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Abstract: The secondary ion mass spectra (SIMS) of H2O, C6H6, and C6H12 frozen at 77 K are reported. The spectra are gen
erated by subjecting the molecular surface to 0.5-3-keV He+ ions and mass analyzing the positive and negative secondary clus
ters in a quadrupole mass filter. The most abundant clusters in the H2O spectrum were of the type H(H2O)n

+, n = 1, 2 , . . . , 
51, although other low-intensity clusters were also observed. The benzene and cyclohexane spectra exhibited clusters of the 
type C„Hm

+, n = 1, 2, . . . , 32 and m = 1, 2, . . . , 10. The intensities./ of the different types of cluster series observed from 
H2O vary as a function of the number of H2O molecules n in the cluster according to / = aebn where a and b are constants. The 
kinetic energy distributions of the clusters have a maximum in the region 1.0-3.3 eV which, in general, shifts to lower energy 
and sharpens with increasing cluster size. A general clustering mechanism which is qualitatively consistent with all of the ex
perimental observations is proposed. This mechanism involves thermal activation by the primary ion impact and irreversible 
adiabatic expansion to relieve the nonequilibrium situation. Bound clusters are formed from collections of secondary particles 
moving through the selvedge region of the surface. The formation of a tightly bound cluster only as the particles are moving 
through the surface accounts for th". molecular rearrangement observed during sputtering. 

I. Introduction 

In secondary ion mass spectrometry (SIMS) a solid sample 
is bombarded by primary ions with typically a few kiloelectron 
volts kinetic energy. The energy transferred to the surface 
results in the sputtering of secondary atoms, molecules,, and 
clusters in the form of positive, negative, and neutral species 
with energies in the electron volt region. Using electrostatic 
lenses, the ions can be drawn into a mass spectrometer for mass 
analysis under ultrahigh-vacuum conditions yielding an ex
tremely sensitive elemental analysis of the surface. The suc
cessful application of SIMS to chemical structure analysis is 
restricted by the lack of information on two basic processes, 
i.e., the degree to which the detected secondary ion clusters 
reflect the virgin surface structure and the mechanism of 
cluster formation in sputtering. Investigations of molecular 
solids using SIMS have only recently begun, 1^6 whereas ap
plications to metals,7'8 chemisorption studies,9-12 and depth 
concentration profiling13 are more advanced. The theory of 
surface sputtering by ion beams has been studied extensively;14 

however, the mechanism of cluster formation remains ob
scure.15 The dynamics of an ion bombarded solid16 and the 
mechanism of formation of small metal clusters17-18 have been 
examined using computer-simulated classical trajectory 
methods. 

This paper presents a SIMS study of three molecular solids, 
i.e., H2O, CgH6, and CeHi2, maintained at 77 K. As part of 
our program for investigating the mechanism of formation and 
production of large molecular clusters in the sputtering process, 
the objectives of this paper are as follows. We seek to exploit 
the suitability of SIMS for characterization of molecular solids, 
to measure kinetic energy distributions of the emitted secon
dary ions, to determine the influence of primary ion energy on 
the abundance of secondary ions, and to develop a general 
mechanism for cluster formation. This is the first SIMS study 
of frozen H2O and cyclohexane and the first SIMS measure
ment on benzene to be carried out to high masses. The first 
SIMS study1 of frozen benzene was carried out only to m/e 
~80. The observation of ion clusters with mass up to 919 amu 
containing 154 atoms, e.g., H(H 2O) 5I+ , represents the largest 
cluster ions that have been produced by sputtering and detected 
by SIMS to date. Large water clusters of the type H(H2O)n

+ 
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have been produced previously19 by adiabatic expansion of 
water vapor in supersonic jets and the kinetics and thermo
dynamic properties of clusters with n = 1, 2 , . . . , 8 have been 
studied.20 A recent SIMS study21 of the adsorption of H2O on 
alkali halide surfaces revealed clusters of the type H(H 2 O) n

+ , 
n = 1 ,2 , . . . , 13, as well as other types. Electron-stimulated,22 

molecular beam,23 and mass spectrometric24 measurements 
have revealed small water clusters of various types. 

