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Abstract

To determine the order of appearance energies of fragments of protonated
polypropylenamine dendrimers, MS2 experiments are performed in quadrupole ion
trap (ITMS) and Fourier transform ion cyclotron resonance (FTMS) mass
spectrometers. ITMS3 experiments show that fragmentation of DAB(PA)8H

+ to m/z
172 can occur via m/z 414. Energy-resolved fragment spectra of POPAM
dendrimers obtained with low-energy collision induced dissociation (CID) in a
FTMS are compared with surface-induced dissociation (SID) fragment spectra
obtained in a tandem linear quadrupole mass spectrometer. The internal energies
needed for fragmentation of the POPAM dendrimers in these CID and SID
experiments are estimated and compared. RRKM calculations are performed to
help interpretation of the experimental results. Critical energies for the SNi
reactions leading to fragments m/z 414 and 172 from DAB(PA)8H

+ in the range of
1.4-1.6 eV give k(E) curves approximately in agreement with the experimental
results, the critical energy for formation of m/z 172 being larger than for formation
of m/z 414.

5.1 Introduction

In the previous chapter, results were shown obtained by surface-induced
dissociation (SID) of protonated polypropylenamine (POPAM) dendrimers [137]. Almost all
fragment ions could be rationalized by single or sequential intramolecular nucleophilic
substitution (SNi) reactions (Scheme 5.1). However, several questions could not be
answered based on the SID data. First, it was difficult to determine the order in which the
low-energy fragments of a selected parent ion appear as a function of internal energy
[137]. Multiple fragment ions appeared simultaneously at all collision energies. Second, it
was proposed that various reaction pathways could lead to the same fragment ion [137].
However, sequential fragmentation could not be demonstrated in spite of an attempt to use
nozzle-skimmer dissociation to create dendrimer fragment ions in the electrospray
ionization (ESI) source for pseudo-MS3 studies. The intensity of these fragments
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individually was not sufficient to give SID spectra when selected.
A possible cause for the difficulty in determining the order of appearance of the low-

energy fragments by SID is the instantaneous acquisition of a wide internal energy
distribution by the parent ions, limiting the energy resolution of our studies. The kinetic-to-
internal energy conversion by SID occurs in 10-12-10-14 s and can therefore be regarded as
instantaneous compared to fragmentation rates, which are, depending on the internal
energy of the ion, usually lower than 1012 s-1 [2]. In addition, the internal energy distribution
obtained by ions upon activation with SID is known to be wide. Vékey et al. have
determined the full width at half maximum of the internal energy distribution upon SID as
approximately half the mean internal energy deposited, using benzene as the probe ion
[57]. Hence energetically close processes, as assumed for the fragmentation reactions of
the diaminobutane (DAB) propylenamine (PA) dendrimer DAB(PA)8H

+ into m/z 414 and
172, may not be separated by energy-resolved (ER-)SID. The internal energy distribution
of ions activated by gas phase collision-induced dissociation (CID) with multiple low-
energy collisions also has a considerable width. For the range between 5 and 28 eV
laboratory kinetic energy, Wysocki et al. found widths of internal energy distributions
approximately equal to or larger than the average internal energy using metal carbonyl
probe ions [66]. During CID in a quadrupole ion trap mass spectrometer (ITMS) kinetic
energy is converted to internal energy by multiple low-energy collisions, which typically
involve laboratory kinetic energies of the parent ions lower than 15 eV [138]. Since in
multiple low-energy collision CID the energy is converted in small steps over a longer
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period of time, distinction of the order of appearance of the fragments as a function of
energy may be easier, compared to when energy conversion is instantaneous. We have
performed ITMS CID experiments to determine the lowest-energy fragmentation of
DAB(PA)8H

+ and to test the previously proposed sequential fragmentation mechanisms
[137] with MSn. We have investigated the fragmentation obtainable for the POPAM
dendrimer DAB(PA)8H

+ in ITMS CID as a function of the excitation amplitude and buffer
c.q. collision gas composition and pressure.

Heeren and Vékey have determined energy conversion efficiencies for CID of
protonated leucine-enkephalin upon resonant excitation in FTMS [139]. Assuming that the
same energy conversion efficiency can be used for ions of similar size and composition,
being organic polymers of 500-1000 u, we can estimate the internal energy corresponding
to fragmentation of the dendrimers on the time scale of the FTMS experiments. To help
the interpretation of these experimental results, we have calculated fragmentation rates of
the POPAM dendrimers by RRKM methods.

5.2 Experimental

5.2.1 ITMS experiments

The ITMS experiments have been performed on an instrument described previously
[140]. Briefly, it consists of a Bruker Esquire ion trap mass spectrometer with a home-built
external matrix-assisted laser desorption/ionization (MALDI) source the same as that
described previously in a combination with the FTMS instrument [141]. The ion trap is
equipped with a direct gas inlet for the buffer gas which also functions as the collision gas.
The pressure is measured outside the ion trap. Hence the pressure inside the ion trap is
approximately 10 times higher than the measured pressure [142].

