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Abstract

The kinetic isotope effect (KIE) and kinetic energy release (KER) of protonated alkylamine dimers were studied by
theoretical modeling. In the calculations on reaction kinetics one empirical parameter was used to describe the loosenes:
the transition state. Calculations are compared to experiments described by Norrman and McMahon [Int. J. Mass. Spetrc
182/183 (1999) 381]. In the case of experiments using a high-pressure ion source the Rice—Ramsperger—Kassel-Mat
(RRKM) model, taking into account energy distributions and the time scale of metastable ion fragmentation, accuratel
describes the experimentally observed KIE siedleuterated amines. The KER (available experimentally in one case only) is
also correctly calculated, using no further parameters. In the case of low-pressure ion source, the internal energy distribut
(IED) is not thermal, so it was empirically estimated based on the experimentally observed KIE. Using this estimate, it we
possible to calculate the KER afdeuterated amines accurately. Based on theoretical expectations it was found that the mea
KER value is equal to 3. This allows estimation of the KER in cases where it is determined by statistical factors. Energy
distributions of various fragmenting ion populations are discussed in some detail. These may be helpful for a qualitativ
understanding of mass spectrometric processes and the theoretical basis of the kinetic method.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction amine dimers have been characterized in detail. The
proton-bound labeled—unlabelled amine dimer may

Kinetic isotope effects (KIEs) of gas phase reac- loose either an unlabelled or a labeled amine neu-

tions have been studied extensively using mass spec-tral as shown inEgs. (1a) and (1b)n the case of

trometry[1-12] yielding detailed information on the  methylamine.

structure of gaseous ions and neutrals and also on reac- ®

tion mechanisnj3]. In many cases primary hydrogen CH3NHz... H*. .. CDsNHZ]

KIEs were investigated, but secondary isotope effects ~ — CDsNH3® + CHaNH, & (1a)

are often also significar[3,7-9] Recently, the iso-

®
tope effect in dissociation reactions of proton-bound [CHaNH; ... H™... CDsNHg]

— CH3NH3® + CD3NH2, &p (1b)
*C ding author. Tek+36-1-4380481; : . ,
fax: T;Z?Ef;”zg’;i;;‘f o e The ratio of the respective reaction rat&g/kp) was
E-mail address: vekey@chemres.hu (K. akey). found to be larger than unity, indicating a normal
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secondary isotope effect. This also means that the pro-

ton affinity of deuterated amines is higher than that of
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perimental and calculated KER(D) curves obtained
by the OTS/PST approadhl]. Recently, FHBT has

unlabelled amines. These reactions were studied verybeen successfully used to study the theoretical basis

carefully by Norrman and McMaho}®], using a va-
riety of mass spectrometric techniques. This is ideal
ground for the application of Cooks and co-worker’'s
kinetic method[13-15] because its assumptions are
most likely to be satisfied due to the close similarity
of the two monomers. The kinetic method has been
a center of intensive debate in recent yedrs-17}
whether or not it is only an empirical method or can
it be theoretically derivefll8-21} what is the mean-
ing of the effective temperatufd@7,19-22] and how

of the kinetic method20]. Each of these theories
involves different approximations and assumptions.
The discussion of various models for calculating the
KER is outside the scope of the present paper; it can
be found in excellent books and reviey26—28]

In our studies on KIE and KER we have used the
MassKinetics algorithm. It is a general framework for
modeling mass spectrometric processes, discussed in
detail recently[42]. It combines modeling reaction
rates, energy exchange processes in the gas phase and

accurate are thermodynamic data derived using this the calculation of product ion abundances as the ions

technique[23,24] To highlight some of these points

we have decided to calculate isotope effects theoreti-

cally in the case of proton-bound alkyl amines.

The direction and size of the KIE has been calcu-
lated in a number of casg8,5,12,25] In a very de-
tailed paper, Schwarz and co-work¢t®] discussed
various processes contributing to the KIE. Probably
the most important is the difference in zero point
vibrational energy (ZPE). This can be determined
usually quite accurately by quantum chemical cal-
culations. Knowing the differences in energy levels,
the KIE can be calculated in thermal systems. In a

move through various parts of a mass spectrometer.
In MassKinetics ions are characterized by their in-
ternal and kinetic energies, which define the ‘state’
of an ion. Essential features of the model are the use
of internal (and, if necessary kinetic) energy distribu-
tions and the use of probabilities to describe transition
between different states. Reaction rates are calcu-
lated based on the transition state theory (TST) in its
Rice—Ramsperger—Kassel-Marcus (RRKM) formula-
tion [26,43,44] The kinetic and/or internal energies
of ions in the gas phase may change due to (a) accel-
eration in electromagnetic fields, (b) radiative energy

not-thermal case (like a mass spectrometer) it is less exchange (photon absorption and emission), (c) colli-
straightforward to determine parameters necessary tosional energy exchange, and (d) energy partitioning in

calculate KIE (e.g., initial internal energy distribution
(IED), angular momentum of precursor ion).
The kinetic energy release (KER) is an important

chemical reactions, which are all taken into account.
Note that among these, collisional energy exchange
may be described using different collision models.