II. Experimental Methods 

The details of the design of the SIMS system and pumping facilities 
have been described elsewhere.3 Basically the system consists of a 
bakeable stainless steel ultrahigh-vacuum chamber equipped with an 
Extranuclear Laboratories, Inc., quadrupole mass spectrometer with 
a "Bessel box" energy prefilter, a Varian 0-3-keV ion bombardment 
gun, a Leybold-Heraeus, Inc., vertical turbomolecular pump, and a 
titanium sublimation pump. The base pressure is in the low 10~10 Torr 
range. 

The samples used in this study consisted of distilled, deionized water 
and spectrograde benzene and cyclohexane which were degassed by 
repeated freeze-thaw cycles to a pressure of 1 X 10-9 Torr. The de
gassed samples were introduced into the chamber by means of a UHV 
valve that had a stainless steel tube welded to its inner side for con
ducting vapors to within 1 in. of the substrate on which the sample is 
to be deposited. The substrate was a 1-cm2 99.95% platinum plate 
which was cooled to 77 K. Cooling is achieved by forcing liquid ni
trogen through 0.0625-in. o.d., 0.001-in. walled stainless steel tubing 
into a reservoir in the carousel sample holder as illustrated in Figure 
1. The tubing was coiled around the manipulator shaft in order to allow 
rotation of the carousel by ± 180° and freedom of movement in three 
dimensions. A deposition period of 20 min during which the chamber 
pressure rose to 1 X 10~6 Torr resulted in the formation of a thick 
sample layer on the Pt plate. After deposition the chamber pressure 
fell again to 1 X 10 -9 Torr. 

Primary ion bombardment, with the ion gun situated 60° from the 
SIMS axis, was performed by backfilling the chamber with He to 
pressures over the range 1 X 1O-8 to 1 X 1O-6 Torr and using an 
emission current over the range 20-35 mA. Under these conditions 
ion currents over the ranges 5 X 1O-9 to 3 X 1O-7 A/cm2 could be 
measured by means of a picoammeter. The low current ranges were 
obtained by reducing the emission current of the ion gun. This allowed 
maintenance of the rare gas pressure at >1 X 1O-8 Torr, hence 
keeping the residual gas molecules to less than 1% of the total gas. 
Bombardment was performed under dynamic gas flow conditions with 
the turbomolecular pump open, thus providing a continuous stream 
of fresh He gas and removing sputtered products. The experiments 
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Figure 1. Schematic diagram of the spectrometer chamber showing the 
SIMS, sample carousel, liquid nitrogen cooling system, and ion bom
bardment gun. 

reported here were performed with primary ion currents <1 X 1O-8 

A/cm2. Ne and Ar gases were also used for the primary ions; however, 
they tended to condense on the cold surface and yield intense inter
fering peaks such as Ne+, Ne2+, etc. 

Charging of these sample surfaces as a result of ion bombardment 
was substantial; compensation was provided by low-energy electrons 
from an electron flood gun. The flood gun filament was biased to —6 
V below ground and the sample was maintained at ground potential. 
Electron emission currents over the range 10~10-10-5 A were obtained 
by varying the current through the filament. The appropriate current 
was selected by maximizing the secondary ion signals as a function 
of flood gun current. 

The energy prefilter used for kinetic energy measurements is an 
electrostatic "Bessel box" whose axis of symmetry is coincident with 
that of the quadrupole mass filter and is mounted directly in front of 
the latter. It enhances signal/noise and resolution by electrostatically 
drawing ions emitted from a source into its entrance aperture and by 
selecting a narrow band of kinetic energies for transmission. An in
termediate stop precludes straight-line paths through the device. The 
potential of the main cylinder of the Bessel box retards the incoming 
ions and allows only those ions within a narrow energy range, i.e., the 
center pass band energy, to enter the quadrupole. AH potentials, in
cluding the quadrupole rod reference, are fixed relative to the retarding 
potential so that the pass band can be varied without affecting the 
optics related to focusing and mass analyzing the ions. The trans
mission half-height band width is ~1.0 eV under optimum settings. 

