Charge transfer within He clusters
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Mass spectrometric measurements of clusters contaltinglium atoms and an NO molecule yield
probabilities for charge transfer from Heto NO that range from 0:80.1 for (N)=540 to
0.02+0.02 for{N)= 15 000. From this we estimate that the'Heole hops approximately 70 times
before localization at a Hecore. © 1996 American Institute of Physics.
[S0021-960606)03341-1

Recently, several research groups have begun to studyass spectruri.The conclusions of Toenniest al. can be
the properties of liquid He clusters as a “solvent” for atoms summarized by a set of “rules” for the ionization process.
and molecule$ 12 There are several important motivations (1) The first step in the ionization process can be best char-
for this work. Since He clusters remain liquidlike down to acterized as ionization of an individual He atom, probably
their steady state temperature of 0.4%Khey provide a near the surface of the clustef2) On time scales of
unique environment for studying chemical processes. Al=10 '? s the hole created by the initial ionization event
though helium clusters provide the least perturbative condiffuses throughout the cluster by resonant hole migration
densed phase environment in the chemical sense, the lountil it localizes, either on the dopant molecule, or by self-
temperature and rapid relaxation dynamics, or high thermakapping on a Hg core? (3) The energy released by the
conductivity, of liquid He will have profound effects on the charge localization process serves to evaporate most or all of
types of processes that can be observed. For instance, it hie He atoms(4) If more than one dopant molecule is de-
recently been shown that weakly bonded states of alkalposited into the cluster, the attractive forces between the two
dimers and trimers can be stabilized on the surface of a Hdopant molecules causes them to coagulate on a time scale of
cluster for spectroscopic investigatidrit has also been ~10°s, and usually the subcluster that is formed will sur-
shown that SE molecules inside liquid He clusters can be vive ionization. If these rules apply to most clusters that are
studied by high resolution infrared spectroscbpyand that  studied, then mass spectrometry would prove to be far more
the spectra reveal surprising rotational dynamics within thauseful for characterizing He clusters than it has been for
cluster! The environment in a large helium cluster also hasother types of clusters because the fragmentation patterns
profound effects on fragmentation patterns upon ionizationwould be easy to understand.
For instance, ionization of $Hn a helium cluster results in In this communication we report mass spectrometric
considerable intensity at the parent ion peak, which is comstudies of NO doped large He clusters. The data yields the
pletely absent for ionization of $Fn the gas phaseln a  probability of charge transfer from a Fleion to the NO
series of seminal papets?'®! Toennies and co-workers dopant molecule versus the probability of charge localization
have examined the scattering of atoms and molecules fromn a Hg moiety. The charge transfer probability is
liguid He clusters and the mass spectrometry of liquid He0.8+0.1 for clusters with(N)=540 He atoms and one NO
clusters containing one or more “dopant” atoms or mol- molecule, and drops to 0.820.02 for clusters with
ecules. Among the many interesting results presented i{N)=15000 He atoms.({(N) is the mean number of He
these papers is clear evidence that the sequential “pick-upatoms for the cluster distributionWe also measure the
technique can be used to “coagulate” small subclusters otharge transfer probability for clusters that contain two or
arbitrary composition within the liquid He clust@r. more NO molecules, and find that the values are somewhat

Studies of helium clusters will have the problem com-larger than for clusters that contain a single NO molecule.
mon to most cluster studies that no specific cluster composiFinally, we measure the probability th@dO), species frag-
tion can be isolated from the cluster distribution. To fully ment upon ionization by charge transfer and find that frag-
take advantage of this enticing low temperature phenommentation is small for théN) =15 000 clusters, but high for
enon, it would be very helpful to develop reliable techniquesthe smaller clusters.
for the analysis of cluster composition. As might be ex-  The apparatus on which these experiments are per-
pected, electron impact ionization of He clusters leads tdormed employs a He cluster source similar to that developed
extensive fragmentation. For clusters that contaif-10* by the group of Scole$%.2 Our pick-up region is about 10 cm
He atoms, the most intense mass peak observed js. He long placed behind the skimmer, and we use a quadrupole
Mass peaks of higher oligomers fall gradually in intensitymass spectrometer employing an ionization electron energy
with peaks up to about Hg having significantly intensity. of 65 eV. The size of the He clusters was varied by control-
However, Toennies and colleagues have found that if the Héng the temperature of the nozzle while maintaining a con-
cluster contains a dopant atom or molecule, the parent ion aftant backing pressure of 20 bar. This allows us to use pre-
the dopant usually becomes the most intense peak in thdously published data to estimate the cluster size
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FIG. 1. The intensities ofi/e=8, 30, 60, 90, and 120 amu, which are due FIG. 2. Data similar to that of Fig. 1, but for an initial cluster distribution
to He} , NO*, (NO); , (NO): , and(NO); , respectively, versus NO pres- with mean size of 5500 He atom${= 14.7 K, P,=20 bay. In this case the

