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Abstract. The cluster 10on mass spectra resulting from
elec’ ron 1onization of van der Waals clusters composed of
ethene, l,1-difluoruethene (1,1-DFE) or propene molecules
were observed as a function of expansion and ionization
conditions. Expansion conditions favoring the formation of
iarge neutral clusters iead to the observaetion of anomalous
ion intensity distributions characterized by strong peaking
as a function of cluster size. Comparisons are made between
the present results and previous observations 1n both the
gas and condensed phases. We propose that the anomalous
cluster 1i1on distributions arise as a consequence of the
production of molecular (i.e. covalently bonded) ions
produced by a series of intracluster addition
(polymerization) reactions. The amromalous intensity distri-
butions may then be accounted for i1n terms of kinetic
bottlemm~ks in the 3ddition reaction sequences which most
likely result from the production aof ions of low reactivity,

most likely cyclic ions.




Introduction. Clusters are the subjects of an ever

increasing number of experimental and thenretical studies.*-
7 The current 1nterest 1n clusters stems from their uniqgque
position as an aggregated state of matter intermediate
between the gas and condensed phases cf matter. Since clus-
ters ex1st as 1solated particles in the gas phase, they are
susceptible to study by many of the powerful technigques used
in the observation of gas phase reactions, which have led 1in
many cases to fundamental understanding of chemical reactiv-
ity at a truly microscopic level.

For the physicai chemist clusters represent s singular
opportunity to directly observe the influence of solvation
and solvent structure on chemical reactivity. At the same
time, clusters represent a medium of greatly reduced
simplicity 1n which to study processes of chemical interest
including charge and energy transfer, bond formation and
cleavage, etc.

Supersonic expansions are the most widely utilized meth-
ods for generating clusters.® Unfortumnately, these molecular
beam cluster sources do not allow one to selectively produce
& given cluster size. Instead a distribution of cluster
sizes 1s produced which generally camnot be directly charac-
terized. However, judicious choice of expansion conditions
allows one tu =h2ift tre digtributicr —f meutral clusters
from ‘small to "large’ sizes thus affording the experimen-—
talist a considerable degree of qualitative control of the

cluster distribution.




At present, mass spectrometry represents the most conve-—
nient means of detecting size selected clusters. This of
course requires that the 1nitially neutral cluster be
ionized, most commonly via either electron impact or
photoionization. This process nearly always leads to exten-—
sive fragmentation and, 1n many cases, reactions within the
cluster.*~7 As a result., the relationship between the neu-
tral cluster distraibution and the observed cluster 1on
distraibution 1s 1impossible to specify. It is still possible
to come to qualitative conclusions regarding the relative
si1zes of the precursor clusters based on the initial expan-
s10n conditions.

The olefin molecules which are the subject of this paper
tethene, 1,1-difluoroethene (1,1-DFE) ard propene) have
several properties which make them i1deal systems to study by
the technigque of cluster 10n mass spectroscopy. 1) The reac-
tions of olefin molecules, especially etherne, have been
studied extensively both in the gas and bulk (solid and
liquid) states. 2) The reactivity of the olefins is dramati-
cally dependent on the state of ‘'solvation’ (or more
precisely density). Under bimolecular conditions, the prod-
ucts of a single 1on-molecule reaction are observed.® At
high pressures and in the condensed phases, however, the
oletin monomers may be induced to polymerize by interaction
with high energy particles,*w.321 Free cationic polymeriza-
tion was suggested as one mode of reaction propagation in

these systemsg,t®-22




The 10n chemistry of the olefins has been studied exten-
sively®, the results for ethene being illustrative. The ion
chemistry of ethene has been the subject of intense study
since 1t represents one of the first i1on-molecule reactions
which was conclusively demonstrated to involve a long-lived
reaction intermediate.** The products from the bimolecular
reaction are determined by the decay of this intermediate
which, because ot the exothermicity of the addition reac-

tion, 1s created i1m a highly excited state.*® The bimolecu-

lar reaction scheme is represented by reactions (1} - (3).
CoHa™ + CzxHa ——> CaHg™* —--> CzoHa™ + CzHa (1)
-=2> C=Ha" + CH=< (2)
~=> CaH>* + H (3)