guantity characterizing reactions. This can be mea- Energy exchanges processes and fragmentation take
sured experimentally from the width and shape of place in the same time frame, which is taken into ac-
metastable peaks, and yields valuable information on count using so-called master-equati¢4ts]. While the

ion structures, transition states and reaction dynamics. mathematical description of these physical processes
The measurement and evaluation of KER has beenis quite complex, it has the immense advantage that ion
subject of detailed studies and reviefl@6—31] There abundances can be calculated accurately using very
are several theoretical approaches to calculate the KERfew empirical or adjustable paramet¢i®,46,47]

of reactions: the statistical energy partitioning prior to In the present paper, results on small alky-
distribution [26], phase space theory (PS[B32,33], lamines (methylamine, ethylamine, dimethylamine,
orbiting transition state phase space theory (OTS/PST) methylethylamine, diethylamine, methyl-propylamine,
[34,35], finite heat bath theory20,36,37] (FHBT) methyl-butyl-amine and deuterated analogues) are
[20,36,37]and the maximum entropy meth{&B-40] studied. The calculated KIE and KER values are com-
Note the particularly good agreement between ex- pared with experiments performed by Norrman and
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McMahon[9]. Most parameters used in modeling have carbon mode[48], the influence of radiative cooling
been taken from this paper, the rest was calculated by on fragmentation rates is less than 0.1% and even less
guantum chemical calculations. The only empirical for the isotope effect and for kinetic energy release.
parameter in the simulation of high-pressure experi- For this reason radiative cooling was neglected. Vi-
ments was the pre-exponential factor, used to describebrational frequencies were specified with an accuracy
the transition state (TS). The same pre-exponential of 1cm L. Precision of calculations was defined to
factor was used for all compounds in the present provide better than 0.01% numerical precision of all
study. While thermal energy distribution is likely to calculated parameters. In such conditions calculations
be a good approximation for high-pressure ion source, for one compound require 1-10s on a typical PC.
in low-pressure sources it would be significantly dif- In the calculations the experiment was defined in
ferent. To model experiments in the latter case the the following way. The ions are formed in the source
IED was adjusted empirically to match the experi- at thermal equilibrium (450K, defining the internal
mentally observed KIE. This energy distribution was and kinetic energy distributions). It was checked that
used subsequently to calculate the KER. using 50K lower and higher source temperature in
model calculations, the influence of source temper-
ature on KIE and KER is less than 1%. They are
2. Details of calculations accelerated to a few keV kinetic energy (depend-
ing on the experimental conditions) and traverse the
Calculations have been performed using the Mass- first part of the instrument, where mass selection
Kinetics Scientific (Ver. 1.2) software, which is a takes place. Only the precursor ion (the protonated
more powerful version of MassKinetics Demo (Ver. alkylamine dimer) enters the field free-region (FFR),
1.2), available atwww.chemres.hu/ms/masskinetics where metastable (i.e., unimolecular) fragmentation
Calculations presented in this communication can takes place. The product distribution at the end of the
also be downloaded from its web site, allowing fur- FFR represents the mass spectrum discussed.
ther calculations or tests on these amine systems to The modeling requires, beside the instrumental
be performed by the interested reader. As described, parameters discussed above, the reaction enthalpy
the internal energy is defined as the sum of vibra- (AH®) and vibrational frequencies. The reaction en-
tional and internal rotational energy of the molecule thalpy was taken from the literature (Table 2[83).
above the ZPE. The overall rotational energy of the For methyl-propylamine, and methyl-butylaminéd®
molecule is treated separately, as it cannot freely in- values are not available. For these compounds the
terconvert with the vibrational energy due to angular binding energy was estimated by extrapolation (23.7
momentum conservation. In the present calculations, and 23.6 kcal/mol) based on data given in the afore-
the following numerical approximations are used: in mentioned table. The accuracy of these values is esti-
RRKM calculations the harmonic oscillator model mated to bet1 kcal/mol (compared te-0.1 kcal/mol
is applied, internal rotations are approximated by accuracy of theAH° values quoted if9]). Model
low frequency vibrations (as calculated by quantum calculations indicate that this results4t©.003-0.005
chemistry). Energy partitioning is based on statistical uncertainty in the theoretically calculated isotope
distributions (far superior to equipartitioning). In the effect, significantly less than the experimental
case of energy partitioning, rotations are explicitly uncertainty.
considered using the classical rotor approximation. Vibrational frequencies for proton bound com-
As experiments relate to metastable ions (i.e., spon- plexes, product ions and neutrals were determined
taneous fragmentation), collisional excitation is not using high quality quantum chemical techniques. For
considered. It was checked that 30 times faster cool- most compounds these were calculated at the MP2/6-
ing than that specified by Dunbar's standard hydro- 31G(d,p) level by Norrman and McMahd#], and
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were kindly provided. For the proton-bound dimers of responding to the reaction leading to neutral labeled
methyl-propylamine, methyl-butylamine and for the amine (process “b”) is determined froMpreexda)
methyl-ethylamine and diethylamine analogues were and the respective product frequencies, without using
determined at the B3-LYP/6-31G(d,p) le\j@o-51] any further parameters. As product frequencies cor-
after full geometry optimization. For determining responding to the two reaction channels ¢BiHiz™
ZPEs, the calculated frequencies were scaled using theand C3NH, on the one hand, and GNBHs* and
values suggestd82,53](0.9608 for MP2/6-31G(d,p) = CHsNH> on the other hand) are different, the fre-
and 0.9806 for B3-LYP/6-31G(d,p)). RRKM calcula- quency factors will also differ by a small amount. This
tions and statistical energy partitioning use the same is an entropy effect, in the case of methylamine this
vibrational frequencies, but in these cases low fre- favors reaction (1a) over (1b) by 5.5%. (This would
quency modes have a larger influence. For this reasonbe the isotope effect at infinitely high internal energy.)
in RRKM and in energy partitioning the scaling fac- This is equivalent to a 0.08 cal/mol K entropy differ-
tors optimized for low frequency vibratiors3] have ence in a thermal system (at 600 K), which agrees rea-
been used (1.0229 for MP2/6-31G(d,p) and 1.0013 sonably with the 0.1-0.2 cal/mol K ASvalues exper-
for B3-LYP/6-31G(d,p)). To reduce numerical errors, imentally determined. Note that the 5.5% quoted here
input parameters, conversion units and scaling factors has been calculated for methylamine-d3-methilamin
with at least five significant digits were used in all dimer, for other compounds it is a different value.

