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Abstract: The average internal energy deposited into Fe(CO)5'"
1" and W(COV+ uP°n kiloelectron volt collision-induced dissociation 

(CID) using Ar as a target gas increases with both the collision energy (E) and the angle (0) through which the collision products 
are collected. An average energy of 7-8 eV is deposited into the Fe(CO)5'* ion as it is scattered through a laboratory scattering 
angle of 2° in a 3-keV collision with Ar. Similar average internal energies are deposited into W(C0)6 '+ at corresponding 
laboratory scattering angles, the smaller center-of-mass collision energy Ecm for W(CO)6"

1" being compensated for by a larger 
value of 0cm, making the scattering parameter, (£0)cm, similar for both systems. Collision activation experiments performed 
with He and C9F20 as target gases show that the effective mass of the latter is much less than its molecular weight, suggesting 
that the target is internally excited and/or that parts of the target are spectators during collisional activation. The distribution 
PU) of internal energies acquired upon collisional activation is dependent upon the collision energy, the scattering angle, and 
the nature of the collision gas. The distributions are typically Gaussian in shape at 1.5- and 2-keV collision energies for scattering 
angles in the range 1 to 2° for the title projectiles. In contrast, distributions for ions scattered through similar angles upon 
3-keV collisions are distinctly bimodal in shape. The lower energy component in the bimodal distribution is thought to be 
due to electronic excitation, while the higher energy component is associated with a vibrational excitation mechanism, as suggested 
by comparison with energy distributions obtained for electron impact, low-energy (electron volt) collision-activation, and 
surface-induced dissociation (SID). An approximately linear relationship is found between the energy deposited and the reduced 
scattering parameter Ed. These data confirm earlier suggestions that angle-resolved mass spectrometry (ARMS) can be used 
to select the degree of activation of a mass-selected ion. They also provide evidence that direct vibrational excitation is a significant 
activation mechanism in collisional activation of polyatomic ions in the keV energy range. 

Angle-resolved mass spectrometry (ARMS) is an experiment 
in which product ions resulting from collision-induced dissociation 
(CID) are collected through selected laboratory scattering an
gles.1"4 ARMS measurements are normally performed at high 
(kiloelectron volt) collision energies using modified, double-fo
cusing mass spectrometers,5"11 but low-energy (electron volt) 
angle-resolved experiments have also been conducted in specially 
constructed beam instruments.12"14 Although several factors may 
contribute to product ion scattering, including isotropic release 
of kinetic energy during fragmentation,4'15'19 increasing the 
scattering angle has been shown by qualitative studies on a variety 
of systems to allow selection of ions which undergo conversion 
of an increasing fraction of their translational energy into internal 
energy during the collision process.4,8,9'15 Moreover, in experiments 
at low collision energies the scattering angle/internal energy 
relationship has been established definitively.123 Since the internal 
energy of an ion controls its fragmentation behavior, selection of 
internal energy is of practical importance in analytical applications 
of tandem mass spectrometry.20 A number of persuasive examples 
are now available in which the ARMS technique has been used 
to examine fragmentation reactions and ion structures21 and to 
select ion internal energies, although the association of degree of 
activation with scattering angle has not been universally ac
cepted.16'22 

The process of collision-induced dissociation (CID) has been 
investigated in detail, and many features of the mechanism for 
inelastic energy transfer, particularly the conversion of translational 
to internal energy during the collision process, have been estab
lished.17,23"2S It is generally assumed that upon low-energy 
(<200-eV lab) collisions, excitation occurs through a vibrational 
transition within the ground electronic state of the ion,12'14,26 and 
that dissociation follows excitation and occurs in accord with the 
tenets of the quasi-equilibrium theory.27 An alternative excitation 
mechanism is found for high-energy (kiloelectron volt) collisions, 
where, for high-velocity, low-mass ions, vertical Franck-Condon 
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transitions are known to be involved.23 25 Upon activation, the 
excited ion rapidly redistributes its energy via an internal con-
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version process, yielding vibrational^ excited ions in their ground 
electronic state.17,23,28 These ions may then dissociate, again in 
a delayed statistically controlled process.27 Electronic excitation 
occurs without momentum transfer and, as a result, leads to zero 
scattering of the projectile ion during the collision process.17,23'25 

In most conventional mass spectrometers any scattering which 
might accompany high-energy CID is not observed, since only 
ions falling within an angle of approximately 0.2° can reach the 
detector.2'9'18 

Alternatives to electronic excitation in the keV range of energies 
have been proposed.18>23'25'29 A mechanism based on polarization 
forces which leads to vibronic excitation has long been recog
nized.30'31 However, it leads to little scattering and is generally 
considered to be of limited importance for polyatomic ions. More 
significantly, an impulsive collision has been invoked to account 
for direct vibrational excitation32 by a process in which atoms, 
or groups of atoms within one or both collision partners, act as 
spectators,17'23,33 while others are directly involved in the collision. 
Such a mechanism results in large angle scattering and may 
account for the changes in the degree of ion excitation with 
scattering angle which have been observed in previous ARMS 
experiments.4'7'8'15,21 Evidence for vibrational excitation in keV 
collisions of small polyatomic ions has been obtained by McLuckey 
et al., who observed that acetone ions undergo scattering up to 
0.8° as a result of a vibrational or vibronic excitation upon col-
lisional activation with He atoms at 5-keV collision energy.3,34 
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In addition, Derrick et al. performed trajectory calculations and 
provided other evidence which supports the occurrence of direct 
vibrational excitation during collisions of large multiatomic ions 
upon He at kiloelectron volt energies.29 At this time, however, 
there is no direct experimental evidence supporting the occurrence 
of both electronic and vibrational activation mechanisms in a single 
system. Nor is there information on the internal energy distri
butions associated with vibrational excitation in the keV regime, 
nor is the dependence of this process on scattering angle or collision 
energy known. 

