanying PW of the corresponding ZPL.
The signals of Pc−(H2O)2 clusters plotted in blue in Figure

1 have been assigned only stoichiometrically.
A summary of the spectral properties of bare Pc and the Pc−

(H2O)n clusters (n = 1, 2) shown in Figure 1 is given in Table
1. This includes the frequency position and the water-induced

frequency shift with respect to the ZPL at the electronic origin
of bare Pc as well as the assignment of the observed spectral
lines to either PW or ZPL.
Apart from the water-induced red shift, it is also the line

shape of the ZPL at the electronic origin of the various clusters
that provides valuable information. In particular, similarities−
or a lack thereof−to the line shape of the corresponding
transition of bare Pc in helium droplets are of interest.

Figure 1. Overview fluorescence excitation spectrum of Pc in helium
droplets with additional doping with water. The ZPL and PW at the
electronic origin (magenta) is preceded by signals of Pc−H2O (red)
and Pc−(H2O)2 (blue) clusters. Additional signals (black) can be
assigned to Pc−(N2)n and Pc−(O2)n clusters. Black arrows mark peak
positions of ZPL, in two cases linked to the accompanying PW (black
vertical lines). The abscissa was shifted to ν0 = 15088.92 cm−1. Insets:
Poisson curves for signals of clusters without water (top, magenta, n =
0), with one water molecule (middle, red, n = 1), and with two water
molecules (bottom, blue, n = 2). In addition the intensity profiles of
the cluster signals are added as dots that mark the relation to the
corresponding peak in the cluster spectrum. The dashed vertical line
marks the peak of the Poisson function for single and double pick-up
of water.

Table 1. Spectral Properties of Bare Pc and of the Pc−
(H2O)n Clusters, with n = 1, 2a

n ν, cm−1 ν − ν0, cm
−1 rel int. assignment

0 15092.7 3.8 0.05 PW36

0 15089.5 0.6 0.09 ZPL 00
036

0 15088.9 0 1 ZPL 00
036

1 15028.5 −60.4 0.06 PW
1 15026.2 −62.7 0.14 ZPL 00

0

1 15025.6 −63.3 0.32 ZPL 00
0

1 15011.8 −77.1 0.06 PW
1 15009.1 −79.8 1 ZPL 00

0

2 15047.3 −41.6 1 (ZPL)
2 15046.5 −42.4 0.46 (ZPL)
2 15045.6 −43.3 0.44 (ZPL)
2 15044.8 −44.1 0.44
2 15044.6 −44.3 0.86 (ZPL)

aHere ν is the frequency position and ν − ν0 the water-induced shift.
Also shown are relative intensities within the signals corresponding to
each cluster size as well as assignment to ZPL or PW (see text).
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Therefore, each line identified as ZPL has been also recorded
with high spectral accuracy at a frequency step width of 0.01
cm−1. The resulting fluorescence excitation spectra are shown
in Figure 2 for bare Pc and Pc−H2O and in Figure 3 for Pc−

(H2O)2. The line shapes of all three Pc−H2O clusters (top and
middle panel in Figure 2) show a similar asymmetry as
recorded for bare Pc (bottom panel in Figure 2) in helium
droplets. As discussed in detail in refs 26, 28, and 29, this
asymmetry can be quantitatively explained by inhomogeneous
line broadening due to the log-normal size distribution of the
helium droplets as present in the helium droplet beam.
Apparently, the attachment of a single water molecule to Pc
does not significantly alter the helium-induced fine structure.
This is indicative of a helium-induced effect that arises from

the volume of the droplet rather than the nonsuperfluid
solvation layer.
As noted above, the signals due to the Pc−(H2O)2 clusters

were not tested for 00
0 transitions. Nevertheless, the three peaks

in the upper panel of Figure 3 (two of which are marked by
arrows and the most intense peak is at 0 cm−1), and the
prominent peak in the bottom panel of the same figure exhibit
also similar line shapes as the 00

0 peak of bare Pc shown in the
bottom panel of Figure 2. Note that all the other signals shown
in Figure 3 have quite different spectral shapes from those of
Figure 2. In this particular case, the line shape might be
indicative of the ZPL at the electronic origin. However, the
criterion of “similar line shape” provides only a tentative
assignment.
While trying to deduce the effect of a helium environment,

we see that the spectral signature shown in Figure 1 does not
relate to the corresponding spectrum recorded under gas-phase
conditions (cf. Figure 6 of ref 37). In the gas phase, the largest
water-induced red-shifted signal, at −71.2 cm−1, was assigned
to the 00

