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Collision-Induced Dissociation of Cesium lodide Cluster lons. Scattering Angular
Distribution and Excitation Mechanism
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Collision-induced dissociation (CID) of cesium iodide cluster ions was investigated at kiloelectronvolt laboratory
translational energy using “light” (51D, and He) and “heavy” (Ne, Ar, and Xe) collision gases. Substantial
translational energy losses were observed with light targets, as was the case with polypeptide ions with similar
masses reported previously. In the present case, the large energy losses were mainly due to the elastic energy
transfer to the targets. From the translational energy profiles of CID product ions, energetic and dynamic
data, and, in particular, the scattering angular distribution, were obtained. The angular distributions obtained
with H,, D, and He were virtually identical at the same center-of-mass translational energy while the one
with Ne was different. This suggested that the energy transfer mechanism with light targets might be different
from that with heavy ones. Theoretical calculations with a binary collision model could explain the angular
distributions with Ne, suggesting that vibrational excitation via momentum transfer is a possible candidate
mechanism. Even though the angular distributions could not be determined for CID with Xe or Ar collision
gases, the same conclusion can be made based on the basis of the magnitudes of the translational energy loss.
On the other hand, those with light targets could not be explained with the above model indicating the
dominance of vibronic excitation.

Introduction vibronic excitation (“process-12"), and the excitation via the
formation of a long-lived collision complex (“process 37).
According to recent investigations by Futrell and co-workers

on the CID of simple polyatomic ions at superthermal enétg?,

Reactions of large polyatomic molecules, either natural or
synthetic, have become an important research subject in
chemistry. In particular, collision-induced dissociation (CID)

of large polyatomic ions at superthermal energy-10 000

eV)!~4is attracting much attention because the phenomenon is i ;
) g P ¢ Franck-Condon process as a viable mechanism. Also, the

useful in mass spectrometry for structural characterization o
large molecule§-8
The CID process is generally thought to occur in two separate

substantial deflections of projectile ions accompany the energy
transfer collisions, excluding the pure electronic excitation via

formation of a long-lived complex between the projectile and
the target is not likely in the CID with noble gas targets at
kiloelectronvolt translational energy. This leaves process 2 and

steps’~1! the collisional excitation and dissociation steps, even

though some exceptions are knoifn. 1-2 as the viable candidates for the energy transfer mechanism

in the CID with noble gases at kiloelectronvolt energy. In

N process 2, momentum transfer to a part of the projectile results

+ + . L o X . "
m —m* 1) in its vibrational excitation, while electronic transition ac-
. . companying momentum transfer occurs in proces2 Via
m*—m, +m; (2) mechanisms such as curve crossing. These processes are usually

called vibrational excitation via momentum transfer and vibronic

Here, m™ and N are the parent ion (projectile) and the collision €Xcitation via nonadiabatic interaction, respectivéif. Another

gas (target) and Eﬁ and m are the product ion and neutral’ important flndlng is that, even though vibrational excitation via
respectively. mi* represents the parent ion excited by collision. momentum transfer becomes more important at lower transla-
Each of these steps has been the focus of tremendous researdipnal energy2>-27 electronic (or vibronic) excitation is much
interest. Even though statistical theories such as the-Rice more prevalent than was previously thought even at low
RamspergerKasset-Marcus (RRKM) theory are generally translational energy?23282° For example, our recent inves-
accepted to account for the dissociation of simple polyatomic tigation on the CID of methane molecular ion has shown that
ions1314 the dissociation mechanism of larger systems (for electronic excitation transferring-#4 eV of internal energi
examplemz 1000 or larger, number of atoms 100 or larger) is can compete with vibrational excitation transferring 0.2 eV at
still an outstanding probled¥~17 The fundamental understand- the center-of-mass collision energy of 200 ##°

ing on the first step is even less satisfactbry. Classification Another interesting development in this area in recent years
of the excitation mechanisms into some limiting processes is the observation of huge translational energy losses in the CID
proposed by Durrup many years ago has been a useful guidelinef large polyatomic ions such as polypeptide i6hs$° Large

in the study of CID of polyatomic ion¥ These are the pure  internal energy uptakes needed for the dissociation of systems
electronic excitation via FranekCondon transition (“process  with many degrees of freedofh target excitatior?® multiple

1"), vibrational excitation via momentum transfer (“process 2”), collision2® etc., have been invoked to explain the huge energy
losses. Even though many of these look plausible, a thorough
experimental investigation is needed to find the cause(s) for
such large energy losses. In particular, CID studies on heavy
parent ions which do not consist of so many atoms as for
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polypeptide ions are needed to separate the mass effect fronthe laboratory coordinate system results in
the degree of freedom effect.