calculations. The results were rounded to a chemi- In [9] two experimental setups are used, one on a
cally reasonable accuracy only when reporting the VG 70-70, the other on a JEOL JMS-HX110/HX110A
data in the paper. instrument. From the flight times of ions given in

Proton-bound dimers and ion—dipole complexes are Norrman’s paper, the geometry of VG instrument can
known to dissociate through loose, product-like transi- be deduced (length of the flight path up to the FFR
tion states (TS}9,18,19,26] The looseness of the TS  and length of the FFR in which fragmentation is ob-
is characterized by a single parameter, the Arrhenius- served, 1.1 and 0.3 m, respectively). These parameters
type pre-exponential factofreexy. The TS is de- define the time-scale of the experiments for all ions
fined by molecular frequencies of the products and concerned. In the case of JEOL instrument, the ions
five ‘cluster modes’, the sixth being the reaction co- are accelerated to 10kV, the instrument geometry
ordinate. Among them one is a rotation (which is (determined from the flight time as well) is 2.5m up
assumed to be unchanged), the frequency of the otherto the FFR and the length of the FFR is 1.5m. The
four vibrations is reduced in the TR7,54] Using time-scale is slightly longer on the JEOL compared
the value IgApreexp= 15 suggested for proton-bound to the VG instrument.
alcohols [18], calculations gave good results for
proton-bound alkylamines as well. OptimiziAgreexp
for the transition state of reaction (1a) and for the 3. Results and discussion
analogous dissociations leading to neutral-unlabelled
amine (“a” processes), the best agreement between3.1. Modeling kinetic isotope effects
calculated and measured KIE values was obtained
using IgApreexd@® = 15.4. The Arrhenius factor so The method used to model mass spectra including
determined is typical for loose T$%8,19,26] Note isotope effects can be well illustrated in the case of
that the sameé\yreex{@) was used for all compounds the fragmentation of the proton-bound methylamine
studied in the present paper. To check the influence dimer Eq. (1a) and (18) To calculate characteristics
of this empirical estimate on the results, calculations of this reaction, molecular parameters and thermody-
were repeated using 10 times larger and 10 times namic data of the reaction are needed as described
lower pre-exponential factors as Wepreexdb), cor- above. The reaction enthalpyH°®) for reaction (1a)
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Fig. 1. Schematic potential energy diagram of the fragmentation of protonated methylamine dimer.

is 26.9 kcal/mol, taken from Table 2 {#]. The reac-
tion enthalpy of (1b) can be determined from that of
(1a) and from the difference of ZPEs (calculated in
turn from the vibrational frequencies), as qualitatively
shown inFig. 1 Note that in the calculation only
one complex was calculated and rapid interconver-
sion between two structures was assumed. AkE

for reaction (1b) is 0.128 kcal/mol (5.56 meV) larger
than that for reaction (1afig. 1 also illustrates that
the excess energief) is the difference between the
internal energy i) and the reaction enthalpy.

