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A study has been made of the ion chemistry of a series of small molecules that have been embedded in
helium nanodroplets. In most instances, the molecul&3, I$Q, CO,, CH;OH, GHsOH, GH;OH, CHsF,

and CHCI have been allowed to form clusters, and reactivity within these has been initiated through electron
impact ionization. For two of the molecules studied,Clr and CFl, reactivity is believed to originate from

single molecules embedded in the droplets. Electron impact on the droplets is thought to first create a helium
ion, and formation of molecular ions is then assumed to proceed via a charge hopping mechanism that
propagates though the droplet and terminates with charge-transfer to a molecule or cluster. The chemistry
exhibited by many of the cluster ions and at least one of the single molecular ions is very different from that
observed for the same species in isolation. In most cases, reactivity appears to be dominated by high-energy

bond breaking processes as opposed to, in the case of the clustens\dtatule reactions. Overall, charge-
transfer from He does not appear to be a “soft” ionization mechanism.

1. Introduction patterns of isolated ions and those observed when the same ions

. . . . . were attached to argon clusters.
Helium nanodroplets provide a unique medium where mi-

crosolvation effects on embedded atoms and molecules can be Thr? |o_n|zago? of h;l{un?)nanodroplt_att)ls a?d tthhe charge-transferf
studied at very low temperatures and in the presence of ame;: afl“s”_‘ elheve bo ed_responsg 'edo: i E a_lp_)peargnce od
quantum fluid? It is also an environment in which a certain molecular 1ons have been diSCUssed In detall by 10ennies an

" 6,17 19 i i i
degree of control is available over the growth of nanodroplets co-workers®7and by Janda et &k® lonization is assumed to

and the number of embedded species. With careful choices ofbe initiated via electron impact on a si_ngle He atom at or near
source and of dopant pressure it is possible to control the growth'_[he surface of a nanodroplet. The positive _charge the_n delo_cal-
of molecular clusters from monomers to small aggregates. This izes by a process of resonant charge hopping to terminate either

offers an opportunity to study the size evolution of molecular &S H&", when the ionized atom combines with a neutral atom,
behavior. or as a molecular ion, when Hecollides with a molecule,

To date there have been relatively few studies undertaken oftheery leading to charge-transfer. Any excess energy then

: : : - _evapor he remaining helium atom leav re molecular
the fragmentation processes induced in molecules and in EVapo ates the remaining helium atoms to leave a bare molecula

20 i T~
molecular clusters as a result of ionization following containment lon“1t Wou_ld appear that large molecu_lar ons have sufficient
within a helium nanodroplet environmeht? Of those studies hgat cr_:lpauty t_o evqpqrate all the hgllum atoms, pUt smaller
that have been undertaken. most have been on the ionizationd'atom'c and triatomic ions often retain several helium atoms
and the fragmentation of single embedded molecules. Coupled"’mOI appear n ma_ss §pe_ctra aél-ﬂg\,. _
with the prospect of charge-transfer operating as a “soft” Studies of the ionization energies of helium nanodroplets
ionization process, the nanodroplet environment holds the doped with SE** and argon clustef$show that the threshold
promise of offering a new approach to the study of-ion for this process is 24.6 eV, which is consistent with the energy
molecule dynamics at very low temperatures. Earlier experi- 'équired for the production of He The charge hopping process
ments of a similar nature focused on the chemistry of molecular i influenced by the electrostatic potential within the doped
ions in association with smalk(200 atoms) argon clustel&:15 cluster, and the positive charge is expected to move toward the
From studies of the fragmentation patterns of a wide range of center, with approximately 10 transfers occurring before the
molecular ions, the following conclusions were drawn: (i) most formation of either Hg" or a molecular iort? It can be seen
ions appeared to reside on or close to the surface of a clusterihat, while the ionization cross-section of a droplet may increase
(ii) in larger clusters, molecules were ionized via a sequence of V\{'th size, the charge hopping mechanlsm appears to restrict the
charge-transfer processes initiated from an argon ion that wasdistance a charge can move before it becomes localized.
generated by electron impact; (iii) those reactions that were Therefore, as the nanodroplets increase in size, the probability
observed occurred on a time scale<df02%s. Slower processes ~ Of a dopant molecule becoming ionized may reach a max-
were suppressed by competition from argon atom evaporation,imum, after which it could begin to decline. Helium is lost
which served to remove energy from the cluster; (iv) the charge- from nanodroplets either after the production of ;He

transfer mechanism did not result in soft ionization. Overall, Which releases 2.35 eV of energy, or when the ionization of a
there were marked differences between the fragmenta’[ion molecule releases the difference between the two ionization

energies as potential energy, which is an event that can
T Part of the “Roger E. Miller Memorial Issue”. _boil off many thousands of atoms to leave a bare molecular
* E-mail: anthony.stace@nottingham.ac.uk. on.