0 transition of the Pc−H2O clusternot too dissimilar
from the largest water induced red-shift of −79.8 cm−1 in
helium droplets. However, the second largest red-shifted signal,
lying 15.7 cm−1 to the blue of the 00

0 signal was assigned to an
A0
1 transition of the same cluster. Conversely, in helium

droplets an analogous signal lying 16.5 cm−1 to the blue of the
largest red-shifted signal (15009.1 cm−1) is unequivocally
identified as the ZPL of an electronic origin, and thus
identified as a configurational variant of Pc−H2O. None of the
other low-energy modes discussed in ref 37 have been
observed in helium droplets. The absence of such low-
energy/large-amplitude modes might result from a damping
caused by the helium environment. Lastly, we note that the
water induced red-shift (−71.2 cm−1) lies almost at the center
of the spectral range of the three Pc−H2O signals in helium
droplets, indicative of the fact that the net effect due to helium
can add to or take away from the excitation energy depending
on the location of the water moiety.
In summary, our spectroscopic investigation of Pc−H2O

clusters generated and probed in helium droplets reveals the
presence of three isomeric variants. Given that Pc is a large,
nonpolar fluorophore whose surface abounds, by chemical
intuition, in sites suitable for the attachment of an atom or a
small molecule such as water, the number of stable sites as
observed in the experimentthreeappears to be rather low.
This is even more surprising in light of the anticipated
stabilizing effect of the helium environment that favors
metastable cluster configurations. Apart from other case
studies, a recent investigation of anthracene−argon clusters
(AN−Arn) in helium droplets revealed numerous isomers of
clusters with n up to five Ar atoms, in contrast to only a single
configuration in the corresponding gas-phase experiment.38

Therefore, we carried out a high-level quantum chemical
calculation to elucidate the nature of the Pc−water interaction.

IV. GAS-PHASE AB INITIO CALCULATIONS ON THE
PC−H2O COMPLEX

Since an ab initio study of a Pc−water cluster in a helium
environment would be hardly feasible, we resorted to gaining
insight into the cluster’s most stable configurations via a gas-
phase calculation. In order to screen the potential energy
surface and pin down its minima, we placed a water molecule
at random points on and around the phtalocyanine backbone
and first optimized the structures at a density-functional theory

Figure 2. High precision fluorescence excitation spectrum of Pc and
Pc−H2O in helium droplets. Three spectral sections show the
electronic origin of bare Pc in helium droplets (bottom panel), and of
the three isomeric variants of the Pc−H2O cluster (middle and top
panel).

Figure 3. High precision fluorescence excitation spectrum of Pc−
(H2O)2 in helium droplets.
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level using the BP-8639 exchange-correlation functional along
with an additional Grimme-type dispersion40 correction (D2)
as implemented in the Molpro package.41 This resulted in four
probable configurations which were then subjected to MP2
(aug-cc-pVDZ basis set) level of theory with the density fitting
approximation (also called the RI approximation as imple-
mented in the Turbomole suite42) in order to obtain their
optimized geometries in the electronic ground state. Three of
the MP2 optimizations were found to converge to unique
structures, while the fourth one converged into one of the
previous three. Their counterpoise corrected interaction
energies were evaluated on the optimized structures using
the expression

= − −

+ − + −

E E E

E E E E

B. E. (AB) (A B ) (A B )

(A ) (A ) (B ) (B ),

dim
ghost
dim

ghost
dim dim

dim opt dim opt
(1)

where E is the total energy (in our case MP2/aug-cc-pVDZ), A
and B refer to the monomers (Pc and water), and the
superscripts “dim” and “opt” denote the monomer either in the
dimer geometry or in a free optimized one, respectively. The
monomers denoted as “ghost” hold only the corresponding
basis functions (no nuclear charge, no electrons). The last four
terms can together be interpreted as the structure relaxation
energy.
The rotational constants and dipole moments of the three

