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The utility of the collisional activation technique in structure determination of ions is limited as parent ion mass
increases. Optimum collisionally activated dissociation yield is often obtained at parent masses of 1000-2000 u,
after which daughter ion yield decreases. The apparent decrease in the efficiency of the collisional activation
process has been thought of as a degree-of-frecedom effect: as new rotational-vibrational modes are added to the
parent ion, its lifetime with respect to dissociation increases. We have investigated this effect using an easily
characterized system of several poly(ethylene glycol) homologs from the 15-mer to the 35-mer. Observed trends in
the collisional activation spectra as parent mass increases support the postulated ‘degree-of-freedom’ effect in
general. The loss of C,H,O from the [M — H]~ parents, a fragmentation which has a high activation barrier,
however, actually becomes more favored as the parent ion becomes larger. This effect is explained in terms of

statistical rate theory.

INTRODUCTION

Collisionally activated dissociation (CAD)! is a main-
stay of mass spectrometrists in ion structure deter-
mination problems. It has found wide application in the
study of large, biologically important molecules, such as
oligosaccharides®? and oligopeptides.® A frustrating
observation that has been made in structural studies of
these biopolymers is that daughter ion yield, and hence
structural information gained from a CAD experiment,
decreases as parent ion mass increases above an
optimum value.** Two effects combine to produce this
problem: first, parent ion beam intensity seems to
decrease with increasing molecular mass with some ion-
ization techniques (such as fast atom bombardment
(FAB)),° and the decrease must affect absolute daughter
ion yield;” and second, the efficiency of CAD processes,
particularly those producing peaks diagnostic of
sequence, may decrease as parent mass increases. The
latter phenomenon® has been attributed to a decrease in
the rate constant for decomposition as the number of
internal degrees of freedom increases.’

Here the decrease in CAD efficiency with increasing
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mass has been studied to determine when it begins to be
a problem in the spectra of certain related polymers.

We chose a simpler system than biopolymers, but
one for which much of the chemistry can be well
defined: poly(ethylene glycol) (PEG) homologs
HO(CH,CH,0),H, where n=15-35. The parent
[M + H]" and [M — H] " ions of these molecules may
be produced by FAB, as well as by other techniques.'®
Their study by FAB is particularly useful because either
ion has only a few characteristic fragmentations, for
some of which the mechanisms and thermodynamics
can be characterized. We correlated reaction energetics
with fragment ion yield to understand more fully some
aspects of the relation between ion mass and CAD effi-
ciency.

EXPERIMENTAL

Experiments were carried out using a four-sector
(BEEB) ZAB-4F mass spectrometer (VG Analytical,
Manchester, UK), which has been described.!! In addi-
tion to these, certain experiments were performed using
an ion cyclotron resonance (ICR) mass spectrometer
operating in rapid-scan data acquisition mode.!? This
instrument has also been previously described.!® Parent
[M + H]™* ions were produced with the FAB technique
(8 kV) from commercial mixed PEG samples (Aldrich
Chemical Co., Milwaukee, Wisconsin), from matrices of
either tetra- or hexaethylene glycol (Aldrich). Of all the
common FAB solvents, these gave the largest positive
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ion yields for the PEG samples. Parent [M — H] ™ ions
were produced similarly, either from the same matrices
or from these matrices with a small amount of di-
ethanolamine added to increase negative ion yield.!4
The most intense isotope peak of each parent ion
cluster was selected by the first magnetic and first elec-
tric sector of the instrument to serve as the primary or
main beam (MB), for collision with helium in the colli-
sion cell between the two electric sectors; analysis of
fragment ions was made with the second electric and
second magnetic sectors of the instrument, at a pressure
that gave a constant 20% reduction in parent ion
current for all CAD experiments. This condition is dif-
ferent from those used in other polymer studies, but we
assumed that constant reduction of the main beam
would be related to constant energy deposition in a
series of oligomers; some study of the relationship of
the fraction of daughter ions collected to the fractional
reduction of the main beam has been made.*®

For the ICR experiments, the sample of tetraethylene
glycol dimethyl ether (Aldrich) was introduced at the tip
of an unheated probe located about 1 cm below the
ICR cell. This sample was allowed to react with alkox-
ide bases generated from alkyl nitrites in a dissociative
electron capture process. Generation of alkyl nitrites in
situ for these experiments has been described.'®