The purpose of this study was to investigate the manner in which 
the distribution P(c) of internal energies deposited in selected 
parent ions varies with the scattering angle in high-energy col
lisions. Fe(CO)5"

1" and W(CO)6 '+ were chosen as the most ap
propriate parent ions for this investigation, since they undergo 
predominantly a simple, well-established sequence of fragmentation 
reactions from which their internal energy distributions can be 
inferred.35 Parameters considered in this work included the 
scattering angle (0), the kinetic energy of the colliding ion (E), 
and also, to a limited extent, the pressure and nature of the target 
gas.36 The results obtained in these experiments are important 
since they clearly establish the increase in average ion internal 
energy (e) with both the scattering angle (6) and translational 
energy (E) of the projectile ion. The internal energy distributions, 
P(e), measured in the present study also provide new insights into 
the mechanism of activation in high-energy CID, including the 
occurrence of direct vibrational excitation and some information 
on how the energy deposition in this process varies with collision 
parameters. These data represent the first internal energy dis
tributions for ARMS and experimental evidence that activation 
in nonzero angle, high-energy CID may occur with considerable 
contribution from a vibrational excitation mechanism. 

Experimental Section 
ARMS experiments were performed on two mass spectrometers, a 

Finnigan MAT HSQ-303738 (BEQQ-hybrid instrument: B = magnetic 
sector, E = electric sector, Q = quadrupole) and a Finnigan MAT 8400 
(BE) instrument.38 Both mass spectrometers have identical ion sources 
and double-focusing BE analyzers. The 8400 is modified to incorporate 
a 20-keV postacceleration conversion dynode, rather than a 5-keV dy-
node, which is employed on the HSQ-30. The scattering angle was 
selected through electrical deflection of the ion beam in the nonfocusing 
z direction39 upon leaving the ion source and prior to entering the collision 
cell in the first field-free region.10 Product ions resulting from colli
sion-induced dissociation are transmitted through the magnetic and 
electrostatic analyzers only when they are scattered through an angle 
identical with that through which they were deflected initially, so keeping 
them on a path parallel to the original beam, but displaced from it in the 
nonfocusing z direction.40 The analyzer aperture has a height of 5 mm 
in the z direction and the intermediate /3-slit a height of 10 mm. In the 
focusing y direction, the jS-slit was set at its widest value (2 mm) to 
maximize signal. Laboratory scattering angles of up to 2.3°4I were 
accessed without instrument modifications. Scattering angles were es
timated by calculating electrostatic deflection due to parallel plate z 
electrodes, and these values were corroborated using the SIMION ion 
optical program.42 Angle-resolved data for methanol and n-butylbenzene 
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Int. J. Mass Spectrom. Ion Processes 1985, 64, 79. 
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Internal Energy Distributions of Fe(CO)5'* 

molecular ions obtained using this method of electrical deflection 
matched qualitatively with data obtained in earlier studies, where angle 
resolving slits were used to mechanically select the scattering angle.7,15 

Fe(CO)5 and W(CO)6 were introduced into an unheated ion source 
through a sample leak inlet and ionized by 70-eV EI. Daughter ions 
generated upon CID of the molecular ion using selected target gases (He, 
Ar, and perfluoro-2,4-dimethyl-3-ethylpentane (C9F20)) in the first 
field-free region collision cell were recorded via a B/E-linked scan of the 
sector analyzers.43 A range of sample (8 X 10~8 - 4 X 1O-6 Torr) and 
Ar collision gas pressures (nominally 8 X 10-7—3 x 10"5 Torr,44 corre
sponding to attenuation of the parent ion signal by less than 2% to more 
than 50%) were utilized so that scattering effects due to possible multiple 
collisions could be detected. Under conditions where no collision gas was 
introduced, a low abundance of (M - C 0 ) , + fragment ion could be 
observed owing to metastable decomposition of the molecular ion. No 
other daughter ions were observed. As the collision gas pressure was 
raised to cause increasing main beam attenuation, no significant changes 
in the relative abundances of ions in the ARMS spectra at any scattering 
angle were noted, although there was an increase in the overall fragment 
ion abundance. For collisions upon He and C9F20, target gas was added 
until the parent signal was attenuated by 20%, yielding nominal pressures 
of 2 X 10"5 and IXlO" 5 Torr, respectively. Mass-dependent discrimi
nation effects, which may lead to errors in the data,10 were evaluated by 
performing the B/E-linked scans at several different ratios of electrostatic 
analyzer to acceleration voltages. The relative abundances of low- to 
high-mass fragment ions in the daughter spectra varied by less than 10% 
at the maximum and minimum voltages in which fragment ions pass 
through the electrostatic analyzer, even at the largest scattering angles. 
Subsequently, for Fe(CO)5"+ molecular ions, the analyzer voltage was 
selected by maximizing the high- and low-mass daughter ion signals at 
a scattering angle of 1.5°. W(CO)6

1+ was examined in a similar manner. 
In addition, the known relative abundances of the tungsten isotopes were 
used to finely adjust the electrostatic analyzer voltage in the B/E-linked 
scan analysis. Mass-dependent effects associated with discrimination in 
the detector are judged negligible, given the good agreement between the 
two instruments which operate at very different detector voltages. 

Kinetic energy release measurements for dissociation of the activated 
Fe(CO)5

1+ ion, as well as for Fe(CO)4'+ and Fe(CO)3'+, were made 
using a custom-built MIKES instrument.45,46 Kinetic energy release (T) 
values and the corresponding maximum scattering angles resulting from 
the excess energy released into translation were calculated from the ion 
kinetic energy peak widths (fwhm) corrected for the width of the main 
beam.16,47 The undissociated primary ion beam encompassed a range 
of kinetic energies of less than 0.22 eV, corresponding to an energy 
resolution of 1100, and its total angular spread was estimated to be 0.37° 
in the xz plane.36 The kinetic energy release values (T) obtained for the 
unimolecular dissociation reactions are: Fe(CO)5'+ - • Fe(CO)4'+ (T = 
20 meV), Fe(CO)4'+ — Fe(CO)3'+ ( 7 = 1 2 meV) and Fe(CO)3'+ — 
Fe(CO)2'+ ( T = I l meV). These values correspond to maximum scat
tering angles of 0.040°, 0.034°, and 0.035°, respectively.48 Even if the 
extreme width of the daughter ion peak is considered (TmM = 140, 85, 
and 55 meV), the angles are all less than 0.1° for the neutral particle, 
CO, and much less for the heavier ionic fragment, Fe(CO),'+. The 
corresponding kinetic energy releases under CID conditions are larger, 
but the correction remains negligible. 