Frequency-tripled laser light (354 nm) produced from a Nd:YAG laser (Quanta-Ray
GCR-11) is focused onto a single sample MALDI probe with an incident angle of
approximately 45°. The ion beam is transported by an electrostatic lens system over a 0.2
m distance and focused onto the entrance of the ion trap [140]. Mass spectra are recorded
by scanning the amplitude of the rf voltage on the ring electrode and the voltage over the
two end-caps. This way the m/z values at which ions come in resonance and therefore are
ejected, increases as a function of time. Between the firing of the laser and the recording
of the mass spectrum, a delay of approximately 70 ms is used to allow the ions to travel
from the source to the cell (several microseconds flight time) and to cool the ions to the
center of the trap. For CID experiments, ions created by MALDI are accumulated and after
a 25 ms delay the parent ions are selected by resonant ejection of all ions outside a 20 u
window from the selected m/z value. After a 5 ms delay the selected parent ions are
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kinetically excited by a rf voltage applied to the end-cap electrodes. We assume that the
delay of 30 ms total between ion accumulation and resonant excitation in the ion traps is
sufficient for equilibration of the ion temperature to that of the buffer gas [143]. The
bandwidth of the rf excitation voltage corresponds to a window of 10 mass units around
the parent ion m/z value. The internal energy of the parent ions is varied by varying the
amplitude of the rf excitation voltage, for a fixed duration of 60 ms.

5.2.2 FTMS experiments

The ESI/FTMS experiments are performed on a Bruker Apex 7T FTMS equipped
with a home-built external ESI source, described previously [139]. The ESI source is
operated with a nozzle-skimmer voltage difference of 20 V to prevent collisional activation
in the nozzle-skimmer region. The ions are transported from the ESI source into the ICR
cell through an electrostatic ion guide in a 5-stage differential pumping system. The ions
are accumulated during 400 ms after which the electrostatic gate is closed. The ions are
left to equilibrate to the ICR cell temperature (293 K) for 10 s. For CID, Ar gas is
introduced in the ICR cell through a pulsed valve which is kept open for 1 second upon
which the pressure rises to 10-7 mbar. In the presence of the collision gas, the kinetic
energy of the parent ions under study is increased by application of a resonant dipolar rf
excitation field, but without prior isolation of these parent ions. The rf is switched on 100
ms after opening of the collision gas valve. The kinetic energy of the ions upon resonant
excitation in the FTMS is given by

2

2
exc

222

lab
8md

tVq
 E

∆α
= (5.1)

where α is the geometry factor for the InfinityCell (0.897) [139, 144], ∆V the
amplitude of the voltage applied to the cell plates, texc the time during which the excitation
field is applied, m the mass of the ion, q its charge, and d the diameter of the ICR cell (6
cm). The center-of-mass collision energy Ecm is defined by

Ecm = {mg/(mi+mg)}×Elab (5.2)
where mg is the molecular weight of the collision gas and mi the molecular weight of

the parent ions.
In our CID experiments the ion kinetic energy is varied by varying the duration of

the rf excitation field, typically between 100 and 300 µs. The rf amplitude is maintained
36.0 V peak-to-peak for all experiments described. No parent ion isolation was used to
prevent unintentional off-resonant excitation [145]. After closing of the Ar valve, a pump-
down delay of 10 s is used before the ions are excited for detection. The pressure in the
ICR cell during ion detection is lower than 10-9 mbar.
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5.2.3 sample preparation

The POPAM dendrimers DAB(PA)8, DAB(PA)16 and DAB(PA)32 have been obtained
from DSM (Geleen, The Netherlands). For MALDI, a solution of DAB(PA)8 : 2,5-dihydroxy
benzoic acid (DHB) of 1:1000 in ethanol was applied to the stainless steel MALDI probe,
and allowed to dry in air. For ESI, 75-150 µM solutions in a 3:1 methanol:water mixture are
used. To enhance multiple protonation, acetic acid is added to a concentration between
0.1-2%, depending on the charge state to be obtained.

5.2.4 Computational details

RRKM calculations on DAB(PA)8 and DAB(PA)16 have been performed with the
'Mass Kinetics' program written by Drahos and Vékey [146-148]. Vibrational frequencies of
propylamine have been calculated by ab initio methods (B3LYP/6-31G(d)) using the
Gaussian ’94 package. The first 15 frequencies are 129, 232, 260, 294, 454, 768, 864,
882, 931, 1039, 1063, 1095, 1175, 1255 and 1311 cm-1. These have been applied to
calculate k(E) values for DAB(PA)8H

+ and DAB(PA)16H2
2+ by scaling up to the number of

degrees of freedom of the dendrimer ions. The transition state frequencies have been
estimated, based on the vibrational model described previously by Vékey et al. [136]. In
this model, it is assumed that during a simple bond cleavage 1 rotation, 4 rocking and 1
stretching mode are converted into 3 rotation and 3 translation modes. The stretching
mode at 1255 cm-1 is arbitrarily selected as the reaction coordinate. For the rotation the
mode at 129 cm-1 is selected, for the 4 rocking modes 768, 864, 882 and 931 cm-1 are
used. The transition state frequencies used are the ground state frequencies divided by
two. In the cyclic transition state, the number of atoms in the transition state minus one
rotations are frozen, so these rotations are converted into stretching and rocking
frequencies. These frequencies are 232, 260, 294 and 454 cm-1 each frozen 5 times for
the 5-membered ring transition state, and so on.