Recently, we devised a method to obtain a scattering angular Ki=Ky tK{+Q (6)
distribution from a mass-analyzed ion kinetic energy (MIKE)

profile of a product ion generated by CID of a high massZbn.  ©f
This method has been applied to study the dynamics in CID of AK, =K, — K,/ =K+ Q @)
cesium iodide cluster ions, the following reactions in particular, o N
the results from which being reported in this paper. Here,K1' andKy are the postcollision translational energies of
N N myt and N, respectively, andKj is the translational energy
Cslgs — Csls +Csl 3 loss of the parent ion. The center of the CID peak will be
m/z1691.8 m/z1432.0 located at
Csl,” — Csl;’ +Csl 4 Ky = (m/myKy' (8)

m/z1172.1 m/z912.3
and the peak will be broadened due to the kinetic energy release.
Experimental Section Distributions inKy and Q further result in asymmetric tails
usually on the lower translational energy side of the MIKE peak.
Q cannot be larger than the translational energy for relative
motion in the center-of-mass coordinate syst&q*

A double-focusing mass spectrometer with reversed geometry
(VG Analytical, model ZAB-E) was used in this work. Cesium
iodide cluster ions were generated by fast atom bombardment
using an 8 keV xenon atom beam. lons generated were N
accelerated to29 keV translational energy. The parent ions Krel = T N2 ()]
were selected by the magnetic sector. The translational energy !

spectra of fragment ions generated by unimolecular dissociationg, oy thoughQ in a collision event can have a range of value

of theAOparent ions, namely, metastable ion decomposition |osg than or equal the, Q in the CID generating a particular

(MID),*> or by CID occurring in the second field-free region  paament jon, especially that produced by the least endoergic
of the instrument were obtained by scanning the voltages applied.pannels as considered in this work, would have a narrower
to the electric sector. This is the so-called mass-analyzed ion igyripytion as dictated by the dissociation kinetics. Conserva-
kinetic energy spectrometry (MIKES)method. To induce  ion of momentum leads to another important relation in the

CID, collision gas was introduced into the collision cell located laboratory coordinate systehis Here,— and + represent the
near the intermediate focal point of the instrument. The collision '

gell was electrically floated gt.high voltage to reduce contribu- en=0+hH2-q—2 cogO F
tions from MID. The remaining MID signal was subtracted
numerically. Collision gas pressure was adjusted to give 10 «/4 co$O (co$O — (1 + f)(1 — f + fq))/(1 + f)* (10)

20 % attenuation of the parent ion beam. Peak distortion by

multiple collisions was removed using the deconvolution forward (“soft”) and backward (“hard”) scattering, respec-
technique developed recenffy. The translational energy scale ~tively.*#* @ is the projectile deflection angle in the laboratory
(abscissa) of a CID-MIKE profile was calibrated utilizing the ~coordinate system, ang,, g, andf are defined as follows:
peak position of the corresponding fragment ion in the MID-

MIKE spectrum. H, Dy, He, Ne, Ar, and Xe were used as en = KKy 11)
collision gases. The purities of the gases used were the highest = QK (12)
commercially available and gas purifiers were used to remove q 1

water as much as possible. f=N/m, (13)

Results and Discussion It is to be noted thaKy scales withK; when a CID process

Energetics in Collisions: An Overview. In MIKE spec- with well-defined Q is observed at a particular scattering angle.
trometry of a unimolecular reaction or metastable ion decom- Also, Ky varies not only withK; but also with® under the
position (MID), the average laboratory translational enekgy)( MIKES conditions.

of the fragment ion Bt of massm, produced from the parent It is pertinent at this point to describe the energetics
ion m;™ of massmy with the translational energy d¢€; is well relationship derived by Uggerud and Derrick for vibrational
approximated bp42 rotational excitation via a momentum transfer collisf®nThe
theory, which was called impulsive collision theory (ICT) by
K,°* = (my/my) K; 5) the authors, is especially useful because some energetics and
angular relations can be derived in analytic forms. In ICTfm
Since a certain amount of the internal energy of nor a is divided into two parts, the impact and spectator portions. The
distribution of energies is released as the relative translational elastic collision between the impact portion and the target is
energy of products, the laboratory translational endfgyof responsible for the energy loss ofmin the collision. Since
m," tends to show a distribution centeredkaf. the impact portion of the projectile may consist of one or more

When the same reaction occurs by CID, namely, via reactions atoms, the collision may not be a binary one (ateatom) in a
1 and 2, some of the initial laboratory translational energy of strict sense. However, ICT will be regarded as a binary collision
my* is lost elastically and inelastically in reaction 1. Even model in the rest of the paper because the impact portion is
though the excitation of both yh and N (of massN) can treated as an entity with a specific mass. The most important
contribute to the inelastic energy |0Qs excitation of the latter result in the ICT formalism is to find tha&tK; andQ, and hence
has often been neglected when inert gases are used as target§y also, display the same angular dependences. Hence, the
because the energy gaps between the ground and the first excitetbllowing relation betweem\K; andQ holds regardless of the
electronic states of these are large. Conservation of energy inscattering angleN is the mass of N):
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AK; = (2¢/u)Q (14) He/Dz(‘1 800) Hz(“l 800)
with
_ m(m,+N)
“CNm-m) .
mN |7
=1-—2 16
: m; (m, + N) (16)

Here,m, is the mass of the impact portion. Derrick and co-
workers applied the ICT to various systems and claimed that it
was more appropriate than the two-body collision model (as
eqs 6-13)34% |t is to be emphasized, however, that the latter
simply represents the conservations of energy and momentum ;
and should hold regardless of the detailed collision model. -120 -80 -40
CID-MIKE Spectra. Since a conventional MIKE spectrom-

eter has a small collection angle (several tenths of a degree), a
fragment ion generated from a light parent ion highly deflected
in a collision has little chance to be detected. As the parent
ion mass increases, however, the laboratory scattering a@yle (
corresponding to a given center-of-mass scattering afjle (