Due to angular momentum conservation part of the
overall rotational energy of the molecule may be con-
verted into internal energy. While this can properly
be considered, the rotational energy (the distribution
of rotational quantum states to be more precise) is al-
most never known in the case of mass spectrometric
experiments. Thermal distribution of rotational quan-
tum states is usually assumed, which may be a good
approximation in a thermal system (e.g., in the ion
source), but electrostatic acceleration and collisions
(e.g., while the ions are getting out of the source) can
change it significantly. To keep the model simple, it
was assumed that the overall rotational energy will

The next step in the modeling is definition of the
mass spectrometric experiment[8} two experimen-
tal setups are used, one on a VG 70-70, the other on
a JEOL JMS-HX110/HX110A instrument. The two
experimental setups gave quite different results, sug-
gesting that one may be suspect. First, experiments
on the VG system will be modeled. In this case, a
high-pressure ion source was used. It is reasonable
to assume that ions will have a thermal energy dis-
tribution in such a case. No temperature dependence
of the isotope effects was observed in the 300-500 K
range of source temperatur§®]. As most experi-
ments were performed between 400 and 500K, 450 K
source temperature was used in the modeling. The
ions were accelerated to 2900 eV and the protonated
dimer was selected. The metastable fragmentation of
this ion was studied by mass analyzed ion kinetic
energy spectroscopy (MIKES).

Based on the parameters specified above mass
spectrometric features of the protonated methylamine
dimer can be calculated. Calculations were repeated
using significantly 10 times larger and 10 times lower
pre-exponential factors as well, which represents er-
ror limits of the calculation. This results in a different

not change between the precursor and the transitionisotope effect (and KER) and this range is indicated

state.

by the error limits of the calculated KIE values. In the
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case of methylamine, the isotope effect is calculated The good agreement between the experimentally
to be 1.43 (error limit: 1.33-1.61), which compares observed and calculated KIEs rests on three condi-
favorably with the experimentally measured value of tions: (1) accurate experiments under well-defined,
1.39. Based on the calculated ion ratio (1.43), and thermal conditions; (2) accurate calculation of frag-
knowing the AH difference between reaction chan- ment abundances; and (3) accurate quantum-chemical
nels (1a) and (1b) the ‘effective temperature’ can be calculation of frequency changes due to deuteration.
calculated based on the fundamental equation of the The agreement is good fer-D substitution, but it is

kinetic method13]: not to forB-D substituted alkylamine§éble 1and full
circles inFig. 2). As noted by Norrman and McMahon
kn In AAHy . . ;
n{—|=In{— )= =InKIE (2) [9], - andB-D substituted alkylamines show experi-
kp Ip RTeft

mentally fairly similar KIEs, but the corresponding en-
This results in 179K effective temperature for the ergy difference (calculated by quantum chemistry) is
protonated methylamine dimer (range of 134-225K ca. 4 times lower in the case pfsubstitution. Our cal-
using the error limits as described above). Like the culations support the previous tentative suggegapn
isotope effect, this is also reasonably close to the the experimentally observed KIEs f8¢D substituted
194 K value determined experimentally. amines are not possible to explain based on ab initio
Fragmentation of othex-D substituted alkylamines  calculatedAZPE(H/D) values. The reason of apparent
has also been studied, the KIEs are showmahle 1 failure of ab initio calculation at the MP2/6-31G(d,p)
The results indicate good agreement between the cal-level is not clear, but note that the energy difference is
culated and measured KIE values determined using thevery small. As experiments and ab initio calculations
high-pressure ion source. Correlation between exper- are in disagreement f@-D substituted alkylamines,
imentally observed and theoretically calculated KIEs those compounds are not considered for further calcu-
are also shown ifrig. 2 The mean standard deviation lations here.
of experimentally observed and theoretically calcu- In the second experimental setup (JEOL instru-
lated KIEs (0.020) is only two times larger than the ment) low-pressure ionization has been used. The ex-
experimental uncertainty of the measurements (0.010). perimental result shows a much larger isotope effect

Table 1
Experimental data and results of calculations for dissociation reactions of proton-bound dimersBehl
B-dn VG ku/kp JEOL kn/kp JEOL (meV)(KER)

Experimental Calculatéd Experimental Calculatéd Experimentdl Calculated
CDsNH; 1.39 1.43 (1.33-1.61)  4.10 1.45 (1.34-1.65) 5.3 3.6 (3.6-4.4)
CD3NH-CHz 1.28 1.24 (1.20-1.29) 1.63 1.25 (1.21-1.30) 16.3 17.7 (16.2-20.1)
CD3sNH-C;Hs 1.22 1.20 (1.18-1.25)  1.36 1.21 (1.18-1.25)  24.5 29.2 (27.2-31.7)
CD3NH-CzH7 1.19 1.18 (1.16-1.20) 1.30 1.18 (1.17-1.20) 28.4 31.9 (30.5-32.5)
CD3NH-n-C4Hg 1.16 1.17 (1.16-1.19) 1.26 1.21 (1.19-1.24) 33.2 36.6 (35.2-36.9)
CH3CD2NH3 1.16 1.19 (1.16-1.23) 1.30 1.19 (1.16-1.24) 194 28.3 (25.7-31.0)
CH3CD,NH-CHg 1.14 1.17 (1.15-1.21)  1.24 1.17 (1.15-1.21) 245 35.5 (32.7-38.5)
CH3CDoNH-CoH5 1.12 1.15 (1.13-1.16) 1.25 1.15 (1.13-1.16) 28.6 31.4 (29.5-32.0)
CD3CH2NH2 1.17 1.07 (1.06-1.09) 1.18 1.07 (1.06-1.09) 20.2 14.9 (13.4-18.3)
CD3CH;NH-CHz 1.15 1.05 (1.04-1.06) 1.13 1.05 (1.04-1.07) 24.6 15.3 (14.2-18.3)
CD3CHoNH-CHs  1.13 1.04 (1.04-1.04)  1.13 1.04 (1.04-1.04)  29.8 15.0 (15.4-16.0)

aCalculated assuming thermal energy distribution when ions leave the ion source.

b Recalculated form data if9].