RESULTS AND DISCUSSION

The positive ion FAB spectra of poly(ethylene glycol)s
are well documented.!® The spectra show a series of
peaks with a spacing of 44 u which correspond to the
homologous series of ions [M + H]*. The ions in this
series may either be parents or homologous daughters,
differing from the parent ions by one or more
(—CH,CH,0—) units. Analysis of field desorption
(FD) ion intensities with average relative molecular
masses (RMM) indicates that the FD ions are almost
entirely [M + 1] ions;'°® comparison of FD and FAB
spectra indicates that while in FAB there is a contribu-
tion from the daughters of oligomers with a few more
{(—CH,CH,0—) units. We estimate this contribution
to be less than 10% of the total intensity, based on
comparison of the spectra.!%*®

We first assume that the ions in the FAB spectrum of
the mixture represent true parents to a very large
extent, at least at the higher masses; and the validity of
this assumption may in principle significantly affect the
internal energy of the ion selected for study and there-
fore affect its fragmentation, since daughters formed by
exothermic processes must in general contain lower
internal energy than their parents. With the FAB
method of ionization, selected RO~ ions from these
compounds displayed identical unimolecular and col-
lisionally activated daughter ion spectra whether se-
lected as source-generated ‘parent’ ions, or as true
daughters separated after decomposition of these
parents in the third field-free region of the instrument.
(In the ZAB-4F, analysis of the fragments produced by
these daughter ions may be accomplished using the
second electric and second magnetic sectors.) We there-
fore assume that most parent ions are generated with
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internal energy distributions sufficiently close to
thermal that the question of whether a particular ion is
atrue [M + 177 or daughter becomes moot.

Positive ions

From the commercially available mixtures of PEG oli-
gomers we have been able to obtain sufficiently high
yields of these parent ions up to 1400 u to study their
unimolecular and CAD with good daughter ion yields
after accumulation of 20 scans. Representative positive
ion unimolecular and collisional activation (CA) spectra
in the mass region of interest in these experiments are
shown in Figs 1 and 2. There are two fragmentation
pathways represented here, shown in Eqns (1) and (2).
In the ZAB-4F instrument, daughters formed in either
process may be selected for a second CAD experiment.
This technique was used to show that the paths are
interlinked mechanistically; an [M + H]™ daughter
generated in (1) may lose water and move into pathway
(2), or an [M + H — H,0]" ion generated in (2) may
lose acetylene and continue to follow pathway (1):

[H(OCH,CH,),0H,1*

- [H(OCH,CH,),-.OH,]" + (C;H,0), ey
[H(OCH,CH,),0H,]"
- [H(OCH,CH,),]* + H,0 @)

Figures 3 and 4 show the correlation between the
mass of the parent ion and the yield of selected daugh-
ter ions formed in both unimolecular and CAD pro-
cesses. Daughter ion yield is represented as the ratio of
the intensity of the daughter peak to the intensity of the
main beam (since the intensity of the main beam
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Figure 1. Positive ion unimolecular dissociation spectrum of the
PEG [M + H]* ion at m/z 1163. The upper scan shows the daugh-
ter ions on a scale 100 times larger than the main beam (MB); the
lower scan magnifies the upper by a factor of 10. The width of
peaks in all spectra is due to tracking problems in accumulation,
not saturation.
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Figure 2. Positive ion CAD spectrum of protonated PEG oligo-
mer at m/z 1163. Scaling of the spectrum is as in Fig. 1.

declines significantly with increasing mass under FAB
ionization). Each point represents the average of 18-22
scans. The daughter ions selected are all of the series
represented by Eqn (1), and are ions formed by losses of
one, two and three units of 44 u from the main beam,
respectively. These sequence ions were selected in order
to minimize mechanistic complications in their forma-
tion; lower mass sequence ions may be formed by
sequential fragmentations more commonly than daugh-
ters close to the parent mass. In addition, ions from the
same fragmentation series were selected so that differ-
ences in thermochemistry might be examined within a
single mechanism.