10.1021/jp0713965 CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/22/2007



7482 J. Phys. Chem. A, Vol. 111, No. 31, 2007 Boatwright et al.

Experiments have showhthat the production of He is 100
independent of cluster size, which would not be entirely 1 HO
consistent with a mechanism that proposes evaporative release
of a bare ion. Other explanations for the production of small
ion fragment&® involve the fission of a cluster into two or more
fragments with one retaining the charge or the ejection of an
ion core directly out from a helium nanodroplet. In this theory,
a hot layer is formed that separates the ion fragment and allows
it to leave before the dissipation of excess energy by evaporation.
Farnik and Toenniésproduced supporting evidence for this
mechanism where, following the breaking of chemical bonds, 20 U

60+

[arb.units]

N,/CO

40 4

ensity

Int

small fission products, such as gHand D", were observed
with helium atoms attached. The same group also observed that |
for a number of small dopant molecules, such as Xe, N£Q,N o200 w0 o s 10
SO, and CQ, both the bare ions and those with helium atoms m/z
attached could be detected. Figure 1. Mass spectrum of background gas at a pressure ok4.2
Complications in the interpretation of molecular and cluster 1076 mbar. The mass spectrum was recorded under typical operation
ion fragment patterns arise because the number of embeddedonditions for the experiment but with the droplet beam deflected away
molecules varies according to the size (collision cross-section) from the mass spectrometer.
of the helium droplet? and because the beams are not ) ] o
monodispersed, a distribution consisting of empty, singly, and function of time. The doped nanodroplets were ionized by
multiply doped nanodroplets will be present in any experiment. €lectron impact ionization, with the quadrupole typically oper-
It has been reported by several groups that changes in ionated at electron energies of 70 eV, which permitted direct
fragmentation patterns show a clear influence through associa-comparison with analogous gas-phase studies. Although no
tion W|th nanodropleﬁﬂ and processes SUCh as Ca@?ﬂgnd dll’ect meaSUI’ementof the dl’0p|e'[ Size dIS'[I“Ibu'[IOI‘l haS been
the formation of a solvation layer surrounding a molecule can Made in these experiments, it is assumed that it follows a log-
affect behavior. It has also been suggested that the chargehormal distribution as measured by Toennies & ahd that,
hopping process leading to ionization may depend on the naturethrough scaling relationships, an average nanodroplet size can
of the solvated speciés. be cqlculated as a function of no_zzlg digmeter, temperature, and
In the work reported here we have examined the fragmenta- bagkmg pressure. The number distribution of molgcules capturgd
tion patterns of a number of single molecular ions and ijon during the passage of a droplet though the pickup region is
clusters trapped in helium nanodroplets. The ion clusters have@SSumed to obey Poisson statistics.
all been the subject of earlier studies as isolated species, and FOr €ach molecule, mass spectra were recorded over a range
the purpose here is to identify and characterize changes inof pickup cell pressures. To process the data, fqur mass spgctra
behavior that may occur as a result of ionization being initiated Were separately recorded at each of the following steps: (i) a
in a helium nanodroplet. In addition, two single molecule Puré droplet beam spectrum, (i) a mass spectrum of the
systems have been studied; in the first system the precursor iorPackground gas with the helium droplet beam turned away from
is unstable when generated in the gas phase, and in the seconH'® axis of the experiment, (i) a doped nanodroplet mass
system, association with helium appears to have a profoundSPectrum, and (iv) a background mass spectrum but recorded
effect on the fragmentation pattern. Several of the alcohols &t the same cell pressure as (ii). An example of the latter is
discussed here have been the subject of two earlier studies irShown in Figure 1. ) _
helium nanodroplets by Yang et&.However, the techniques Subtracting (ii) from (i) removes the ambient background,
used in this study to process the raw data reveal new featuregVhich consists mainly of kO, Nz, and CQ; (iii) minus (iv)

associated with the behavior of these particular ion clusters when@moVves the interference from dopant molecules effusing from
trapped in helium. the pickup cell into the mass spectrometer. Finally, the difference

between these two subtracted mass spectra removes all of those
helium ion peaks not associated with the dopant molecule or
its fragmentation products. Figure 2 shows how effective the

