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Abstract: Infrared spectroscopy provides a means to determine the intrinsic geometrical structures of
molecules. Here we present a novel spectroscopic method that uses superfluid helium nanodroplets to
record IR spectra of cold molecular ions, in this particular case aniline cations. The method is based on
the detection of ions that are ejected from the helium droplets following vibrational excitation of these ions.
We find that spectra can be recorded with a high sensitivity and that they exhibit only a small matrix shift.
The widths of the individual transitions depend on the excited vibrational level and are thought to be related
to the interaction of the ion with the surrounding helium solvent shells.

1. Introduction

The function of a molecule is intimately related to its
structure. Accordingly, in the quest for a better understanding
of molecular function, the development of spectroscopic meth-
ods to elucidate molecular structures increasingly takes central
stage. The amount of detail that can be derived from spectra
depends on the experimental conditions, most notably on the
temperature of the sample and the intermolecular interactions
a molecule experiences. Helium nanodroplets provide in this
respect an almost ideal matrix.™? For neutral molecules, helium
nanodroplet spectroscopy thus has led to important discoveries
related to the structure of key molecular systems® ® and has
provided insight into the mechanisms underlying chemical
reactions.”®

Under real-life, agueous conditions, many molecular systems
are actually present in a protonated or deprotonated form.
Although significant progress has been made in the study of
such ionic systems by storing them in cryogenically cooled ion
traps,” their spectroscopic exploration is still in its infancy
compared to the level of sophistication that has been reached
for neutrals. The use of helium droplets as a cryogenic matrix
could potentially solve many of the technical challenges
associated with recording high-resolution spectra of cold mo-
lecular ions. There are extensive reports in the literature on the
formation of cations and anions, both intrinsic and extrinsic,
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using He droplets.’® 2% However, the feasibility of creating
ion-containing helium droplets has only recently been demo-
nstrated.?>2® Unfortunately, spectroscopic studies have re-
mained out of reach because techniques to study ion-doped
helium droplets with the required sensitivity are still lacking.
Here, we present a novel approach that meets these demands
and that finds its roots in the nonthermal cooling dynamics
of excited molecular ions in helium droplets.
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2. Experimental Approach

For the experiments, a beam of helium nanodroplets is formed
by introducing helium at a pressure of 30 bar into a vacuum via a
5 um nozzle that is cooled to cryogenic temperatures.?”? The mean
droplet size can be readily varied from 1000 to 20 000 helium atoms
by changing the temperature of the nozzle.?*3* The beam of helium
nanodroplets is directed into another vacuum chamber in which
aniline vapor is present at a partia pressure in the range of
105—10° mbar. Here, the droplets pick up by collision on average
less than one aniline molecule. For experiments on aniline dimers,
the partial pressure of aniline is increased substantially, leading to
the pickup of on average two aniline molecules by the droplets.
Via adifferential pumping stage, the doped droplets enter a time-
of-flight mass spectrometer with velocity map imaging capabili-
ties.3% At the center of the spectrometer, the droplet beam is crossed
by UV radiation generated by frequency-doubling the output of a
Nd:YAG pumped dye laser. By tuning the frequency of the excita-
tion light to 34100 cm™ so as to match the maximum in the
absorption of the S;<— S, band origin in helium droplets, the
embedded aniline molecules are ionized via a resonance-enhanced
two-photon absorption process.3 In order to maximize theion yield,
the UV beam isweakly focused by alens with afocal length of 40
cm. Although alarge number of ions are gjected from the droplets
in the photoionization process, approximately half of the ions creeted
remain solvated in the helium droplets (vide infra). After these solvated
ions are alowed to equilibrate with the cold helium environment for
a period of up to severa hundreds of nanoseconds—i.e., long on the
time scale of vibrational cooling®~*5—the ions are exposed to IR
radiation. Radiation at 3 um with an energy of up to 1 mJ/pulseis
generated by difference frequency mixing the output of an injection
seeded Nd:YAG laser with the output of a tunable dye laser in a
LiNbO; crystal. IR radiation at 1.5 um with pulse energiesup to 4
mJis produced by Raman shifting the output of a tunable dye laser
in high-pressure hydrogen gas. The IR radiation is weakly focused
in order to match the beam size of the UV radiation. Following
absorption of the IR radiation by the ions, the photon energy is
efficiently transferred to the helium environment, leading to the
formation of bare or only partialy solvated aniline ions. Most of
the experiments reported here are performed with a time delay of
200 ns between the UV and IR laser pulses. At this delay, the aniline
ions resulting from the IR excitation are clearly resolved in the
time-of-flight mass spectrum from aniline"™—He, complexes formed
by UV excitation. By monitoring the number of aniline ions
impinging on the detector at the appropriate arrival time as a
function of laser frequency, background-free IR excitation spectra
can be recorded. In addition, it is possible to determine the velocity
distributions of the ions from two-dimensional images recorded by
the imaging setup.