The relation between log(k) and E has been approximated by fitting an exponential
decay function to the RRKM calculated log(k(E)) values with Microcal Origin Version 5.0.
Calculations of breakdown diagrams based on the fitted log(k(E)) relations have been
performed with Microsoft Excel 97.
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5.3. Results

5.3.1 ITMS experiments

Figure 5.1(a) shows the MALDI spectrum of DAB(PA)8 in 2,5-DHB obtained with the
ITMS set-up. Only the singly protonated form is observed. The peaks at m/z 137 and 273
are assigned to products formed from the 2,5-DHB matrix. The fragment ions of
DAB(PA)8H

+ at m/z 414 and 172 are also observed in the MALDI spectrum. The
abundance of these fragment ions varies with the laser intensity. However, when the laser

Figure 5.1: (a) MALDI-ITMS spectrum of DAB(PA)8H+; (b) ITMS2 spectrum of isolated
DAB(PA)8H+ upon collisions with He, pressure = 2.4x10-5 mbar, excitation duration =
60 ms, resonant excitation amplitude = 2.7 V; (c) ITMS3 spectrum of isolated
fragment m/z 414, excitation duration = 60 ms, resonant excitation amplitude = 1.8 V.
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intensity is lowered such that the dendrimer fragment ions have disappeared from the
spectra, the signal of DAB(PA)8H

+ is insufficient for MS/MS experiments. The laser power
used for the MSn experiments gives about 50% fragmentation of the parent ion
DAB(PA)8H

+ in the MALDI spectra. Computer simulations by Goeringer et al. indicated that
the equilibration time of peptide ions of 1 kDa molecular weight is approximately 0.5 ms at
10-3 mbar He buffer gas pressure in the trap [143]. In our experiments the buffer gas
pressure is lower (1.7-3.5×10-5 mbar He, measured outside the trap) and therefore longer
equilibration times are required. We assume that the parent ions have obtained the
temperature of the buffer gas (300 K) during the 30 ms delay between ion accumulation
and excitation, and therefore that the use of high laser power does not influence the
fragmentation efficiency. Figure 5.1(b) shows a MS/MS spectrum of DAB(PA)8H

+ obtained
by resonant excitation for 60 ms, with an excitation rf amplitude of 2.7 V and He buffer gas
pressure of 2.4 × 10-5 mbar. The only fragment observed is m/z 414. The MS3 spectrum of
m/z 414 obtained by selection and resonant excitation for 60 ms at 1.8 V is shown in
Figure 5.1(c). The only fragment observed is m/z 172. This confirms the possibility of
formation of m/z 172 from m/z 414.

By varying the excitation amplitude in the multiple collision ITMS2 experiments we
could vary the fragmentation efficiency, defined as the total fragment ion current divided by
the fragment plus parent ion current, of the DAB(PA)8H

+ ions between 0 and 100%, but

1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.0

0.2

0.4

0.6

0.8

1.0

2.4x10
-5
 He

1.0x10
-5
 Ar

1.7x10
-5
 He

6.4x10
-6
 Ar

3.5x10
-5
 He

[4
14

]/(
[4

14
]+

[7
73

])

End-cap Amplitude (V)
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m/z 414 remained the only fragment observed. To test further if other fragments, for
example m/z 172, could be formed by excitation of DAB(PA)8H

+ in ITMS2 experiments, we
have varied the buffer gas pressure and composition. The internal energy of the ions at a
given excitation amplitude is known to increase with decreasing buffer gas pressure and to
increase with the molecular weight of the buffer gas [149]. Figure 5.2 shows the
fragmentation efficiency curves obtained with He (1.8, 2.4 and 3.5×10-5 mbar) or Ar
(6.4×10-6 and 1×10-5 mbar) buffer gas. However, fragment ions other than m/z 414 were
not observed upon resonant excitation of DAB(PA)8H

+ under any of these conditions.

5.3.2 Energy-resolved CID and SID

Figure 5.3 shows ER-CID diagrams of DAB(PA)8H
+ and DAB(PA)16H2

2+ obtained
with resonant excitation of the parent ions in the FTMS. In all dendrimer spectra with and
without excitation a small but not very reproducible signal (on average 3%) is observed at
m/z 172. These ions are assumed to be responsible for the signal of m/z 172 observed
below 80 eV collision energy, and leads to an uncertainty in the ER-CID curves in Figure
5.3(a) of 5%. In the FTMS CID experiments with DAB(PA)8H

+ fragmentation efficiency
approaches unity at sufficiently high collision energy. However, the parent ions of
DAB(PA)16H2

2+ do not disappear from the CID spectra even at laboratory kinetic energies
approaching 1 keV, but remains 10-20% of the initial ion abundance. In this particular
experiment this is possibly caused by leaking of parent ions from the ESI source into the
ICR cell during the waiting time after excitation. Because of this and the small current of
m/z 172 at low energies as in the experiments with DAB(PA)8H

+, we assume an
uncertainty of 20% of the ER-CID curves in Figure 5.3(b). In the FTMS ER-CID spectra of
DAB(PA)8H

+ the fragment at m/z 414 is more abundant than m/z 172 between 80 and 150
eV laboratory kinetic energy. Above 150 eV, m/z 172 dominates the fragment spectra. For
DAB(PA)16H2

2+ m/z 172 is the dominant fragment at any collision energy above threshold
(~200 eV laboratory kinetic energy), whereas also the abundance of fragment m/z 400
increases with the kinetic energy of the parent ion. The two most abundant fragments, m/z
414 and m/z 172 for DAB(PA)8H

+ and m/z 172 and m/z 400 for DAB(PA)16H2
2+ constitute

more than 95% of the total fragment ion current at any collision energy used (spectra not
shown). The most abundant other fragment, with an abundance of 2-3%, is m/z 115 for
both DAB(PA)8H

+ and DAB(PA)16H2
2+.