At higher gas pressures two effects become obvious. 1)
The excited state i1ntermediate may be collisionally stabi-
lized;t=-2= and 2) the dissociation products, CsH=* and
CaH>", may participate 1n a succession of i1o0on-molecule addi-
tion reactions.*=-2%

In a particularly interesting experiment, Kebarle and
coworkers studied the 1on chemistry of ethene using a near
atmospheric pressure 10n source mass spectrometer.t®— 18 The
experimental geometry made use of what may be considered a
preionized expansion; that is, expansion of a partially
1ionized gas fraom a region of high pressure into a low pres-
sure region through a small orifice. Under these conditions
an 1on 1s expected to undergo many thousands of collisions

before detection. It was observed in these experiments that




an increase i1n the concentration of ethene 1n an expansion
of constant pressure led to the observation of polymer 1o0ns,
(CoHa)r". It was also noted that the disappearance of the
smaller ioms (i1i.e. CzHa™, CaHe™, CgHiz=") which occurred at
high ethene concentrations was not accompanied by the
appearance of increasingly larger polymer 1ons. Instead, the
CizoHza™ 1ion remained cf maximum 1intensity for the concentra-
tion and pressure ranges studied. Rough estimates for the
relative rates of successaive 1on molecule reactions were
obtained from plots of the relative 10on i1ntensitiecs as a
function of ethene concentration. Analysis of the data was
based on a steady state approximation.?” Assuming a rate for
the first reaction, k;= = 1 X 107 cmTmojec, *sec~1, succes-—
si1ve rate constants k-= = 2 X 1072, k=xg = B X 10727, ko= =
2 X 107*7 and kas = B8 X 107%*9% cm™molec. *sec~* were
obtained. These decreases in the additiorn reaction rate
constants were attributed to structural effects arising from
the formation of bramnched tertiary and qQuaternary cations.

In addition to the (CzHa)m™ 10ns Kebarle et. al.*®e— 8
observed ions of the type CHz~-3" with n = 5, 7 and 9. The
formation of these i1ons could be suppressed by increasing
the pressure of the inert Xe buffer gas. It was speculated
that these 1ons arose from reaction sequences initiated by
the C+xH«* 10on formed by the decomposition of CaHe™*. The Xe
serving here to suppress this reaction sequence by effec-
tively stabilizing CaHe™. This reaction sequence was

confirmed by ICR*T and triple quadrupole experiments,**




kebarle et. al. also observed the effects of 1ncreasing
the temperature of the 1on source.?**=-*® 1t was tound that
the ethene mass spectra were remarkably insensitive to the
temperature of the source, the mass spectra remaining nearly
unchanged even at temperatures which suppressed the forma-
tion of protonated water clusters 1n water containing
vapors. This observation implies that the ethene ‘'cluster
1jons  are much more stable than the water clusters. This
observation 1s easily explained 1f 1t 1s assumed that the
ethene cluster 1omns are covalently bound molecular ions.

The most surprising conclusion drawn from this study was
that 1onic poiymerization of etheme 15 not an efficient pro-
cess even though enmergetically favored. Essentially i1denti-
cal conclusions were drawn from the condensed phase radioly-
s1s experiments.?v-*1 Wagner concluded that cationic
processes following radioiysie of solaid ethene produced
products only up to around Ci-H=og.*” In this case the 1nef-
ficirency of the polymerization was attributed to competition
between the propagation and neutralization reactions.

One of the chief advantages which cluster ion investiga-
tions may have to offer 1s the ability to study the reac-
tions of 1o0onic species without complications arising from
the presence of free electrons or counterions since in the
mass spectrometric experiments the electrons are permanently
removed from the clusters. This situation may be particu-

larly advantageous 1n terms of understanding free cation




polymerization since 1t should, 1n principle, be possible to
observe the growth of a single polymer chain.

B. Experimental. The experimental apparatus has been

described 1in detail previously*® and i1s shown schematically
in Fig. 1. In brief 1t consists of a continuous cluster beam
source of the Campargue design=® coupled to a chamber
housing a mass spectrometer. The cluster beams were gener-—
ated by expansion of the neat gases through a 250 pm nozzle.
The other expansion conditions (i.e. stagnation pressure,
FP., and stagration temperature, T.) are reported in the
figure captions.