3. Results and Discussion

3.1. Spectroscopy. The fact that vibrational excitation of
aniline ions solvated in helium droplets leads to the formation
of bare aniline ions without any helium atoms attached allows
for a background-free and thus sensitive detection of IR
absorptions by the embedded ions. Figure 1A depicts a spectrum
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Figure 1. Infrared spectra of aniline ions in helium droplets. (A) IR
excitation spectrum of anilineionsin liquid helium nanodroplets, recorded
by monitoring the appearance of bare anilineions. The insets show a detailed
view of the symmetric NH-stretching vibration (veny) and the NH,-
scissoring overtone (2vnw,) band, together with the simulated spectrum (red
line). (B) Excitation spectrum in the NH-stretch overtone region. Detailed
views of two intense bands are presented in the insets. (C) IR spectrum of
the aniline dimer cation by monitoring the appearance of aniline,™ dimers.
The signal corresponding to the aniline monomer is caused by the use of a
rather wide mass gate that allows detection aniline,*—He, (22 < n < 37)
complexes besides aninile,™ dimers.

covering the frequency region of 2900—3450 cm™ that exhibits
a signal-to-noise ratio of more than 1000. Two transitions can
be readily discerned in this spectrum. The strong transition at
3395.1 cm™* can be assigned to the symmetric NH-stretch (ve).
The observed transition frequency for this band compares well
with the gas-phase value of 3393 cm %6 and isidentical to that
determined using the Ar-tagging technique.®” Although spectra
of aniline ions in a cryogenic matrix have been reported, no
data are available for this specific transition.®® In the ionic
aniline—Ar complex, the NH,-scissoring vibration is found at
1635 cm~1.3° The transition observed here at 3270.5 cm™* has
therefore been assigned to its overtone (2vyy,).*° In addition, a
very weak absorption is observed around 3240 cm™?, which we
tentatively assign to the combination band of the NH,-scissoring
vibration and the 8a ring vibration.** The high sensitivity of
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the method, which exceeds that of other methods used to record
IR spectra of aniline ions by almost 2 orders of magnitude,
allows for the detection of the hitherto unobserved overtone
transitions of the NH-stretching vibrationsin the 1.5 um region
(Figure 1B). Andogous to neutral aniling® a total of six
transitions can be identified due to a Fermi resonance between
the NH-stretching and the NH,-scissoring overtone vibrations.
Despite the excellent signal-to-noise ratio of the spectra, no
resonances are observed in the 3000—3200 cm™ region that
can be attributed to CH-stretch vibrations of the aniline cation.
This confirms the results of calculations that predict that the
absorption cross sections for the CH-stretch vibrations are at
least 2 orders of magnitude smaller than those of the corre-
sponding NH vibrations.***® The observed transition frequency
of venn, Which isfound to be independent of the helium droplet
size, implies amatrix shift of +2 cm=2.3 A matrix shift of this
magnitude seems surprising since it is only dlightly larger than
typical shifts observed for neutrals.? While neutrals are sur-
rounded by rather fluxional helium solvation layers,** highly
structured solvation shells with densities exceeding that of solid
helium are formed around ions.>***~4” One would expect the
enhanced helium density to lead to a substantial blue shift of
the vibrational frequencies. That only a small shift is observed
indicates that either the effect of electrostriction on the transition
frequencies is not significant or that, like for neutrals, the blue
shift is largely compensated by the red shift originating from
attractive electrostatic induction interactions.*® On the other
hand, it should be noted that shifts of similar magnitude have
been observed for IR transitions of aniline cations in an argon
matrix.®