Normalized Intensity

o -
o
o

Translational Energy, eV

He/Dz(1‘80°) Hz‘(1 800)

o
> f

ey

decreases, allowing the detection of fragment ions generated b . ,I!('\\.\\/xe
from highly deflected parents. In elastic scattering, these two ( ) A ] -’1 "-\.'\
angles are related as follows: A SR
_ sin@
an® = coso + m,/N (37

For example, 90 scattering of Cdst (m/z 1691.8) by He in

the center-of-mass coordinate system corresponds to the labora-
tory scattering angle of 0.24 The laboratory scattering angles
become 0.68 1.4°, and 4.4 with Ne, Ar, and Xe collision
gases, respectively. This means that fragment ions produced

Normalized Intensity

from highly deflected (in the center-of-mass coordinate system) =-§o - -;o ° 40
parent ions can be detected in He CID while only those scattered .

in the forward direction contribute to the MIKE signal in Xe Translational Energy, eV

CID when the kinetic energy release is ignored. Figure 1. CID-MIKE profiles for reaction 3 at the parent ion

The CID-MIKE spectra of Ggs* generated by reaction 3 translational energy of (a) 10 keW (= 9 kV, V' = —1 kV) and (b) 5
with H,, D,, He, Ne, Ar, and Xe collision gases at 5 and 10 keV (V=6 kV, V = 1kV). Vis the accelerating voltage in the ion
keV parent ion energies are shown in Figure 1. The similar source andv' is the voltage applied to the collision cell. Collision

data for reaction 4 are shown in Figure 2. The scale of abscissagzifs_aie) i’ﬁr;le_())’r iglijrf((')-f-)ththfg)s‘Iat'i\loen(e_ll..e:n_e)r‘g fg(c;ﬂe_?s tzﬂgn at
(translational energy scale) in the figures is taken to be mverselythe corresponding MID-MIKE peak center. The energy scale is taken

proportional toK,'? in order to compare CID-MIKE profiles 5 e inversely proportional t&;'? (see text). Peak heights are
obtained at different translational energies. This is because thenormalized. The long tails with nearly constant intensity observed at

MIKE peak broadening arising from the kinetic energy release higher (a) and lower (b) energy sides of CID-MIKE profiles are due to

is proportional toK;24042 |ts origin is taken at the corre-  the dissociation between the cell and the grounded exit slit. The vertical

sponding MID-MIKE peak position. dotted lines mark the laboratory translational energies of product ions
Translational energy losses of the parent ions in the collision 9&nerated from backscattereti< 180°) parent ions in CID with He

contributing to the spectra were calculated from the energy shift (or bz) and HZ'. .
at the peak top. Namely, mass of the impact portion was taken as the average (129.9 u)

of Cs and | masses. The results are listed in the parentheses in
AK,; =Ky + Q= (m/m) (K,> — K,) (18) Tables 1 and 2. Itis to be noted tMAtthus estimated is only
a fraction ofAK, especially with the light targets, supporting
The results are summarized in Tables 1 and 2. It is seen thatthe proposal that the large laboratory energy loss is mostly due
the energy loss estimated in this way decreases as the targeto the elastic energy los&(). Accepting the two step model
mass increases (excepk,Ho be explained). Of particular  for CID and the statistical picture (such as RRKM) for the
importance is the fact that the energy losses in CID with H dissociation step, one may expect that the inelastic energy

D,, or He gases are even larger th&g. For example AK; transferQ needed for a given channel, especially for the least
for reaction 3 with H at 10 keV amounts to 28 eV whil€ endoergic ones, such as reactions 3 and 4 would be similar
is only 12 eV. This means tha€y rather thanQ is mainly regardless of the laboratory translational energy and the target
responsible for the observed laboratory energy losses in CID gas? Data in Tables 1 and 2 show that this is the case with
with light targets. Ne, Ar, and Xe collision gases (to be called heavy gases).

As an attempt to investigate whether the energy loss could Diefenbach and Martin calculated the binding energies of the
be explained by a binary collision, eqs-146 derived in the Cs(Csl)*" cluster ions using the polarizable ion mod€&lThe
ICT model were used to evalua@efrom the energy loss. The same model was used by Welch and co-workers to calculate
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He/D2(1800)  Hz(1800) suggests that the energy transfer mechanisms in these two cases

} ) are different. If the energy transfer in CID with heavy collision
gases occurs by vibrational excitation via momentum transfer,
the same mechanism does not apply to CID with light collision
gases.