¢ Calculated using a non-thermal energy distribution for the precursor ion. In the calculation the internal energy distribution was changed
from thermal to such a distribution, which yields the KIE experimentally observed on the JEOL instrument (described in detail in the text).
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Fig. 2. Correlation between the experimentally measured and theoretically calculated KIE on the VG instrument. The error bars indica
the calculated KIE using 10 times lower and higher pre-exponential factor. Triangles relai® tubstitution (correlation coefficient is
0.953), circles tg3-D substitution. The dashed line represents exact agreement between experiments and calculations.

(kn/kp = 4.10 for methylamine) in low-pressure the higher KIE would indicate a lower temperature.
ionization, than in the high pressure experiments dis- This, in turn, would result a lower degree of fragmen-
cussed above. The experimentally observed isotope ef-tation. In contrast, the experiments sh@that frag-
fect (KIE = 4.10) corresponds to a very low effective mention yield is much higher in the JEOL instrument
temperature (44K as defined By. (2), and clearly using the low-pressure ion source. An alternative ex-
illustrates a large difference in the internal energies of planation is that a difference in the time-scale of the
reacting ions. When thermal energy distribution is as- two instruments causes the variation in the isotope ef-
sumed for the case of low-pressure ionization, the cal- fect. Model calculations indicate that the difference in
culation indicate that the isotope effect would be 1.45 time-scales is small, and have a very small influence
(Te = 172K), similar to that observed in the other on the results. Note that the taking the time-scale into
instrumental setup, but far lower than that determined account is straightforward and accurate.
experimentally. Analogous results were obtained for  Internal energy distribution in the low-pressure ion
othera-D substituted alkylamines as welldble 1. source should satisfy two criteria: fragment ion abun-
The simplest explanation is that the IED in the dance should be higher, while effective temperature
low-pressure ion source is not thermal. This possibility should be much lower than that in the case of the
was noted by Norrman and McMahon as W8]l This high-pressure ion source. High fragment ion abun-
conclusion is corroborated by other evidence as well. dance means that a larger fraction of ions have internal
If IED in the low-pressure ion source were thermal, energy above the fragmentation threshold. The low
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effective temperature means that the energy distri- extend MassKinetics to be able to model collisional
bution must be very narrow above the fragmentation cooling processes in the ion source and to have the
threshold. Note that qualitatively such a distribution ability to follow internal energy changes in a quanti-
can be expected based on the ion formation mecha-tative manner. Empirically, this could be modeled by
nism, assuming that the number of collisions is not an internal energy distribution decaying exponentially
sufficient to obtain true equilibriumin the low-pressure above the binding energy of the complex. This re-
ion source. The first step is formation of protonated quires one parameter, which may be determined from
methylamine, which reacts with neutral methylamine. the experimentally observed KIE.

The newly formed methylamine-protonated methy- At this point it may be instructive to discuss the
lamine complex will stabilize only if the internal calculated internal energy distributions. Thermal
energy is just above the binding energy and energy IED of protonated methylamine dimer is shown in
dissipation by collisions occurs. This will result in Fig. 3at 400 and 450 K. The fragmentation threshold
an initially narrow energy distribution for the dimer, (1.1670¢eV) is only slightly above the critical energy
with a mean value slightly above the binding energy (1.1665eV) of the lower energy channel. (Note that
of the complex. Such an internal energy distribution the critical energy is taken frof®], the four decimal
would result in a high fragment ion yield and a low units are a consequence of energy conversion from
effective temperature. When complex undergoes col- kcal to eV units.) The fragmentation threshold is al-
lisional cooling, the IED will change and will become ways higher than the critical energy, the difference is
more similar to a thermal distribution. Until true equi- usually defined as the kinetic shift. The probability of
librium is not reached, the energy distribution will be precursor ions to be above 1.16 eV internal energy is
characterized by a higher than thermal fragmentation very low both at 400 and 450K, so this part of the
rate and a lower than thermal effective temperature, distribution is blown up by 1000 times ifig. 3. The

as observed experimentally. We are in the process totails of the distributions are similar, suggesting that the

0.040

400 K

0.035 A

0.030

0.025 +

0.020

P(E;.)