Closer inspection of the two main bands in the 3 um region
spectrum reveals that the widths of the transitions differ
significantly, 0.4 cm™! for the NH,-scissoring overtone vs 1.6
cm™? for the NH-stretch vibration (inserts Figure 1). Moreover,
the overall line shape of the NH,-scissoring overtone band is
found to be symmetric, while the line shape of the NH-stretch
vibration is asymmetric toward lower frequency. Since these
line shapes are independent of the IR intensity, even when this
is varied over 3 orders of magnitude, we conclude that the
difference in line width isintrinsic and not caused by saturation
effects. The contour of the NH,-scissoring overtone band can
be reproduced by rotational band contour simulations (see
Supporting Information). The best agreement between the
simulated rotational contour and observed line shapeis obtained
assuming a rotational temperature of 0.38 K, a Lorentzian line
width for the individual rovibrational transitions of 0.25 cm™,
and rotational constants that are a factor of 9 smaller than the
corresponding gas-phase values (Figure 1). This rotational
temperature indicates that, upon their creation, the ions are
cooled to the equilibrium temperature of the droplets. The
relatively large line width of individua rovibronic transitions
and the strong reduction in rotational constants are compatible
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with the formation of strongly bound solvation layers around
theion. The relatively strong coupling between the ion and the
helium will most likely lead to an increase of the moment of
inertia and a faster relaxation of the vibrationally excited level.

While an excellent agreement between the smulated band
contour and the observed line profile can be obtained for the
NH,-scissoring overtone, thisis not the case for the fundamental
transition of the NH-stretch. Even when alowing for the
possibility that the band might be a superposition of two
transitions originating from a resonance between the NH-
stretching vibration and a combination band, no satisfactory
agreement could be obtained. Hence, it appears more plausible
that the line width and asymmetry are primarily determined by
interactions of the ion with the helium environment, a conclusion
that is corroborated by an analysis of the line shapes in the 1.5
um region. These bands are al significantly broader than 0.4
cm™! and, except for the transition at 6646 cm™, dlightly
asymmetric. Even though their overall width can be reproduced
fairly well assuming a Lorentzian line width for individual
rovibrational transitions of 0.6 cm~*—indicating that vibrational
relaxation is enhanced compared to the fundamental levels—their
asymmetry cannot be reproduced.

The fact that line broadening of this type is not observed for
similar vibrational transitions of neutral speciesin liquid helium
suggests that it might be related to the charge of the embedded
molecule. It is not unlikely that the ions are surrounded by
helium solvation shells that have geometrically different con-
figurations but similar energies. Moreover, spectroscopic studies
on complexes of aniline ions with argon have reveaed line
splittings due to the presence of several low-energy structures.**°
Ab initio calculations accompanying those experiments indicate
that the frequency of the NH-stretching modes depends strongly
on the structure of the complex, while this is not the case for
the NH,-scissoring mode.®® In view of the analogy with the
results on aniline"—argon complexes, we propose that line
broadening of the symmetric NH-stretching vibrations originates
in the existence of geometricadly different helium solvation shells
surrounding the aniline ions.