A continuous beam of helium nanodroplets was produced by procedure is in projecting out water clusters formed in helium
the supersonic expansion of ultrapure helium (99.9999%) nanodroplets. What proved more difficult to eliminate was the
through a 5 mmorifice at an inlet pressure of 20 bar. The gas interference from clusters that included one or more of the above
was precooled te-12 K by a two-stage cryogenic system (ADP  identified background molecules. In particular, water and
Cryogenics Inc.), which resulted in an average droplet size of nitrogen were found to have features in several of the mass
~10* atoms. The beam was collimated by a 0.5 mm skimmer spectra; the former was observed because of its presence on
(Beam Dynamics) and entetea 9 cm long pickup cell the walls of the vacuum chamber, and the latter often entered
containing a gas-phase sample of the chemical of interest. Thethe system with the sample. Although degassing procedures were
dopant gas pressure was maintained via a continuous, controlledised, the pick-up processes have such a large cross-section that,
flow of vapor into the cell from an external containment vessel, at high cell pressures, small numbers of ions, including nitrogen
and molecules become embedded within the nanodroplets viaand the nitrogen dimer associated with one or two helium atoms,
collisions with the helium beam. appeared quite frequently.

The doped droplet beam was further collimatgdab2 mm Pressures were monitored using ion gauges sequentially
skimmer before entering the detection chamber, which housedpositioned throughout the experiment. No direct measure of the
a quadrupole mass spectrometer (ABB Extrel Inc.) capable of pickup cell pressure was available; however, it was possible to
sampling either the entire mass distribution over a specified deduce a (corrected) value via readings from an ion gauge
range or the intensity of a single ion at a specifiz as a situated close to the exit and corrections for gas conductance,

CO

2. Experimental Section
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Figure 2. Mass spectrum of water in helium nanodroplets at a
(corrected) pick-up cell pressure of 4:2 10°® mbar. The profile
matches that of a Poisson distribution, with the ion clusters@fkH™)
originating from a neutral distribution @@)y (M>N) ionized in the
helium nanodroplets.
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Figure 3. Mass spectrum recorded following electron impact ionization
of sulfur dioxide clusters in helium nanodroplets at a pick-up cell
pressure of 7.18 107® mbar.
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Figure 4. Mass spectrum recorded following the ionization of carbon
dioxide clusters in helium nanodroplets at a pick-up cell pressure of
6.4 x 10°% mbar.

However, it is quite possible that the amount of energy that
ions receive from the latter process is less than that available
from photoionization with femtosecond laser pulses. Further
support for this suggestion is provided below.

In terms of the energy available to $Custers for ionization
and reactivity, the most appropriate comparison with other
experiments comes from the recent work of Dong &8 dlhey
used single photons with an energy of 26.5 eV to photoionize
SO, clusters, and the relative intensities they reffd(S8O)n™
> (SQ)NSO'] are very similar to those shown in Figure 3.
However, both are quite different from the results presented by
Knappenberger and Castlem#nyhose mass spectra show the
fragment ions to be more intense than the precursors. Again,
this observation would suggest that the energy available from
He" charge-transfer is less than that ions receive via femtosec-
ond photoionization.

Further comparisons can be made with the work of Dong et
al3 through their experiments on $0in association with
water. The presence of trace amounts @OHn the pick-up
zone (cell+ flight path) means that some $Cluster ions are
formed as (S@nH.O™. These can clearly be seemalz = 82,

pumping speed, and the throughput of material. It is assumed 146, and 210 in Figurg 3, and possible reaction produc+ts can
in all cases that immediately prior to ionization the ambient &lSO be |dent|f|Ed, the ion seen afz = 65+COUId be S+GH
temperature of the embedded species is equivalent to that of2nd that am/z = 66 could be either Sg1,™ or SORO™.

the helium droplet,~0.4 K27 With the exception of a few
studied®=30 where small fixed numbers of molecules are lost

3.2. Carbon Dioxide Clusters, (CQ)y. A typical mass
spectrum recorded from the presence of carbon dioxide mol-

from clusters of a particular size, it has been found that &cules trapped in helium nanodroplets is shown in Figure 4.
increasing the size of a cluster beyond the dimer does not 1€ Mostintense ion 'z = 44 is assigned to CO, with the

generally introduce new fragmentation pathways.