III. Experimental Results 

A. H2O. The positive SIMS of H2O at 77 K is shown in 
Figure 2. A series of cluster ions of the type H(H 2 O) n

+ , n = 
1, 2 , . . . , 51, can be observed. The quadrupole mass filter was 
tuned for optimum resolution at ~80 amu and was not adjusted 
during this spectral sweep; the degradation of resolution at 
higher masses is evident. Retuning the quadrupole at regular 
mass intervals can correct this situation at the expense of in
tensity modifications. The cluster intensities generally decrease 
monotonically throughout the long series. Plotting the loga
rithm of the cluster intensities vs. mass (Figure 3) yields a 
reasonably straight line which can be fit to an equation of the 
type 

I=aebn (1) 

where I is the observed cluster intensity (counts/s), n is the 
number of H2O molecules in the cluster, and a and b are pa
rameters. Notable deviations from the monotonic decrease are 
particularly evident in Figure 2 for the clusters « = 3,4, and 
21. These anomalies must be attributable to the relatively 

Figure 2. Positive SIMS of H2O at 77 K obtained by bombardment with 
3-keV, 1 X 1O-8 A/cm2 He+ primary ions. 
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Figure 3. Semilogarithm plots of cluster intensity vs. cluster size. 

higher stability of these particular clusters over their neigh
bors. 

The kinetic energy distributions of some positive secondary 
ion clusters, H(H 2 O) n

+ , are plotted in Figure 4. The distri
butions for the n > 1 clusters all have maxima near 2 eV and 
widths at half-height of ~1.5 eV. The n = 1 cluster has a dis
tinctly higher maximum, i.e., 3.3 eV, and broader width, i.e., 
2.5 eV. Our previous work on alkali halide2,3 clusters showed 
that, in general, the maximum of the distribution is shifted to 
lower energy and is sharpened with increasing cluster size. 

The variations of some representative H ( H 2 O ) n
+ cluster 

intensities as a function of primary ion energy are shown in 
Figure 5. These curves were obtained by using a band-pass 
energy of 10 eV, i.e., the complete distribution from O to 10 eV 
of Figure 4 was accepted. As primary ion energy decreases, the 
cluster intensity decreases more rapidly as cluster size in-
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Figure 4. Kinetic energy distributions of the H(FhO)n

+ clusters. 

creases. The lower limit of our detectability of the clusters 
(~300 eV for H(H20)+) increases as cluster size increases 
(~780eV for H(H2O)1I+). 

Other types of H2O clusters are observed, although with 
much weaker intensities than the above-mentioned ones. 
Figure 6 is a representative segment of the spectrum with in
creased sensitivity showing some of the different types of 
clusters. Clusters of the type (HOm)(H20)„_m

+, m = 1,2, can 
be observed from n = 8 upward on the low-mass side of the 
H(H2O)n

+ peaks. Their intensities increase with increasing 
n to the limit of the quadrupole. A very weak series of the type 
(H2O)n

+, n = 1, 2 , . . ., 5, can be detected. Isotope peaks on 
the high-mass side of the major H(H2O)n

+ peaks are partic
ularly evident for n = 4, 5, and 6 in Figure 6. Other low-in
tensity peaks situated midway between the H(H2O)n

+ peaks 
appear to be doubly charged clusters of the type Hn,-
(H2O)2n+I2+, n = 1,2,. . . , 30 and m = 0 , 1 , . . . , 7. This ob
servation indicates that the cluster size is not limited to 
H(H2O)Si+; this is only the approximate limit of the quadru
pole analyzer. Peaks of H+ and H2

+ are also observed. The 
intensities of some of the (HOm)(H20)„_m

+ clusters are 
plotted in Figure 3; they go through a maximum and then 
decay exponentially. The slopes of the straight lines of Figure 
3 are noticeably different for the different types of clusters. The 
negative SIMS of H2O at 77 K exhibited only ions of the type 
H-, H2-, 0" , OH-, H2O-, O2-, HO2", H(HO2)", and 
H2(HO2) - . Large clusters were not observed in the negative 
ion spectrum. 

B. Benzene and Cyclohexane. The SIMS of benzene and 
cyclohexane at 77 K are shown in Figures 7-10. Groups of 
peaks are observed corresponding to 1,2, • • •, 32 carbon atoms 
for benzene. The general low intensity of these spectra made 
it necessary to increase the transmission through the quadru
pole and hence a lowering of resolution as exhibited in Figure 
8. The overall intensity of the cyclohexane spectrum was ap
proximately one order of magnitude lower than that of ben
zene. As a result of this low intensity of cyclohexane, the largest 
positive cluster observed was at ~212 amu and the largest 
negative cluster observed was C3H-. Positive and negative H 
and H2 ions were observed from both benzene and cyclohexane, 
although they are not shown in the figures. The low-mass re
gion of the benzene spectrum is very similar to the previously 
published1 low-mass SIMS of benzene. 

