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Abstract: Electron impact ionization of a helium atom in a helium nanodroplet is followed by rapid charge
migration, which can ultimately result in the localization of the charge on an atomic or molecular solute.
This process is studied here for the cases of hydrogen cyanide, acetylene, and cyanoacetylene in helium,
using a new experimental method we call optically selected mass spectrometry (OSMS). The method
combines infrared laser spectroscopy with mass spectrometry to separate the contributions to the overall
droplet beam mass spectrum from the various species present under a given set of conditions. This is
done by vibrationally exciting a specific species that exists in a subset of the droplets (for example, the
droplets containing a single HCN molecule). The resulting helium evaporation leads to a concomitant
reduction in the ionization cross sections for these droplets. This method is used to study the charge migration
in helium and reveals that the probability of charge transfer to a solvated molecule does not approach
unity for small droplets and depends on the identity of the solvated molecule. The experimental results are
explained quantitatively by considering the effect of the electrostatic potential (between the charge and the
embedded molecule) on the trajectory of the migrating charge.

Introduction studies®>1%11 making the associated ionization processes also
Helium nanodroplets have received considerable attention in Of considerable interest and the subject of several previous
recent years, as outlined in a recent reviebecause of their studiest?~16 |n infrared laser spectroscopic studies in helium
nearly ideal spectroscopic characteristics regarding molecularnanodroplets, mass spectrqmgtnc detection is based upon the
and cluster solutes:s Unfortunately, the analogous experiments fact that each vibrational excitation of solvated molecules results
in bulk helium have not been forthcoming, given that helium is in the evaporation of several hundred helium atoms, thus
such a poor solvent that molecules tend to condense quick|yreducmg the sizes of the droplets, which in turn decreases their
onto any container walls that might exfsin contrast, unsup- ionization cross sections. It is now well-known that electron
ported helium nanodroplets are better solvents than the sur-Impact ionization mass spectra of doped helium nanodroplets
rounding vacuum, meaning that in such systems the soluteShow peaks that are due to pure helium ion flILUStGYSTHB
molecules of interest are generally located somewhere in theWell as the ionized solute and its fragmetitsi® Numerous
interior of the dropleté® There are a few exceptions to this studies have revealed that the embedded molecules are ionized

rule, however, most notably alkali metal atoms and clusters, through a charge migration mechanism first discussed by
which are expelled to the surface of the dropfets. Atkins.}” The process begins with the electron impact ionization

Electron impact ionization mass spectrometry is often used Of @ helium atom in the droplet. Indeed, this is by far the most
as a detecuon method |n pure and doped he“um nanodrop'et“kely |n|t|al eVent, g|Ven that dII’eCt lonization Of a SO|Vated
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molecule is relatively improbable in a droplet containing several
thousand helium atoms. Further support for this mechanism
comes from studies of droplets doped withg8Fand argon
cluster$®which show that the electron energy threshold for the
signals in the mass spectrum is consistent with the ionization
energy of He, namely, 24.6 eV, and is independent of the
identity of the embedded dopant.

Once the Hg& ion is formed within the droplet, resonant
charge transfer between adjacent helium afdrafows the
charge to rapidly (on the time scale of femtosecéf)dsigrate
through the droplet. The ultimate result of this charge “hopping”
is either the transfer of the charge to the molecular dopant or
the formation of a Hg" (n = 2) cluster ion'® In the former
case, the large difference in the ionization energies of helium
and the molecule (about +A5 eV) results in the liberation of
sufficient energy to evaporate the droplet, resulting in substantial
cooling of the newly formed molecular ion. As a result, this
ionization channel leads to the formation of the bare molecular
ion and its fragments. In fact, the cooling results in substantially
more parent ion than typically observed in a gas-phase electro
impact ionization mass spectriihAlternatively, the formation
of the Hg™ ion also releases enough energy to desolvate the

n.
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Figure 1. A schematic diagram of the apparatus used to obtain optically
selected mass spectra. Droplets are formed by expanding high-pressure
helium through a low-temperature nozzle. The droplets are then doped using
a pickup cell before entering an electron impact ionizer. Following droplet
ionization, the resulting ions are bent out of the droplet beam and into a
quadrupole mass spectrometer. An infrared laser is counterpropagated along
the droplet beam and is used to “tag” droplets containing the species of
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interest (see text).

helium has time to cool the system before it undergoes

He," ion!® so that subsequent charge transfer to the dopantfragmentation. In contrast, previous studies on the fragmentation

molecule is unlikely. Interestingly, for much larger droplets on
the order of 16-1(° atoms, a qualitatively different behavior
is observed in which the charges remain solvatdebr smaller

of SKs in helium, once again using electron impact ionization,
indicate that the helium is rather ineffective in preventing
fragmentatiori? presumably owing to the very short lifetime

droplets (those with fewer than 10 000 atoms), desolvated ionsof the Sk* ion, which does not allow sufficient time for cooling.

are observed® and the competition between charge transfer to
the dopant and formation of a kfeion has been studied by
Janda and co-workers as a function of droplet size. They
concluded from studies of droplets doped with nébargon®