Fe(CO)5, W(CO)6, Ar, and He were obtained commercially and used 
without purification. Perfluoro-2,4-dimethyl-3-ethylpentane (C9F20) was 
synthesized at the Instituto Guido Donegani, Novara, Italy. 

Results and Discussion 

Angle-Resolved CID Spectra of Fe(CO)5 '+. Collision-induced 
dissociation (CID) spectra are shown in Figure 1 for Fe(CO)5 '+ 
ions (m/z 196) accelerated to 3 keV prior to collision upon Ar, 

(43) Jennings, K. R.; Mason, R. S. In Tandem Mass Spectrometry; 
McLafferty, F. W., Ed.; Wiley: New York, 1983; p 197. 

(44) Nomina! 1 X 10"' Torr (estimated 1 X 1O-4 Torr) corresponds to less 
than 10% attenuation of the beam and hence to single collision conditions in 
conventional high-energy CID. 

(45) Beynon, J. H.; Cooks, R. G.; Amy, J. W.; Baitinger, W. E.; Ridley, 
T. Y. Anal. Chem. 1973, 45, 1023A. 

(46) Fe(CO)5'+ ions were generated by charge exchange with Ar'+ in a 
CI ion source. Kinetic energy release measurements were made by scanning 
the electrostatic analyzer over the fragment ion region of interest. The 
background pressure was typically 2 x 10"7 Torr inside the analyzer region. 

(47) Cooks, R. G.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R. In 
Metastable Ions; Elsevier: Amsterdam, 1973. 

(48) Scattering due to kinetic energy release: 8^ = [(M - m)r/m£0] ' / 2 , 
where M = mass of parent ion, m = mass of fragment ion, T = kinetic energy 
release for fragmentation, and E0 = ion kinetic energy (from ref 16). 
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Figure 1. Fragment ion spectra recorded for Fe(CO)5"+ upon collisional 
activation with Ar at 3 keV for instrument scattering angles of (a) 0°, 
(b) 1.4°, (c) 1.8°, and (d) 2.3°. The corresponding center-of-mass 
scattering angles are 0°, 8.3°, 10.7° and 13.6°, respectively. 

with product ions collected at scattering angles increasing from 
0 to 2.3°. At 0° scattering angle40 (Figure la), loss of a single 
CO from the parent ion to give Fe(CO)4'+ (m/z 168) is the 
favored fragmentation process and gives rise to the base peak in 
the daughter spectrum. Subsequent CO losses occur to in
creasingly small extents. Since these consecutive fragmentation 
reactions require that increasing amounts of internal energy be 
deposited into the ion,35 it may be concluded that at 3-keV collision 
energy there is a low probability of depositing a large amount of 
energy into Fe(CO)5'+ when products are collected at near 0° 
scattering angle. 

CID daughter ion spectra recorded through increasing scattering 
angles (Figure 1, b-d) display dramatic changes in relative 
fragment ion abundances.49 The lower mass fragment ions, which 
originate through consecutive decarbonylations and require suc
cessively larger internal energies for their formation, appear with 
sharply increased abundances at higher scattering angles. For 
example, at 1.4° (Figure lb), Fe(CO)2'"

1" (m/z 112) is the most 
abundant fragment species, although all ions from Fe(CO)4*+ 
(activation energy, E0 = 1.1 eV)50 to Fe'+ (£0 = 7.5 eV) are 
present in significant amounts. At the largest scattering angle, 
2.3° (Figure Id), the Fe'+ and FeCO*+ ions are principally ob
served, while higher mass fragments which require less internal 
energy have decreased abundances, and the lowest activation 
process is almost completely absent. The large abundances of the 
FeCO'+ and Fe'+ ions, which require a minimum of 5.5 and 7.5 
eV, respectively, to be produced from the parent ion, confirm 
previous ARMS results that also noted increasing amounts of 
internal energy were deposited into the colliding ion at increasing 
scattering angles.4,7,8,15 Note that the ion F e C + (E0 = 15.6 eV), 
which arises through a competitive reaction sequence to the main 
decarbonylation pathway, occurs at the higher scattering angles, 
although in very low abundance. 

Internal Energy Distributions for Scattered Fe(CO)5'+ Ions of 
3 keV. P(t) distributions54 were approximated from known ac
tivation energies for successive decarbonylation reactions,50 to
gether with recorded fragment ion abundances, using a method 
previously described.35 Fe(CO)5*+ and W(CO)6'+ were selected 

(49) In addition, the absolute daughter ion abundance decreases with 
scattering angle, changing by a factor of approximately 50 as the scattering 
angle is raised from 0° to 2°. 