0.015 4

0.010 1

0.005 +

Iy
0.000
0.0 0.2 0.4 0.6 0.8

14 1.6

Internal energy (eV)

Fig. 3. Thermal internal energy distributions of protonated methylamine dimer at 400K (solid line) and 450K (dotted line) temperature.
The tails of the distributions are shown in a 1000 times magnified sEgledicates the critical energy of the lower energy channel.
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Fig. 4. The high energy tail of internal energy distribution of protonated methylamine dimer using high-pressure ion source at 450 k
source temperature. The thermal distribution is shown by the continuous line. Full squares show the distribution related to ions reachi
the FFR, open squares those leaving the FFR intact. The difference between these two distributions (shown by crosses) represents
fragmenting in the FFR, yielding MIKES products (also shown magnified by 30 times, indicated by triangles).Bdsif®@) and the
calculated fragment ion rati@e = 179K is obtained.

effective temperature and the size of the kinetic iso- the FFR (open squares) corresponds to the internal
tope effect will not depend on the source temperature energy distribution of those protonated methylamine
significantly (which was also observed experimentally dimers, which do fragment in the MIKES experiment
[9]). On the other hand, the tail at lower temperature (indicated by crosses and also shown enlarged 30
is smaller, suggesting that the fragment ion yield will times indicated by triangles). The figure illustrates
be much reduced at low source temperature. (Personalthat metastable ions represent only a small fraction of
communication from McMahon indicates that indeed all parent ions (area under respective curve) and will
this was observed experimentally.) have a fairly wide energy distribution. lons fragment-
Fig. 4. shows the IED of various fractions of pro- ing through the two competitive reaction channels (1a
tonated methylamine dimers in the 1.1-1.4eV range and 1b) have different IEDs, but the difference is so
using VG instrument (high-pressure ion source). Ther- small, that it cannot be shown Fig. 4. The effective
mal IED at 450K is shown by the solid line. A signif- temperature, determined usifig). (2) characterizes
icant portion of high-energy ions will decompose be- this fragmenting ion population. The experimental
fore they reach the FFR. For this reason the probability data (KIE= 1.39) yields 194 K, the calculated value
of high-energy ions reaching the FFR (full squares in (KIE = 1.43) results in 179K effective temperature.
Fig. 4) will be significantly reduced compared to that In the case of modeling low-pressure ion source
of thermal distribution. The difference between the results Fig. 5), the initial IED (solid line) was de-
distribution of ions entering (full squares) and leaving termined empirically to result in a KIE equal to that
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Fig. 5. High-energy tail of the internal energy distribution of protonated methylamine dimers reaching the FFR (solid line), and that of
ions fragmenting inside the FFR (dashed line) on the JEOL instrument. The distribution is empirically obtained to result in 44K effective
temperature. Note that only the part above the fragmentation threshgle (.167 eV) is significant in this respect. The insert shows the
internal energy distributions of ions fragmenting through reactions (1a) and (1b) (solid and dashed lines in the insert, respectively).

obtained experimentally (4.10). As discussed[9h difference in the two distributions will influence the
this corresponds to 44K effective temperature. The kinetic energy release observed for the two reaction
shape of the IED below the fragmentation threshold channels, as will be discussed below. Note that the
(1.167eV) has no relevance to fragmentation. Note difference in the two ion populations quite large at
that the distribution drops down very fast above the this low effective temperature (44 K). As noted above,
fragmentation threshold and there are practically no at higher effective temperatures (like at 179 K shown
ions over 1.19 eV internal energy. The distribution of in Fig. 4) the difference between energy distributions
ions fragmenting inside the FFR is very narrow, shown corresponding to the two reaction channels (1a) and
by the dashed line iRig. 5. We have tried several other  (1b) is very small. As a consequence, KER(H) and
trial distributions, all those capable of yieldifgs = KER(D) values will also be very close in most cases.
44 K were fairly similar to that shown ifrig. 5. The When not mentioned separately, the average of these
IED of fragmenting ions was always a narrow peak be- two will be used throughout the paper.
tweenEg (1.167 eV) and 1.19 eV, irrespectively on the It is also instructive to compare IED of ions frag-
precise shape of the initial internal energy distribution. menting in a mass spectrometric experiment with those
The insert inFig. 5 shows the IED of fragmenting  occurring under thermal (i.e., equilibrium) condi-
ions in a narrow energy range; here the ion population tions. lon produced in a high-pressure source at 450 K
corresponding to the two competing channel (1a and source temperature result in 179 K effective tempera-
1b) are shown separately. The distribution related to ture according to model calculations. This is close to
(1b) is shifted by~0.005eV to higher energy—this the experimentally determined effective temperature
value is very close to the difference betweghl® of (Terr = 194 K). Note that in this case the source and
the two reaction channels (see insertHig. 5. This effective temperatures are significantly different. The
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Fig. 6. Comparison of the calculated internal energy distribution of fragmenting protonated methylamine dimers characterized by 179
(as observed in the high-pressure source) and 44K (as observed in the low-pressure ion source) effective temperatures (full squares
dashed line, respectively) with that of ions reacting in a thermal system (at the high-pressure limit) characterized by 179 and 44K “rea
temperature (open squares and continuous line, respectively).