Quantitative experimental studies of the charge-transfer
processes discussed above are complicated by the fact that the
helium nanodroplet beams are not monodispéfsadd the
pickup process used to dope them with molecular solutes follows

and xenoff clusters that the charge undergoes resonant transferPoissonian statisticsConsequently, the overall mass spectrum

between adjacent helium atoms (referred to as a hop) ap-

proximately three times before the formation and desolvation
of a He,* ion. As expected for such a mechanism, the probability

of a droplet beam has contributions from a wide distribution of
species formed within droplets of varying size. This makes it
necessary to account for the relative abundances of empty

of charge transfer to the dopant atom or cluster decreases withdroplets and those containing one or more dopant molecules,
increasing droplet size, simply because the average distancancluding the effects of fragmentation, to obtain quantitative

between the initially formed Heion and the dopant increases
with droplet size. In the limit of very large droplets, the charge-

information on these charge-transfer mechanisms. While studies
of this type have been carried out for rare gas dopéaritsand

transfer probability to the dopant can become so small that the simple diatomic molecules (NGY,it is clearly desirable to

associated ion signals are no longer detect&ble.
As noted above, ionization in helium nanodroplets can result

develop experimental methods that avoid these complications.
In the present study, we make use of a modification of the

in less ion fragmentation because the parent ion is evaporativelyinfrared laser spectroscopy methods mentioned above to obtain

cooled by the heliun®122%In a previous study on the cooling
of trimphenylmethanol (TPM) ion in heliu®?,we showed that

mass spectra of helium nanodroplet beams with species selectiv-
ity. An amplitude modulated infrared laser is used to excite a

this cooling mechanism is ultimately limited by the charge- particular solute molecule, allowing us to modulate the signals
transfer probability, given that in the largest droplets, which associated with only those droplets containing the species of
have the greatest potential for cooling the ion, the charge neverinterest. This optically selected mass spectrometry (OSMS)
reaches the impurity molecule. However, for droplets of medium provides results that are more directly related to the charge-
size, the fragmentation patterns reflect the evaporative coolingtransfer process discussed above.

of the ions. The experimental results suggested that helium
cooling is most effective in large molecules, where the lifetimes
of the hot molecular ions are sufficiently lo#g? so that the

Experimental Section

The experimental apparatus used in the present study is shown
schematically in Figure 1. The helium nanodroplet source consists of
a 5um diameter nozzle, the temperature of which can be varied from
10 to 30 K (cooled by a closed-cycle helium refrigerator). Droplets
were formed by expanding ultrahigh purity helium from approximately
90 bar. The expansion is skimmed by a 0.4-mm diameter aperture
located approximately 20 mm downstream of the source. The resulting

(18) Halberstadt, N.; Janda, K. Chem. Phys. Lettl998 282 409-412.

(19) Callicoatt, B. E.; Forde, K.; Jung, L. F.; Ruchti, T.; Janda, KIJGChem.
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(21) Farnik, M.; Henne, U.; Samelin, B.; Toennies, JZPPhys. D1997, 40,
93-98.

(22) McLuckey, S. A.; Stephenson, J.Mass Spectrom. Re1998 17, 369~
407.

(24) Lewerenz, M.; Schilling, B.; Toennies, J. ®hem. Phys. Let1993 206

(23) Vekey, K.J. Mass. Spectronl996 31, 445-463. 381-387.
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beam consists of a log-normal distribution of droplet s&ehe mean

size varying according to published scaling 1&xfsom 1000 to 7000
helium atoms, depending upon the temperature of the nozzle. The
droplets are doped with the molecules of interest by passing the droplet
beam through a “pickup” cell containing HCN, HCCCN, of*g*CH
(herein referred to as HCCH), at a pressure optimized for the pickup
of a single molecule. These systems were chosen in light of their strong
C—H vibrational absorption bands that lie within the tuning range of
our lasers, which have permitted their previous spectroscopic study in
helium?6-28 A continuous wave and tunable periodically poled lithium
niobate OPO (PPLNOPOY® was used to vibrationally excite the
solvated molecules. The excitation efficiency was optimized by having
the laser counter propagate along the entire droplet beam path, resulting
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in an overlap region between them of approximately 60 cm. j 33'0"7 — —

In the present study, the helium droplets were ionized by electron
impact and the resultlng_lons were benl"Qﬁt_o a quadrupole mass Figure 2. An infrared spectrum of HCN multimers formed in helium
spectrometer (Extrel/Merlin), located perpendicular to the droplet beam. yropjets (bottom). Vibrational bands associated with the monomer through
The electron energy was set to 40 eV to avoid double ionization of the pentamer are labeled-B, respectively. The optically selected mass spectra
helium droplet£22! Each vibrational excitation of a particular dopant  (insets) were collected with the laser tuned into resonance with the bands
molecule results in the evaporation of several hundred helium atoms. associated with the HCN monomer, dimer, and pentamer.