2 
PRIMARY ION KINETIC ENERGY (It eV) 

Figure 5. Relative intensities of some representative H(FhO)n
+ clusters 

as a function of primary ion kinetic energy. The intensities are all nor
malized to 10 at 3-keV kinetic energy. 
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Figure 6. Seament of the Dositive SIMS of H?0 at 77 K with high sensi
tivity. 

The number of hydrogen atoms in the clusters increases at 
low mass until eight to ten hydrogens per cluster is attained. 
Above this point, addition of carbons to the clusters occurs with 
no corresponding increase in the number of hydrogens. Such 
deviations in composition from that of the pure hydrocarbons 
are indicative of molecular rearrangement during sputtering. 
After extensive He+ bombardment, a black residue was ob
served on both the benzene and cyclohexane surfaces. Analysis 
of this residue indicated a composition of pure carbon which 
was almost devoid of hydrogen. 

The intensity distributions of the peaks in the gas-phase 
electron-impact mass spectra of benzene and cyclohexane, as 
measured with the same Extranuclear quadrupole, are dis
tinctly different from the SIMS. The SIMS exhibit a much 
weaker molecular parent ion than the electron-impact spectra. 
The most abundant fragment in SIMS is the 03H3

+ ion for 
benzene and the C2H3

+ ion for cyclohexane, while in elec
tron-impact spectra it is the molecular parent ion for benzene 
and the C4H8"1" ion for cyclohexane. The SIMS show peaks for 
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Figure 7. Low mass positive SIMS of benzene. The highest intensity peak is identified in each group. 

U) 
+*. 
U 
-̂' 

>-K 

Ui 
Z 
UJ 
Z 
"• 

T
IV

E
 

< 
—i 
UJ 
at 

P O S I T I V E S I M S 

B E N Z E N E 

C H . 

C16H10 

J L 
W 

H 

Vfc/ 

JVI 
'—i r 

18 8 
Y 

C19H8 K / \ Jk , 

\ \ i 
C20H8 / \ / L / L A A X. 

1 r \»/ \j/ \j>r *v*/̂  *^ ^jr\-j*r\* 

V V / U I A X ^ - J L 
A 

I • I - T "T" I I I I ~ l I I I I l I I 1 - I - ' 
200 220 240 260 280 300 320 340 360 380 

m/e 
Figure 8. High mass positive SIMS of benzene. The highest intensity peak is identified in each group. 

the (M + I)+ ions whose intensities are far greater than those 
of the natural 13C isotope. The secondary ion energy distri
butions and their dependence on primary ion energy are similar 
to those of H2O and are not reiterated here. 

C. General Results. There is no doubt that the observed 
spectra originate from molecules on the surface of the cold 
probe and not from gas-phase species. This is particularly ev
ident when one considers the low vapor pressures (<10~9 Torr) 
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of the samples at 77 K. Experiments in which the frozen sample 
was rotated 180° and the ion beam struck the clean sample 
holder showed only ions of the stainless steel sample holder. 
The sample temperatures were varied from 77 to ~150 K with 
no detectable change in the relative fragment ion abundances. 
The spectra show excellent reproducibility and independence 
to the type of rare gas primary ion and its kinetic energy above 
~800 eV. Increasing the primary kinetic energy seems only 
to increase the overall cluster intensity above this level. 