In general, the present report will be concerned with
the results ot experiments 1n which the cluster i1on mass
spectra were observed as a function of source conditions, 1in
particular the expansion pressure, P.. For the purposes of
this discussion the pranciple effect of changing source
conditions 1s to alter the distribution of neutral clusters
present 1n the expansion. Qualitatively one expects an
increase in P, or a decrease in T. to favor the production
of larger clusters.

After being skimmed and collimated the neutral cluster
beam enters the i1onizer of the mass spectrometer where some
the neutral species are ionized via electron impact, mass
filtered and detected with a particle multiplier.

C. Results. 1) Cluster lon Mass Spectra. Figs. 2 - 4

display portions of the cluster 10n mass spectra of ethene,

1,1-DFE and propene, respectively, obtained with bigh source




pressures (i1.e. under conditions of maximal clustering). The
electron 1mpact energies used to obtain these spectra were
determined to be the highest which could be used without
leading to fragmentation of the monomer. As a result only
reactions arising from the molecular ion need be considered.
We would note that additional reaction chanmnels are observed
at higher electron 1mpact enerqgies which may be correlatec
to creation and reactions ot monomer tragment 10NS.

The mass spectra of all three cluster systems are domi-—
mated by the stoichiometric 1ons (1.e. Mo"j. At low values
of mn a number of " fragment 10ns may be observed. These 10ns
are not fragments of the monomer 10n, but are either
solvated products ot a single i1ntracluster 1o0n-molecule
reaction or, as 1% likely, products of seguential 10n-
molecule addition reactions originating from CsHa" and other
LaHe™"* decomposition products, [In any case the 1ntensities
of these 10ns tfall off very rapidly with 1ncreasing n. The
relative i1ntensities of these 1omns also falls as the expan-
s10n conditions imncreasingly favor the production of larger
clusters.

The "fragment’ 1ons of 1,1-DFE display similar qualita-
tive behavior. However, the specific 1ons observed i1n the
fragment regions are different for each value of n. The ions
in the dimer fragment region (1.e. between the monomer and
dimer 10ns) agree with the reported i1on-molecule chemistry
of 1,1-DFE=* and consist of 10ns generated by loss of CH..F_

(where x + y = 3) radicals from CaHaFa*, with the loss of




CH=F being by far the dominant fragmenmtation channel. A
number of the 10ns observed 1n the trimer and tetramer
regions of the mass spectrum may be 1dentified as Ca anc Co
10ns containing various combinations of hydrogen and tluo-
rine atoms which cannot be accounted for in terms of the

CH F_ reaction channel.

). Pressure Behavior. fi1gs. 9 - 7 display the develop-

(LN

ment of the stoichiometri . 10n 1ntensity distributions as &
tumc taon ot pressure. The ethene and 1,1-DFE cluster 10n
mass spectra display nmearly 1dentical qgqualitative behavior
but 1,1-BFE 15 considerably easier to cluster because of its
high dipole moment. The stoichiometric 1ons at m = 4 and 5
for both ot these cluster systems 1ncrease 1n 1ntensity very
rapidly with 1ncreasing pressure while the i1ntensity of the
n = . and 3 1ons fall off with 1ncreasing expansion pres-
sure. The intensity distraibution of 1omns with n > 95,
increases slowly and becomes broader as a function of expan-
si1on pressure., This unequal development leads to a very
sharp peaking 1n the 10on intensities as expansion conditions
increasingly favor formation of larger clusters. The drop in
intensity between n = 5 and 6 ‘cluster’  1i1ons has also been
noted by Shinohara et. al. 1in the photoionization of what
were presumed to be argon/ethene heteroclusters.==

Several minor ditferences are observed between the
intensity distributions of the ethene and 1,1-DFE cluster
ions. The 1,1-DFE dimer 10n 15 always more promiment than

the trimer 10n. The relative 1ntensities of the n = 4 and n




= 9 10mns for thewe two systems are also somewhat different,
the n = 9 10n being observed with slightly higher intensi-
ties 1n the 1,1-DFE cluster 1ons mass spectrum.