This evaporation reduces the ionization cross section of the laser excited

droplets?* thus decreasing the probability that they will be ionized. Of these complexes, namely, (HGNh = 1-5 and beyond.
Droplets that are empty, contaminated, or doped with a species not in This spectrum was recorded by tuning the laser, while monitor-
resonance with the infrared laser remain unaffected. Thus, by modulat-ing the laser-induced decrease in the droplet size. As discussed
ing the infrared laser and using phase-sensitive detection, we are ablee|sewheré/ the rotational constant of HCN in helium is large

to record a mass spectrum corresponding to only those dropletsenough so that only thé = O state is thermally populated at
containing the species of interest, namely, the one excited by the laser.po droplet temperature, so that only tRO) transition is

In general, the infrared spectra of helium-solvated molecules are very observed. near 3313.5 ¢ In contrast. the HCN dimer shows
well resolvec?®28 making this a powerful method for discriminating a well resyolved P and R branch struc’:té%e:haracteristic of a
between the various species present in the droplet beam. . . .

Since the charge-transfer probabilities determined in the presentIInear mollecule, while for the longest chains (such as HCN
experiment depend directly on the response of the mass spectrometepentame?) or-1ly Fhe P and R branch contours are resowedj
to different masses, it was necessary to calibrate the sensitivity of the ~ 1N€ insets in Figure 2 show OSMS spectra recorded by tuning
spectrometer over the mass range of interest. This was done by tuningthe laser into resonance with transitions associated with the HCN
the ion optics in the spectrometer so that the gas-phase mass spectrurmonomer, dimer, and pentamer. In the OSMS spectrum of the
of trifluoromethane agreed with the spectrum in the NIST data#fase. HCN monomer (labeled 1), the Keion peaks are evideA?,

The resulting calibration was also verified with several other molecules along with one additional peak at 27 amu, corresponding to
from the database. We estimate that the relative peak intensities in theCN*. A normal mass spectrum of helium droplets typically
mass spectra presented here are accurate to approximately 3% ovegnaws a significant peak at 18 amu, because of the pickup of
the entire mass range. background water. No such peak is evident in the OSMS spectra,
since the water-contaminated droplets have an infrared spectrum
that is shifted from that of the HCN monomer. Similarly,

) ) droplets containing HCN multimers are also not excited by the

In a previous spectroscopic stutfywe showed that HCN  |aser, so that the corresponding ion signals are absent. When
clusters formed in helium nanodroplets are exclusively linear, he |aser frequency is tuned to the HCN dimer band (labeled
owing to the long-range dipole forces that act to orient the 2), a distinctly different OSMS spectrum is observed. Once
molecules as they approach one another. The fast cooling byagain, the Hg" ions are observed in the mass spectrum, along
the helium then prevents isomerization of the linear chain into \y;ip peaks in the region of the HCN monomer (27 amu) and
the more stable cyclic clustetsThese systems provide us with  gimer (54 amu). Careful inspection of this spectrum reveals that
an interesting demonstration of the OSMS technique, allowing the peak near the monomer ion is actually a doublet, corre-
us to characterize their fragmentation upon electron impact gponding to the formation of HCNand HCNH- upon ioniza-
ionization of the droplets. The infrared spectrum displayed in o of a droplet containing the dimer, indicative of two different
Figure 2 corresponds to excitation of the “free8 stretches fragmentation channels, that is, loss of a neutral HCN and
protonation ((HCN)t — HCNH™ + CN), respectively. It is
important to emphasize that this is not simply a “low pass filter”
technique, but rather it is completely selective for only the
pumped species. In particular, the 27 amu peak observed in the
dimer OSMS spectrum is due entirely to fragmentation of the
dimer ion and not from the fragmentation of larger clusters or
from ionized HCN monomer.

The final OSMS spectrum in Figure 2 results from tuning
the laser into resonance with the HCN pentamer band. In this

T T T
3309 3311 3313

Wavenumber (cnil)

T
3305

Application of OSMS to Clusters in Helium
Nanodroplets
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Figure 3. Optically selected mass spectra of HCN monomer in helium
droplets, for several different mean droplet sizigl In large droplets, the
[HCN]* peak Wz = 27) is small, relative to the helium ions, indicating
inefficient charge transfer (see text). In small droplets, charge transfer is
more efficient, and H¢4™ ions are observed because of fragmentation of
the HCN™ molecular ion.

case, (HCNJ" ions are observed fan = 1-5, indicative of

the fragmentation pattern for the HCN pentamer ion. Once again,
close inspection of this spectrum reveals that the peaks

corresponding to (HCNJ, n= 1—4, are all split into doublets,
corresponding to the neutral elimination and protonation chan-

nels discussed above for the dimer. The relative intensities of

the fragment peaks vary with the helium droplet size, indicative
of the effects of evaporative cooling on the branching ratios to
the various fragmentation channels. Although a study of the

details of these fragmentation patterns may be warranted in its
own right, it is beyond the scope of the present study. Rather,
we simply present the above data as an example of the powe

of OSMS in separating out the contributions to the overall

helium nanodroplet mass spectrum, allowing us to focus on the

species of particular interest in the charge-transfer problem.