3. Results and Discussion

3.1. Sulfur Dioxide Clusters, (SQ)n. Figure 3 shows a

pick-up of additional molecules giving rise to cluster formation
and with an ion pattern represented by the series,)¢CCat
m/z = 88, 132, and 176 foN = 2, 3, and 4, respectively. In
previous studies of the chemistry of @Ocluster ions, the
fragment ions (C@nNO™, (CO)NO2T, and (CQ)\CO' have

cluster mass spectrum and the accompanying fragmentationappeared in the mass spectt@A comparison with Figure 4
products resulting from the ionization of helium nanodroplets shows only one of these to be present with any significant

doped with sulfur dioxide. The most intense ions appean/at
= 64, 128, and 192, and can be attributed t0,SASQy),™,

intensity, and that is (CENO2t for N = 1, 2, and 3. The
mechanism proposed by Romanowski and Wanézelaccount

and (SQ)s", respectively. There are some important differences for the appearance of (GO, fragmentations involves the
between what is shown in Figure 3 and in the photoionization following two-step ion molecule reaction:

mass spectra of SQ@lusters as reported by Knappenberger and

Castlemar#! Both S" and Q" are missing from the droplet

mass spectra, but they are clearly seen following the photoion-

ization of SQ clusters’! The absence of these ions is not on

1)
(2)

(CO)\" — (CO)p 1O +CO
(COZ)(Nfl)O-F - (COZ)(N,Z)O; +CO

the grounds of energetics, because with appearance energies of

17.5 eV for Q" and 16.5 eV for S 32, these values are well
below the threshold energy available from*Hgharge-transfer.

This mechanism is based on existing evidence from gas-phase
ion—molecule reactions and is proposed on the grounds that a
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100 7 (CH,OH),H " — (CH,),OH" + H,0 (5)
65 3 2 3/2 2

<0 (CH,0H), No evidence of HO loss from higher-order protonated clusters
was observed in either this or the earlier helium droplet study
of alcohol clusters by Yang et &lHowever, the latter study
60 did show the presence of ions of the form (§tH)yH"-H,0,
129 but as suggested by the authors, these could arise from the pick-
40 33 up of neutral water molecules by the helium droplets.
3.4. Ethanol Clusters, (GHsOH)y. A typical mass spectrum
161 recorded from neutral ethanol clusters in helium nanodroplets
103 is presented in Figure 6. Similar to the previous example for
25 methanol, the spectrum is dominated by the presence of
W protonated ethanol clusters, (gEH,O)yH™, corresponding to
ions seen aim/z = 47, 93, 139, etc. (foN = 1, 2, 3, etc.). In
addition, there are fragment ions that are assumed to arise from
the reactions shown in eqs-@:

Intensity [arb.units]

20 47

] ] ! : : . .
0 50 100 150 200 250
m/z

Figure 5. Mass spectrum recorded following the electron impact

ionization of methanol clusters in helium nanodroplets at a pick-up + +
cell pressure of 3.1% 107® mbar. (CH;CH,OH)y " — (CH,CH,0H)y_;(CH,CHOH) ™ +H

direct reaction of the type shown in eq 3 is energetically +_ +
unfavorablé? (CH,CH,OH), (CH,CH,OH),_,CH,OH" + CH; (7)
CH,CH,0H),H *— (CH,CH,),OH" +H,0 (8
(COZ)N+ . (COZ)(N71)02+ + C (3) ( 3 2 )2 ( 3 2)2 2 ( )
The reaction shown in eq 6 has not previously been reported
The preparation of (CO\* cluster ions by SIMS does give iy gas-phase experiments on bare protonated ethanol clusters,
(CO)n-1C* as one of the fragment, and this probably reflects pyt in this case, it is thought to be responsible for the fragments
the high energies available in such experimé&ifs(CO2)n-1/0," seen aim/z = 45, 91, 137. This conclusion assumes that it is
was generated via eqs 1 and 2, then the appearance Othe unprotonated cluster that is reacting and that the product is
(CO)v-1O" as a fragment ion might have been expected. The the response of a single molecular ion to a rapid injection of
alternatives are either a direct, high-energy reaction (i.e., stepenergy from charge-transfer. In some respectsthecluster
(3)), or that Q is present as an impurity through air leaked into  jons could be viewed as a higher energy but complementary
the pick-up cell. However, if the latter were happening, then product to the protonated clusters. Fragment ions arising from
peaks in the form of (CENN2" would be expected to be even  the reaction in eq 6 were also noted by Yang €t al.
more prominent than those containing. @iven the energy It is known that for high molecular weight primary alcohols
available from Hé charge-transfer, the most probable outcome the precursor ion is generally a minor product of electron impact
would appear to be eq 3, the direct high-energy reaction jonjzation and that, in the case of the lighter alcohols, the
pathway. formation of an oxonium ion via €C cleavage tends to
3.3. Methanol Clusters, (CHOH)n. As in the case for water  dominate gas-phase ion fragmentation. However, in the case
clusters, the ionization of bare neutral methanol clusterss{CH  of ethanol in helium clusters, it has been suggédteat cleavage
OH)n, typically leads to the formation of protonated ions via of the C—H bond at thea carbon is a more significant
the reaction shown in eq¥. fragmentation channel (which leads to enhanced production of
CH3C(H)=0"H ions), and the trends reported here provide
(ROH), + e— (ROH)_,,_;H " + (ROH),,-RO+2e (4) additional support for that suggestion.
The series of ions seenmiz = 77, 123, etc. is attributed to