Not only the average energy losses but also the overall peak
patterns of the MIKE profiles in Figures 1 and 2 are of interest
from a collision dynamics point of view. Two vertical dotted
lines in each spectrum represent the laboratory translational
energy of the product ions generated from the parent ions
scattered elastically into the backwar@ € 18C°, ® = 0°)
direction in a collision with H, D,, or He. Namely, these
correspond to the minimum laboratory energies for the product
ions in each cases. Consideration of the inelastic energy transfer
needed for dissociation would shift these lines slighthl €V)

50 toward the higher energy direction. (This is because the inelastic
. collision in the backward direction results in the postcollision
Translational Energy, eV projectile velocity vector located within the elastic scattering
circle of the Newton diagram.) The fact that significant product
He/Df(1 800) H%(1 800)

Normalized Intensity

ion intensities are observed in the left sides of these lines is
due to the peak broadening arising from the kinetic energy
release. In the case of heavy collision gases, the minimum
laboratory energy lines are located far at the left sides of the
MIKE profiles and are not drawn. As was explained earlier,
the progressive downward shift of the MIKE profile with the
decrease in the target mass exceptrikans higher elastic
energy loss with lighter target. One may suppose that the higher
instrumental discrimination with higher target mass at large
scattering angle is mainly responsible for the above observation.
This is not the case at least for the Ne CID because the detailed
analysis of the MIKE profile carried out in the next section to
determine the scattering angular distribution showed that the
instrumental discrimination was not too significant. One of the
. most notable features in the figures is that the CID-MIKE
-60 -30 o 30 profiles with D, and He are essentially identical, indicating the

. importance of the target mass in determining the elastic energy

Translational Energy, eV loss. The reason for the smaller energy loss wittthn with

Figure 2. CID-MIKE profiles for reaction 4 at the parent ion D, or He is also found in the target mass. Namely, the
translational energy of () 10 keWE 9 kv, V= —1kV)and (0) 5 maximum elastic energy loss is less with than with Dy or
keV (V=6 kv, V' =1kV). See the caption of Figure 1. He as indicated by vertical dotted lines shown in the spectra.

the binding energy of C<E In this model, the potential terms 1€ Physical meaning of the MIKE profile shift will become
due to the induced dipole moments arising from the fact that clearer when thg scattering angular distributions are calculated
the electron shells are polarized by the electric field of other TOM these profiles and compared.

ions in a cluster are added to the rigid-ion potential. The  Scattering Angular Distribution. The method to evaluate
thermochemical thresholds of the above reactions can bea scattering angular distribution from a CID-MIKE profile was
estimated by comparing the binding energies of the reactantdescribed in detail previoush!. The method to eliminate
and products. The thermochemical thresholds bf7 and~1.4 multiple collision effects was also report&d Briefly, the CID-

eV thus estimated for reactions 3 and 4, respectively, are alsoMIKE profile at a particular center-of-mass scattering angle,
to ~1.5 and~1.2 eV obtained from the present analysis. On C(Kz,0), is calculated analytically using the expression devel-
the other hand, the estimated inelasticity varies with the oped previously, which takes into account all the instrumental
laboratory translational energy and looks unphysical in CID with discriminations’® In the case of CID with Xe, the present
light collision gases (b D,, and He). Namely, the ICT model  instrument severely limits the observable center-of-mass scat-
seems to be compatile with the energy losses observed withtering angle to the forward and backward regions as mentioned
the heavy collision gases, but not with those with the light previously (eq 17). The translational energies of fragment ions
collision gases. According to the ICT model, vibrational generated in the backward scattering can be estimated by eq
excitation via momentum transfer becomes less efficient as the 10 which are much smaller than those observed. Namely, the
mass match between the impact portion and the target getsobserved CID-MIKE peak arises essentially from the forward
worse?> This suggests that the light collision gases would not scattering in the case of Xe. Using eq 10 again, it can be seen
be as efficient as the heavy ones in the present cases. The ClDhat the elastic energy transfer to Xe in the forward scattering
yields for reaction 3 obtained with He and Ne collision gases is very small (2-3 eV) even in the worst cases. Namely, the
at the parent ion translational energy ef8 keV are shown in large bandwidths of the CID-MIKE peaks are mainly due to
Figure 3. When the CID yields at the saiig are compared, the kinetic energy release in the dissociation step. Hence, the
He is found to be more efficient than Ne contrary to the above kinetic energy release distribution (KERD) in the reaction can
expectation. For example, the CID vyield with He at 5 keV is be obtained by analyzing the CID-MIKE peak profile obtained
larger by a factor of~3 than that with Ne at 1 keV. This with Xe. Then, the scattering angular distributi®{0) is

Normalized Intensity
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TABLE 1: Average Translational Energy Losses of Parent lons

Lee and Kim

in the CID Reaction &°

Ky H, D, He Ne Ar Xe

10 keV 24+ 4 34+ 2 34+ 2 9.6+ 1.0 6.5+ 2.2 3.4+1.3
(0.24+0.04) (0.56+ 0.04) (1.14 008) (1.44+0.1) 1.7+ 0.6) 1.7+ 0.6)

8 keV 24+ 2 34+ 2 39+ 2 10+ 1.0 6.7+ 1.0 3.0+ 0.8
(0.20+ 0.02) (0.56+ 0.02) (1.3+ 0.06) (1.5£0.2) (1.7+£0.3) (1.5+0.4)

5 keV 154+ 2 29+ 2 31+ 2 9.2+ 1.0 6.3+ 1.4 2.5+ 0.8
(0.13+0.02) (0.48+ 0.02) (1.0£ 0.05) (1.3£0.1) (1.6+0.4) (1.2+0.4)

3 keV 11+ 2 19+ 2 19+ 2 9.0+ 1.0 6.1+ 1.0 3.0+ 0.8
(0.09+ 0.02) (0.31+ 0.02) (0.60+ 0.05) (1.3£0.1) (1.6+0.3) (1.5+0.4)

2 keV 7.8+ 2 14+ 2 13+ 2 9.3+ 2.0 57+ 1.7 2.5+0.8
(0.06+ 0.02) (0.22+0.02) (0.42+ 0.05) (1.4£0.3) (1.5+0.4) (1.2+0.4)

1 keV 7+2 6.0+ 15 6.0+ 1.5 24+1.2
(0.23+0.06) 0.9+ 0.2) (1.6+0.4) (1.2+0.6)

a Calculated from the translation energy of the CID-MIKE peak top using eq 18. Unit is ifl ieMlastic energy losse€)j calculated with the

ICT formalism (egs 1416) are shown in parentheses. Unitis in eV.