Droplet Size Dependence of Charge Transfer

As demonstrated in the previous section, OSMS provides us

I

integrate the areas under all of the peaks in the OSMS spectra,
assigning each to either a helium ion channel (no charge transfer)
or to molecular ionization channel (successful charge transfer).
The charge-transfer probability (CTP) is then defined as the
sum of the areas under the peaks associated with the molecular
ionization channel divided by the total integrated area under
all of the peaks. The contribution to the overall intensity from
He,* peaks withn > 25 was insignificant and was neglected

in the following analysis. The Hepeak, typically observed in

the mass spectra of droplets, is absent from the OSMS spectrum
(although not shown here since there is considerable noise on
mass 4 amu from background helium gas). This is consistent
with the fact that previous studies have shown that the signals
on mass 4 amu come primarily from atomic helium that is
present in the beam rather than from the ionization of droplets.
The relative ionization cross sections for the solvated molecule
and the helium atoms do not come into play in these studies
and so are not required in the analysis of the data, because in
both channels it is the helium that is initially ionized by the
electron impact process.

For large droplets, which provide effective cooling of the
newly formed molecular iof? the only peak in the mass
spectrum that comes from the molecular ionization channel is
HCN*. However, for the smaller droplets (for example, droplets
with a mean size of 1400), there are several new peaks that
appear at odd mass numbers, in the rang@Bbamu. These
peaks are absent from the ordinary mass spectrum of empty
helium droplets, indicating that they arise from the molecular
ionization channel. The appearance of these features is consistent
with gas-phase studies, which indicate that the lowest energy
fragmentation channel for HCN is®H- CN,33:34|eading us to
the conclusion that in the smaller droplets the HQNdergoes
fragmentation. The Hthen goes on to cluster or regwith
helium atoms, giving rise to the mass peaks observed in the
OSMS spectrum. The intensity in these peaks must then be
added to the “successful” charge-transfer channel (molecular
ionization). Once again, the droplet size dependence of the
molecular fragmentation is worthy of further study in its own
right, but is beyond the scope of the present study.

with a direct measurement of the mass spectrum of a single Experiments were carried out for many more droplet sizes

species solvated in helium nanodroplets. However, this method

still samples the entire droplet size range, as we will discuss in
detail below. In this section, we focus on using OSMS to
measure the charge-transfer probabilities for many simple
molecules, with the goal of understanding the factors that control
the migration of charge within the droplets. We begin with a
more thorough investigation of the HCN monomer in helium,
the OSMS spectra for which are shown in Figure 3 as a function

of the mean droplet size. Since these mass spectra correspon

to droplets containing precisely one HCN molecule, the relative
intensities of the Hg" and HCN™ peaks reflect the relative
likelihoods of charge transfer to the HCN molecule (“successful”
charge transfer) and the formation of Fie

for the dopants hydrogen cyanide, cyanoacetylene, and acetylene
and were analyzed in the manner discussed above. The charge-
transfer probabilities (CTP) obtained from these measurements
are summarized in Figure 4 for HCN (open squares), HCCCN
(solid triangles), and HCCH (solid circles). The solid lines
through the different data sets are simple quadratic fits to the
data and are meant only to help guide the eye. In all three cases,
H:e CTP decreases with increasing droplet size, indicative of
e fact that it is correspondingly less likely that the charge
will find the molecule. The droplet sizes shown take into account
the evaporation of helium atoms (several hundred afpms
because of pickup of a dopant molecule, using estimates of the
thermal energy of the dopant molecules obtained from ab initio

It is immediately evident from comparing these mass spectra (MP2/6-311+G**) calculations? As mentioned above, the

that the intensity of the HCNpeak decreases relative to those
of the He ' ions with increasing droplet size, indicative of the
corresponding reduction in the charge-transfer probability. This
is consistent with our expectations and with previous studies
of other system&3-16 However, OSMS provides us with a direct

means to quantify the charge-transfer probabilities, because

mean droplet sizes (prior to pickup) are determined from scaling
laws25 and using a procedure described previodlyye
estimate that our reported droplet sizes are accurate to ap-

(33) Berkowitz, J.; Chupka, W. A.; Walter, T. Al. Chem. Phys1969 50,
1497-1500.
(34) Kusch, P.; Hustrulid, A.; Tate, J. Phys. Re. 1937, 52, 843-854.

species selection has been accomplished. In practice, we simply35) Hogness, T. R.; Lunn, E. ®hys. Re. 1925 26, 44—55.
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droplet sizes. The solid lines are quadratic fits to the data and are meant X (A)
only to show the general trends.
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Figure 5. Potential energy surfaces corresponding to a point positive charge
. . . interacting with (@) HCN, (b) HCCCN, (c) HC*CH, and (d) NO. In each

proximately 10% for droplets larger than 1400 atoms (including case, dotted (solid) lines represent regions of positive (negative) energy.
the atoms evaporated during pickup). For smaller droplets, we The dashed lines show the zero energy contour. The contour spacing is

rely on the extrapolation of the scaling laws, so that the mean 500 cn™.