Consistent with this mechanism and with other El spetr, the reaction shown in eq 7, where, immediately following
protonated cluster ions dominate the mass spectra generatedbnization, cleavage of the C—C bond in an ethanol molecular
from methanol clusters trapped in helium nanodropletsd a ion occurs. These product ions are found to be of minor

typical example is shown in Figure 5. In contrast with previously importance in this study, which is in agreement with previous
reported gas-phase spectra, no peak corresponding to thehotoionization studies of gas-phase ethanol cludbéfsAn
precursor ion (CHOH™) is seen, and there is no evidence of earlier study of cluster ions composed of primary alcohols larger
the series (CEDOH)N(H2O)H'. However, these latter ions are  than ethanol reported the appearance of a product ion that could
not typically observed untiN > 6, and so the low intensity of  be attributed to the formation of protonated aldeh§dErag-

higher-order cluster ions may contribute to this abséfce. ments of the form RCH,OH" (protonated ketones and alde-
Although the distribution of intensities of the (GBIH)yH* hydes) appeared more frequently following the ionization of
ions appears to follow a Poisson distribution, the ioiNat 3 clusters composed of secondary and tertiary alcoHols.

does have an anomalously high intensity. This apparent Finally, the ion seen atVz = 75 probably arises from the
“magic number” is consistent with previous gas-phase photo- reaction shown in eq 8; however, the intensity of this ion is far
ionization experiments by El-Shall et &.who proposed that ~ weaker than that observed in the gas-phase, where the loss of
protonated methanol ion can form a stable hydrogen-bondedneutral water represents a major fragmentation channel. This
complex with two other neutral precursor molecules. One reaction pathway appears to be limited to the protonated dimer,
further feature of note in Figure 5 is the appearance of a peakwhich again agrees with previous observati.

at m/z = 47, which was previously reported by Morgan and 3.5. 1-Propanol Clusters, (GH;OH)n. The 1-propanol
Castlema?? and is thought to be generated via the reaction spectrum presented in Figure 7 marks a distinct departure from
shown in eq 5. the previous series of primary alcohols, with the overall fragment
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Figure 6. Mass spectrum recorded following the electron impact 1-propanol clusters plotted as a function of gas pressure in the pick-up
ionization of ethanol clusters in helium nanodroplets at a pick-up cell cell.
pressure of 5.54 106 mbar.

49

1 100 4
100 - s
80
80 HOH 8
3 (C3 70 )N
= (CH,F),
- £ 60
£ 60 5 117
5 £
xS 61 =
K > 404
2 407 o G 151
'3 8 65199 1 90.103
b3 31 73 107 151 181 E -
=] .
RS 179 20 133-137 185
204 167 3 * *
137 * 166-170
<4 *
241 o
0 . . : . . . . , . ,
. : ; r \ r . : . . 0 50 100 150 200 250
0 50 100 150 200 250
m/z
m/z

. . . Figure 9. Mass spectrum recorded following the electron impact
Figure 7. Mass spectrum recorded following the electron impact jonization of methyl fluoride clusters in helium nanodroplets at a
ionization of 1-propanol clusters in helium nanodroplets at a pick-up ¢orrected pick-up cell pressure of 52106 mbar.

cell pressure of 4.8% 107® mbar.