(50) The appearance energies for fragmentation of Fe(CO)5"+ are average 
values based on ref 51-53. 
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(53) Foffani, A.; Pignataros, Z. Phys. Chem. 1965, 45, 79. 
(54) (a) Kim, M, S.; McLafferty, F. W. J. Am. Chem. Soc. 1978, 100, 

3279. (b) Rabrenovic, M.; Beynon, J. H.; Lee, S. H.; Kim, M. S. Int. J. Mass 
Spectrom. Ion Processes 1985, 65, 197. (c) McLafferty, F. W.; Bente, P. F., 
Ill; Kornfeld, R.; Tsai, S.-C; Howe, I. J. Am. Chem. Soc. 1973, 95, 2120. 
(d) Vekey, K.; Brenton, A. G.; Beynon, J. H. / . Phys. Chem. 1986, 90, 3569. 
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PIe)DlSTRIBUTlONS FOR SCATTERED Fe(CO)', IONS P(e) 
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Figure 2. Internal energy distributions for Fe(CO)5

1+ upon 3-keV col-
lisional activation with Ar, determined using the data in Figure 1. 

for this study since they allow P(() to be estimated using several 
simplifying assumptions: (i) the ions fragment by a series of 
consecutive reactions, all having known activation energies; (ii) 
the entropy requirements for each fragmentation are similar; and 
(iii) there are negligible kinetic effects; i.e., all ions with sufficient 
internal energy dissociate via the most endothermic reaction 
pathway available. The method of approximating P(t) distribu
tions is illustrated for the reaction sequence: 

Fe(CO)5*+ -* Fe(COV+ — Fe(CO)3'+ Fe(CO)2'+ 
FeCC + Fe" 

All parent ions with internal energies between the activation 
energies [£o(0] an<^ [£o(2)L required for formation of the 
fragment ions Fe(CO)4'"

1" and Fe(CO)3"
1", respectively, are as

sumed to fragment to yield the Fe(COV+ i°n- Parent ions with 
internal energies between [E0(2)] and [£0(3)] fragment to give 
Fe(COV+,an<* so on for the lower mass fragments. The relative 
abundance of the various fragment ions in the daughter ion 
spectrum represents the fraction of parent ions with internal 
energies which fall in a particular internal energy interval. The 
abundance of the Fe(COV+ ion, divided by the energy range 
E0(2) - E0(\), gives the magnitude of the point in the distribution 
P{t) at an energy t = [E0(I) + E0(T)]/2. The P(«) distribution 
is mapped by following this procedure for each of the observed 
fragments. 

Internal energy distributions, illustrated in Figure 2, were 
determined from the ARMS daughter ion spectra (Figure 1), using 
the method just described. The distribution at 0° scattering angle 
(Figure 2a) has a low-probability, high-energy tail, as expected 
for high-energy collisional activation.35'54,55 The curves obtained 
for scattered ions (Figure 2, b-d) establish that increasing average 
internal energies,«, are deposited during CID as the scattering 
angle is increased. For example, as 8 is raised from 0° to 2.3° 
(Figure 2d), e increases from ca. 1 eV to more than 8 eV. 
Moreover, e can be continuously shifted across the entire energy 
range, simply by selecting the appropriate observation angle. A 
remarkable feature of the P(t) data is their structured nature, 
particularly at intermediate scattering angles (Figure 2c), where 
the internal energy distribution displays a bimodal shape, one peak 
lying centered at low energy (ca. <3 eV) and the second shifting 
toward higher energies as the scattering angle is increased. 

Internal Energy Distributions in Other Experiments. The effect 
of collision energy, E, on the P(t) distributions in ARMS was 
investigated by recording daughter ion spectra of Fe(COV+ a t 

1.5- and 2-keV collision energies. In Figure 3, P(e) curves are 
displayed for Fe(COV+ activated through 1.5-keV collisions upon 
Ar at scattering angles which increase from O to 2.3°. As in the 
P(t) distributions obtained at 3 keV, the average internal energy, 
e, increases rapidly as the scattering angle is raised, and a direct 
comparison between the 1.5- and 3-keV data indicates that, for 

Figure 3. Internal energy distributions determined for Fe(CO)5
1+ at 

increasing scattering angles following collisional activation upon Ar at 
1.5 keV. Lab angles are O to 2.3°. 
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Figure 4. Internal energy distributions determined for Fe(CO)5** at 
increasing scattering angles following collisional activation upon Ar at 
2 keV. Lab angles are O to 1.8°. 

all values of 8, larger amounts of internal energy are deposited 
at the higher collision energy. A noteworthy feature of all the 
1.5-keV distributions is that they have approximately Gaussian 
shapes, whose maximum shifts from 1 to 5 eV as the scattering 
angle is increased from O to 2.3°. These curves do not display 
bimodal shapes, as observed for the P(t) distributions obtained 
at 3 keV. 

Because of the differences in the shapes of the P(() distributions 
at 1.5 and 3 keV, daughter ion spectra were also acquired at 2-keV 
collision energy. Scattering angles ranging from O to 1.8° were 
recorded and Ar again was used as the target for collisional 
activation. The resulting P(e) curves, illustrated in Figure 4, 
resemble the distributions obtained at 1.5 keV, although there 
is an indication of the bimodal shape observed in the 3-keV 
collisions at the larger scattering angles. The maxima (cmax) and 
average (e) internal energies are shifted toward higher values 
relative to the 1.5-keV data. For example, an average internal 
energy of 5 eV is found at a scattering angle of ca. 1.8° at 2 keV, 
while in the 1.5-keV experiment, scattering through 2.3° is nec
essary to observe ions with the same average energy. To a good 
approximation, the 2-keV distributions lie between the 1.5- and 
3-keV curves. All data obtained at 1.5 and 2 keV support the 
results obtained at the higher collision energy; that is, the average 
internal energy deposited during the collision increases as the value 
of E or 8 is increased. 

Internal energy distributions were also determined for 
W(CO)6

1+ ions which underwent scattering in the course of ac
tivation. The activation energies for decarbonylation reactions 
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Table I. internal Energy Distributions Determined for W(COV+ 

Product Collection at the Indicated Laboratory Scattering Angles 

He, % 

/>(<), eV 0° 1.2° 2.0» 

Activated by Collision with He, 

Ar, % 

0° 1.2° 2.0° 

Ar and C9F20 

0° 

(MW 488) at 3.0 keV with 

C9F20, % 

1.2° 2.0° 

2.3 
4.3 
6.35 
8.8 

11.55 
15.2 

74.0 
19.0 
5.1 
1.5 
0.4 

54.0 
31.5 
10.9 
2.8 
0.8 

68.4 
23.0 
6.5 
2.1 

70.0 
17.8 
8.5 
2.8 
0.8 
0.1 

43.6 
29.5 
17.1 
6.9 
2.5 
0.4 

28.4 
18.6 
25.9 
17.9 
7.5 
1.7 

76.7 
14.6 
6.7 
1.4 
0.6 

42.0 
31.0 
16.1 
6.0 
3.4 
1.5 

41.1 
18.5 
17.1 
11.0 
7.6 
4.7 
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Figure 5. Internal energy distributions determined for W(CO)6"* at 
increasing scattering angles following collisional activation upon Ar at 
3 keV. Lab angles are 0 to 2.3°. 