droplet sizes are likely less well determined. ) ) ) . . o
There are several surprising aspects of the data in Figure 4these interactions can be either attractive or repulsive, it is

that are important to point out. First, the CTPs for HCCCN Possible that a He produced near the positive end of a

and HCCH are the same within the experimental uncertainty, Molecular dipole would be pushed away from the molecule,
while those of HCN are significantly lower. Clearly, the size rather than attracted to it, which would clearly reduce the CTP

of the molecule is not the dominant issue, given the CTP of for the molecule and might account for the observed trends.
HCCH is comparable to the CTP of the significantly “larger” Accordingly, we calculated the potential energy of a unit positive
HCCCN. Similarly, there is no obvious correlation between the POINt charge interacting with the molecules HCN, HCCCN,
relative CTPs and the polarity of the molecules, given that both HCCH, and NO at the MP2/6-311G** level of theory using
HCN and HCCCN have large dipole moments, while HCCH is the Molpro suite of program®. The resulting potential energy

nonpolar. The other surprising result is that a smooth extrapola- Surfaces are shown in Figure 5, where the center of mass of
tion of the data in Figure 4 to zero droplet size does not give each molecule has been placed at the origin of the Cartesian

CTPs of unity, as one would expect from the charge-hopping coordinate system. The spacing between the contours in these

mechanism discussed above. Indeed, these results are in contraBPtentials is 500 cm, illustrating that the corresponding
with earlier studies of the charge transfer to NO in heliim, mteractl_ons are q_ulte_ large. For_example, the potential for the
where the data did extrapolate to unity for small droplet sizes. HCN (Figure 5a) is highly repulsive (dotted contours) near the

The present results are particularly surprising given that gas-H atom, (the positive end of the molecular dipole) and the

phase afterglow studies indicate charge transfer fror tdea potential is strongly attractive (solid contours) near the N atom.
wide variety of molecules proceeds with gas kinetic cross When considering the effects of this potential on the charge-
sections? transfer mechanism, we note that the time between charge

In an attempt to explain the above data, we explored the “hops” is estimated to be only 20 #,which means that the
possibility that the presence of the dopant significantly affects dopant does not have time to reorient under the influence of
the charge-hopping process in the helium droplet. This seemsthis potential..Thus, Ff el_ectron impact ion_ization happens. to
reasonable given the strong interaction between the permanenproduce a helium cation in a repulsive portion of the potential,

electrostatic moments of the molecule and thé Elearge. Since for instance, near the H atom of HCN, the charge will experience
a repulsive interaction. Although there is no barrier on the

(36) Xr_iS(gE, M. J.; Trchk;, -GM Wi; Sch|egeJI, 2- %.;_S\;:useria,TG_.IE;d Robe,NIVI_. potential surface preventing the charge from taking a curved
Burant 3. Co Millam. 3. Mo lyengar. S 'S Tomas,, J- Barone, v Path around the molecule to the attractive region of the potential,
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; the number of charge hops required to do so will be greater,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, . . . . .

J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; thus increasing the likelihood that the charge will form aHe

Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, jon before reaching the dopant molecule. In essence, there is
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R,; “ . .
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.: Morokuma, K.; Voth, G. A an “excluded volume” in the droplet where newly formed helium
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, i

A Ciraing Mo Barkas, O Maliok. D K.: Rabuck A D cations are repelled from the dopant and thus are unable to
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G ;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,  (38) Werner, H. J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A.; Berning,

P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, Hampel, C.; Hetzer, G.; Korona, T.; Lindh, R.; Lloyd, A. W.; McNicholas,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03 S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.; Palmieri, P.;
Revision A.1; Gaussian, Inc.: Pittsburgh, PA, 2003. Pitzer, R.; Rauhut, G.; Schutz, M.; Schumann, U.; Stoll, H.; Stone, A. J.;

(37) Fehsenfeld, F. C.; Schmeltekopf, A. L.; Goldan, P. D.; Schiff, H. I; Tarroni, R.; Thorsteinsson, Molpro, version 2002.1; University College
Ferguson, E. EJ. Chem. Physl1966 44, 4087-4094. Cardiff Consultants Limited: Wales, UK, 2002.
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transfer charge to it. Such a mechanism would explain the fact
that the CTPs do not extrapolate to unity, given that this effect
persists to the very smallest droplets.

Further support for this charge-steering model is found upon
comparing the relative “excluded volumes” for the various
molecules in Figure 5. For example, although the potentials for
HCN and HCCCN are both repulsive at the H ends of the
molecules, the excluded volume is considerably smaller for
HCCCN. This is due to the relatively large polarizability of
HCCCN perpendicular to the molecular éRisompared to that
of HCN 39 The fact that the excluded volume for HCCCN is
smaller than that for HCN is consistent with the observation
that the CTP for HCCCN is larger than that for HCN at all
droplet sizes.