The principal route to these three ions is not sequen-
tial loss of C,H,O neutral fragments. The decrease in
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Figure 3. Correlation of the relative intensities (fragment ion to
main beam) of the first three sequence ions produced by
unimolecular dissociation of an [M + H]* parent with parent ion
mass.
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Figure 4. Correlation of the relative intensities of the first three
sequence ions produced by CAD from [M+ H]* parents with
parent mass. Spectra are corrected by subtraction of the intensities
of unimolecular products.

product yield would have been steeper for each sequen-
tial loss if that were the case. Loss of neutrals of mass
44n seems to occur for many values of n, although
losses of 44 and 88 u dominate both unimolecular and
CAD spectra. It is unwise to speculate on the nature of
the neutral products of these processes. The structure of
the parent [M + H]™ ion is uncertain. The charge site
probably resembles a protonated crown ether or small
PEG dialkyl ether (glyme) molecule, with the proton
hydrogen bonded to an ether oxygen, hydrogen-bonded
to a second, and further solvated by a number of ether
dipoles.!” Further disposition of the rest of the chain is
unknown. Fragmentation may even occur remote from
the site of the charge in the ion,'® as has been demon-
strated for negative ions. With the structure of the
reactant and the site of the reaction undetermined, it is
hazardous to propose detailed mechanisms for the pro-
cesses, and the choice of daughter ions to select for
study is necessarily arbitrary.

The general trend illustrated in Figs 3 and 4
decreases, as expected; the scatter of data is so great
that we have not pretended to fit the data to the
logarithmic mass scale theory demands for a degree-of-
freedom effect.!® As parent mass increases, there is an
obvious fall-off in daughter ion yield for the high-yield
daughters. For the ion [MB — 132]% the trend is not
dramatic, but the trend may be impossible to observe
with a low-intensity product ion. But if the loss of
C¢H,,0; is indeed independent of the mass of the pre-
cursor ion, the independence would be compatible with
the suggestion that randomization of energy within
large ions is incomplete before fragmentation,?® con-
trary to the assumptions of quasi-equilibrium theory:*!
if the number of vibrational states among which the
energy is distributed reaches a limit, then ions with a
greater number of states will have only the limiting
number of states participating, and the rate constant
will be invariant. However, there cannot be effective
randomization for one fragmentation (loss of C,H,0)
but not for another (loss of C¢H,,0;). The lack of
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dependence on mass must have some other explanation
associated only with the one reaction. An accidental
proportional increase in the number of states in the
activated complex and the density of states in the mol-
ecule would also produce the rate independence, but so
far as we know has no precedent.

The observed trend in Figs 3 and 4 may be rational-
ized in a general way by using statistical rate theory.
Increasing parent mass increases the sum and density of
rovibrational states for the reactant parent ion; if the
corresponding change in the sum of states for the acti-
vated complex is less than that for the activated ion, the
rate of the decomposition must decrease. Without con-
fident knowledge of the structure of the reactant or pro-
ducts, it is impossible to guess the structure of the
transition state, and therefore to quantify the effect of
increasing parent mass on the activated complex. In
general, as the number of degrees of freedom in the
reactant increases, the rate constant for the decomposi-
tion k(E) rises more slowly as the internal energy E* of
the ion is increased, and the effective threshold for the
collisionally activated reaction increases.” Given near-
thermal energy distributions for each of the parent ions,
the number of fragment ions produced should decrease
as mass increases. The CAD and unimolecular spectra
both show this effect; because the approximate depen-
dences are very nearly the same in the two plots, the
increase in E* for the parent on collision must be small
relative to the zero-point energy of the molecule.

There would also be a reduction in intensity of these
fragments if new competitive pathways are introduced
with increasing MB mass. In this range of masses no
new kind of processes were noted, although the same
kind of process may occur once more each time the
chain is lengthened, so that competition generally
increases.

Negative ions

The spectra of the [M — 1]~ ions produced by FAB
from poly(ethylene glycol) samples present far fewer
problems in interpretation than do the [M + H]"
spectra. As with the positive ions, the negative ion spec-
trum shows a series of homologous peaks, differing in
mass by 44 u. Again, these may be assumed to have
energy distributions close to thermal whether they rep-
resent true parents or fragments. Ions up to 1200 u were
selected for further fragmentation studies with good
daughter yields, and representative unimolecular and
CAD spectra are shown as Figs 5 and 6.