The conclusion that the line width is possibly related to
helium solvation structures surrounding the ion is exciting, as
it could potentially offer a novel means to map out charge
distributions of ions and thereby obtain information on their
geometrical structure. For larger molecular ionic systems, the
charge is in genera localized, and structured helium solvation
shells are expected to form only around the charged part of the
molecule. Only those vibrations that involve atoms interacting
with these solvation shells are thus prone to exhibit broadened
resonances. Experiments on the aniline dimer are in line with
this concept. From gas-phase experiments, it is known that, in
the aniline dimer cation, the charged aniline is hydrogen-bonded
to the nitrogen atom of the neutral.>®%* As a result, the
interaction between the NH-stretching vibrations of the aniline
cation and the helium solvation shells is modified. Figure 1C
shows the corresponding IR absorption spectrum recorded in
helium droplets. Due to the use of a rather wide mass gate,
which leads to detection of not only the aniline,* dimer but
also aniline"—He, (22 < n < 37) complexes, the spectrum reveds
contributions of both the aniline ion and the aniline,™ dimer.
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While the resonance at 3395 cm™* has been assigned above to
the symmetric NH-stretching vibration of the aniline cation, the
resonance at 3420.3 cm™! can be attributed to the free NH-
stretching vibration of the cation in the complex.®® A direct
comparison of the two resonances reveals that the width of the
dimer resonance, 0.9 cm™?, is significantly less than that of the
monomer NH-stretching vibration, 1.6 cm™2, but still broader
than that of the NH,-scissoring overtone. It thus appears that
the interaction of the NH-stretch vibration with the helium
environment is modified by the presence of the neutral aniline.
This seems to suggest that the widths of the transitions are
indeed sensitive to the ions' surroundings.

3.2. Ejection Mechanism. In our experiments, IR absorption
spectra are recorded by monitoring the number of bare aniline
ions as a function of IR frequency. According to the generally
accepted model, following the energy transfer from an excited
chromophore to the helium bath, the heated droplet will cool
by the evaporation of individual helium atoms.®? In this well-
characterized thermal process, every helium atom leaving the
droplet takes away its binding energy of ~5 cm~1.5° Excitation
of an NH-stretching vibration around 3400 cm™?, for example,
should then lead to the evaporation of about 700 helium atoms.
Asaresult, IR absorptions would only be observable for helium
droplets consisting of less than this number of atoms.

However, in recent years, strong indications have been found
that cooling of ions in helium droplets is governed by a
nonthermal mechanism. Thiswasfirst discussed by Gspann and
Vollmar, who observed the creation of small, charged helium
clusters following the electron impact ionization of large helium
droplets.>* In order to explain their observations, these authors
suggested that the strong attraction of helium atoms toward the
created ion leads to a fast local heating, which results in the
gection of small, charged helium clusters from the large droplet.
Later, experiments by Toennies and co-workers revealed that
electron impact ionization of helium droplets yields mainly He,™
ions.** They proposed that, following the ionization of asingle
helium atom, the charge migrates until it localizes to form He,™
ions. The energy released in this process would be dissipated
by the helium droplet and lead to the evaporation of a large
number of helium atoms, finally yielding bare He,* ions. A few
years later, Janda and co-workers showed that the detected He,™
ions do not result from a complete thermal evaporation of the
droplets but rather from the gjection of the ions from the droplets
by an impulsive process.>>*® Recent experiments by Lewis et
al. on the electron impact ionization of molecules in helium
droplets have shown that the first several thousand helium atoms
leaving the droplets can take away up to 22 cm™ of energy per
atom, significantly more than their binding energy, indicative
of a nonthermal mechanism.>”>8 Similar results were found in
theoretical studies by Bonhommeau et a. on the electron impact
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Figure 2. lon yield (blue circles) following excitation of the symmetric
NH-stretch vibration (vsny) Of the aniline cation as a function of the mean
size of the ion-doped droplets. The ion yield has been corrected for laser
intensities and doped droplet fluxes. The solid lineis afit of an exponential
function to the data points. The green diamonds represent the fraction of
doped droplets containing less than 700 helium atoms.

jonization of neon clusters in helium droplets.>*®° In addition,
these authors found that a significant fraction of the ions are
being gected from the droplets by a nonthermal process. In all
these experiments, the ions are created with a substantial amount
of internal energy. This makesit difficult to determine whether
ion solvation or vibrational excitation of the ion is responsible
for the nonthermal gection of the ions. Possibly more can be
learned about the mechanism from the present study in which
cold ions are vibrationally excited.