As noted above, previous studies of charge transfer to NO in
helium!® suggested that the CTP approaches unity in the limit
of zero droplet size. This is also consistent with the above
picture, given that the associated chargelecule interaction
potential is attractive at all angles for NO (Figure 5d). Finally,
the potential for HCCH (Figure 5c¢) reflects the fact that this

Lewis et al.
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Figure 6. Charge-transfer simulations for monodispersed droplets, allowing
6, 9, and 12 hops before Heformation. In (a) the ior-dopant potential

is turned off and the ion-droplet potential guides the charge toward the
dopant, located at the center of the droplet. In (b) the-idopant potential

for HCN is included and the effects of the excluded volume are evident
(see text).

system is nonpolar but has a significant quadrupole modfent. Pecause of the helium solvent, w_hich puIIs_the charge toward
Although it is not immediately apparent from inspection of the the drople‘; center. In the previous studies of Janda and
potentials in Figure 5, a quantitative analysis reveals that HCCH C0-workers® with argon as the dopant, the charge-hopping

and HCCCN have approximately the same excluded volume, Process was directed by weighting a hop in a randomly chosen

in agreement with the fact that the experimentally determined
CTPs for these two molecules are the same.

We now consider the steps required to turn the qualitative
comparisons given above into a quantitative analysis of the
experimental and theoretical results. To obtain a quantitative
estimate of the excluded volumes for these systems, we used
Monte Carlo procedure to model the motion of the charge inside
the droplet. Seong and co-work&thave developed a quantum
mechanical description of the charge migration process in which
the charge is described by a wave packet, initially localized on
a single helium atom, which then propagates through the droplet
(possibly delocalizing over several helium atoms) until either
He, " or the molecular ion is formed. Since the short-time motion
of a wave packet in a potential is often quite similar to the
trajectory of a classical particle on the potentialye can use
a classical approach to approximate the motion of the charge.
We begin by placing a dopant molecule at the center of a droplet

of a given size. The droplet is assumed to be spherical and a

cavity of the correct size is provided to accommodate the
molecule, on the basis of the results of Whaley and co-wofKers.

A positive charge is then placed on a randomly chosen helium
atom and allowed to hop from one helium atom to another, with
the direction of each hop determined by the gradient of the
potential at that point. This potential includes the interaction

between the ion and the helium solvent, calculated using the
results of Lehmanf® as well as the iordopant potential

discussed above. The latter interactions dominate when the

charge is close to the dopant molecule, while charges near th
surface of a large droplet experience a significant interaction

(39) Fowler, P. W.; Diercksen, G. H. Ehem. Phys. Lett199Q 167, 105~
110

(40) Seong, J.; Janda, K. C.; Halberstadt, N.; Spiegelmand, Ehem. Phys.
1998 109 10873-10884.

(41) Brandt, S.; Dahmen, H. Drhe Picture Book of Quantum Mechanics
Springer-Verlag: New York, 2001.

(42) Patel, M. V.; Viel, A.; Paesani, F.; Huang, P.; Whaley, K.JB.Chem.
Phys.2002 118 5011-5027.

(43) Lehmann, K. K.; Northby, J. AMol. Phys.1999 97, 639-644.
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direction by the charge-induced dipole interaction of the He

Ar potential and the effects of the helium solvent. In the present
case, where the ierdopant interactions are much stronger
because of the large dipole or quadrupole moments of the
molecular dopants, this weighting factor is overwhelmingly in

Ojlavor of the charge moving directly along the path leading

downhill on the overall potential surface. Although test runs
with a Boltzmann weighting factor were carried out, the results
were indistinguishable from those obtained from this direct
hopping mechanism. As a result, all of the results presented
here were obtained using the latter approach. The motion of
the charge continues until the charge either reaches the dopant
molecule, at which point charge transfer is assumed to occur,
or a specified number of “hops” is exceeded, in which case it
is assumed that a lHeion is formed and desolvatéf Several
thousand simulations were run for a range of droplet sizes, to
ensure convergence of the calculation of the average CTP. The
assumption that the dopant molecule is at the center of the
droplet was tested using simulations based upon a radial
distribution function from Lehmarffiand did not significantly
affect the results. The length of a H8pwas fixed at 3.1 A,
although it is really only the product of this length and the
number of hops that is significant, reflecting the lifetime of the
He" charge in the droplet.

Figure 6a shows a series of CTP calculations (for different
numbers of allowed hops) versus droplet size, where the
charge-dopant interaction has been switched off and the ion
moves directly toward the center of the droplet (namely, toward
the dopant molecule) under the influence of the solvent
potential*® In this case, all of the curves approach unity at zero
droplet size, as one would expect from a purely attractive
potential. In fact, the charge-transfer probability remains unity
(as the droplet size increases) until the radius of the droplet is
greater than the average hopping range of the ibe, at which
point the CTP decreases smoothly. In the limit of an infinite