Examination of the unimolecular decomposition
spectra of these negative ions allows some important
generalizations about the fragmentation pathways to be
made. (We did not compare the yields of fragments to
the yield of electron detachment products.) The loss of a
single C,H,O unit is not favored; the loss of C;,HgO,
is. In the CAD spectrum, loss of 44 becomes possible
because of the energy deposited on collision. Since the
charge site for these [M — H] ™~ ions must be located at
the end of the polymer chain, an alkoxide anion, there
are two possible mechanisms involving the charge site
that would allow losses of one or more chain units in a
single step. The products of these are shown in Eqns (3)
and (4) for generalized cases; the first is an internal dis-

placement, while the second involves an internal
‘bimolecular’ elimination transition state. Both pos-
sibilities are consistent with our observation that the
[M — H]™ parent and the daughter ions which have
the same putative structure produce the same CAD and
unimolecular spectra, but this result does not dis-
tinguish between them. However, when it can occur, the
elimination reaction should be strongly favored over
displacement.?>=2%> The most reasonable hypothesis
explaining this effect is that the transition state for a
displacement is highly ordered (tight); while that for the
corresponding elimination

[H(OCH,CH,),0]~ - [H(OCH,CH,), 0]~

+ (IZHZCHZ(OCHZCHZ)M(I) 3)

[H(OCH,CH,),0]™ - [H(OCH,CH,),_,0]"
+ H,C=CH(OCH,CH,),,_,OH
4

is looser, more closely resembling that for a proton
transfer.2® We have been unable to find any example in
the literature in which an alkoxide leaving group is pro-
duced in a gas-phase displacement reaction when elimi-
nation is a competing channel; elimination is always
more facile, even when displacement is thermodynami-
cally favored.?® Loss of a single chain unit should take
place via displacement, but higher-order losses should
proceed via Eqn (4).

A third mechanism that might be used to explain the
inconsistency in behavior between the losses of C,H,0
and higher-mass neutrals would be a thermal reaction
remote from the charge site,'® as illustrated in Eqn (5).
If this process were

[Ho—(I:H—CH2
H O—CH,CH,(OCH,CH,),0]"
— [HOCH,CH,(OCH,CH,),0]~ + HOCH=CH,

®

favored for the loss of C,H,O but not for the higher-
order losses, the difference in behavior could be
explained by this mechanism. Given similar thermo-
chemistry, the four-centered transition state required in
this mechanism for the loss of vinyl alcohol would make
this reaction less likely than the analogous process
producing C,H;O,, because of entropic considerations.
In that case the dominant mechanisms for the negative
ion fragmentations would be charge-initiated.

In order to verify that displacement does not compete
with elimination at parent ion internal energies close to
thermal, ion cyclotron resonance (ICR) spectrometry
was used to examine the reaction of methoxide ion with
tetraethylene glycol dimethyl ether, a system in which
both the displacement and the elimination reactions can
occur and produce different ionic products. In an ICR
spectrometer, rate constants for reactions are measur-
able, and could be determined for both processes should
they occur. A comparison of rate constants would allow
a more informed comparison of transition state struc-
ture and energetics for the two channels.

Tetraethylene glycol dimethyl ether may react with
methoxide to produce the ionic products illustrated in
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Figure 5. Negative ion unimolecular dissociation spectrum of the PEG [M — H]- ion at m/z 1029. The daughter ions are shown on a scale

100 times larger than the main beam.

Eqn (6) through either the elimination or displacement
mechanism. The reaction shown in Eqn (7), however,
can take place only through a displacement mechanism.

[CH,0]  + CH,O(CH,CH,0),CH,
- CH,OH + CH,0—CH=CH,
+ [O(CH,CH,0),CH,]~
- CH,OH + CH,OCH,CH,0CH=CH,
+ [O(CH,CH,0),CH,]"
- CH,OH + CH,O(CH,CH,0),CH=CH,
+ [OCH,CH,0CH,]"
- CH,0OH + CH,O(CH,CH,0),CH=CH,
+ [OCH;3]™ (6)

[CH,0]~ + CH,O(CH,CH,0),CH, — CH,OCH,
+ [O(CH,CH,0),CH,]" )