IV. Discussion 
The following general mechanism is proposed for a quali

tative interpretation of the experimental results presented in 
the previous section. A single energetic primary ion collides 
with the surface and transfers its momentum in collision cas
cades to lattice atoms in the vicinity of the collision site. This 
results in a transient hemispherical region surrounding the 
impact site in which the energy content per unit volume is 
sufficient to thermally activate the constituent atoms. The 
random motion acquired by the lattice atoms in this region can 
propagate them out of the surface into the vacuum if their 
velocity vectors are in the appropriate direction and sufficiently 
large to overcome the surface binding energy. As such species 
propagate through the surface region large molecular clusters 
can be formed if the species are so synchronized in space, time, 
and velocity such that the attractive potential energy between 
them is sufficiently large to bind them together as a single 
cluster entity. Such clusters can undergo decomposition or 
rearrangement during their flight through the mass spec
trometer. In order to discuss this process, it is instructive to 
partition the mechanism into the following steps: (A) primary 
ion impact, (B) momentum cascades and cluster formation, 
and (C) flight time. These steps in the mechanism will be 
discussed in more detail. 

A. Primary Ion Impact. The secondary ions are produced 
by single primary ion collisions with the surface; multiple 
collisions by primary ions are insignificant. This can be ex
emplified by a simple computation. Using a primary ion cur
rent of I X l O - 8 A/cm2 there are about 6 X 1O-6 ions/s-A2 

impingent on the surface. If each ion distributes its energy over 
a site of 10-A radius, then approximately 2 X 10-3 ions/s-site 
or one primary ion strikes the site every ~8 min. When the 
primary ion current is 1 X 1O-6 A/cm2, the time interval be
tween collisions with a site is ~5 s. These time intervals are 
many orders of magnitude longer than the time required to 
dissipate the momentum of the primary ion and for the sec
ondary ions to travel to the detector. This is supported by the 
observed2-4 monotonic decrease in secondary ion intensity as 
primary ion current decreases, indicating that the sputtering 
mechanism and cluster formation process do not change to a 
detectable extent over the range studied. 

B. Momentum Cascades and Cluster Formation. The colli
sion of the energetic primary ion with the surface is similar to 
that of billiard balls in which atoms of the lattice absorb the 
primary momentum in a cascade process. The momentum is 
transferred to lattice atoms as the cascade propagates in ran
dom directions. The time interval of such a dissipation process 
is of the order of several vibrational periods, i.e., 10 -13s. The 
nonequilibrium situation induced by a large amount of energy 
deposited almost instantaneously in a localized hemispherical 
region can be relieved by an irreversible adiabatic expansion 
into the vacuum. Species in the localized region that acquire 
velocity vectors near the surface normal can leave the lattice 
and enter into the vacuum if their energies are greater than the 
surface binding; those that acquire velocity vectors which form 
small angles with the surface can be recaptured by the surface, 
resulting in ion beam induced migration of surface species. 

The question that arises from this is whether the large 
clusters are ejected as single entities resulting from contiguous 

Figure 9. Negative SIMS of benzene and cyclohexane. The highest in
tensity peak is identified in each group. 

sites on the surface or they are ejected as species from both 
adjacent and nonadjacent atomic sites which are a result of 
atomic recombination in the thermally activated region. We 
believe the latter to be the best description of the process and 
propose the following mechanism for large cluster forma
tion. 

The species moving randomly in the activated region will 
consist of atomic and molecular ions of both polarities as well 
as neutrals with a broad velocity distribution determined by 
the momentum transferred. The local density of such species 
in this region will be very high, i.e., similar to the atomic density 
of the original crystal. The high density of such species will 
result in significant attractive and repulsive potentials in this 
small spatial region. If we consider a collection of particles 
moving in the activated region that are closely synchronized 
in space and time, they can be bound together as a cluster if 
they satisfy the relationship 

E (E\j + V,j) < 0 (2) 
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Figure 10. Low mass positive SIMS of cyclohexane. The highest intensity peak is identified in each group. 

where Ekij is the relative kinetic energy of the particles i,j and 
Vij is the potential energy between each pair of particles i,j. 
From eq 2, particles that have large electrostatic attraction or 
chemical affinity between them will result in large negative 
Vij s which will dominate over the Ek,j terms and yield a 
bound cluster. As a result, a single primary ion collision can 
generate a collection of particles moving through the surface 
which can be bound together in one or more different clusters 
according to eq 2. This process has recently been modeled18 

by computer simulation of the classical trajectories in sput
tering. 