(44) Lehmann, K. KMol. Phys.1999 97, 645-666.
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1.0 will pickup a single molecule, a process well-described by
0.94 + HCCCN Poissonian _s_tgtistidsThe distribution is alsp weighted _according
2 081" & HON to the sensitivity of mass spectrometer signal to various droplet
E P A® 1313 sizes. As noted above, the optically selected mass spectra
g 0740 a® e H'C'CH o S :
S o, correspond to the reduction in droplet ionization cross section
QE 061 4 ‘: because of the laser-induced evaporation of helium atoms
‘% 0.5 ”D y (approximately 600 atoms) from the droplet. Using the results
E 0.4 RN from a previous investigatiétiwhich show that the ionization
8 0.3 o_ * cross section scales &B/3, we can quantitatively account for
g ool DE\DD“““‘ the reduction. We also accounted for the fact that OSMS spectra
o 0.1 ”DDDDDDQ:SN““““ are less sensitive to droplets with fewer than 600 helium atoms,
’ “PonacancoAfeses, namely, fewer atoms than typically evaporated by the laser.
0.0 0 5000 10000 15000 20000 Since all of these effects are well understood, the corresponding

Droplet Size (Helium Atoms) correction factors do not introduce any adjustable parameters

. . to the model.
Figure 7. Charge-transfer simulations for HCN, HCCCN, antf€&+*CH Finall . inf d studi f HC!9.HCCH26 and
as a function of the droplet size. In each case, the number of hops is fixed Inally, previous inirared studies o ’ - an

at nine. In agreement with the experimental data, the CTP curves for HCCCN from our group have shown that the corresponding
HCCCN and H3C!3CH are almost coincident, while HCN is significantly spectra broaden as the droplet size decreases. This inhomoge-
lower. neous broadening influences the efficiency with which the
molecules can be pumped by a laser, given that the laser
bandwidth is considerably narrower than the inhomogeneous
line width of the solvated molecules. This effect is only
important for the very smallest droplets and is well characterized
from our previous studies. A correction factor was included to
account for this effect. Once again, there are no adjustable
parameters in any of these weighting factors, since they are all
well determined from previous experimental studies. Finally,

- . ) there are really two contributions to the OSMS signals observed
sufficiently repulsive part of the potential to prevent the charge here. The main contribution is from the laser-induced decrease

from reaching the HCN molecule. In addition, the plateaus seen;, the ionization cross section of the droplets, resulting from

in F?gﬁre 6ahare miszinﬁ, since thefcr;]argdes nlo longer move_inthe evaporation of several hundred helium atoms. A smaller
sr:ra|g t pa(; S toward the cer?;[jelr Oht N hrop”ets. dOnce zga'n];effect is the corresponding increase in the CTP to the molecule,
the CTPs decrease more rapidly when the allowed number of o5 156 the droplets are now slightly smaller. The latter effect

hop_s is small. is completely absent in the smallest droplets, which completely
Figure 7 shows CTPs calculated for the three molecules g\ an0rate upon laser excitation, and is small for the larger

considered here, on the basis of the ab initio potentials given droplets, although it can result in a slight change in the slope
in Figure 5. In these cases, the number of hops is fixed at nine ¢ the lines in Figure 4. As a result, the number of hops

and the droplets are assumed to be monodispersed. As antiCiyetermined from the fit to the data should be considered a lower
pated above, the calculated CTPs are nearly coincident for it (which is not too severe a problem, given the difficulties
HCC_CN_ gnd HCCH, while _thc_a corre_spc_mdlng results for_ HCN  associated with the quantitative physical interpretation of this
are significantly lower, again in qualitative agreement with the quantity, as discussed below).

experimental observations. It is also evident from Figure 7 that A single parameter is left to fit the calculated CTPs to the
the slopes of the curves for the three molecules are r_ath_er S'm'lfar’experimental results, namely, the number of allowed hops.
at least fo_rdr_oplets smaller th_an 10 000 aFoms, which is also in Figure 8 shows a comparison between the experiment and
gooq qualitative agreement wnh the expenmer_ltal results Showntheory, on the basis of nine hops in each case. The agreement
in Figure 4. Once again, we wish to emphasize that although ig excellent, giving support to the mechanism discussed above.
the migration of the charge inside the droplet is a quantum g interesting to compare our estimate of the number of hops

mechanical process, the two most important aspects of thefq, the systems studied here with the previous estimates for neon,
migration on the associated potential energy surfaces (that SOME&,rg0n, and xenon, which are in the range of three to four. Once

regions of the potential are _repul_sive to the charge and_that theagain, the hop number is our way of quantifying the time the
charge can only move a limited distance beforg Hermation He'" has to find the molecule before it spontaneously forms
occurs) are represented in our classical approximation. He,". Nevertheless, the implication seems to be that the He
To make quantitative comparisons between the experimental ;o\ es further when the ierdopant interaction is stronger. This
and theoretical results, it is necessary to average the curveSyakes some sense given that the rate of hopping (the ion
shown in Figure 7 over a I_og-norma_l distribution of droplet sizes. velocity) is likely to be greater in a strongly interacting system.
Although the effects of this averaging are rather weak for small |, the wave packet description mentioned ab#vejis would

droplets, they are relatively more important with increasing  correspond to acceleration of the wave packet as it moves toward
droplet size, since the width of the distributions varies as |gwer energy areas of the potential.