We may estimate?” the enthalpy changes for Eqns (6)
and (7), using group additivity rules?’® and estimates
based on thermochemical cycles. Equation (6) should
have AH,° = —4.6 (+25) kJ mol~" whatever the ionic
products, since loss of a —CH,CH,O— unit from the
reactant should be cancelled by the gain of the same
unit in the neutral product; while AH,° for Eqn (7) is
calculated to be 19.7 (4 25) kJ mol ™. The relative error
for these values should be much smaller than the abso-
lute error indicated. The reaction did not produce an
ion at mass 207 [CH4(OCH,CH,),O] " attributable to
displacement across the terminal methyl group. Because
of the endothermicity of the displacement, it is unlikely
that this reaction would be observable in the near-
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Figure 6. Negative ion CAD spectrum of the PEG [M — H]~ ion at m/z 1029. Scale is as in Fig. 5.
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thermal conditions of the ICR, but the products shown
in Eqn (6) are observed at long detection times.?? These
are therefore products of the elimination mechanism
exclusively, and this observation provides evidence that
this pathway is the preferred one. (It must of course also
be preferred on collisional activation.)

With CA, the additional energy necessary for the loss
of C,H,O is available. Losses of larger fragments
undoubtedly take place through the more favorable
elimination pathway, but the displacement mechanism
is necessary to explain the loss of a single chain unit.
We can again estimate thermochemistry for these path-
ways using group additivity rules.?® The loss of each
chain unit is calculated to decrease AH;° of the ion by
165 kJ mol™'. The AH,° for each of the neutral pro-
ducts either can be calculated®® or is available through
the literature.?! Thus we estimate relative heats of reac-
tion for the losses of C,H,O, C,H30O,, and CH,,0;,
to be approximately 0, 15 and 51 kJ mol ™!, respec-
tively. These values will adequately show the relative
enthalpies of the fragmentations, but should not be
interpreted as absolute because of uncertainties in the
conformations (and hence heats of formation) of the
parent and daughter ions. The neutral fragment C,H,O
is taken to be acetaldehyde, rather than the neutral that
would be produced if the activated complex broke up
immediately after the displacement. The requirement
that the transition state for the reaction is a cyclic form
does not specify the way in which the activated complex
finally breaks up, even though it does control the reac-
tion kinetics. Acetaldehyde as the neutral fragment is
more accessible thermodynamically than ethylene oxide
by 113 kJ mol ! and vinyl alcohol®? by 41 kJ mol '
Further reaction of the ionic and neutral product within
the activated complex (the base-catalyzed rearrange-
ment illustrated in Eqn (8)) is well supported in the liter-
ature.>® Vinyl alcohol might be the kinetic product of
the last proton transfer, but there is no reason to
exclude further tautomerization within the complex,
increasing the exothermicity of the reaction.

All of these reactions, even with their kinetic shifts,
are thermodynamically accessible for an ion produced
by FAB. Differences in the behavior of different

H(OCH,CH,),0" N
- [H(OCH,CH,),_,;0--H—CH—CH,]™ -
or [H(OCH,CH,),_,0--H—OCH=CH,]™ ~
- [H(OCH,CH,),.,0--H—H,C—CHO]~
- [H(OCH,CH,),_,0]" + CH,CHO ®)

ions with respect to each loss must then be discussed in
terms of kinetic barriers. This information proves
helpful in attempting to correlate the yield of each of
these processes with parent ion mass.

Such a correlation is illustrated in Figs 7 and 8, for
the unimolecular and CAD spectra, respectively. Again,
for the low-intensity daughters a significant change in
yield is not observable. The yield of [MB — 88]~, where
MB denotes the main beam [M — H] ™, decreases with
increasing parent mass, as found for the positive ions.
The increasing yield of [MB — 44]~ with increasing
parent mass after CA has only a few observed parallels,
mostly when the mass of the neutral is larger.'8
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Figure 7. Correlation of relative fragment ion intensity (fragment
ion over main beam) for the first three sequence ions produced in
unimolecular dissociation of [M - H]- parents with parent ion
mass. Spectra are corrected by subtraction of intensities of
unimolecular products.
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Figure 8. Correlation of relative fragment ion intensity with
parent ion mass for sequence ions produced after CA of parent
[M —H]- ions.