sure in the pick-up region for beam conditions that yield a mean initial Magnitude of the slope for the blepeak is considerably larger than in Fig.
cluster size of 15000 He atom34=11.0 K, P,=20 baj. That the initial 1, even though the smaller clusters will have fewer collisions with NO at a

eglven NO pressure. This indicates that charge transfer probability from
He' to NO for these clusters is considerably higher than for the larger
clusters of Fig. 1. Simulations are consistent with a charge transfer prob-
ability of 0.15+0.05. The lines through the data points are the results of
such a simulation. Note also, the relative intensity(WD); compared to
NO* is much smaller for these clusters than for the larger clusters of Fig. 1.
distribution for a given nozzle temperatdfeThe NO pres- This is clear evidence that significant fragmentation occurs upon charge
sure in the pick-up region is controlled with a leak valve andtansfer to(NO); species.
measured with an ionization gauge. Figure 1 shows the in-
tensity of severain/e peaks as a function of the NO pressure of the three species are similar for the)=15 000 clusters
in the pick-up region for He clusters witfN)=15000 at- (Fig. 1). This shows that the fragmentation patterns of the
oms. The Hg ion intensity,m/e=8, is representative of the NO cluster ions are quite different for the two He cluster
flux of large He clusters that ionize without charge transfer tosizes.
NO. The NO', (NO); , (NO);, and (NO), ions are de- In order to make more quantitative estimates for the
tected by monitoring peaks at/e= 30, 60, 90, and 120, and charge transfer and fragmentation probabilities as a function
their intensities reveal the extent of both charge transfer andf cluster size, the data were compared to simulations. The
fragmentation of the cluster. simulations consist of two parts. First, the pick-up of NO
As expected, the NO intensity grows rapidly with in- molecules as a function of NO pressure in the pick-up region
creasing NO pressure in the pick-up cédke Fig. 1L The is simulated. Second, the fragmentation upon ionization is
NO™ intensity reaches a maximum and starts to decrease f@imulated. The following assumptions are employ@d The
NO pressures abovex310 ° Torr due to the fact that clus- probability that an NO molecule is picked up is proportional
ters are picking up multiple NO molecules. Above this pres-to N¥ whereN is the number of He atoms in the clusté)
sure, all clusters contain at least one NO molecule and thBor each NO molecule that is picked up, 160 He atoms are
typical cluster contains not only one, but several NO mol-evaporated to dissipate the kinetic and potential energy in-
ecules, yet the He intensity has only slightly decreased. volved in the Hg—NO interactions, and 100 He atoms are
This is an unambiguous indication that the probability ofevaporated to dissipate the energy of coagulation of NO with
charge transfer from Heto NO is small. If the hole could another NO. These evaporation processes are assumed to oc-
migrate throughout the cluster prior to self trapping then thecur very quickly on the time scale of translation of the cluster
charge would always transfer to the dopant and ng Rass  through the pick-up cell(3) The ionization cross section of
peak would be observed. Figure 2 shows similar data but fothe cluster is assumed to be proportionalN®®. For each
clusters with(N)=5500 He atoms. In this case the He cluster size, the charge transfer probabilitigs, from He"
intensity decreases more quickly relative to the increaséo (NO), are employed as a set of variable paramet@ts.
in the NO" intensity. This shows that the probability of For each subcluster sizé)NO),,, a set of coefficients was
charge transfer from Heto NO is larger for the smaller used to give the fraction of clusters that fragmented to give
clusters. Also, notice that the peak intensities for theparticular daughter ions. For each simulation, the beam is
(NO)2+ and(NO)3+ ions are much less than that of NGor initially assumed to consist of helium clusters with the mean
the (N)=5500 clustergFig. 2), whereas the peak intensities cluster size for the nozzle temperature used to acquire that

(positive) slope of the NO pressure dependence is much larger than th
initial (negative slope of the Hg pressure dependence indicates that charge
transfer from Hé to NO is inefficient. Simulations of the data give a value
for the charge transfer probability of 0.82.02.
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TABLE |. Fractional charge transfer and fragmentation vs cluster size.
(N) is the mean number of He atoms in the cluster after one NO moleculg]
is picked up,p, is the fractional charge transfer from Heo NO for a

cluster that contains one NO molecufs, is the fractional charge transfer T=180K
from He' to NO or (NO), for clusters that contain two NO moleculédsis
the probability thatNO), fragments upon ionization. The numbers in pa- / <N> = 540
rentheses correspond to the uncertainty in the least significant digits.
Source
temp. (K) (N) P1 P2 f

11.0 15 000 0.02) 0.032) <01 T=165K

14.7 5300 0.16) 0.285) 0.85 <N> = 1840

16.5 1840 0.3@) 0.487) ~1.0

18.0 540 0.81) 0.91) ~1.0 B T

set of data. The ability of the simulations to reproduce the T=147K
observed data is shown in Fig. 2. The fits are equally good <N> = 5300
for the other three nozzle temperatures for which simulationg
were performed.