TABLE 2: Average Translational Energy Losses of Parent lons

in the CID Reaction &°

Ky H, D, He Ne Ar Xe
10 keV 32+ 4 21+ 2 22+ 3 7.6+1.2 544+1.0 2.7+ 1.0
(0.28+0.04) (0.36+ 0.03) (0.75+ 0.11) (1.2+0.2) (1.5£0.3) (1.3+0.5)
8 keV 29+ 2 21+ 2 23+ 2 6.1+ 1.0 4.9+ 1.7 1.9+ 1.0
(0.25+0.02) (0.364+ 0.03) (0.77+ 0.08) (0.9£0.2) (1.3£0.5) (0.9+0.5)
5 keV 21+ 2 28+ 7 25+ 5 6.1+ 1.0 544+1.0 2.2+1.3
(0.18+ 0.02) (0.48+ 0.12) (0.85+ 0.16) (1.0£0.2) (1.5+0.3) (1.0+ 0.6)
3 keV 14+ 1 23+ 2 23+1 6.0+ 1.0 4.0+ 10 2.2+ 1.0
(0.1240.01) (0.39+ 0.03) (0.774+ 0.05) (0.9£0.2) (1.0+£0.3) (1.0+£0.5)
2 keV 9.8+ 1 18+ 2 18+ 2 6.2+ 1.0 3.7+1.2 19+ 1.3
(0.08+ 0.01) (0.3£ 0.03) (0.61+ 0.08) (0.9£0.2) (1.0+£0.3) (0.9+0.6)

a Calculated from the translational energy of the CID-MIKE peak top using eq 18. Unit is iRt le€lastic energy losse€)] calculated with
the ICT formalism (eqs 1416) are shown in parentheses. Unitis in eV.

Yield, %

6 7 8 9

Translational Energy, keV

Figure 3. The CID yields for reaction 3 obtained with H®) and Ne

(O) collision gases at the parent ion translational energy-8 keV.

The parent ion beam was attenuated by 15%. The collision probability,
instrumental discrimination, and detector sensitivity have been taken
into accoung®

determined by fitting the experimental profile(Kz) with
C(K2,0) functions:

F(K,) = ZP(G) C(K.,0) A6 (29)
In the present case® of 1.5 and 1.2 eV for reactions 3 and 4,
respectively, were taken from the ICT analysis from heavy
collision gases in Tables 1 and 2. Small variations in Q0.5
2.5 eV) was found not to be important. KERDs have been
determined from the Xe CID-MIKE profiles and C{}Q)
functions have been calculated for various cases. Solkg0o)
functions evaluated for Ne CID of reaction 3 at the parent ion
translational energy of 2 keV are shown in Figure 4. The best-

Intensity

Translational Energy, eV

Figure 4. CID-MIKE profile for reaction 3 at 2 keV with Ne®) and

the CKy,0) functions ) atd = 2.5°, 17.5, 27.8, 37.5, 47.5, 57.5,
67.5, 77.5, and 87.58 (from right to left). The CID-MIKE profile
recalculated from the fit is also shown-+). The origin of the
translational energy scale is taken at the corresponding MID-MIKE
peak center.

fit profile determined with eq 19 is also compared with the
experimental profile in the figure. It is to be emphasized that
the instrumental discrimination has been fully accounted for in
the calculation ofC(K,,0) function$® and that a significant
fraction of fragments generated by°%attering can be detected
by the present instrument in the case of CID with Ne.

The scattering angular distributions for reactions 3 and 4 with
H», Dy, He, and Ne collision gases are shown in Figures 5 and
6, respectively. The angular distributions in each figure are
those determined at the saiig. For example, the distributions
in Figure 5a are those for the;,KCID at 10 keV, B and HE
CIDs at 5 keV, and Ne CID at 1 keV, all corresponding<ig
of 12 eV. Similarly, K values for those in Figures 5b and
6a,b are 23, 17, and 34 eV, respectively. It is remarkable to