There is clearly a marked difference in behavior between the
pattern appearing significantly more congested. As in the earlier product of H atom lossnilz = 59) and the protonated trimer
experiments, the protonated cluster ionsnét = 61, 121, etc.,  jon (m/iz= 121). Such behavior could reflect the different origins
are the most prominent ions in the mass spectrum. As seen inof the ions; ifm/z = 59 predominantly comes from the neutral
the case of ethanol, there also is extensive loss of H, whenmonomer, then the Poisson statistics of the pick-up process
assuming that the ion is due to H atom loss from a single should rapidly reduce the relative intensity of that precursor as
molecular ion. the pressure is increased. In contrast, contributions to the

In the gas-phase, the dominant fragmentation pathway for protonated trimer will come from neutral droplets containing
the 1-propanol ion is given by the reaction shown in eq 9, below. four or more molecules, and the intensities of these will
Although the intensity of then'z = 31 product ion appears to  gradually increase as a function of the cell pressure. Eventually,
be reduced significantly in the helium droplet mass spectrum, the pressure in the pick-up cell becomes sufficiently high that
the ion does appear to contribute to the cluster fragmentationthe droplets break apart either through scattering or through
pattern with the presence ofiz = 91 and 151 in the mass  extensive evaporation induced by multiple pick-ups.
spectrum. Further evidence of high-energy reaction pathways 3.6. Methyl Fluoride Clusters, (CHsF)y. Substituting the
is given by the presence of a strong peaknét= 43 (GH7"); —OH functional group in methanol with the more electrone-
however, this route does not extend to the larger clusters. In gative fluorine atom produces a markedly different cluster ion
the absence of isotopes it is not possible to make accuratefragmentation pattern. Dominated by cluster ion fragments, a
assignments to a number of the minor fragment peaks seen intypical mass spectrum recorded following the ionization ogEH
Figure 7. clusters in helium nanodroplets is presented in Figure 9. The

mass spectrum consists of a number of regular series of reaction
C3H7OH+—’ CH30+ + C,Hg 9 products, many of which were previously identified by Garvey
and Bernsteif? in their study of the chemistry of bare methyl

A plot of the intensities of the two most prominent ions fluoride cluster ions. With reference to their results together
observed in the 1-propanol mass spectrum as a function of thewith biomolecular ior-molecule data taken from the work of
doping pressure in the pick-up chamber is shown in Figure 8. Beauchamp and co-worket%,*8 the dominant reactions taking
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Figure 10. Mass spectrum recorded following the electron impact ion
pressure of 3.4% 107® mbar.

place within the bare methyl fluoride cluster ions were proposed
to be as follows:

CH,F" + CHyF — CH;FH' + CH,F (10)
CH;FH" + CHyF — (CHy),F" + HF (11)
(CHy),F" — CH,F" + CH, (12)

Comparing the above with Figure 9, it can be seen that reaction
(11) produces the most intense sequence of ions,skdH
(CHa)2F*, which appear am/z = 49, 83, 117, etc. foN = 0,

1, 2, etc. What is unusual, given the above mechanism, is that

there are no bare GHH* ions in Figure 9; however, there is
a series starting atvz = 69 that is consistent with formation

of the protonated dimer and larger, protonated clusters. A single

peak observed atVz = 33 can be attributed to GH™, with
further evidence of a cluster sequence (ERNCHF atm/z =

67, 101, 135, etc. Overall, the relative intensities of the ions
appear very different from those reported by Garvey and
Bernstein'® particularly with the helium droplet spectrum being
dominated by the series (GF)n(CH3)2F", which is not seen

in the case for the bare gas-phasesEHclusters.

The ionization energy of methyl fluoride is 12.5 é¥.
Therefore, with 24.6 eV imparted to the dopant cluster via the
charge-transfer process, there is an excessld eV that, in
principle, is more than sufficient to evaporate the entire helium

ization of chloromethane clusters in helium nanodroplets at a pick-up cell

products are in the form of clusters. It would also overcome
the requirement that the precursor in eq 12 retain vibrational
energy at the ambient temperature (0.38 K) of the nanodroplets.
The unreactive nature of GA" would account for its continued
appearance in larger clusters. In a similar vein, the product ion
(CH3)2F" could be re-expressed as (§FHICH;™ and be taken

as the product of €F bond fission.