The behavior of the propene clucier 10n system 1s some-
what more complex. Imnitially, as the expansion pressure 1%
increased the iom 1ntensity 15 observed to peak at n = 3. As
the expansion pressure 15 further 1ncreased, the 1ntensaity
ma=1mum stiitts ogut to n = 6. The i1ntensity ot 1ons with n >
6 does nmot Tall off as dramatically 1n thice system as was
observed for ethene and 1,1-DFE display for m > 5S. Thas
gives the propene 10n distribution & considerably broader
appearance.

S _Enerqy Dependence., We have also observed the energy

dependence of the olefin cluster 10n distributions. The

resulte for ethemne were reported previously™ and only the
results will be discussed here. We observed that as the

nominal energy of the 1oni1.1ng electrons was i1ncreased from

15 eV to 100 eV, the 1ntenmsities of the ions at n = 2 and 3
increased relative to those at m = 4 and 5. The peaking at n
= 4 and the drop 1n intensity beyond n = 5 was still

observed. The behavior of the 1,1-DFE clusters 1< nearly
identical. Once again the main difference in behavior
between the 1,1-DFE clusters and ethene clusters lies 1n the
fact that the n = 2 10n of 1,1-DFE shows & more pronounced
increase with 1ncreasing electron energies than does tne n =

2 10n of ethene.




The appearance of the propene cluster 10n mass spectrum
displays a stronger dependence on the electron energy as
shown 1n Fig. . It can be seen that at a high expansion
pressure (2.0 atm,) and low electron impact energies a
rather broad 1un distribution is observed which 1s peaked at
n = 6. As the 1onization energy 1s increased, the maximum 1in
the 10n 1ntensity distribution shifts back towards smaller
values of n. At high electron energies {(e.g. 50 eV) the max-
imum 1s once agsin found at n = 2, The n = 6 ion still dis-
plays some enhanced 1ntensity even at S0 eV.

L. Discussion. 1) Ethene and 1,1-DFE. The term "magic

number has been applied to describe intensity amnomalies
observed 1n cluster 10n mass spectra for some time and are
usually attraibuted to the formation of 1ons possessing
specil1al stability. Magic numbers are often very marked in
hydrogen bonded cluster 1ons, being associated with comple-
tion of a solvation shell about a central i1on. The observed
distribution of cluster 10ns may often be taken as a reflec-
tion of the relative stabilities of the cluster ions.

Some care must be taken in the analysis of cluster 1on
mass spectra, however, since the resulting cluster ion
distributions arise as a direct result of the kinetics and
energetics of all i1ntracluster ion-molecule reactions and
cluster fragmentation reactions following i1ionization and
will also be dependent on the distribution of neutral clus-
ters. The present experimental observations, for example,

are not well accounted for simply in terms of cluster

11




stabil1lities. Hydrogen bonding 1s not expected to be of great
importance 1n olefin clusters since these molecules do not
have large proton affinities. It 1is i1n fact rather dafficult
to conceptualize structures for the observed magic number
1ons which could lead to the exceptional stability which the
can be inferred from the sharp drop in intensity in the
direction of smaller 10ons.

AN additional factor which must be considered i1n the
case of clefin clusters 1s the possibility of extensive
intracluster 10n-molecule reactions. In view of the results
discussed 1n the introduction section 1t 1s doubtful that
the cluster 10ns observed can be thought of as consisting
entarely of ethene units, 1.e. (CzxHa)~", 8t all. The experai-
mental results of Buck et. al.=% provide convincaing evidence
that at least one reaction takes place 1n small (n £ 12)
ethene cluster 1ons. Theretore (CzHa)~n" 10ns must be consid-
ered to be composed of at least solvated CaHg™ 10ns, 1.e.
(CzHa ) n=oCaHe™.