in W(COV + are higher than those for Fe(COV+ O-c, for Fe-
(CO)5

1+, £„(1) = 1.1 eV, £0(2) = 2.1 eV, £0(3) = 3.3 eV, E0(A) 
= 5.5 eV, and E0(S) = 7.5 eV, where E0(n) is the activation energy 
for loss of (n) molecules of CO;50'55 while for W(COV+ , E0(I) 
= 1.2 eV, E0(2) = 3.4 eV, £0(3) = 5.2 eV, £0(4) = 7.5 eV, £0(5) 
= 10.1 eV, and £„(6) = 13.0 eV57'58). This makes definition of 
the shape of P(t) in zero-angle scattering experiments a little more 
difficult than is the case for Fe(COV+. With W(COV+ though, 
higher internal energies can be recorded, and this system therefore 
complements the data obtained using Fe(COV+ . 

In Figure 5, P(e) distributions are shown for W(CO)6"
1" ions 

collected through scattering angles up to 2.3° following 3-keV 
collision upon Ar. Many of the features associated with the P(e) 
distributions for Fe(COV+ are repeated for W(CO)6"

1". The 
average internal energy, ?, increases with the scattering angle, and 
rather large internal energies (>15 eV for W(CO)6"

1") are de
posited with quite high probability at large scattering angles. Of 
particular interest are the bimodal distributions observed for 
W(COV + a t scattering angles greater than 1.6°. P(() distri
butions were also determined at 1.5 keV for W(COV + (sup
plementary material), and they closely resemble the distributions 
found for Fe(COV+ at the lower collision energy. Their shapes 
are nearly Gaussian and the average internal energy deposited 
upon collision increases as the scattering angle is raised. 

(55) The maximum internal energy deposited is about 7 eV. Formation 
of FeC+ (activation energy, E0 = 15.6 eV) allows a point at 11.6 eV on the 
internal energy distribution to be interrogated (ref 56). 

(56) This rearrangement ion does not satisfy the kinetic criteria desired 
to establish PU) distributions, and hence this point in the distribution is 
somewhat uncertain. 

(57) The appearance energies for fragmentation of W(CO)6*
+ are average 

values based on ref 51-53. 
(58) The rearrangement ion WC+ activation energy (E0) is 20.3 eV, and 

use of this ion allows a point at ca. 15 eV on the internal energy distribution 
to be interrogated (see also ref 56). 
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Figure 6. Comparison of internal energy distributions for collisionally 
activated Fe(COV+ and W(COV+ ions following (a, top) 3-keV col
lision upon Ar at 2.3° laboratory scattering angle and (b, bottom) 1.5 
keV with products collected at 1.8°. 

P(t) distributions for Fe(COV+ and W(CO)6
,+ at identical 

/aforarory-scattering angles and collision energies are very similar, 
despite the large differences in the center-of-mass collision energies 
(Eom) and scattering angles (6^) for these two systems.59 In 
small-laboratory scattering-angle experiments (B < 1.2°), slightly 
larger internal energies are deposited into W(CO)6 '* than Fe-
(CO)5'*" upon collision with Ar at a given scattering angle and 
collision energy. As the scattering angle is raised, the distributions 
become very similar (Figure 6). At 3-keV collision energy and 
2.3° scattering angle the two P(() curves are nearly identical, even 
though there are large differences in the center-of-mass param
eters, viz., Fe(CO)5"

1", Em = 508 eV and 6m = 13.5° for a 3-keV 
collision upon Ar, while for W(CO)6"*, under the same laboratory 
conditions, Em = 306 eV and 6cm = 23°. The high degree of 
similarity can be attributed to the nearly identical reduced collision 
parameters (E8)m associated with these two systems, i.e., for 
Fe(CO)5'*" upon Ar, (E8)m = 6858 eV deg, and for W(CO)6"*, 
(Ed)0n, = 7038 eV deg. Likewise, at 1.5 keV and 1.8° laboratory 
scattering angle, the P(e) distributions are nearly the same; in this 
case £cm = 254 eV and 0cm = 10.8° ((E6)cm = 2743 eV deg) for 

(59) McDaniel, E. W. In Collision Phenomena In Ionized Gases; Wiley: 
New York, 1964. 
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Fe(CO)5
4+ upon Ar, while for W(CO)6

1+, Em = 153 eV and 8^n 
= 18°((£0)cm = 2754eVdeg). 

To learn more about the collision mechanism, the role of the 
target gas in internal energy deposition at nonzero scattering angles 
was examined.5'6,18 Helium and perfluoro-2,4-dimethyl-3-
ethylpentane (C9F20) (mjz 488) were selected as additional target 
gases. P{() distributions for collisional activation of W(CO)6"

1" 
upon He, Ar, and C9F20 at 3 keV are given in Table I at 0°, 1.2°, 
and 2.0° scattering angles. 