Figure 5.4 shows ER-SID diagrams of DAB(PA)8H
+ and DAB(PA)16H2

2+ obtained
with SID in a tandem quadrupole set-up, based on the same data as the fragmentation
efficiency curves shown in Chapter 4 (Figure 4.3). Note that the appearance energies of
m/z 414 and 172 for DAB(PA)8H

+ can not be distinguished, both fragments appear at a
collision energy of 30 eV. In the dendrimer SID spectra the abundance of fragments other
than m/z 414 and 172 (DAB(PA)8H

+) or m/z 172 and 400 (DAB(PA)16H2
2+) is much larger

compared to the CID spectra: up to 30% of the total ion current at 100% fragmentation
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Figure 5.3: Energy-resolved CID diagrams obtained in the FTMS set-up, with 10-7

mbar Ar collision gas upon resonant excitation of (a) DAB(PA)8H+ and (b)
DAB(PA)16H2

2+.
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efficiency of DAB(PA)8H
+ (55 eV) and 50% at 100% fragmentation efficiency of

DAB(PA)16H2
2+ (100 eV). The majority of these fragments are in the m/z region below 172,

for example m/z 127, 115, and 58. The mechanism proposed for their formation is
discussed in a previous paper [137]. Experiments with higher collision energies (data not
shown) indicate that the abundance of these low-m/z fragment ions continues to increase
as the ion/surface collision energy is increased even after the parent ion has disappeared
from the spectra. This is in contrast to observations in similar FTMS CID experiments (data
also not shown), where the fragment ion relative abundances remain approximately
constant above a certain collision energy (approximately 400 eV laboratory kinetic energy
for DAB(PA)8H

+, 800 eV for DAB(PA)16H2
2+). Possible causes for these differences

between the SID and CID fragment spectra are discussed in section 5.4.3.
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5.4. Discussion

5.4.1 Fragment ions

The conclusion from the ITMS experiments, that m/z 414 has the lowest
appearance energy of all DAB(PA)8H

+ fragments, can be explained based on the
structures of the proposed fragment ions. In the fragmentation into m/z 414 a 5-membered
ring is proposed to be formed, which has lower ring strain and hence lower activation
energy than the 4-membered ring proposed for m/z 172. This is illustrated by Table 5.1,
which shows data for heats of formation for 4- and 5-membered ring cyclic amines in
comparison to those of linear systems of the same composition, obtained from [130]. Five-
membered ring fragments, for example m/z 870 (1+) or m/z 435 (2+), were never observed
in either SID or CID spectra of DAB(PA)16H2

2+, although in principle these can be formed
by reactions equivalent to the formation of m/z 414 from DAB(PA)8H

+. This observation
with low-energy CID is in agreement with the proposal in Chapter 4 that the Coulomb

ion ∆Hf (kJ/mol) ∆Hf (eV)

C3H8N
+

CH3

C
H

N
CH3

H

+
618 6.4

N
HH

+

689 7.1

C4H10N
+

CH3

C
H

N
C2H5

H

+
616 6.4

N
HH

+

585 6.1

Table 5.1: comparison formation enthalpies of cyclic and linear ions of the same
atomic composition, obtained from Lias et al. [130].



68

repulsion between the charge sites in a multiply protonated dendrimer increases the
activation energy for the formation of a 5-membered ring fragment, since the appropriate
configuration of the protons is hindered [137].

Surprisingly in the FTMS CID experiments of DAB(PA)16H2
2+ no fragments have

been observed which can be assigned to the complementary ions of the singly charged
m/z 172 or m/z 400. In the SID experiments, a fragment at m/z 1516 has been observed
with low abundance, constituting about 2% of the total fragment ion current (80-90 eV
collision energies). This is much lower than that of its possible complement at m/z 172,
which constitutes about 50% of the total fragment ion current. In resonant FTMS CID
experiments the complementary fragments may have sufficient kinetic energy to undergo
further collisional activation leading to fragmentation, which may explain their absence
form the fragment spectra. Off-resonance CID experiments are planned to further
investigate this.