In order to find out whether the cooling of vibrationally
excited ions is a thermal or nonthermal process, the efficiency
by which bare aniline ions are created has been determined as
afunction of droplet size. For this purpose, the number of bare
aniline ions arriving at the detector following excitation of the
symmetric NH-stretch (vsny) Vibration has been determined for
arange of droplet sizes. Subsequently, these numbers have been
corrected for variations in the UV and IR intensities, assuming
a linear dependence of the ionization and IR absorption
processes on the light intensities. Finaly, the results are
corrected for the estimated flux of doped droplets at each mean
droplet size.®* The resulting relative ion yields are displayed in
Figure 2. As discussed above, the standard evaporative cooling
model predicts a sharp cutoff at about 700 helium atoms.
However, when comparing the experimental result to the model,
the droplet size distribution has to be taken into account.”®
Hence, we have estimated the fraction of doped droplets
consisting of less than 700 helium atoms at each mean droplet
size. Although time-of-flight mass spectra of solvated ions can
be recorded (vide infra), they cannot be used to determine this
fraction because the detection efficiency of the MCP detector
depends strongly on the mass of the impinging ion and the mass
range of the spectrometer islimited to 40 000 amu. We therefore
have calculated the fraction consisting of less than 700 helium
atoms from the estimated size distribution of droplets, 23
taking into account that pickup of an aniline molecule leads to
the evaporation of approximately 450 helium atoms.*>*362 The
comparison shown in Figure 2 reveals that the experimental
result is clearly at odds with the evaporation model.
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Figure 3. Time-of-flight mass spectrafollowing vibrational excitation of ions.
(A) High-mass range of the ion time-of-flight mass spectrum in the presence
and absence of IR radiation resonant with the symmetric NH-stretch vibration
of the aniline cation embedded in helium droplets consisting on average of
4600 atoms. (B) Ratio of time-of-flight mass spectrawith and without resonant
IR rediation for helium droplets of different mean droplet sizes. (C) Low-mass
range of the time-of-flight mass spectrum following vibrational excitation of
the embedded aniline cation. The signals originating from the UV excitation
are denoted by asterisks.

More details on the mechanism leading to the formation of bare
aniline ions following vibrational excitation can be provided by
mass spectrometry and measurements of the speed distributions
of the aniline ions. Figure 3A displays time-of-flight mass spectra
in the presence and absence of IR radiation resonant with the
symmetric NH-stretch vibration of the aniline cation embedded in
droplets consisting on average of 4600 helium atoms. Comparison
of the two spectra reveds that the signal in the high-mass range,
corresponding to anilineions solvated in helium droplets, is reduced
in intensity when the ions are vibrationally excited. According to
the standard thermal evaporation model, the mass spectrum should
shift toward lower masses following the number of evaporated
helium atoms. Thisis clearly not the case; only a reduction of the
intensity is observed, but not a shift. This becomes even more
evident when the ratio of the time-of-flight mass spectra with and
without IR excitation is taken, see Figure 3B. One observes a
congtant signal reduction for masses larger than approximately 4000
amu, corresponding to ion-containing droplets consisting of more
than 1000 helium atoms. In the mass range between 500 and 4000
amu, a somewhat smaller reduction is observed, while for masses
below 500 amu, a strong enhancement of theion signd is observed.
The high-resolution spectrum in the low-mass range shown in the
Figure 3C reveds that the signa enhancement in this mass range
corresponds to the formation of bare aniline ions and smal
aniline"™—He, complexes. These observations are not specific to