Table | lists the values obtained for the fractional charge T=11.0K
transfer as a function of the He cluster size for four mean <N> = 15,000
cluster sizes(We use the mean cluster size for clusters after \

a single NO molecule has been picked)ufhe values drop
from p;=0.8+0.1 for (N)=540 to p;=0.02+0.02 for |
(N)=15 000. The error bars are obtained by visually judging™! ' y
what range of parameters give a sufficiently good fit to the () 5000 10000 15000
data. The estimate for the mean cluster size is obtained by
comparing our source conditions to those of Lewerehz FIG. 3. Estimated size distributions for the three source temperatures em-
al.,'* who measured the cluster size distribution as a functiomloyed in this studyT,=11.0, 14.7, 16.6, and 18.0 K.
of source conditions, and subtracting 160 He atoms to com-
pensate for the energy that must be dissipated when an N@b6 000, respectively. Except for the largest clusters, the
molecule is trapped. Table | also gives an estimatepfor ~ value obtained foN is roughly constant, giving this model
the fraction of charge transfer from Heto NO when the some credibility. The simplest interpretation is that the mi-
cluster contains two NO molecules. Th®, values are (grating hole travels a characteristic distance prior to self-
mainly determined by the shape of the Himtensity curve trapping, and if the path passes within a nearest neighbor of
as a function of the NO pressure in the pick-up cell. Thethe NO molecule, the charge is transferr@dere we assume
pressure dependence of tdO), peak is more sensitive to that the NO molecules are randomly distributed within the
the fragmentation parameters. cluster'?1% We expect that charge transfer is only possible
It is very interesting how quickly the probability of to NO molecules that are nearest neighbors to &,Hend
charge transfer from Heto NO drops with increasing mean therefore we assume a cross section of seven helium atoms
He cluster size. The drop in the charge transfer probabilitie$or the cylindrical volume swept out by the migrating charge.
with cluster size would be even faster for size selected clusAn Ng value of 500 then roughly corresponds to a cylinder
ters beams. In Fig. 3 we plot estimates for the initial sizelength of 70 hops before localization to He This is far
distributions for each of our four nozzle temperatures basetewer hops than estimated by ToenreBor the smaller
on the results of Toennies and co-work¥&t&ven though the clusters we would expect that the typical site is visited more
present measurements only involve four different size distrioften than for larger clusters, and this is consistent with the
butions, and therefore do not allow for a deconvolution offact that the calculatetil, value increases slightly in going
the charge transfer probability versus cluster size, it is stilfrom (N)=540 to(N)=5300. However, the smal, value
tempting to speculate on what the function might be. Al-obtained for the/N)=15 000 clusters is difficult to explain
though there is a significant literature for charge migration inwith this model.
condensed rare gas methizhere is still considerable room Another conclusion that can be drawn from the data is
for speculation regarding the special case of He clusters. that the charge transfer probabilipy is larger tharp,. That
Given the rapid drop in the charge transfer probabilityis the charge transfer from Fieo NO is more likely to occur
with increasing cluster size, we test a model in which chargéf there are two NO molecules in the cluster rather than one.
transfer probability is unity for clusters wit, or fewer He  (Although the error bars for these two numbers overlap, they
atoms, and the charge transfer probabilitiNig/N for larger  are correlated in such a way that the error for the difference
clusters. We then solve fdd, for each of the four cluster is less than the sum of the two error barkhis trend con-
distributions and obtain values of 48000, 500-100, tinues as the number of NO molecules in the cluster in-
550+ 150, and 208200 for (N)=540, 1840, 5300, and creases. In the next paragraph we conclude that multiple NO
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molecules inside a cluster completely coagulate, so this insimulations of a larger fraction of the available data will be
crease in charge transfer probability shows that the distanceery time consuming because of the number of parameters
over which charge transfer occurs is at least slightly largethat must be included. Also, the next stage of simulations
for (NO), as an acceptor than for NO as an acceptor. should include the distribution of cluster sizes in the beam.

The fragmentation probabilities fdNO), upon ioniza- Our experience with this initial study makes us optimistic
tion for the four cluster sizes are also reported in Table | andhat extensions of this type of work will determine the charge
show an interesting dependence on cluster size. For the largransfer and fragmentation mechanisms in He clusters in con-
est clusters studiedN)=15 000, the fragmentation prob- siderable detail.
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