In the zero-angle experiment the three targets give similar 
results, Ar depositing slightly more internal energy than either 
He or C9F20- (Note that the common choice of He for CID 
experiments is made on the basis of its small probability of causing 
neutralization or scattering out of the acceptance cone of the mass 
spectrometer.5"7) At 1.2° scattering angle, substantial differences 
were observed for the three targets. He, compared to Ar and 
C9F20, deposits a smaller average internal energy, although more 
energy is deposited at the small nonzero scattering angle than at 
0°. The center-of-mass collision energy and scattering angle for 
collision of W(CO)6"*" upon He at 3 keV and 1.2° scattering angle 
differ considerably from those associated with collision upon Ar. 
The relatively small £em available using He (£cm = 33 eV) may 
limit the amount of internal energy which can be transferred to 
the W(CO)6"

1" ion. On the other hand, C9F20 behaves much like 
Ar at 1.2° scattering angle, except that with the heavier target 
slightly larger internal energies are deposited. At 2.0° scattering 
angle, C9F20 again produces nearly the same degree of frag
mentation as that found with Ar, even though a considerably 
higher center-of-mass collision energy is available for the heavier 
target (Em = 1750 eV vs 306 eV for Ar). Clearly this polyatomic 
target is not behaving like a single entity,32'60 and this is consistent 
with vibrational excitation in an impulsive collision in which some 
atoms of the target act as spectators during the collision. An 
additional consideration is that collisions with a polyatomic target 
may lead to target excitation or target ionization.61 

At 2.0° scattering angle, the internal energy deposited upon 
collisions with helium decreases relative to 1.2° (Table I). In sharp 
contrast to Ar and C9F20, collision upon He results in an internal 
energy deposited which goes through a maximum as the scattering 
angle is increased. Apparently He is unable to scatter massive 
ions such as W(CO)6'+ through large scattering angles in one step 
of collisional activation at kiloelectron volt energies.5'7 Note that 
for collision of W(CO)6"

1" upon He, ^0n reaches 90° at a laboratory 
scattering angle of 0.65°, whereas with Ar, at 0cm = 90° the 
laboratory angle is 6.5°. This suggests that He may use two or 
more collisions to produce 2° laboratory scattering. Possibly the 
markedly different behavior noted for He versus the other targets 
can be attributed to multiple collisions at nonzero scattering. Since 
the internal energy transferred upon each scattering collision would 
be small, multiple collision conditions might lead to the observed 
smaller degree of excitation observed at the largest angles. Pe
culiarities in the behavior of He as a target gas have also been 
noted by others,18 who suggested that these collisions involve 
particularly short-range interactions due to the tightness with 
which the two He electrons are bound to the nucleus. Highly 
efficient nuclear screening results in inefficient excitation at 
nonzero scattering angles, as indicated by the rapid falloff in cross 
sections for excitation with increasing scattering angle. 

Further Discussion on the ARMS Experiment and the Method 
for Estimating Internal Energy Distributions. The PU) distribu
tions reflect the amount of internal energy deposited into the 
selected ion upon collisional activation. There are several factors 
which may affect the accuracy of these curves, and they are 
considered in turn. Inaccurate recording of ion intensities and 
contributions from the precollision internal energy of the ion35,62 

(60) Kessel, Q. C; Pollack, E.; Smith, W. W. In Collision Spectroscopy: 
Cooks, R. C, Ed.; Plenum Press: New York, 1978; Chapter 3. 

(61) (a) Bricker, D. L.; Russell, D. H. J. Am. Chem. Soc. 1986, 108, 6174. 
(b) The degree of target excitation cannot be measured by methods available 
to us. Translational endothermicity measurements are not sufficiently accu
rate, especially when one considers the large elastic energy loss associated with 
nonzero scattering. 

are minor inaccuracies and can be ignored. The extreme high 
internal energy region of the P(t) curves is not well defined,33'55 

especially for Fe(CO)5"
1", since it is determined by utilizing 

nonconsecutive fragmentation processes (i.e., FeCO*+ formed by 
direct bond cleavage versus FeC + formed by rearrangement) with 
large differences in activation energies (^0 = 7.5 and 15.6 eV, 
respectively50), and possibly different reaction kinetics. Com
petitive reactions other than the formation of F e C + are not 
observed for CID of Fe(CO)5"

1". On the other hand, W(CO)6
1+ 

undergoes substantial rearrangement (up to 5% of the recorded 
signal at the larger scattering angles), leading to the formation 
of a series of ions WC(CO)/"1" (x = 1-4). These rearrangement 
ions increase in abundance as the scattering angle and collision 
energy are raised and occur more readily upon activation with 
the heaviest target, C9F20. 

The range of scattering angles recorded in the ARMS exper
iment will strongly influence the shapes of the P(t) distributions. 
With the SIMiON ion optical program,42 an ion beam with a height 
of 5 mm in the nonfocusing xz direction is shown to encompass 
a range of angles of up to ±0.25° at 2.3° scattering angle, leading 
to poor angular resolution along the axis of deflection. The range 
of angles sampled in the focusing xy plane is determined by the 
entrance and /3-slit widths, as well as the range of ion kinetic 
energies which are sampled using the B/E-linked scan.43 Even 
though a range of angles which is not well defined is sampled in 
these experiments, the principal consequence will be to reduce the 
resolution of features in the P(t) distributions, and this may 
account for the difficulty in observing the bimodal structure in 
the 2-keV data. The match with data obtained previously in an 
instrument where slits were used to collect highly a collimated 
beam of ions7'15 confirms that the angles selected in these ex
periments are not grossly in error. 

As mentioned earlier, release of kinetic energy during disso
ciation may contribute to ion scattering.4'15"19'22 Decarbonylation 
reactions in the metal carbonyl ions, however, have small kinetic 
energy releases, and only a small fraction of the total scattering 
can be attributed to the release of kinetic energy (see Experimental 
Section). Moreover, ARMS experiments performed in the absence 
of collision gas yield only the (M - C 0 ) ' + ion, and this is present 
in very low abundance. It may be inferred that scattering observed 
in these ARMS experiments is due mainly to the collision process 
and not to metastable ion dissociations. 