14090 J. AM. CHEM. SOC. = VOL. 132, NO. 40, 2010

. zach i {
o E i i
> gm' 1
3 3
g § 70 53
o . B R BE A o e 1 |
o 5000 10000 15000
Mean droplet Size
T T T T T T T T T T T T --u |‘| T T T T T
0 100 200 300 400 500

Speed [m/s]

Figure 4. Speed distribution of aniline ions gjected from helium droplets
consisting on average of 3500 helium atoms following excitation of the
symmetric NH-stretch vibration of the aniline cation (blue dots). A fit of
the data points to a Maxwell—Boltzmann distribution with a translational
temperature of 72 K (red line). The inset shows the trandational temperature
of the aniline ions gjected from the droplets as a function of droplet size.
The red dots correspond to excitation of the symmetric NH-stretch vibration
at 3395 cm™?, while the green diamonds correspond to excitation of the
NH-stretch overtone at 6725 cm™.

helium droplets of a particular size. As can be seen in Figure 3B,
the same trends—that is, a constant signal reduction at high masses
and asignd increase at low masses—are observed for awide range
of mean droplet sizes. These observations point directly to a
mechanism in which aniline™ and aniline"—He, complexes are
gected from the droplets following IR excitation. Consequently,
it appears that two processes contribute to the signa in the
500—4000 amu mass range in Figure 3B. Fird, the gection of
ions from small dropletsin the distribution leads to a depletion of
signd. Second, the formation of massive anilinet—He, complexes,
with n up to 1000, from the large droplets in the distribution gives
rise to an increase of the signal. The overal effect of these two
contributions appears as a smal decrease. The fact that not only
aniline™ ions but also aniline™—He, complexes are expelled from
the droplets is probably the reason why, in Figure 2, the aniline
ion yield isfound to depend on the mean helium droplet size. While
the gjection efficiency seems to remain constant, the ratio of bare
aniline" to anilinet —He, complexes most likely varies with droplet
size

Additional support for the gection of the ions is provided
by the speed distributions of aniline” and aniline"™—He,
complexes. Figure 4 shows a typical speed distribution deter-
mined from the velocity map image of bare aniline ions
following excitation of the NH-symmetric-stretch vibration of
solvated aniline ions. This distribution, like all others, is well
described by a Maxwell—Boltzmann distribution. The corre-
sponding trandlational temperatures are found to depend weakly
on the droplet size and range from 70 K for the smallest droplets
to 78 K for the largest droplets used in this study. It should be
noted that these temperatures are independent of the vibrational
level that is excited. Excitation of the NH-stretch vibrational
overtone, having almost twice the energy of the fundamental,
does not result in a noticeable increase of the trandational energy
of the created ions. For the simple evaporation model, the trans-
lational temperature is expected to be comparable to the
instantaneous temperature of the heated droplets, which can be
readily estimated from the heat capacity of the droplets. We
find that the observed temperatures are an order of magnitude
higher than the expected temperatures. In addition, the droplet
size dependence of the transitional temperatures is opposite to
that expected on the basis of the heat capacities of the droplets.>
Finaly, the expected dependence of the ion translational
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Figure 5. Signa levels of ion-doped helium droplets and of bare aniline
ions as a function of pulse energy of the resonant IR radiation.

temperature on photon energy is not observed. Clearly, these
results are not compatible with the simple evaporation model.

In order to rule out that the absorption of multiple photonsis
responsible for the gjection of the ions from the droplets, we
have investigated the IR power dependence of the various
results. As aready mentioned above we found that the line shape
of the transitions does not depend on the IR intensity. In
addition, we also find that the speed distributions of the bare
anilineions and those of anilinet—He, complexes do not depend
onthe IR laser intensity. This|atter observation seemsto indicate
that the gection of ions is indeed governed by a one-photon
process. This is corroborated by the dependence of the signal
levels on the IR intensity. Figure 5 shows, for droplets
containing on average 8100 helium atoms, the integrated ion
signal in the mass range of 4000—40 000 amu as a function of
the pulse energy of the IR radiation resonant with the symmetric
NH-stretch vibration. This signal decreases linearly with IR laser
intensity, indicative that absorption of a single photon by the
ions leads to their gjection. At the same time, the bare aniline
ion signal, which is also plotted in Figure 5, appears to increase
linearly with IR laser intensity within the present accuracy.
These observations are all indicative of a one-photon process.