Two further series of ions warrant some discussion. The first,
atm/z = 65, 99, 133, etc., is of low intensity and is attributed
by Garvey and Bernstein to the loss efffom (CHsF)N™ cluster
ions. In the alternative scheme discussed above, the ions could
come from the sequential loss of F. The second series, marked
by * in Figure 9, corresponds to either (GHNFT or
(CH3F)n-1(CHs)2FTHe cluster ions. The fact that helium does
not appear to attach itself to any other fragments would favor
(CHsF)\F', which could again be seen as the high-energy
complement to Cki". The high appearance energy df eans
that the ion is absent from the gas-phase mass spectrumssf CH
and its clusterg®

3.7. Chloromethane Clusters, (CHCI)y. Figure 10 shows
a processed mass spectrum recorded fogGTlembedded in
helium nanodroplets. Interpretation of the mass spectrum is made
more challenging by the presence of the two chlorine isotopes
87Cl and®5Cl; therefore, this analysis focuses on the behavior
of small clusters ions. A complement to these experiments is
an earlier study by Garvey and Bernstein of the bare cluster

droplet. The gas-phase methyl fluoride spectrum shows ions ations:*

m/z = 34 (100%),m/z = 33 (90%), andn/z = 15 (15%), with
the pathway ChF" — CH,Ft + H having a barrier of just 1
eV. In their experiments on the ion molecule chemistry of
CHgF", Blint et al*® noted that for eq 12 to proceed the
precursor (CH)F" must be vibrationally excited and that the
product (CHF') then remains inert toward further reactivity
with CHgF. Rather than participating in eq2Q2, the formation

of several of the fragments via direct bond-breaking would
appear to offer a more satisfactory explanation than the-ion

There are certain similarities with the chemical processes as
seen for the methyl fluoride ion, but there are also considerable
differences in the relative intensities of the respective fragments.
The ions seen atVz = 49 and 51 correspond to Gal; their
high intensities suggest a more facile fragmentation pathway
than that seen for C#ff. The inset shows an expanded view of
this region of the mass spectrum, from which it can be seen
that there is minimal evidence of the precursor iamé& (= 50
and 52). The peaks seenratz = 15 and 65/67 represent the

molecule routes given above. Fission processes would accounbnly real evidence of a fragment series, which corresponds to

for the isolated ion seen at'z = 33 when all other reaction

(CHsCI)NCH3* for N= 0 and 1. There is some evidence for an
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Figure 11. Mass spectrum recorded following the electron impact Figure 12. Mass spectrum recorded following the electron impact
ionization of single trifuoroiodomethane molecules in helium nano- ionization of single dichlorodifluoromethane molecules in helium
droplets at a pick-up cell pressure of 59106 mbar. Inset: section nanodroplets at a pick-up cell pressure of 2:71.0-%mbar.

of a gas-phase mass spectrum recorded from molecules drifting out

from the pick-up cell while the helium beam was aligned off-axis to in He' colliding with the Ck end of the molecule. Very rapid

the detector. fragmentation would then yield GF with little or no op-
. . portunity for curve crossing to give'l CR™ (not shown) is a

N = 2 component am/z ~ 118, but the intensities are low.  -ominent fragment in the droplet mass spectrum.
The relative intensities of the fragment ions appearingvat In terms of the dominant fragment (@F) shown in Figure
= 65/67 are considerably higher than those reported by Garvey11 jt should be noted that the most recent photoionization
and Bernstein, which suggests that in these experiments morgneasurements by Powis et®lreport the appearance energy
energy is available to promote bond fission. It is noteworthy ¢ this ion as having the same value 4¢13.4 eV). Therefore,
that many of the isotopic ratios do not match the expected it s quite possible that the preference for CF is also
values; whereas it is known that low temperatures can lead tojyfuenced by the dipole steering process and that the positive
isotope fractionatiof? this would seem unlikely here given that charge on the part of the molecular ion that is subject to the
the initial internal energy of a molecular ion in a droplet could jnitial ionization process is localized via solvation by the
be as high as 12 eV. An alternative possibility is that g,rounding helium atoms.
fractionation could occur via selective evaporation from cold 3 g pjchlorodifluoromethane Molecule CChF,. The mass
fragments that remain after the helium atoms are lost. spectrum shown in Figure 12 represents a typical processed mass