A related issue already alluded to is the possible occurrence 
of multiple collisions. The ARMS experiments were conducted 
in such a manner that multiple collision conditions for zero-angle 
scattering should have been accessible, but even at high-collision 
gas pressures, which resulted in a parent ion beam attenuation 
of more than 60%,63 significant changes in fragment ion ratios 
were not observed. This is attributed to the occurrence of com
petitive processes of larger cross section (elastic scattering and 
charge exchange6,7) which keep CID in the single collision regime. 
The cross sections for scattering ions through increasing angles 
in keV collisions decreases rapidly.1,3,24,25 As the scattering angle 
increases, the cross section drops and the pressure required to 
access multiple-collision conditions rises proportionately (Beer's 
law). It is therefore probable that sufficiently high pressures for 
more than a single nonzero-angle collision were not reached, except 
perhaps for experiments with the He target. This accounts for 
the lack of pressure effects on the data, except with He. For 
collisions upon He, it may have been possible to access multiple 
collision conditions at the nominal pressure of IXlO"5 Torr used, 
although it is extremely difficult to determine the actual target 
pressure within the collision cell. 

Mechanism of Ion Activation in High-Energy CID. Notable 
features of the P(() distributions for Fe(CO)5"

1" and W(CO)6
-"1" 

are their structured nature and the strong dependence of the 
structure on the collision parameters (E and B). By comparing 

(62) The maximum internal energy prior to collision is assumed to be equal 
to the activation energy of the lowest energy fragmentation. For Fe(CO)5'* 
the maximum initial internal energy is less than 1.1 eV. 

(63) Holmes, J. L. Org. Mass Spectrom. 1985, 20, 169. 
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Figure 7. Internal energy distributions for Fe(CO)5'
+ activated by several 

methods: (a) 70-eV EI, (b) 12-eV EI, (c) 7-keV CID, (d) 40-eV SID, 
(e) 28-eV CID multiple collisions, (f) 28-eV CID single collision. Argon 
was used as the collision gas in all CID experiments. 

P(t) distributions obtained for scattered Fe(CO)5'+ ions with those 
found using other activation methods (Figure 7), including electron 
impact (EI), low-energy CID,64 and surface-induced dissociation 
(SID),65 interpretation of the information on the transfer of 
translational to internal energy in kiloelectron volt collisions is 
facilitated. In electron impact (Figure 7, a and b), where direct 
electronic excitation occurs and strict Franck-Condon factors 
govern the formation and internal energy of the ionic species,66 

the region in the P(e) distribution between 3 and 5 eV is not 
populated. The presence of gaps in the accessible excited states 
of the ion during this purely electronic excitation mode is also 
evident in the photoelectron spectrum.67 At zero-scattering angle 
in the CID experiment, Figures 2a and 7c, the P(t) distribution 
has a maximum internal energy below 3 eV, and the region above 
3 eV is not highly populated. By way of contrast, in the nonzero 
angle CID experiments (Figure 2, b-d), the region between 3 and 
5 eV in the P(t) distribution is readily populated, and a strong 
dependence upon the parameters E and 8 is observed. W(CO)6*"1" 
displays highly similar behavior. The region between 2 and 4 eV 
in the P{e) distribution, which is unpopulated upon EI excitation,35 

is strongly populated at nonzero scattering angles. These results 
suggest the occurrence of a combination of excitation mechanisms, 
vibrational excitation in addition to electronic excitation. 

Further evidence for participation of vibrational excitation in 
kiloelectron volt collisions comes from data for excitation of 
Fe(CO)5"

4" at a solid surface.65 In this low-energy, large-angle, 
vibrational excitation experiment,68 a narrow distribution of in
ternal energies is deposited, and this energy may be shifted across 
the internal energy scale by simply varying the collision energy. 
Figure 7d shows that the region from 3 to 5 eV in the SID P(e) 
distribution is readily populated. These features match closely 
the 1.5- and 2-keV />(«) distributions for nonzero angle CID 
(Figures 3 and 4), where the maximum can be continuously shifted 
toward higher e values by raising the scattering angle. It is of 
interest to note that the reduced scattering parameter (£0)59'69 

(64) (a) Kenttama, H. I.; Cooks, R. G. J. Am. Chem. Soc. 1985, 107, 
1881. (b) Dawson, P. H.; Sun, F. W. Int. J. Mass Spectrom. Ion Processes 
1982, 33, 51. (c) McLuckey, S. A.; Ouwerkerk, C. E. D.; Boerboom, A. J. 
H.; Kistemaker, P. G. Int. J. Mass Spectrom. Ion Processes 1984, 59, 85. 

(65) (a) Dekrey, M. J.; Kenttamma, H. I.; Wysocki, V. H.; Cooks, R. G. 
Org. Mass Spectrom. 1986, 21, 193. (b) Bier, M. E.; Amy, J. W.; Cooks, R. 
G.; Syka, J. E. P.; Ceja, P.; Stafford, G. Int. J- Mass Spectrom. Ion Processes 
1987,77,31. 

(66) Hasted, J. B. In Physics of Atomic Collisions; Butterworths: London, 
1964. 

(67) (a) Turner, D. W.; Baker, C; Baker, A. D.; Brundle, C. R. In Mo
lecular Photoelectron Spectroscopy; Interscience: New York, 1969. (b) 
Eberhardt, W,; Plummer, E. W.; Chen, C. T.; Ford, W. K. Aust. J. Phys. 
198«, 39, 853. 

(68) Cooks, R. G.; Mabud, Md. A.; Horning, S. R.; Jiang, X.-Y.; Paradisi, 
C; Traldi, P. J. Am. Chem. Soc. 1989, 111, 859. 
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Figure 8. Plot of average Fe(CO)5'
4" internal energy (?) versus the 

reduced scattering parameter EB for experiments covering collision en
ergies (E) ranging from 1.5 to 2.0 keV and scattering angles (8) from 
1 to 2.3°. 

which describes atomic collision phenomena is very similar in these 
two otherwise very different experiments. Thus Ed = 1500 eV 
X 2° = 3000 eV deg for the CID experiment at 1.5 keV and 2° 
scattering angle (Figure 3), and E6 - 40 eV X 90° = 3600 eV 
deg for the SID experiment shown in Figure 7d. Although the 
nature of the target will affect energy deposition also, the 
agreement between the P(e) distributions for these experiments 
is strong evidence that the high-energy CID process occurs by 
vibrational excitation. Figure 7, e and f, shows the energy dis
tributions which result from low-energy CID, a process known 
to occur by vibrational excitation. The maximum energy (6 eV) 
deposited in a single collision (28 eV) matches the sum of the 
center-of-mass collision energy (4.7 eV) and the maximum internal 
energy which the metastable ions can carry (estimated to be 
slightly larger than the activation energy for the lowest energy 
dissociation process, which is 1.1 eV). 