Consider, for example, the formation of H(H20)5i+ from 
a 1-keV He+ collision. Using the lattice spacing of ice, a 
H(FbO)Si+ cluster would have a volume of approximately 1.6 
X 105 A3. If such a cluster would be ejected from a hemi
spherical region just below the surface, the radius of the 
hemisphere would be ~42 A. Using heat-capacity data for 
H2O and assuming that all of the primary energy is deposited 
in this hemisphere, it is easily shown that effective tempera
tures of many billions of degrees can be obtained. It is not likely 
that all of the primary energy is deposited in this small volume, 
for a single primary ion collision could result in the production 
of several different clusters. Even at effective temperatures of 
MO6 CC, the average velocities of oxygen and hydrogen atoms 
are in the range of 106—107 cm/s. The atomic density of ice 
corresponds to an effective pressure of ~107 atm at which the 
mean free path of the activated atoms is only ~3 A. Under such 
conditions there are ~5 X 1014 collisions/s and a cluster such 
as H(H2O)51

+COuId be formed in ~10 - 1 3 s even if 150 single 
atom interactions are required. 

The formation of a tightly bound cluster only after the 
particles are moving through the selvedge region of the surface 
is supported by the following observations. Firstly, the fit of 

eq 1 (Figure 3) for each individual type of cluster suggests that 
the slope b is related to the relative rate of formation of each 
cluster type and the intercept a represents the relative stability 
or lifetime of such clusters after formation. Secondly, consider 
two particles with momentum vectors miV] and m2V2 that in
teract to form a single moiety with momentum vector (mi + 
1112) V, where V denotes the velocity of the cluster. Considering 
the magnitudes of these vectors, with conservation of mo
mentum, we find that 

BIl(V1 - V) + Hl2(V2 - V) > 0 (3) 

such that V must always be less than the larger of the particle 
velocities vj or v2. The general sharpening and shift to lower 
energy of the kinetic energy distributions (Figure 4) as cluster 
size increases observed in the alkali halides2'3 and the signifi
cantly different behavior of H(H2O)+ from the H(H2O),,+ 
clusters may be a result of several such required interactions 
to form large clusters. The broad high-energy distribution of 
H(H2O)+ suggests that it is ejected directly from the surface 
while the sharper low-energy distributions of the larger clusters 
suggest that they are produced by a recombination mechanism 
of the type 

H20 + H(H20)„_1
+ + S ^ H ( H 2 0 ) „ + + S (4a) 

and 

H(H2O),+ + (H2O); + S ^ H(H20)„ + + S, i +j = n 
(4b) 

where S is the third body. This third body can be the surface 
itself and is required for the deactivation of the initially excited 
association products and for the activation of clusters in de
composition reactions. Similar reactions of benzene fragments 
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with parent molecules can be postulated. For example, the 
abundant ions C3H3

+, C5H3
+, and C5H5

+ can add to neutral 
benzene with elimination of H2 to yield the observed ions 
CgH7

+, Ci ,H7+, and Ci 1H9
+. On the other hand, odd-electron 

ions such as C4H2
+ can add without H2 elimination to yield 

CioHg+. However, exceptions to this can be found and such 
specific mechanistic details are at present purely speculative. 
We do not wish to imply equilibrium by eq 4; the clustering 
environment changes so rapidly in the sputtering region that 
the clusters cannot be in equilibrium with their surroundings. 
Thirdly, the rapid decrease in cluster intensity as the primary 
ion energy decreased below ~1 keV suggests that below this 
point the energy deposited per unit volume is small and hence 
larger cluster formation is improbable. Fourthly, it has been 
observed3'5 that atoms which are two to four atomic sites apart 
in the lattice can be ejected in a single cluster without inclusion 
of the intermediate atoms in the cluster. Evidence3'5 for this 
is contained in the alkali halide, MX, spectra where species 
such as M„ (« = 2, 3) are observed and in the spectra of 
CsClO4, NaBF4, and KPF6, where species such as M„X„_i+ 

(n = 1,2,...) are observed. Such observations indicate that 
nonadjacent lattice atoms are combining to form clusters, i.e., 
there is significant molecular rearrangement as a result of the 
sputtering process. 