We would suggest that the possibility of several i1on-
molecule reactions within a single cluster must also be
considered as probable. As support for this position we
would note the very close resemblance between the high pres-
sure mass spectra obtained by Kebarle*®—328 and coworkers to
the cluster i1on mass spectra which we observe 1in Fig. 2.
Both exhibit the same sharp drop 1n intensity beyond the
CicHzo® 10n. Addition of Xe bath gas led to many of the same

qualitative effects 1n Kebarle s MS as observed in the




cluster MS at 1ncreased expansion pressures- namely, a
decrease in the relative 1intensities of the "fragment 1o0ns
and a peaking of the ion i1ntensity at CeHiso™ and CieoHzo™.

It 15 our speculation then that the 1ons (at least up to
the CioH=u*/CicHy0F 0 10ns) are covalently bonded molecular
1ons produced by a series of intracluster 1on—-molecule addi-
tion (polymerization) reactions. The observed pressure
dependence of the cluster 10on MS 1s consistent with such an
interpretation since 1t i1ndicates that as the average
cluster si1ze increases the probability of formation of 1o0ns
up to the L,y 10ns 1ncreases. Buck=? nmoted that the proba-
bility of formation and stabilization of the CaHeg™® 1o0on from
small ethene clusters increased very rapidly as a function
of cluster size 1n the range n = 3 - 12. We could expect to
observe more extensive reactions since our experimental
setup should favor the production of much larger clusters
than werc examined 1n the previous report because of our use
of a larger, chilled nozzle 1n conjunction with the
Campargue geometry.=v

The inmcreasingly dramatic drop in 10n intensities
observed beyond the C;. 1ons on the other hand, implies that
the extent of reaction does not increase indefinitely with
increasing cluster size. This result is consistent with both
the high pressure mass spectrometric?®—2® and solid state
radiolysis®® results.

If the extent of reaction 1s not limited by the gross

si1ze of nmneutral clusters 1t seems reasonable to assume that




the limitation 1s 1nherent 1n the chemistry. Since the same
limitations are apparently encountered in the gas—-, cluster-
and condensed-phase reactions, the limitation does not
appear to be medium related and so would seem to arise as a
consequence of the kainetics of the 1o0n-molecule association
reactions.

1t may then bhe postulated that the observed cluster 10on
distributions of ethene and 1,1-DFE arise as follows: loni-
zation of a large neutral cluster leads to a series of very
rapid 1on-molecule addition reactions. These reactions pro-
ceed until] an 1on 1s formed which is characterized by very
low reactivity towards the monomer; i1i.e. the reaction
proceeds until a kinmnetic bottleneck i1s reached. The vibra-
tionally excited ion formed then dissipates its internal
energy leading to extensive monomer evaporation.

The nearly i1dentical behavior displayed by the ethene
and 1,1-DFE systems 1s saomewhat surprising since the
kinetics and energetics of the ion-molecule reactions and
cluster dissociations should be considerably different. The
great similarity may then serve as an indication that the
kinetic bottlenecks proposed to explain the cluster ion
distributions may be associated with the structures of the
carbon skeleton of the i1ons formed by the intracluster addi-
tion reactions.

Such structure—kinetic correlations are certainly noth-
ing new to polymer chemistry.=® One very important con-

sideration that governs the kinetics of polymerization, and




which can severely limit the extent of polymerization, 1s
the competition between chain growth (propagation) and ring
formation reactions. The formation of a cyclic i1ons with low
ring strain energy may serve as an energy trap’ 1n the
reaction sequence, 1.e. further reaction of the cyclic ion,
although emnergetically favored, 1s kinetically unfavorable
because of the high activation reguired to reopen the ring.

We would further speculate, on the basis of the precea-
ing discussion, that the CeHio"/LeHeFe™ and
CreHzan/CiHiFie.® 10ns observed in the ethemnen/s/1,1-DFE
cluster 10n mass spectra are cyclic 1ons. Statistical and
energetic considerations®® would suggest that these ions are
most likely tive- or six—-membered rings (1.e. cyclopentane
or cyclohexane ions) as shown in Fig. 9, Scheme I. Further
support for this speculation 1s provided by the propene
system as discussed below.

2). Propene. The pressure and energy behavior of the

propene cluster system 1is more complex. Initially, under low
electron impact energies and intermediate expansion pres-—
sures, the i1on at n = 3 (i.e. CeHie™) 1s the predominant
ionic product. This observation may be rationalized rather
easily in terms of a kinetic bottleneck associated with the
formation of a cyclic i1on as discussed above.