It is evident from the data presented above that vibrationa
excitation of ions in helium droplets leads to the expulsion of the
ions by anonthermal process. This result is quite opposite to what
has been observed for neutrals, which have been found to cool by
athermal process after vibrational excitation.®® However, the resuits
are in line with the strong indications found in recent years that
cooling of ions in helium droplets is governed by a nontherma
mechanism. Asthey use electron impact ionization, al these studies
involve vibrationally hot ions. This makesit difficult to determine
whether the nonthermal cooling is the result of ion solvation or
vibrational excitation. The present study indicates that vibrational
excitation of the ion plays an important role in the nonthermal
cooling of ions. Whether solely the vibrationa energy released into
the droplet is responsible for the gection of the ions cannot be
determined from the data. For example, one could envision that a
small barrier prevents the rearrangement of helium shells around
the ion formed by photoionization of the neutral molecule.
Vibrational excitation could help to overcome this barrier and
release the rearrangement energy in addition to the vibrational
energy. This scenario would be compatible with the fact that the
kinetic temperature does not depend on the vibrationa energy.

However, the present data do not allow one to confirm or refute
this possibility, nor do they allow one to determine the exact
mechanism leading to the gection of theions. On the basis of the
data, we can only propose asimple model that is compatible with
our observations.

It is well established that ions, in contrast to neutras, are
surrounded by pronounced solvation shells due to the strong
electrogtatic interaction between an ion and helium.2***~47 we
expect that, asaresult, the vibrational energy of theion will become
localized within these solvation shells before being distributed over
the whole droplet. Thiswill giveriseto afast loca heating of the
helium environment and could lead to the formation of aloca high-
pressure gas bubble, as proposed first by Gspann™ and later by
Miller and co-workers.>” This gas bubble could lead to the fission
of the droplet or alternatively could expand until it bursts a the
surface of the droplets and sets free the ion. Although the data
presented here provide some glimpse into the mechanism for
cooling ionsin liquid helium, it is obvious that more studies, both
theoretical and experimental, will be needed before the gection
mechanism can be definitively established.

4. Conclusion

We have recorded vibrational spectra of molecular ions in
helium nanodroplets. The spectra are only very slightly shifted
with respect to their gas-phase counterparts, which allows for
the determination of the intrinsic properties of the ions. The
widths of some of the transitions are significantly broader than
the underlying rotational structure. This broadening has been
attributed to the interaction of the ion with different helium
solvation shells surrounding it. At the basis of the high
sensitivity of the method is the nonthermal energy dissipation
that leads to ejection of ions from the droplets. As a result,
spectra can be recorded over a wide range of droplet sizes,
making the technique very versatile. The method for ion
production employed in the present study isintrinsically limited
to arelatively small class of molecules. A much larger variety
of systems can be investigated by doping helium droplets
directly with ions.?>?® In this way, it will become possible to
investigate systems that may range from biomolecular ions such
as polypeptides and proteins to ionic clusters. Our study opens
up exciting new opportunities for the investigation of such ionic
systems. For example, due to the greatly simplified spectra, it
will become possible to map out the potential energy landscape
of biomolecular ions, which is essentia for understanding the
conformational folding dynamics of these systems®* The
opportunities are not limited to these particular types of systems.
Now that a systematic spectroscopic investigation of atomic and
molecular clusters of well-defined sizes at ultralow temperatures
has come into reach, one can a so envision exploring the onset
of superconductivity in finite size systems.®®
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