C. Flight Time. The positive or negative cluster ions ema
nating from the surface can be electrostatically drawn into the 
SIMS spectrometer for a total flight path from sample to de
tector of ~42 cm. The ions travel through the prefilter and 
quadrupoles at low kinetic energies. Assuming an ion energy 
of ~2 eV and mass of ~900 amu (for the large water clusters), 
the flight time and minimum lifetime of the clusters is ~0.6 
ms. During this period, unstable or highly vibrationally excited 
clusters can decompose into smaller fragments. The large de
viations of some of the points in Figures 2 and 3 from the 
straight lines indicate that certain clusters do have abnormally 
high stabilities. 

D. Relation to Previous Work and Applications. The un
usually high intensities of the H(H2O)4

+ and H(H2O)2I
 + 

clusters (Figure 2) and their deviations from the monotonic 
intensity decrease suggest that these clusters have unusual 
stability. These abnormal stabilities have been observed19'20 

previously in free jet adiabatic expansions of liquid water. 
The H(H2O)4

+ cluster is believed to be a symmetrical 
H3O+ ion surrounded trigonally by three H2O molecules. The 
H(H2O)2I+ cluster is attributed19 to a clathrate cage structure, 
i.e., a pentagonal dodecahedron with a water molecule at each 
corner and an H3O+ ion at the center. The fact that our 
H(H2O)n

+ intensity distributions (Figure 2) are very similar 
to those obtained from expansion of liquid water (see ref 19, 
Figure 1) lends strong support to the proposed mechanism in 
which a localized surface region is thermally activated and 
recombination occurs. The emission of clusters from this region 
is apparently not unlike the adiabatic expansion of liquid 
water. 

Our results show that there is adequate sensitivity for 
characterization of molecular solids and, even though the 
fragmentation appears to be stronger than in electron-impact 
mass spectra, the fragmentation patterns do allow organic 
structure determination. Despite the recombination, SIMS 
does provide a qualitative fingerprint for the compounds. SIMS 
can, in principle, be performed in two modes:7-10 the "static" 
and "dynamic" mode. In static SIMS the primary ion flux is 
low enough to avoid sputtering away the outer monolayer of 
the surface during the measurement period, while in dynamic 
SIMS the surface is eroded faster than the measurement pe
riod. The condition usually accepted for the static SIMS mode 
is a primary ion flux of less than 1 X 1O-8 A/cm2. We point 
out that the conditions for static SIMS will depend largely on 
the type of surface being studied. Obviously, surfaces that emit 
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only atomic or small molecular species. The recent observa
tion26 of very large erosion coefficients (far larger than those 
expected from normal sputtering processes) for ice subjected 
to megaelectron volt ion bombardment will certainly have to 
be explained in this manner. Static SIMS conditions for one 
sample may very well be dynamic SIMS conditions for another 
sample. 

The existence of large stable ionic clusters and their pro
duction by low-flux rare gas sputtering of molecular solids have 
important applications to astrophysical studies of clustering 
in the upper atmosphere, as reactants in charge or proton ex
change reactions,27 as a technique for volatilization and mass 
analysis of large involatile molecules,28 and possibly as a 
method of injecting fuel into thermonuclear devices.29 Large 
sputtering coefficients for molecular frosts may be important 
to the balance of planetary atmospheres, to determining the 
size distribution of interplanetary ice particles, and in the dy
namics of comet structures. 

V. Conclusions 
We have shown that large molecular clusters of high mass 

can be sputtered from molecular solids and detected by the 
method of SIMS. The fragmentation is stronger than in the 
electron-impact mass spectrum; however, the patterns can be 
used to determine the molecular structure. The experimental 
results are consistent with a clustering mechanism in which a 
collection of particles is thermally activated by the collision 
of a single primary ion. The resulting nonequilibrium situation 
in which a large amount of energy is deposited almost instan
taneously into a localized region can be relieved by an irre
versible adiabatic expansion into the vacuum. The activated 
species can take the form of a bound cluster as they move 
through the selvedge region of the surface. The delayed for
mation of a tightly bound cluster until the particles are moving 
through the surface accounts for the observed molecular re
arrangement, the preponderant specific cluster types, and the 
possibility of clusters containing atoms from noncontiguous 
lattice sites. However, since equilibrium is not established in 
the activated region, the secondary clusters will reflect to some 
degree the short-range lattice structure. As a result, the tech
nique does provide a fingerprint for species such as hydrocar
bons, complex salts, etc. 
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been revived in recent years as a very important approach to 
an understanding of the intermolecular forces in solutions.1"3 