converging configurations are summarized in Table 2.
Contrary to simple chemical intuition gleaned from classical
potentials, the side-pocket configuration, as illustrated in Figure
4a, appears to be energetically more favored than the
symmetric-at-first-glance center configuration that has been
reported in a previous paper.37 The center-unhinged config-
uration is essentially a relaxed version of the center
configuration with one of the two hydrogen bonds severed,
however both are virtually isoenergetic. Furthermore, the
energy gain of nearly 2 kcal mol−1 of the side-pocket
configuration with respect to the other two is quite substantial,
especially at the scale of the overall interaction energy of 4−6
kcal mol−1. Although the level of theory is just MP2, with a
relatively small basis set, it is unlikely that a higher-level
treatment can invert this picture.
The presence of the water moiety at specific locations

somewhat distorts the planarity of the Pc molecule in
nontrivial ways. However, the relative relaxation energies of
the center and center-unhinged configurations with respect to
the side-pocket are small: on the order of 0.1 kcal mol−1. The
process of complex formation affects the geometry of the water
molecule too, the details of which are summarized in Table 3.
But in general, the Pc−water potential energy surface is quite
shallow and, in particular, virtually flat over the four benzo-
rings on the periphery of the phthalocyanine molecule. This

readily explains the fourth configuration sliding into the known
configuration, center-unhinged, and provides a sound rationale
for the lack of further stable isomeric configurations−a
phenomenon that may be unique to the Pc−H2O system.
All three configurations are asymmetric top rotors with C1

symmetry. On the basis of the values of the rotational
constants, the asymmetry parameter, κ = (2B − A − C)/(A −
C), is equal to 0.629, 0.978, and 0.991 for side-pocket, center,
and center-unhinged, respectively. The center configuration is
symmetric about a vertical mirror plane passing through the
two inner hydrogen atoms of the Pc moiety and containing the
oxygen atom of the water moiety. An orthogonal plane
contains the two N:::H hydrogen bonds, while the oxygen
atom tilts out of the plane. In contrast, the side-pocket and
center-unhinged configurations possessing only one hydrogen
bond each, preclude the presence of any symmetry elements.
In addition to the relevant dihedral tilts of the inner and the
outer O−H bonds (see Table 3) of the water moiety, in both
of these configurations, the N:::H hydrogen bonds themselves
show a minute dihedral tilt with respect to the N−N planes
perpendicular to the Pc moiety, i.e., the inner hydrogen atom
of the water moiety lies out of the said plane. Thus, from the
asymmetry in all three optimized structures, we surmise the
existence of equivalent tunnelling doublets occupying the

Table 2. Rotational Constants and Dipole Moments of the Geometry-Optimized Ground States of the Three Isomers Aligned
along the Principal Axesa

in × 10−3 cm−1, Debye, and cm−1 (kcal mol−1)

A B C μa μb μc |μ| B.E. ΔB.E.

Side-pocket 2.929 2.644 1.394 −2.05 0.24 0.73 2.19 −2068 (−5.91) 0
Center 2.904 2.888 1.476 0.19 −0.00 −2.21 2.22 −1455 (−4.16) 613 (1.75)
Center-unhinged 2.877 2.871 1.469 0.27 −0.06 −1.81 1.84 −1420 (−4.06) 648 (1.85)

aCounterpoise corrected MP2/aug-cc-pVDZ absolute binding energies (see eq 1) and the relative stabilities with respect to the most stable
configuration, are appended in the final two columns.

Figure 4. Three isomeric configurations of the gas-phase Pc−H2O
cluster arranged from top to bottom in an order of decreasing overall
relative stabilities. The principal axes of the system, abc, are indicated
in red, green, and blue respectively, in addition to a dipole moment
vector. Hydrogen bonds are indicated with green dashed lines. Table.
3 provides the values of the two relevant dihedral angles for isomers a
and c.
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minima of a double-well potential hypersurface for each of
these three configurations.
To summarize, the theoretical approach reveals three

isomeric clusters, albeit in the gas-phase. Each differs in the
docking position of the water molecule on the Pc backbone.
Adding to the existing literature on the single water molecule−
Pc clusters in the gas-phase, we find the side-pocket
configuration possessing only a single hydrogen bond to be
surprisingly the most favored configuration−more stable than
even the center configuration which possesses two hydrogen
bonds. A closer look at the length of the hydrogen bonds and
the distortions induced in the two moieties paints a
stabilization gradient that supports the final result (see
Supporting Information for bond-length and bond-angle
data). An enhancement in the net dipole moment in two of
the three configurations and a slight marginal decrease in the
center-unhinged configuration compared to that of a single free
water molecule (1.85 D) is also attributed to the induced
deformation in the geometries of the two moieties, and it was
separately confirmed by single-point calculations on each
deformed moiety bereft of the influence of the other.