Cesium lodide Cluster lons J. Phys. Chem. A, Vol. 101, No. 35, 199153

A
T g mGE‘m
[ - 1]
/ \ (a) / \ (a)
/ ) +Hz, 10 keV o R
]
2 @ t9 o He 5 keV 2| o + Hz, 10 keV
= / Voo © Dz, 5 keV = | ! \ o He, 5 keV
- / £ Ne, 1 keV || @ & © D2, 5 keV
a / . o ! 1 £ Ne, 1 keV
[ ] : [o] ! ‘
Yo ! T N
o : o. !
T T L) ETBH ='_ln-': 0 ¥ LJ
0 30 60 0 120 150 180 0 30 60 90 120 150 180
Scattering Angle, degree Scattering Angle, degree
@
o ik
\ ! g
;G (b) [ (b)
m\ g @
; \
> ! & - He,10 keV | i \ - He, 10 keV
- [} — !
= i 1 © D2, 10 keV = | n) © D2, 10 keV
ﬁ 0 i E Ne, 2 keV g ) & Ne, 2 keV
0 | \ L0 i
o ! o
3 ! Lyl )
. i o.
H 1
jul ul
!
0 3IO 6|0 9'0 150 1%0 180 0 3ID 6'0 9'0 150 150 180
Scattering Angle, degree Scattering Angle, degree

Figure 5. Normalized scattering angular distributions for reaction 3. Figure 6. Normalized scattering angular distributions for reaction 4.
(a) Hz (1) atK; of 10 keV, He @) and D (O) atK; of 5 keV, and Ne (a) H; (+) atK; of 10 keV, He ®) and I» (O) atK; of 5 keV, and Ne
(O) atK; of 1 keV. (b) He @) and D, (O) atK; of 10 keV and Ne (O) atK; of keV. (b) He @) and D (O) atK; of 10 keV and Ne({)

(O) atK; of Ky of 2 keV. at K, of 2 keV.

note that the S(_:a_ttering angular distributions in CI[_) with H Pict(6), was expressed as a product of two angle-dependent

D2, and He collision gases at the saitg are essentially the  {ormg:

same both for reactions 3 and 4 while the angular distributions

in Ne CID differ from these. This is an evidence supporting Picr(6) O Pc1°(0) Pyl 6) (20)

our previous observation of a dichotomy of the collision events

into “light” and “heavy” target cases. Also, the fact that the P,cr°(6s), which is the scattering angular distribution of the

distributions with H, D, and He are the same even though the parent ion regardless of dissociation, was derived with the ICT

masses of the constituting atoms vary from 1 to 4 can be takenformalism. Ris{6) embodies the dissociation energetics in the

as further evidence that vibrational excitation via binary form

collisions is not adequate to explain CID with light targets. Also

noticed in Figures 5 and 6 is that the angular distribution moves Pyied0) O 27 (O~ (21)

toward larger angles d¢. decreases. Namely, the energetics

requirement favors a smaller impact parameter or larger scat-as assumed in the Appendix)* and A characterize the center

tering angle collision at loweK, in agreement with the  and width of the distribution. These are taken as the adjustable

energetics consideration with the line-of-centers mé@ieln parameters related to the energetics window for a particular

addition to reactions 3 and 4, Csl loss reactions by CID of dissociation channel.

Csul1s", Csilig™, Csidle, etc., have also been investigated. To calculate the scattering angular distributions for reaction

The MIKE profiles obtained for these reactions display the same 3, we have used the same values¥fand A regardless oK;

tendency as for reactions 3 and 4. and the target gas. These are 1.2 and 1.4 eV, respectively, which
If the reactions 3 and 4 in CID with heavy collision gases results in the average value of 1.5 eV fQrin agreement with

occur via vibrational excitation in a binary collision, their the experimental result. The scattering angular distributions

scattering angular distributions should be compatible with those calculated for Ne CID at 1, 5, and 10 keV laboratory energies

predicted with the ICT formalism. In this regard, we have are compared with the experimental distributions in Figure 7.

derived the expression for the scattering angular distribution of Considering various approximations adopted both in the ex-

the parent ion dissociating via a specific channel. The details perimental data analysis and in the theoretical development, the

of the derivation are described in the Appendix. Briefly, the agreement between the experimental and calculated angular

scattering angular distribution of the parent ion of a channel, distributions is remarkable. In particular, the observation that
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Figure 7. Experimental scattering angular distributions for reaction 3 Figure 8. Experimental scattering angular distributions for reaction 3
with Ne (O) compared with the theoretical calculations based on ICT wjth He (O) compared with the theoretical calculations based on ICT

(—) atK, of (a) 10 keV, (b) 5 keV, and (c) 1 keVA of 1.4 eV and (—) atK;y of (a) 10 keV, (b) 5 keV, and (c) 1 keVA of 1.4 eV and
Q* of 1.2 eV were used for the calculations. Q* of 1.2 eV were used for the calculations. Closed circi@}if (c)

) ) are the calculated results wit)* of 0.23 eV andA of 0.09 eV.
the scattering becomes more forward at the higher laboratory o

energy is well represented in the calculated distributions. It is The same calculations have been performed for He CID. The
to be mentioned, however, that the agreement between theresults are shown in Figure 8. It is obvious that the agreement
experimental and calculated distributions is not a proof for the between the experimental and calculated results is not as good
validity of the binary collision model because the calculated as for Ne CID. In particular, the calculated results are not as
results depend sensitively dp* and A which are adjustable  sensitive to the laboratory energy as the experimental ones.
parameters. The most one can say is that the angular distribution The approach taken above to obtain the calculated angular
in Ne CID can be explained within the binary collision model. distributions is simplistic in the sense that the internal energy
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of the parent ion undergoing CID is not considered seriously.
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inefficiency of vibrational excitation with light targets makes