effective temperature in metastable fragmentation tributions are not identical is a nice demonstration
should be always lower, than initial temperature of that the kinetic method is not a thermal experiment.
ion sourceg[17,24] this is a consequence of ion frag- Nevertheless, the roughly similar shape of the curves
mentation occurring inside mass spectrometer. IED provides in our opinion qualitative support for the
of fragmenting ions at 179K effective temperature kinetic method (at least in case of metastable ions).
(full squares inFig. 6) can be compared to that of

decomposing ions in a “real” thermal system (thermo- 3.2. Modeling the kinetic energy release (KER)

dynamic system at high-pressure limit, open squares

in Fig. 6). The distributions start at the critical energy As mentioned inSection 1 there are several
(as no ion below the critical energy can decompose) theoretical models to calculate KER and KER dis-
and continues to (in principle infinitely) high internal  tributions. In the present work we used the model men-
energy. The ions decomposing in a thermal system tioned as ‘microcanonical prior distribution of product
(179K *“real” temperature) and in a mass spectrom- energies’, as discussed by Baer and H@&. This
eter (yielding 179 KTeg) have fairly similar, but not ~ model assumes statistical energy partitioning among
identical distributions. The similarities of such distri- the products and their relative translational and rota-
butions were observed for other alkylamines and other tional degrees of freedom, which implies that KER is
temperatures as welFig. 6 illustrates the methy-  due to a three-dimensional translational motion. One
lamine system at 44K as well: the full line shows the consequence of this assumption is that this model pre-
thermal distribution, the dashed curve the metastable dicts a particular KER(D), which would produce an
distribution. As thermal and mass spectrometric dis- almost exact Gaussian-shaped metastable peak. In the
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study of Norrman and McMahd®], which forms the
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sumptions deriving statistical reaction kinetic models,

experimental basis of the present work, peak shapeslike RRKM), which is a good approximation when
are approximately Gaussian, but their detailed analysis there is no reverse activation energig. 7 illustrates

was not performed. Preliminary work in our laboratory
on fragmentation of protonated clustdBb] clearly

the result in the case of the protonated diethylamine
dimer, under the experimental conditions observed on

show that in many cases the metastable peaks indeedhe VG instrument (high-pressure source). The inter-

have a Gaussian shape, which converts to a KER dis-

tribution described by three-dimensional translational

nal energy distribution of parent ions fragmenting in
the FFR is shown by full squares; that of the product

energy distribution. These results tentatively support ion by the dashed line; the relative translational mo-

the choice of the model used in the present study.
As discussed above conservation of angular momen-

tum is not considered in our calculations. With the
exception of very small molecules, this is often a
good assumption for dissociation of ion—-molecule
complexeg28]. Our preliminary data on protonated
clusters indicate that their KER distributions are prac-
tically identical with statistical (three-dimensional)
kinetic energy distribution (Boltzman distribution).
Determination of the kinetic energy release is a par-
ticular case of energy partitioning. Statistical energy
partitioning is used (which can be derived from as-

0.005

tion (i.e., the KER distribution) by the solid line (the
relative rotational energy of the two products and the
internal energy of the product neutral is not shown).
The shape of the KER is qualitatively fairly similar
to a Maxwell-Boltzmann distribution (the kinetic
energy distribution of gas molecules in a thermal sys-
tem). Such distributions will result in approximately
Gaussian-shaped metastable peaks. Note also that the
internal energy distribution of the product ion is not
smooth at low energy—this is a consequence of the
quantized nature of oscillators. (The KER distribu-
tion is smooth, as translational energy levels are very

KER

0.004 -
product ions

0.003 -+

P(E;,)
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Fig. 7. Calculated energy distributions resulting from statistical energy partitioning in the case of the protonated diethylamine dimer, under
experimental conditions observed on the VG instrument. Internal energy distributions of fragmenting parent ions (full squares), product
ions (dashed line) and the kinetic energy release distribution of fragment ions (solid line) are shown.
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close.) The mean excess energ§ < E — E°) in this energy (indicated by the experimentally determined
case is 0.49 eV, in the case of low pressure ionization lower effective temperature values) than in the case
it is much smaller, 0.20 eV. Assuming equipartition- of high-pressure ion source. Using this empirical
ing, the excess energy can be estimated independentiMED, the KER can be determined, applying the afore-
from Tegr and from KER, as pointed out by Norrman mentioned ‘prior distribution’ modelTable 1. This
and McMahon9]. Note that equipartitioning may be  should result in a lower KER value. Indeed, the KER
regarded as an approximation of statistical energy par- value determined experimentally for diethylamine is
titioning. The calculations result i€# = 1.6 and nearly three times lower using a low pressure than
1.2 eV, respectively, in the case of low pressure exper- using a high-pressure ion sourcé(KER) = 29 vs.
iments[9]. Compared to the case of statistical energy 67 meV, respectively).
partitioning this overestimates the amount of excess In the previous discussions it was shown, that
energy by nearly 10 times. This suggests that equipar-the IEDs for reacting ions in a thermal system and
titioning should be used with sufficient caution in metastable ions characterized by effective temperature
cases, when the degree of excitation is relatively low. are quite similarig. 5). It was also shown, that KER