~3.8. Trifluoroiodomethane Molecule, CFRl. The most  gpectrum recorded for dichlorodifluoromethane (Freon 12) in
significant result observed for this molecule occurred when, on pejium nanodroplets. Calculations by Afosimov ef%ghow

average, just a single ion was trapped in a helium droplet, andhe most facile fragmentation pathways to be those shown in
the most relevant section of a mass spectrum recorded undegys 13 and 14:

such conditions is shown in Figure 11. The gas-phase mass

spectrum of CHl is dominated by the precursor ion @z = CF,Cl," —CF,CI" + Cl (13)
196 (CRIT) and a fragment atwz = 127, which is I. In

complete contrast, Figure 11 shows the precursor ion5 C|:2(;|2+ — CFCI2+ +F (14)
of the ion with maximum intensity (GF"), and the T ion is

missing completely from the mass spectrum. Althoughisl The precursor ion (CElL") is calculated to be unstable with

apparent as a very weak signal in the raw, unprocessed spectraespect to reaction (13) by 1.53 eV; this would account for the
it can be shown that this intensity derives entirely from jon, which should appear a¥z = 120—124, being absent from
background drift. This effect is demonstrated in the inset to Figure 12. In contrast, eq 14 is calculated to have a barrier,
Figure 11, where Cf has been allowed to drift out from the  which could account for its product (CFC| mvz = 101—105)
pick-up cell in the absence of the nanodroplet beam. As can behaving a lower intensity than GEI* (m/z = 85—87) from eq
seen, a strongtlsignal appears when isolated £LFolecules 13. In fact, both fragment ions emerge from the helium
are ionized. The barrier to production of from CRl* is 3 nanodroplets with intensities comparable to those seen in gas-
eV; however, the fact that CF(not shown) appears in the phase mass spectra, which is not the case for many of the
helium droplet mass spectra and has a higher appearance energyolecular ions examined in this study. Surprisingly, the second
than I" would suggest that the energy available from charge- most intense ion from the helium nanodroplets (96% of the
transfer is not the limiting factor in this process. intensity of the most prominent ion) is foundratz = 50 and
One possible explanation of events taking place whegl CF s the product of eq 15:
is ionized in helium nanodroplets is that the molecule is first
ionized by charged-transfer from Hewith the difference in CFCI" —CF," +Cl (15)
ionization energies between the two species remaining available
for fragmentation and evaporation of helium atoms. The weakest Given that the calculations show this pathway to have a barrier
bond (C-1) is then broken, which leads to the charge becoming of 3.27 eV, it is perhaps surprising that £Fshould appear
localized on the fragment with the lowest ionization energy, with the intensity seen in Figure 12. The calculations of
which is CR.%1 Such a process might be aided by the dipole Afosimov et al®3 suggest that Cl and F should arise from
steering process identified by Lewis et &lyhich would result the fragmentation of metastable states of the precursor ion. With
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reaction barriers comparable to that which leads to the appear-
ance of CE*, the absence of both €Chnd F suggests that the

Boatwright et al.

(19) Callicoatt, B. E.; Fale, K.; Jung, L. F.; Ruchti, T.; Janda, K. .
Chem. Phys1998 109, 10195.
(20) Atkins, K. R. InProceedings of the International School of Physics

necessary metastable states are not being created as a result ﬁf’nrico Fermi, Course XXI on Liquid HeliunCarerei, G. Ed.; Academic;

charge-transfer.

Conclusion

New York, 1963, 403.

(21) Scheidemann, A.; Schilling, B.; Toennies, JJAPhys. Chenl993
97, 2128.

(22) Callicoatt, B. E.; Fale, K.; Ruchti, T.; Jung, L. F.; Janda, K. C;

A number of molecules and clusters were trapped in helium Halberstadt]. Chem. Phys1998 108 9371.

nanodroplets, and their ion chemistry was observed following

(23) Gspann, J.; Vollmar, Hl. Low Temp. Physl981 45, 343.
(24) Lewerenz, M.; Schilling, M.; Toennies, J. P.Chem. Physl995

electron impact ionization. In most examples, the fragment ions 195 8191,

and/or their relative intensities are quite different from those

(25) Nakayama, A.; Yamatahita, K. Chem. Phys200Q 82, 4076.

seen when either the clusters or the molecular ions are studied (26) Lewerenz, M.; Schilling, B.; Toennies, J.Ghem Phys. Lett1993

in isolation. Many of the reaction products can be accounted 20

for through bond fission processes rather than the-ranlecule

reactions that have previously been used to interpret data on

6, 381.
(27) Lewerenz, M.; Schilling, B.; Toennies, J.Fhys. Re. Lett 1995
75, 1566.,
(28) Begemann, W.; Meiwes-Broer, K. H.; Lutz, H. Bhys. Re. Lett.

the isolated ions. It would appear that the charge-transfer route1986 56, 2248.

to molecular ionization, which proceeds via charge-exchange
from Het, does not offer a soft route to the formation of low-

energy ions.
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