In fact, the experimental method used in this work generates vibronic mechanism look importaft. This can be only partly

the cluster ions with a wide range of internal energy. Most of
the cluster ions with internal energy larger than the critical

true because the CID yield with He was found to be comparable
to or larger than that with Ne. Without nonadiabatic calculations

energy for the least endoergic reaction channel will dissociate using models such as Landadener curve crossing, 58 it is

by the time they arrive at the collision chamber. Hence, the
internal energies of the CID parent ions will have a distribution
up to the above critical energy, which1isl.7 eV for the case

of reaction 3 according to the previous estimation. At 6w,

difficult to understand why electronic excitation is favored with
light targets but not with heavy targets. Such calculations for
systems as complicated as studied here look impractical at the
moment. It is interesting to note that the light and heavy target

parent ions with low internal energy may not gain enough energy dichotomy of the collisional excitation mechanism has been

for dissociation in a collision. Namely, CID may occur only
for the parent ions with the internal energy near the reaction
threshold. In this regard, we attempted to fit the angular
distribution for He CID of reaction 3 at 1 keV with smaller
values ofQ* and A. Using 0.23 eV obtained in the ICT analysis
of the peak shift in He CID at 1 keV &3*, a reasonably good

fit was possible as shown in Figure 8c whanwas taken as
0.09 eV. This means that only those parent ions with internal
energy very near the threshold will dissociates in CID. Then,
the CID yield with He will be much less than that with Ne at
the same translational energy in which all the parent ions with
the internal energy in the range-Q.7 eV can be activated by
collision into dissociation. In Figure 3, the CID yield at 1 keV
with He is a little bit less than that with Ne. However, the

observed in CID of small and light parent ions alsé!8

Conclusion

Energetics and kinematics analyses of the MIKE profiles in
CID of cesium iodide cluster ions have shown that the collision
event can be classified into two groups: light and heavy target
cases. In the heavy target case, the inelastic energy transfer
calculated from the spectra using a binary collision model is
nearly invariant with the laboratory translational energy and the
target species (Ne, Ar, or Xe). The scattering angular distribu-
tions can be explained based on the binary collision model,
suggesting the plausibility of vibrational excitation via momen-
tum transfer in CID with heavy targets. This conclusion should
be considered as tentative only, however, because the theoretical

difference does not seem to be large enough to support theapproach adopted to fit the experimental data contained some

momentum transfer excitation of the parent ions with internal
energy near the threshold in the case of He CID. Also, if the
momentum transfer excitation is responsible for CID with He
and Ne, one would expect that the yield with Ne is larger than
that with He because the former will result in a more energetic
collision* The fact that the CID yield with He is substantially
larger than that with Ne at high parent ion translational energy
in Figure 3 suggests that the excitation mechanism in He CID
differs from that in Ne CID.

Excitation Mechanism. According to the analysis made so
far on the magnitude of inelastic energy transfer, yield, and
scattering angular distribution, vibrational excitation via mo-
mentum transfer seems to be compatible with CID of cesium
iodide cluster ions with heavy collision gases. On the other

arbitrariness. The most remarkable finding in the light target
case is that the scattering angular distribution is invariant with
the target species ¢1D,, or He) as far as the center-of-mass
translational energy is kept constant. This distribution could
not be explained with the binary collision model, which suggests
that the collisional excitation does not occur vibrationally but
vibronically. At the moment, we do not understand why
vibronic excitation is efficient in CID with light targets. Finally,

it is to be emphasized that substantial laboratory energy losses
have been observed in CID of cesium iodide cluster ions which
are as heavy as but do not contain as many atoms as the
polypeptide ions investigated previously when light targets are
used. In our evaluation of the scattering angular distribution
from a CID-MIKE spectrum, target gases are differentiated only

hand, this mechanism of energy transfer does not look compat-in their masses. Then, the fact that the scattering angular

ible with light target data especially at low collision energies.
An alternative may be the excitation via formation of a long-
lived collision complex (“process 3") mentioned in the introduc-

distributions obtained with § Dy, and He are virtually identical
even though the energy loss with, ki different from those
with D, and He looks particularly indicative. Namely, the large

tory section. In fact, Fenselau and co-workers reported that €nergy losses observed with light targets in CID of cesium iodide

formation of collision complexes can be an important excitation
mechanism in CID of polypeptides ions with Gldnd NH;
collision gase&'>? Formation of a collision complex is not
likely with noble gas targets for various reasons. For example,
formation of a collision complex would result in an angular
distribution which is more or less isotropic. Considering that
this mechanism may be more important at smaller collision
energy, one would expect more isotropic angular distribution
at smaller energy contrary to the results in Figure 8. Hence,
the only remaining alternative for CID with light targets is
vibronic excitation via nonadiabatic interaction. Results from
investigations made over the years on CID of polyatomic
ions'—418-29 glso support the above conclusion. According to
recent reports by Futrell and co-workers and also bip178;28.29

it is known that electronic (or vibronic) mechanism is prevalent
even at loweiK,¢ than previously thought. Hence, occurrence
of electronic excitation akKre as low as 12 eV in the present
study is not surprising in itself. It is surprising, however, to
find that the energy transfer mechanism in CID with light targets
is different from that with heavy targets. It is tempting to invoke

cluster ions must originate from the elastic energy transfer to
the target as assumed in the present analysis. In this regard, it
is worthwhile to extend the present approach to CID of heavy
ions consisting of many atoms to see if a similar explanation is
applicable to the substantial energy losses observed in those
systems.