5.4.2 Internal energies and dissociation rates in SID

The internal energy Eint of an ion upon activation by SID can be related to the
laboratory collision energy Elab by:

Eint = Eini + ∈SID x Elab (5.3)
where Eini represents the initial, pre-activation, internal energy of the ion and ∈SID

the conversion efficiency of kinetic to internal energy. Vékey et al. have previously used
this relation to estimate internal energies of protonated peptides upon SID [136]. The value
of ∈SID has been characterised by various studies [57, 126]. For benzene ions colliding
with with a FC10 surface, the value ∈SID=0.28 has been determined.  Vékey et al. and de
Maaijer-Gielbert et al. have shown that ∈SID is nearly constant for kinetic energies between
10 and 80 eV, as studied for benzene and diphenyl ether radical cations [57, 126]. In the
following we will estimate the internal energy of POPAM dendrimers upon activation by
SID on a FC10 surface adopting the value of ∈SID=0.28 and assuming ∈SID to be constant
over the studied laboratory kinetic energy range, 10 to 110 eV. To determine the internal
energy of the ions before activation, we consider two terms: the thermal energy Eint(T)
gained by the ions in the heated ESI capillary (400 K) and the energy Ens gained by
collisional activation in the nozzle-skimmer interface. The thermal energy is calculated
from:

∑ νν=
i

iiiint 1) - /kT](1/exp[hhn  (T)E (5.4)

where ni is the number of oscillators of frequency νi, h is Plank's constant, k the
Boltzmann constant and T the absolute temperature. Using the set of vibrational
frequencies as given in paragraph 5.2.4, Eint(400K)=1.95 eV for DAB(PA)8H

+. We estimate
the accuracy of this calculated thermal energy about 1% [146-148]. A crude estimate for
Ens=0.75 eV is taken from Vékey et al. for N(CH3)4

+ ions [136]. With these approximations
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the laboratory energy scale of the energy resolved SID diagram of DAB(PA)8H
+ in Figure

5.4 can be converted to an internal energy scale, which is given in the top of the figure.
We have determined overall dissociation rates Σki at different internal energies of

DAB(PA)8H
+ from the ER-SID diagram. Here it is assumed that the ion abundances

obtained in the quadrupole SID experiments are the integrated values over the observation
time window tobs:

obs
i t

ln[M]-
 k =Σ (5.5)

For the SID experiments tobs is assumed to be 6µs. Hence the overall reaction rate
must be ≥ 1.6x105 s-1 to lead to an observable degree of dissociation. From Figure 5.4 it
appears that this condition is met at Eint~15 eV. The resulting values of Σki for different
internal energies, derived from the ER-SID diagrams in Figure 5.4, are plotted in Figure
5.5.
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5.4.3 Dissociation rates calculated with RRKM theory

To obtain ki(Eint) values over the full range of Eint values we have performed RRKM
theory calculations for the dissociation of DAB(PA)8H

+. The two dominant fragmentation
pathways for the formation of m/z 414 and of m/z 172 are expected to have different
critical energies E0i and transition state configurations, as expressed by the Arrhenius
factors Ai. Based on the set of frequencies given in the Experimental section 5.2.4 and
using the same model for the transition state frequencies as described in [136], values of

+107 kJ/mol
1.1 eV

N
H

H +

∆Hf = + 585 kJ/mol

C4H10N

C8H21N2

107 kJ/mol

∆Hf = + 572 kJ/mol

N
CH3

CH3 +

assumed 10 kJ difference
∆Hf = + 450 kJ/mol

N
CH3

CH3

H

∆Hf = - 18 kJ/mol

+
C2H7N

N
CH3

CH3

H

∆Hf = - 18 kJ/mol

+
C2H7N

N N
CH3

CH3

CH3

CH3 H
+

assumed ∆Hf = + 460 kJ/mol

N N
CH3

CH3

H

H H
+

∆Hf = +688 kJ/mol
∆Hf = + 698 kJ/mol

C7H19N2

C3H8N

186 kJ/mol 186 kJ/mol
1.9 eV

given 10 kJ difference
∆Hf = + 484 kJ/mol

+N
CH3

CH3

N
H

H

+
N

CH3

CH3

H

∆Hf = - 18 kJ/mol

+
C2H7N

N N
CH3

CH3

CH3

CH3 H
+

N
CH3

CH3

H

∆Hf = - 18 kJ/mol

+
C2H7N

∆Hf = + 494 kJ/mol

C5H15N2

N N
CH3

CH3

H

H H
+

Scheme 5.2



Activation of POPAM dendrimers by CID in ITMS and FTMS

71

A414=2.14x1012 and A172=9.72x1012 are obtained. The values for the critical energies are
not known on forehand. A first guess is based on an analysis of reaction enthalpies for the
formation of a cyclic aminoalkane and dimethylamine from linear diaminoalkanes. We
have determined reaction enthalpies based on differences in formation enthalpies obtained
from ref. [130]. Scheme 5.2 shows the used formation enthalpies and the assumptions
made to deduce the reaction enthalpies. From this analysis the values E0414=1.1 eV (107
kJ/mol) and E0172=1.9 eV (186 kJ/mol) are obtained. Using these values in the RRKM
calculations leads to the dissociation rate curves labeled (a) and (b) in Figure 5.5. At the
reaction rates where Σki~105 s-1, as studied in the SID experiments, the ratio of the
abundances of m/z 414 and m/z 172 as obtained from the RRKM calculations is about 103

(compare curves (a) and (b) in Figure 5.5). This does not correspond to the observations
from the SID experiments, as shown in Figure 5.4, where the ratio varies between 1 and
10-1. The experimental data point to a much smaller difference between the critical
energies and that both should have values around 1.5 eV. Therefore as a second guess
we took the values E0414=1.4 eV and E0172=1.5 eV, which results in curves (c) and (d) in
Figure 5.5. These curves cross around Eint~12eV, which indicates that at lower energies
m/z 414 is dominant, while at higher energies m/z 172 is the most abundant ion. This is
generally supported by the quadrupole ion trap and FTMS CID results on one hand and
the quadrupole SID results on the other.