It is well established that the mean KER value and values can be well described by a three-dimensional
that determined at half-height of the metastable peak translational energy distribution (X2 in a thermal
((KER) and KERy 5) are different. For Gaussian-shaped system). Connecting the two features, the KER and
metastable peaks the ratio is exactly knownj5: the effective temperature should be connected by the

(KER) = 2.16 KERy 5 3) simple equation:

KER) ~ 3/2KT 4
KER data in Norrman and McMahon’s paper has (KER) =~ 3/2KTef 4)

mostly been determined on the JEOL instrument Note that the arguments used here are analogous to
(probably due to its better resolution). Only one ex- those of the ‘finite heat bath theorj20,36,37] deve-
ample is given using the high-pressure ion source on loped by Klots to describe fragmentation of cluster
the VG instrument (Fig. 8 if9]) corresponding to the  ions.
fragmentation of protonated diethylamine. From the  Fig. 8 shows the correlation according to the equa-
peak shape given there the KgRvalue is 31 meV, tion above, usindles (determined from experimen-
and the peak is (approximately) of Gaussian shape. tally observed ion ratios usingqg. (2) [9) and the
The meanKER) value is consequently 67 meV. Note (KER) valuesFigure 8shows both the experimentally
that this value is likely to be an upper limit fOKER), observed and the calculatédER) values (full circles
as the influence of peak broadening due to instru- and open squares, respectively). There is a good linear
mental effects (like the width of the ion beam) was correlation betweefle and (KER) and the slope is
not taken into account. Using the saméd order of very close to that described By. (4) This correlation
magnitude uncertainty in the pre-exponential factor as is quite significant, as it suggests, that the ‘prior distri-
discussed before, the calculatéER) value falls into bution’ model is a physically reasonable assumption
the 47-54 meV range. Note that, this calculation uses to describe fragmentation of proton-bound alkylamine
no empirical parameter beside the pre-exponential dimers. It also indicates that (a) KER can be described
factor, so we believe that it is a fair agreement. as a three-dimensional translational motion and sug-
KER data for other alkylamines are availalj§j gests that (b) statistical energy partitioning occurs in a
obtained on the low-pressure ion source (JEOL in- late transition state. The linear correlation observed for
strument). It was discussed above, that the IED in this a-deuterated compounds clearly illustrates that there
ion source is not thermal; and that was possible to is a strong connection between the KIE and KER.
estimate only empirically, based on the value of KIE. A final comparison between experiments and
Qualitatively, fragmenting ions have a lower internal calculations can be made based on the ratio of KER
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Fig. 8. Correlation between the calculated (open squares) and experimentally measured (full circles) mean kinetic energy release and

the effective temperature, calculated using experimentally observed ion ratios, bagsf () Data are shown for-D substitution.
The expected correlation assuming a three-dimensional translational energy distriBigtiqd)( is shown by the broken line (correlation

coefficients are 0.979 and 0.952 for experimental and calcuki¢EdR)

observed for the two alternative reaction channels of
the dimer, as described by reactions (1a) and (1b).
This ratio is given in[9] only for the methylamine

system on the JEOL instrument, and it is 1.31. The
calculated value is quite similar (1.22), which is a
further encouraging sign for the calculations. Calcu-

values, respectively).

of proton-bound amine dimers are discussed. The
experimental results of Norrman and McMahon are
compared to model calculations performed by the
MassKinetics program. The input parameters are the
reaction enthalpy (determined experimentally), vibra-
tional frequencies of the reactant and the products

lations suggest that such a large difference can only (calculated by high-quality molecular orbital calcula-

be expected, whedgst is very low. For the other
compounds KER(H) and KER(B) values were nearly
equal.

4. Conclusions

In the present paper kinetic isotope effects and
kinetic energy release in the dissociation reactions

tions), internal energy distribution in the ion source
and a parameter (the pre-exponential factor) char-
acterizing the looseness of the transition state. An
empirically determined I@preexp = 154 was used
for all compounds. Calculations were repeated using
10 times larger and 10 times lower pre-exponential
factors as well, suggesting error limits for the calcu-
lations. Note that this 15.4 value is a typical one for
loose transition statg48,19,26,47]
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In a high-pressure ion source the internal en- activation energy of the reverse reaction. This is be-
ergy distribution should be thermal. In this case not tween data obtained experimentally, but the calculated
only the direction, but also the degree of the—very values show a similar agreement. This also shows
small—secondary kinetic isotope effect was success- that the KER can be described as a three-dimensional

fully modeled, the correlation between experimental translational motion.

and calculated results is shown kig. 2 The ex-
perimentally determined kinetic energy release was
available for one compound only. This was also cal-
culated theoretically, showing a fair agreement with
experimental value. It is important to emphasize that
the only empirical parameter in these calculations is
the pre-exponential factor.

Experiments performed on the JEOL instrument,
equipped with a low-pressure ion source, showed
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