Appendix

Scattering Angular Distribution in CID Occurring via
Binary Collision. In this Appendix, we will attempt to derive
the scattering angular distribution of the parention in CID to a
particular fragment ion using the ICT formalism developed by
Uggerud and Derrick® Some of the initial part of the derivation
reported by these authors will be repeated for ease of presenta-
tion. The key assumption in ICT is that energy and momentum
transfers take place by an elastic hard sphere collision between
the target and the impact portion of the projectile. Another
assumption made to simplify the mathematical treatment is that
the projectile is deflected only in the y direction of the
instrument used. x(is the direction of the principal icroptical

the mass mismatch in light target cases and suggest thataxis of the instrument, or the direction of the projectile
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movement.y is the diregtion of the electric field of the elle'ctric . (m — m)w, + me,, N 2m,N co< ¢
sector of a double-focusing mass spectrométeiThe velocities 0, = "IN v
of the projectile and the targét and@y in the center-of-mass m, my my(m, + N)
coordinate system are expressed as follows. (A.9)
N . , . my ,_ZmaNsin¢>cos¢>
D, = o =—w, =————————V A.10
1= N (A1) V= m (. N) (A.10)
_ m Conservation of energy during the postcollision period is as
ON= T TN (A.2) follows:
il

1/2(m, — Z+1 241 2=
Here,v represents the velocity of the projectile in the laboratory f2(m, = mje, [amwa /2rT1away

coordinate system. Conservation of momentum inxthedy 2mw,? + 12mw,* + Q (A.11)
directions applied to the collision between the impact portion
and the target with masses, andN gives Substituting egs A.1 and A:8A.10 into eq A.11, the expression
for Q is obtained:
mw; + Noy = me, + Noy, (A.3)
0=mw, + Noy, (A.4) mlz(ma+ N)> 1 .
Conservation of energy gives This expression is the same as the one reported by Uggerud
5 ) and Derrick which was derived with the laboratory coordinate
12mw " + 1/2Nw\* = system. The center-of-mass scattering arfyis related top
12mw, % + 1U2Nwy 2 + 12mm,? + U2Nwy,? (A5)  8s follows:
w T .
Taking the impact portion and the target as hard spheres, the tanf = —y, = Sing cos¢ (A.13)
impact anglep is defined as the angle between thaxis and @ my(m, + N)2m(m, + N) — cos ¢
the line-of-centers of two colliding particles. Namely, )
This can be rearranged as follows:

sing = b/d (A-6) sin(p + ) = gsin@ (A.14)
Here,b andd represent the impact parameter and the hard sphere, .\,
distance between two colliding particles. Conservation of
angular momentum results in N(m. —

= H (A.15)
Wy = —(0n, — op)tane (A7) ey

Considering that and¢ span 0—180C° and 0—90°, respec-

Solving egs A.3-A.7, postcollision velocity components of the tively, the following relation is obtained:

impact portion of the projectile and the target are obtained:
¢ =1/2(x — 6 — sin * (g sin)) (A.16)

., N _2Nco§¢>u

ax—m1+NU M+ N (A.8a)

@ Then, the scattering angular distribution in the binary collision

(ICT) is derived as follows:

o m, 2m, co< ¢ oo db, _, , db do
. = 1/27d? sin[sin * (g sin 0) + 6] x
0 =2 frI:f N (A.8c) (1 +——9c0st ) (A17)
V1-—¢?sirf 6
Wy = — wv (A.8d) It is important to note that eq A.17 is the scattering angular
Y m,+ N distribution of the projectile in a binary collision. In general,

this would be different from the scattering angular distribution
Equations (A.8aA.8d) are the same as those reported by of the parent ion dissociating via a particular channel, because
Uggerud and Derrick, except for some changes in notation. Now the energetics of the channel is involved in the latter. In this
we will proceed to derive the expression for the scattering regard, itis to be noted th&tis also a function of the scattering
angular distribution in the center-of-mass coordinate system. angle (eq A.12) and that a given channel usually occurs within
The change in the momentum o#, induced by the collision a rather well defined internal energy range. Namely, the least
eventually leads to the change in the momentum of the whole endoergic channel will be favored at small scattering angle while
projectile. Considering that the momentum of the whole the dissociation will be dominated by more endoergic ones at
projectile is conserved after the collision, the following expres- large angle according to ICT. To take into account the
sions are obtained for the velocity components in the center- dissociation energetics, the scattering angular distribution in
of-mass coordinate system of the whole projectile: CID, Pic1(60), will be expressed here as a productRar°(6)
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and the angle-dependent dissociation probabHify{6).
IDICT(Q) 0 PICTO(H)PdiSJG)

We will further assume thagis{0) is a Gaussian type function
centered aQ* with the half width A. Namely,

(A.18)

Pyisd ) 0 27 (QO-QVAF (A.19)

Q(0) is readily derived from eqs A.12 and A.16:

_mN(m, — m)

_ . -1 .
(M. + N)? K, [1 — cogsin “(gsin6) + 6}]

(A.20)

Namely, we can calculate the scattering angular distribution in
CID occurring via binary collision by choosing appropriate

values ofA and Q*.
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