This observed increase might be due to a difference in
the collection efficiency of the third (electric) sector of
the instrument caused by radically different kinetic
energy releases in the losses of 44 and 88 u fragments.
This effect is well documented,* and may be compen-
sated for by measurement of the kinetic energy release
of a fragmentation and taking into account the spatial
spreading of the beam possible without loss of ions in a
particular instrument. With this correction in ZAB
geometry instruments,?> measured kinetic energy re-
leases for the losses of 44 u and 88 u fragments from the
[M — H]™ ion of the model compound hexaethylene
glycol after CA are 30 and 68 meV, respectively, so that
in the ZAB-4F, the ionic fragments left by these pro-
cesses should be collected by the third (electric) sector at
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91% and 80% efficiency, respectively, for a parent of
mass 600, and at 94% and 84% efficiency for a parent
of mass 1200. Since the observed variation in kinetic
energy release with mass of separating fragments is not
large enough to alter collection efficiency sufficiently
here, this discrimination cannot be responsible for the
observed effect. The difference in fragment ion yield
must be related to the differences in the kinetics for the
two processes.

If the displacement reaction transition state is indeed
tight, the sum of states in the transition state manifold
for this reaction is lower than that for the elimination
reaction, and this reduction must decrease the rate. The
fundamental equation for RRKM theory?® (Eqn (9))
illustrates the effect on k(E) for an ion of energy E* of
the sum of vibrational states in the transition state,
G*(E* — E,). N*(E) is the density of vibrational states
for the activated ion, and L* is a degeneracy factor. Q*
and Q7 are rotational partition functions for the acti-
vated ion and the transition state. The increase in E*
provided by collision with a

L+Q+G+(E+ o EO)
hQ*N*(E)

helium atom brings both reaction rate constants above
threshold, but only the elimination occurs without CA.
When parent ion mass increases, the number of degrees
of freedom increases for the activated ion and for the
transition state, and the number and density of states
increases for both manifolds. The rotational partition
functions Q* and Q7 for the activated ion and the tran-
sition state also increase, but the increase is not the
same in both manifolds. For a loose transition state,
some free rotations are retained in the transition state,
and the loose, newly forming bond and the breaking
bond across the proton transfer adds a large number of
vibrational states to the transition state manifold.
G*(E* — E,) and Q™ for this transition state are both
high, and the increase in them caused by lengthening
the parent chain is not significant compared to the acti-
vated parent ion, where a corresponding increase
occurs. In the tight displacement transition state,
however, both G*(E* — E,) and Q* are low, and any
increase in these is dramatic with respect to their orig-
inal values. Lengthening the parent chain causes an
increase in k(E) because the increased ease with which
the complex moves over the activation barrier is not
offset by the increased lifetime of the activated ion.® For
our high-barrier reaction, the displacement of C,H,0,
the fragment yield increases as parent mass increases
because of the competing effects on the rate constant.

KE) = 9

CONCLUSIONS

There are natural limits to the utility of the CA tech-
nique in structural studies of large molecules: difficulty
in producing large yields of parent ions and difficulty in
interpreting the complex spectra that are often produc-
ed by complex molecules. (Of course they are not
always found in practice, so the technique is generally
useful.) This investigation points to additional diffi-
culties. First, from comparison of the unimolecular and
the CAD spectra, the increase in the energy for a very
large ion by a single collision may be small relative to
the zero-point energy; the increase in fragmentation
produced by the relatively small increase in energy may
not yield much more information. Second, for the cases
in which the small increase in energy does increase the
intensities of certain daughter peaks, these ultimately
are likely to be daughters from processes with tight
transition states. In other words, as parent mass
increases within a homologous series, the CAD spectra
change. Large peaks from the lower-mass parents often
important in interpretation become smaller. The less
useful peaks increase in intensity, and may dominate the
spectra of higher homologs.> In general, we conclude
that CAD spectra do not simply decrease in intensity as
mass increases, but they may change in appearance as
well. A peptide of RMM 2400 has been sequenced suc-
cessfully,®” and we do not imply that this difficulty has
a single universal RMM value for onset irrespective of
molecular structure. Eventually, though, for any class of
compound, there must be an RMM at which rearrange-
ments are the only peaks measurable, in any large ion
that can rearrange. Some sequencing difficulties of this
kind have already been noted in FAB/CAD spectra of
peptides as a class above RMM 2000,> and the breadth
of such observations—some 50 examples—suggests that
successful sequencing far above this limit could be diffi-
cult, at least without further refinement of the tech-
nique. This onset RMM must be different for other
polymer classes.
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