To investigate further how accurately the relative abundances of m/z 414 and m/z
172 are predicted by the RRKM calculated k(E) values, we have reconstructed the ER-SID
diagram of DAB(PA)8H

+, shown in Figure 5.6(a), based on the k(E) values represented by
curves (c) and (d) in Figure 5.5 for an observation time window of 6 µs. In this
reconstruction the internal energy of DAB(PA)8H

+ was calculated according to eq. 5.3.
From a comparison with the experimental SID diagram in Figure 5.4 we can make the
following three remarks with respect to the RRKM calculated rates.

Firstly, it can be seen that the abundance of m/z 414 is overestimated in the RRKM
calculations at the cost of the abundance of m/z 172. Thus the competitive shift in the
dissociation rates takes place at lower internal energies than indicated in Figure 5.5. This
means that the difference in critical energies should be somewhat smaller than the
estimated 0.1 eV.

Secondly, the calculated collision energies needed to obtain a given fragmentation
efficiency are lower by about 5 eV compared to the experimental observations. This
implies that the critical energies of 1.4 and 1.5 eV are still somewhat underestimated. This
can also be seen from Figure 5.5, where curves (c) and (d) correspond to consistently
lower internal energies for a given log(k) value than the data based on the SID
experiments.

Thirdly, the collision energy range in which the parent ion relative abundance
decreases from 1 to 0 is narrower for the calculated ER-SID diagram. It has to be noted
that in our reconstruction of the ER-SID diagram a single value has been used for the
internal energy. Although the collisional activation in SID has been advertised as leading to
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narrow internal energy distributions, it is known from various experiments that the full width
at half maximum of the internal energy distribution can be between 0.5 and 1 times the
average of the internal energy [57]. To estimate the effect of an internal energy distribution
on the SID results we have calculated once more the ER-SID diagram of DAB(PA)8H

+

using Gaussian shaped internal energy distributions. The result for an internal energy
distribution with a FWHM of half the average internal energy is shown in Figure 5.6(b). The
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Figure 5.6: (a) calculated ER-SID diagram of DAB(PA)8H+ based on RRKM
calculated k(E) values. Each value of the SID collision energy on the x-axis
corresponds to a single internal energy (the relation between internal energy and
the SID collision energy is described by eq 5.4); (b) calculated ER-SID diagram of
DAB(PA)8H+ based on RRKM calculated k(E) values. Each value of the SID
collision energy on the x-axis corresponds to the average of a Gaussian
distribution of internal energies of which the FWHM is 0.5x the average.
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effect of this internal energy distribution is a smoothing of the ER-SID curves. This means
that the dissociation threshold is at lower energies and 100% fragmentation efficiency is
obtained at higher energies, whereas the energy at 50% fragmentation efficiency has not
significantly changed. Note that for the used energy distribution the range over which the
fragmentation efficiency changes between 0 and 100% is in good agreement with the
experimental results (compare Figure 5.6 with Figure 5.4). Application of a wider internal
energy distribution (e.g. with FWHM equal to the average) gives a range much larger than
the experimental observation. We can take this as an indication that the distribution of
internal energies of DAB(PA)8H

+ upon SID, is not much wider than half the average
internal energy.

5.4.4 Internal energies and dissociation rates in FTMS CID

General considerations
 In classical high-energy CID experiments, the parent ion of interest is accelerated

to a kinetic energy in the range of 1 to 10 keV and undergoes a single collision. Upon this
collision the internal energy is increased instantaneously by a few eV, and the result of a
subsequent unimolecular dissociation is observed in a time window of several
microseconds, as defined by the experimental set-up. A large mass difference between
the ion and the collision gas and the weak coupling between the translational and internal
degrees of freedom of the ion result in an energy conversion of only tenths of a percent. In
SID experiments a much more efficient conversion of kinetic to internal energy is obtained,
efficiencies of the order of 10-30% are reported. From a conceptual point of view, a
collision surface can be represented by a very dense collision gas and all atoms of the
molecular ion collide simultaneously with a “collision gas” atom. In this way the “mass” of
the collision gas (surface) scales with the molecular mass and consequently the energy
conversion efficiency is not dependent on the mass for homologues series of molecules. In
low-energy CID experiments the energy conversion ∈CID is increased by sequential
collisions of the ions with the collision gas. This approach is applied in instruments where
the ions cannot be accelerated to high kinetic energies, like quadrupole mass
spectrometers and trapped ion mass spectrometers. The latter category also allows long
dissociation times, so that relatively low internal energies are required to observe a given
dissociation channel.