Additional support for the proposal that vibrational excitation 
occurs in the small-angle, keV energy collisions is found in the 
plot of the collision parameter (Ed) versus the average internal 
energy (?) deposited during the collision. To a good approximation 
the average energy t of the activated ion is equal to At, since the 
initial internal energy is small (less than the smallest activation 
energy62). The t versus EB plot is shown in Figure 8.70 Earlier 
work12 on vibrational excitation at low collision energies established 
a linear relationship between the internal energy deposited in the 
projectile (Ae), and the scattering angle (8) and collision energy 
(E), in the form A« « E8. In earlier work in the keV range, 
dependencies on both the collision energy and the scattering angle 
have been demonstrated,5"7 although the form of the dependencies 
has not been secured, in spite of considerable effect.17"19'22 Al
though a broad range of scattering angles are sampled in our 
experiment, our data show that t increases approximately linearly 
with 8. The dependence of our data on 82 is nonlinear; however, 
the data are not sufficiently precise to exclude power dependencies 
other than Ae « Ed. 

We must emphasize that the evidence that vibrational excitation 
plays a major role in kiloelectron volt collisions, resulting in 
laboratory scattering angles of few degrees, does not imply that 
electronic excitation is absent. In 3-keV collisions, where the 
products are collected through nonzero scattering angles, a bimodal 
P(O distribution is observed. Based on the above arguments it 
may well be that the first peak, occurring at lower internal energy 
values, represents electronic excitation, perhaps of the oblique 
type,25 where it is accompanied by vibrational excitation, whereas 
the peak at higher t values corresponds to direct vibrational ex-

(69) Johnson, R. E.; Boring, J. W. In Collision Spectroscopy; Cooks, R. 
G., Ed.; Plenum Press: New York, 1978; Chapter 2. 

(70) The data for 3-keV collisions is not included because of the presence 
of the second component in the internal energy distributions. In addition, data 
taken at the smallest angles give uncertain average energies and are excluded. 
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citation. This is further supported by the observation that the 
position of the lower energy peak coincides approximately with 
that observed in the electron impact />(e) distribution (Figure 7a,b). 
In the 1.5- and 2-keV collision energy experiments, the P(e) 
distributions no longer display structured profiles. This is probably 
due to the increased contribution of vibrational excitation at lower 
collision energies. Thus, activation of the parent ion by means 
of a vibrational mechanism is favored (i) by increasing the 
scattering angle and (ii) by decreasing the ion collision energy. 
A complete interpretation of the shapes of the P(e) distributions 
remains difficult though. For example, at higher collision energies 
(7 keV) the zero-angle CAD experiment begins to show a bimodal 
structure (Fugre 7c), perhaps because the zero-angle experiment 
includes off-axis contributions which, in combination with the large 
value of E, give EB a significant value. 

Conclusion 
The internal energy deposited in Fe(CO)5

,+ and W(CO)6"
+ ions 

increases as the scattering angle at which products are collected 
is raised. The average energy transferred also varies with collision 
energy, increasing monotonically with the scattering parameter, 
Ed. The internal energy distributions associated with these ki-
loelectron volt energy collision processes show structure at larger 

There is much current interest in the design and study of 
molecular models capable of mimicking the rapid electron-transfer 
processes that occur in photosynthetic reaction center complexes.1 

Most models employ a chromophore covalently linked to an 
electron acceptor or donor via a flexible or rigid spacer group. 
In many cases, a porphyrin has been used as the chromophore 
and either a quinone,2""7 a viologen,8-12 or a similar electron affinic 
species13 functions as electron acceptor.14 With the use of 
time-resolved fluorescence spectroscopy and ultrafast flash pho
tolysis techniques, rate constants for charge separation (CS) and 
charge recombination (CR) have been determined and, in several 
instances, related to fundamental properties of the system. The 
effects of solvent, mutual orientation, separation distance, ex-
oergicity, and type of spacer group upon the rates of CS and CR 
are among the main parameters being investigated at present.2"14 

In closely related studies, the factors affecting intramolecular 
energy transfer15 and charge-shift reactions16 are being monitored. 

* University of Texas at Austin. 
'Osaka University. 
* The Royal Institution. 

values of Ed. This structure is compared with that seen in electron 
impact and with the unstructured curves observed in low-energy 
ion/surface and gaseous collisions. These comparisons suggest 
that the major contribution to collision-induced dissociation in 
ARMS experiments in the keV energy range is made by vibra
tional excitation. The smaller, lower energy deposition component 
observed under some conditions is apparently due to simple 
electronic excitation. This latter conclusion must be recognized 
as tentative only; a significant alternative is that oblique collisions 
contribute to collisional activation. Much more needs to be learned 
about collisional dynamics before the second mechanism can be 
evaluated in more detail. 
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More elaborate models have been synthesized in which two 
different electron acceptors have been attached to a single 
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Abstract: A porphyrin-tetraviologen supramolecule P-V4, in which a viologen molecule is appended to each of the porphyrin 
meso positions via a l,3-propanoxy-4-phenyl chain, has been studied by picosecond and nanosecond laser flash photolysis techniques. 
In DMSO solution, rapid charge separation (CS) occurs from the first excited singlet state of the porphyrin, giving rise to 
long-lived redox products. These products recombine via first-order kinetics (T = 6.4 ± 0.7 jts) to restore the ground-state 
reactants. Similar, but much slower, CS takes place from the porphyrin triplet excited state, which is formed in competition 
to CS from the singlet state. Quantum yields for formation of redox products and rates of both CS and charge recombination 
(CR) are solvent dependent, protic solvents favoring rapid CR. 
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