The significance of these studies to the understanding of so
lution reactivity and equilibria has been a subject of recent 
discussions by Taft4 and Arnett.5 A considerable research ef
fort has been made in this laboratory to determine the extent 
to which aromatic compounds6-7 with a variety of substituent 
groups, relatively nonpolar aliphatic hydrocarbons,8 and 
functional groups introduced into the latter molecules8-9 in
teract with polar and nonpolar solvents, in order to evaluate 
the major intermolecular forces operative in these solutions. 
The choice of solvents has been limited to nonaqueous ones, 
thus avoiding several additional complications encountered 
in aqueous solutions.2 

The first step toward this goal must be to form a minimum 
number of empirical generalizations to describe intermolecular 
interactions, based on an extensive set of data, describing the 
effects of systematic changes in the structural features of the 
solute in a variety of polar and nonpolar solvents. The initial 
investigation in this direction has been carried out by the 
measurement of enthalpies of solution (AZZs) of series of al-
kanes and alkenes, including straight-chain, branched, and 
cyclic compounds, in polar solvents (methanol and dimethyl-
formamide), nonpolar but highly polarizable benzene, and 
nonpolar cyclohexane.8 There is strong experimental support 
for one empirical generalization, the existence of methylene 
group additivity10 in the solvation enthalpies, AH(y - • S), and 
also in AHS values of alkanes and alkenes. This study showed 
that alkenes are more strongly solvated than the corresponding 
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alkanes in polar DMF, presumably because of dipole-induced 
dipole interactions of the solvent with the polarizable ir bond 
of the alkenes, but the alkene-alkane difference in nonpolar 
cyclohexane is negligible, indicating that in cyclohexane both 
alkenes and alkanes are solvated almost entirely by dispersion 
forces. In polar solvents alkenes interact by dispersion, di-
pole-induced dipole, and perhaps very slightly by dipole-dipole 
forces, whereas alkanes interact with polar or nonpolar solvents 
almost entirely by dispersion forces. (In highly polar solvents 
dipole-induced dipole forces may make a small contribution.) 
The results were consistent with the premise that a given hy
drocarbon group will make the same contribution to dispersion 
interactions regardless of the nature of the molecule of which 
it is a part. There is also strong evidence supporting a second 
empirical generalization,8 that straight-chain hydrocarbons 
are better solvated in polar or nonpolar solvents than are 
branched isomers, and AH (v —- S) of alkanes are reduced by 
nearly 1 kcal/mol for each quaternary carbon atom present 
in the chain, arising from steric hindrance to solvation by dis
persion forces. An additional reduction in the solvation of 
?r<mj-l,2-di-/er?-butylethylene was also observed, where steric 
factors prevent the close approach of the solvent dipoles to the 
TT bond of the alkene, thereby diminishing the alkene-alkane 
difference in AH(v —- polar solvents). 

These results are qualitatively consistent with a division of 
the observed overall enthalpies of solute-solvent interaction 
[AH(v -*• S)] into three terms: the enthalpy of cavity formation 
(AH0) within the solvent (required to accommodate solute 
molecules); A//nonp0iar, arising from dispersion forces; and the 
enthalpy of polar interactions (AHpoiar) which arise from ad
ditional electrostatic interactions (dipole-induced dipole, di-
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Abstract: Solvation enthalpies [AHiy -* S)] of a variety of aliphatic ketones including straight-chain, branched, and cyclic 
compounds have been determined in methanol, dimethylformamide, benzene, and cyclohexane by combining measurements 
of the heats of solution (A//s) and heats of vaporization (AHV). Values of AHV have been determined by the gas chromatogra-
phy-calorimetry method, and several of the calculated liquid heat capacities required by this procedure have been verified by 
experimental measurement. AH(v -*• S) for most ketones are in the order benzene (most exothermic) > DMF > MeOH > c-
C6H12. Comparison of A//(v -» S) values for ketones with values for hydrocarbons of the same carbon skeleton provides a 
measure of polar interactions of the ketones with solvents. These interactions are largest for the cyclic and 2-ketones, less for 
the straight-chain symmetrical ketones, and least for the highly branched 2,2,4,4-tetramethyl-3-pentanone, and decrease with 
increasing ketone size within each group. 
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