In the multiple collision regimes the modelling of the internal energy as a function of
time is a difficult task. In the first part of the collision series the internal energy will increase
stepwise until the kinetic and internal energy of the ion are in equilibrium. From that
moment the kinetic and internal energy will both decrease until the full equilibrium with the
collision gas is reached. The time scales for the “heating” and “cooling” phases of the ion
depend on the collision frequency and the collision dynamics. Furthermore during the
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process internal energy can be lost by infrared radiation of the ion. In this dynamic “heating
and cooling” process the dissociation rate constants for the different dissociation channels
also vary as function of time.

In this paragraph we will make an estimation of the order of magnitude of the
variation of the internal energy of DAB(PA)8H

+ ions colliding with argon gas atoms. In this
analysis a number of assumptions and approximations will be made. Recently, Heeren
and Vékey have reported that in a resonant-excitation FTMS CID experiment 9.6% of the
centre-of-mass energy per collision is converted to internal energy in the collision cascade
[139]. In addition the authors reasoned that in each collision the kinetic energy of the ion is
lowered by twice the centre-of-mass energy [139]. Thus the energetics of the collision is
described by ∆Elab=-2Ecm and ∆Eint=∈nEcm. Although these results were obtained for a
specific collision system and at relatively low collision energies, we apply this model for a
generalised analysis. The laboratory kinetic energy Elab(n) and the internal energy Eint(n)
after n collisions are given by:

n
lablab )2- (1(0)E(n)E µ×= (5.6)

∑
=

µ−µ∈+=
n

0l

l
labnintint )2(1(0)E  (0)E  (n)E (5.7)

with µ=mg/(mi+mg).
For small values of µ (<0.5) the following approximations can be made:

)2n-(1(0)E(n)E lablab µ×≅ (5.8)

)n(n(0)E(0)E(n)E labnintint µ−×µ∈+≅ (5.9)

From these approximations it follows that for n=1/2µ
Elab(n)≅0
Eint(n)≅Eint(0)+(∈n/2)Elab(0) (5.10)

The number of collisions required to slow down the ion scales with the inverse of µ
and the internal energy reaches a maximum value of ∈nµElab(0). Inserting µ=0.049 and
∈n=0.096 gives as a result that the kinetic energy is relaxed after about 10 collisions. The
maximum internal energy is independent of µ and is about 4.8% of Elab(0). When these
values are calculated more accurately, without the approximations introduced, about 40
collisions are needed to reduce the kinetic energy to 1% of the starting value Elab(0) and
Eint=4.4Elab(0). In this analysis we neglect that after a number of collisions Eint(n) can
exceed the value which corresponds to the relative kinetic energy of the colliding particles.
From this moment the internal energy is not increased any more by the collisions but
instead is decreased. In the collisional “cooling” process we adopt that it takes also 40
collisions to cool down the active vibrational modes to the temperature of the collision gas.
At a pressure of 10-7 mbar the collision frequency for the DAB(PA)8H

+ -Ar system at
Elab=100 eV is in the order of 10 s-1. This means that the time scale of the whole heating
and cooling process is in the order of 10 s. To measure a reasonable degree of
fragmentation within 10 s the reaction rate for dissociation must be equal or larger than
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k=0.1 s-1. This imposes a minimum value on the kinetic energy of the DAB(PA)8H
+ ion at

the start of the collision cascade. This minimum rate is represented by the lower dotted
line in Figure 5.5. If the experiment is performed at a higher pressures, e.g. 10-5 mbar, the
collisional relaxation times scale down with a factor of 100 and the effective dissociation
reaction rate should be k=10 s-1. This requires a higher internal energy and thus a higher
starting value for the kinetic energy of the ion. Another phenomenon is observed when the
pressure is lowered to 10-9 mbar where the collision frequency is about 10-1 s-1. Since in
our FTMS experiment the dissociation reactions are monitored during 10 s this means that
only the result of one collision can be observed. Under this “classical” one collision
condition it will be clear that the kinetic energy of the molecular ion has to be raised to
values in the keV range in order to observe a dissociation reaction. This analysis shows
that at different collision gas pressures different internal energy domains and
corresponding reaction rates are probed.

In the analysis given above we have neglected the loss of internal energy of the
ions by emission of infrared radiation. From literature [73, 115] we estimate that the time
scale for collisionless equilibration of the internal energy to the room temperature value is
in the order of 10 s. This means that the radiation energy loss will influence in particular
the measurements at relatively low pressures where reaction rates k<10-1 s-1 are probed.
So there are three timing effects which have to be taken into account in analysing the CID
data resulting from multiple collision experiments: the collisional relaxation time, the
radiative relaxation time and the time window used for the measurement. Thus the kinetic
energy at the start of the collision cascade should be sufficiently high to give dissociation
in the shortest of the three times discussed above.

For the SID experiments the concept of the characteristic dissociation energy Echr

was introduced. In practise for Echr the laboratory collision energy Elab is used at which the
molecular ion intensity is reduced to half its original value. This concept worked well in
studying the effect the number of degrees of freedom and the charge state of the ion on
the dissociation efficiency. However from the analysis given above it will be clear that great
caution has to be taken into account in the interpretation of Echr values extracted from
experiments where the internal energy is not increased instantaneously but is programmed
in time.