V. CONCLUSIONS
The experiment on Pc−(H2O)n clusters generated in helium
droplets reveals the presence of three configurational isomers
exhibiting different electronic excitation energies for the Pc−
H2O cluster, and multiple partly overlapping signals for the
Pc−(H2O)2 cluster. The helium-induced red-shift of the
transition frequencies was found to be −62.7, −63.3, and
−79.8 cm−1, respectively, for the three signals of the Pc−H2O
cluster with respect to the bare Pc signal, showing an
increasing intensity trend toward the red. The spectral shape
of the electronic origin of each of these clusters is almost
identical showing a rather steep edge on the red side and an
extending tail indicative of inhomogeneous broadening to the
blue. This asymmetry appears to be the same as that of the line
shape observed at the electronic origin of bare Pc in helium
droplets.28 Likewise, we rule out any possible resolution of an
underlying rotational substructure. The attachment of polar
water molecule(s) to the bare Pc molecule appears to have
little effect−other than a shift in the transition energies. As we
have shown in more detail for bare Pc and porphine,26,27 the
asymmetry in these line shapes is helium-induced and reflects
the inhomogeneity caused by the droplet size distribution. The
perseverance of the line shape despite the attachment of a
water molecule supports the idea of an effect that is caused by
the droplet volume rather than just the helium solvation layer
surrounding the dopant cluster.
Contrary to expectation based on a recent study of

anthracene-Arn clusters,38 the number of isomeric config-
urations predicted by theory (in the gas phase) concurs with
the number of experimentally distinguishable isomers in the

helium environment. However, a final assignment of the cluster
configurations to the experimental signals could not yet be
realized. One might speculate that the most intense of the Pc−
H2O signals, namely the one with the greatest helium-induced
red shift, represents the most stable of the three configurations
(side-pocket). Although this idea is also supported by the close
adjacency of the other two signals and the possibility of an
interconversion between the center and the center-unhinged
configurations, a simple correlation between energetic stability
and the most intense signal may be outweighed by significant
differences in the oscillator strengths.
In our upcoming work, we will study the Stark spectra of the

Pc−water complexes in helium droplets. The spectral
contribution due to rotation is expected to be modified by
the electric dipole interaction with the Stark field, leading to
characteristic line shapes. The Stark field may also affect the
relative internal rotation of the two moieties, if indeed present,
resulting in an additional characteristic variation of the spectral
line shapes.
Our complementary ongoing work concerns field-free and

Stark spectra of the clusters in the gas phase. As exemplified by
numerous gas-phase studies, the rotational degree of freedom
is invaluable for elucidating the structure of species ranging
from simple molecules to complicated clusters.43−45

On the theoretical side, a detailed study of the transition
states (to determine tunnelling barriers) and electronic
excitations will complement the present study by elucidating
the changes in rotor properties upon electronic excitation,
including the angles between the transition and permanent
dipole moments of the Pc−H2O cluster.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.9b07302.

Tables listing bond-length and bond angle data as
calculated for the side pocket, the center, and the center
unhinged configurations of the Pc−H2O cluster and, in
addition, a top view of each cluster showing the
numbering used for all the atoms (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*(A.S.) E-mail: alkwin.slenczka@chemie.uni-regensburg.de.
*(B.F.) E-mail: bretislav.friedrich@fhi-berlin.mpg.de.
*(D.U.) E-mail: denis.usvyat@chemie.hu-berlin.de.
ORCID
A. Slenczka: 0000-0002-6594-9503
B. Friedrich: 0000-0002-1299-4239
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bond lengths in Å; bond angles in deg

N:::H N−N:::Hi−O dihedral angle N:::Hi−O−Ho dihedral angle inner O−H outer O−H H−O−H angle

side-pocket 1.943 149.8 −158.1 0.981 0.966 104.4
center 2.249 − − 0.971 0.971 102.9
center-unhinged 1.990 −10.5 −173.2 0.975 0.966 104.5

aSubscripts “i” and “o” refer to the inward-facing and outward-facing hydrogen atoms of the water molecule, with respect to the hydrogen-bonded
nitrogen atom of the Pc moiety. The dihedral angle N:::H−O−H:::N is 0◦ for the center configuration, indicating that the two hydrogen bonds are
co-planar.
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