1t has been established that the preferred product of
the propene i1on-molecule reaction i1s formed by end-to-end
addition.*®-Te The 1initial product of this reaction may be

expected to be a 1,4-distonic radical cation.=7+-2® (One more

15
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addition reaction in a similar fashion would then be
expected to result in a 1l,6-distonic radical cation. Such an
ion could then readily undergo a facile ring closure to form
a trimethylcyclohexane radical cation as outlined in Fig. 9,
Scheme 11.

The shift 1n the i1on intensity observed at higher expan-
sion pressures, Figs. 4 and 7, i1s not so easily rational-
1zed. At the maximum expansion pressutres utilized irn the
present studies=~ (3.5 - 4.0 atm.), the maximum 15 found at
n = 6 (1.e. CigH=ze™). The fall-off in ion intensity beyond n
= 6 observed for the propene system is not as drastic as
that observed beyond n = 5 for the ethene and 1,1-DFE sys-
tems. It i1s not clear then, whether the maximum observed in
the propene systems would continue to shift to larger values
for conditions favoring larger clusters. It 1s pointless
therefore to speculate as to the origins of these effects
based on this data.

The propene cluster 1on mass spectra displays consider-—
ably more dependence on the electron impact energy, Fig. 8,

~~

than does the ethene=* or 1,1-DFE systems. The shift of the
ion distribution maxima from n = 6 to n = 3 emphasizes the
significance of the CeHie™ ion. Unfortunately, without addi-
tional information concerning the nature of the n = 6 ion
(e.g. 1dentity, CieH=-s" vs. (CxHs)=CeH e* etc.) further

speculations are not useful.

E. Conclusion. Electron impact ionization of large clus-

ters composed of the simple olefin molecules (ethene, 1,1-




difluoroethene and propene) lead to anomalous 1on 1ntensity
distributions. The smaller ‘'cluster i1ons are likely cova-
lently bound molecular 1ons formed by intracluster i1on-
molecule association {polymerization) reactions, whose coun-—
terparts are the free cationic polymerization reactions
observed in radiolysis of bulk samples of the olefins. The
availlable body ot evidence suggests that the very strong
ancmalies observed 1n the 1o0n intensity distraibutions arise
from kinetic bottlenecks in the i1onic chain growth reactions
associated with the formation of cyclic molecular i1ons.
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Figure CLaptions.

Figure 1) Schematic sideview of the differemtially
pumped cluster beam appartus and quadrupole mass spectrome-
ter. The temperature of the stagnation region and nozzle 1is
regulated by a circulating chiller.

Figure 2) Raw spectrum of neat ethene clusters for the

mass range 35 - 534 amu at 13 eV. P, = 3.5 atm.; T. = 296 K.

Figure 3) Raw spectrum of neat 1l,1-di1fluoroethene
clusters for the mass range 60 - 959 amu at 14 evV. P. = 2.2
atm.; T. = 247 K.

Figure 4) Raw spectrum of neat propene clusters for the
mass range 50 - &49% amu at 10 eV. P, = 4.0 atm.; T = 297 K.

Figure 5) Plots of the stoichiometric ethene cluster i1on
intensities, (CzHs)~", as a function of expansion pressure,
Peo Tew = 296 K3 Electron energy, Ee = 13 eV.

Figure 6) Plots of the stoichiometric 1,1-difuorocethene
cluster 10n intensities, (LzH=Fz)~", as a function of expan-
s10n pressure, Pa. To = 247 K; Ee = 14 eV.

Figure 7) Plots of the stoicbiometric propene cluster
ion intensities, (CxHg)n™, as a function of expansion pres-
sure, Puo. Toe = 297 K3 electron energy, Ee = 10 eV.

Figure B8) Plots of the stoichiometric propene cluster
ion intensities, (CxHes)m*y, as a function of Electron energy,
Ewe Tew = 297 K3 P, = 2.0 atm.

Figure 9) Proposed reaction schemes for ionic reactions
within ethene (Scheme 1) and propene (Scheme 1) cluster

ions.
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Scheme I: Ethylene Chemistry
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