In Figure 5.5 the estimated the internal energy of DAB(PA)8H
+ corresponding to

50% fragmentation efficiency is drawn with respect to the minimum rate Σk=0.1 s-1. The
arrow attached to this data point indicates that this energy is likely to correspond to a
larger dissociation rate, in the light of the discussion above.

Internal energy simulations for multiple collision CID FTMS
The time-dependent internal energy (Eint(t)) for DAB(PA)8 H

+ is calculated via the
stepwise changes:

)pv(tkT/tt 1n1nn −− σ+= (5.11)

)t)](t(tE)(t[E)/f](tE)(t[E)(tE)(tE 1nnint1nint1nintncmn1nintnint −∞−−− −−α−−∈+=  (5.12)
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)(tE)(tE nlabncm µ= (5.13)

)(t2E-)(tE)(tE 1-ncm1-nlabnlab = (5.14)

where ∈n is the energy conversion efficiency per collision, tn is the time at which the
nth collision takes place, f is the number of active vibrational modes, α is the radiative rate
constant, µ is the reduced mass of the collision system, σ the collision cross section, p the
pressure of the collision gas and v the velocity of the ions.

The following values and start conditions for the various parameters were used:
Eint(t0) = Eint(t∞) = 0.98 eV, Elab(t0) = 75 eV, f = 30, ∈n = 0.096 (as determined by Heeren
and Vékey [139]), α = 0 and 10−1, T = 293 K, p = 10-7 mbar. The collisional cross section σ
of DAB(PA)8H

+ is approximated by 13 times the collisional cross section of propane, giving
10.2 nm2 [150].

Curve (a) in Figure 5.7 shows the increase of internal energy of the ions as a
function of time neglecting any internal energy losses by collisions or radiation (f=∞ and
α=0), for a laboratory kinetic energy of 75 eV. As a consequence of the choice for

∈n=0.096 a maximum internal energy is obtained for t→∞ is 4.8% of 75 eV+0.98=4.58 eV.
Approximately 40 collisions are needed to increase the internal energy to 1% of this
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maximum value, which occurs in ~5 s. For curve (b) in Figure 5.7 we have accounted for
collisional energy loss (f=30) but neglected radiative energy loss (α=0). In that case the
maximum internal energy is obtained after 35 collisions (t~3 s), where it isabout 4.1 eV.
Curve (c) is obtained accounting for both collisional loss of internal energy (f=30) and
radiative energy loss at a rate of α=10-1 s-1. This further decreases the maximum value for
the internal energy to 3.3 eV, which is reached after 15 collisions in 0.5 s. From curve (c)
we can see that within the 10.4 s delay between ion excitation and detection the internal
energy has nearly relaxed to thermal the thermal value of 0.98 eV. The relative
abundances of DAB(PA)8H

+ and its fragment ions can now be calculated by integration of
the abundances over the time intervals, with the use of the reaction rates calculated based
on RRKM theory. Figure 5.8 shows a reconstructed ER-CID diagram which we obtained
by calculating the relative abundances for a series of laboratory kinetic energies Elab(t0).
Although this reconstruction compares well with the experimental data, one has to realize
that many assumptions were involved in the reconstruction. The main issue is that the
reaction rates determined from fitting the RRKM theory values to the experimental SID
data, allows us to make a reasonable prediction for the multiple collision CID data obtained
with the FTMS. It will be clear that a further test of the assumptions made on the
energetics of the collisions and radiation losses should be tested more specifically in
future.
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5.5. Conclusions

Tandem MS experiments with low-energy multiple collisional activation have been
used to determine the order of appearance energies of the low-energy fragments of
protonated polypropylenamine dendrimers at long observation times (10-3-10s). For
DAB(PA)8H

+ the first fragment is m/z 414, followed by m/z 172. For DAB(PA)16H2
2+ m/z

172 is followed by m/z 400 as the internal energy of the parent ion is increased. Fragments
can be formed by sequential fragmentation processes, as indicated by the formation of m/z
172 from m/z 414 (fragment of DAB(PA)8H

+) in ITMS3 experiments. Direct formation of m/z
172 from DAB(PA)8H

+ has not been achieved upon its resonant excitation in ITMS, even
when Ar is used as the collision gas with the pressure as low as possible.

Calculations based on RRKM theory give frequency factors for the transition states
in the range of 1012-1013 s-1 for the two lowest-energy fragmentation reactions. Based on a
comparison between the RRKM calculated reaction rates and the experimental data
obtained with SID, we conclude that the critical energies are in the range of 1.4-1.6 eV. We
estimate that the critical energy for the reaction into the 5-membered ring fragment (m/z
414) is ~0.1 eV lower than that for 4-membered ring fragment (m/z 172).

We have argued that because of the dynamic behaviour of the internal energy of
ions during the time of the FTMS CID experiments, these ions need to be activated to
internal energies corresponding to dissociation rates of one over the time window during
which the ion is internally activated. This time window can be defined by the rate of
collisional cooling, infrared cooling or the experimentation time, depending on the
experimental conditions. We have estimated that for DAB(PA)8H

+ this time window is
about 1-2 s. Calculation of a ER-CID diagram using dissociation rates corresponding to
this time window gives results which are roughly comparable with the experimental data.