(IN[y¥2.2% Given that the OSMS data corresponds to droplets — : :
containing a single dopant molecule, we must also weight the (45) Nauta, K. Thesis, University of North Carolina at Chapel Hill, 2000.

X o X . (46) Merritt, J. M.; Douberly, G. E.; Miller, R. EJ. Chem. Phys2004 121,
results according to the probability that a particular droplet size 1309-1316.

number of allowed hops, the CTP would remain unity for all
droplet sizes, indicative of the fact that under these circum-
stances, the charge would eventually find the molecule.
Figure 6b shows a second set of simulations, with the-ion
molecule potential (in this case for HCN) included. At zero
droplet size, the curves converge to 0.76, indicative of the
excluded volume imposed by the iedopant interaction. The
implication is that 24% of the droplet volume lies in a
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1.0 - As expected from the fact that NO does not have an excluded
4 HCCCN exp. HCCCN model volume, the calculated and experimental results extrapolate to

o HCNexp. == -HCNmodel unity at small droplet sizes
e H"”C”CH exp.- - - - H’C"”CH model y P '

e
o
1

Conclusion

<o
N
1

We have measured the charge-transfer probabilities between
He™ and a series of molecular dopants, solvated in helium
nanodroplets. The results are rather directly extracted from the
"%‘ -~ - experimental data obtained using a new form of optically

%' 7 selected mass spectrometry (OSMS) to separate out the various
contributions to the overall helium nanodroplet mass spectrum.
This method combines high-resolution infrared laser spectros-
copy with helium droplet mass spectrometry and provides a
means of obtaining data that is free from the effects of droplet

Mean Droplet Size (Helium Droplets) contamination. This data shows that the charge-transfer prob-
Figure 8. A plot showing the comparison between the experimental data gpilities depend on the identity of the dopant molecule and are

and results of model calculations, which take into account the distribution . . . . . .
of droplet sizes (see text). In the model, the only adjustable parameter Wasexplalned by a model in which the migrating charge is steered

the number of allowed hops. Nine hops is found to give the best agreementPy the ion-dopant potential. While a Heion produced by
with the experimental data. electron impact near the negative end of a molecular dipole will

be directly attracted to the molecule and thus have a large
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1o probability for charge transfer, ions formed near the positive
end of the molecule will be repelled and thus are more likely

£ 0.8+ to form a Hg™ ion. Similar behavior is observed in the case of
5 acetylene, where the charge steering is now the result of the
€ 0.6 ion—quadrupole interaction.
E The results presented above give further insights into the
£ 0.4 nature of the charge migration in helium nanodroplets. The ab
= initio potential surfaces presented here provide a quantitative
gﬂ 0.2- description of the charge-transfer process. This charge steering
S is particularly interesting in view of previous studies that have

00 shown that the fragmentation of peptiéfesind other large

0 5000 10000 15000 organic moleculé§4%is dependent upon the initial site where
ionization occurs. Thus, even though electron impact ionization
Fioure 9. A plot showing a comparison between the experimental results is normally considered one of the least sophisticated ionization
oégjlandé anc? co-workélgsfor NOF;n helium and the resuIFt)s of the model metths, when combined with the helium nanOd,rOple_tS tech-
calculations presented here. In this case, the curves extrapolate to zero sinc@ique, it can afford unusual control over the way in which the
the ion-NO potential is attractive at all angles, so that the excluded volume charge is delivered to the molecule. It is interesting to consider
is zero in this case (see text). the study of different isomers of a given system that have quite

Using the ior-dopant potential calculated here for NO, we different dipole (or higher electrostatic) moments, which could
have also carried out a reanalysis of the corresponding data ofoe used to steer the charge to different sites on the molecule,
Janda and co-worket8.Their original analysis of these data thus modifying the corresponding fragmentation pattern. Such
was based on a model that was later shown to overestimate theéd Scheme could be useful in obtaining isomer selective mass
number of hop45 namely, 70. The fitted curve shown in Figure ~Spectra for such systems. In addition, helium nanodroplets can
9, along with the experimental data for N®was obtained using ~ be used to assemble a variety of interesting complées,
the same method as described above, with the exception thaproviding us the exciting prospect of manipulating the ionization
the droplet size distribution was weighted solely by the total Site by controlling the direction of the electrostatic moments of
ionization cross section of the dropfétgiven that this data  the complex, for example, steering the charge to a particular
was taken from the full mass spectrum rather than the infrared functional group of the molecule. In fact, these effects are now
selected results presented above. This best fit yields seven hopy€eing considered as mechanisms for explaining the anomalous
intermediate between the value obtained from the HCN, enhancement of one of the fragmentation channels of tri-
HCCCN, and HCCH data and those reported previously for the phenylmethanol in helium nanodroplé®sFurther studies on
rare gases. This is completely reasonable given the relativemore complex molecules will be needed to explore the full
magnitudes of the iondopant interactions in all of these cases. potential of this approach.

Mean Droplet Size (Helium Atoms)
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