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Abstract

Protonated aniline was generated by reacting ammonia or ammgnigitd phenylium (GHZ) in a quadrupole ion
trap and in a chemical ionization (Cl) source of a double focusing mass spectrometer. Significant intramolecular
isotope effects are observed for the loss ofCH in the mass spectra obtained from each instrument. Intramolecular
isotope effects are also observed for the metastable dissociation of the adduct JdgNKG) in the sector
instrument and for the collision-induced dissociation (CID) of the adduct ion in the quadrupole ion trap. The relative
magnitudes of these isotope effects are consistent with the different energy and time scales of the experiment:
An intermolecular isotope effect is also observed for the rate of dissociation in the quadrupole ion trap. Hydrogen/
deuterium (H/D) exchange between the nitrogen and ring is observed when protonated aniline is formed by reacting
ammonia-d with phenylium. This allows bracketing of the energy barrier for this intramolecular H/D exchange.
Semi-empirical molecular orbital calculations of transition states for hydrogen exchange are consistent with
the experimentally observed energy barrier. (Int J Mass Spectrom 190/191 (1999) 295-302) © 1999 Elsevier Scienc
B.V.
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1. Introduction be sampled. This means that different mass spectra
and MS/MS spectra may be obtained from studies

Understanding the dissociation mechanisms that of the same compound using different mass spec-
occur for gas phase ions can be complicated by the trometers. The effect of internal energy and time
fact that different mass spectrometers operate on scales is reflected in competitive reactions by dif-
different time scales and therefore different por- ferent rates of dissociation. Such differences can

tions of the ion’s internal energy distribution may even be observed in some cases for dissociations
containing different isotopes, especially hydrogen

and deuterium.
* Corresponding author. E-mail: glish@unc.edu _ For intramolecular isotope effects, the rates of
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ences in critical energies [1]. Replacement of hydro- K,
gen with deuterium causes a change in the zero pointCgHs + NH(D); — CgHsNH(D)4 (1)
energy, increasing the critical energies. For intramo-

!ect:lar |sot9pe er:fect?], |fhthe |§ot9pe bondhls ||nvr(:Ived In this reactionk, is the overall reaction rate constant
in the reaction, then the heavier isotope should have 3and the reaction should produce only the nitrogen

slower rate of dissociation because there is less excessprotonated aniline. The enthalpy of reaction for Eq
internal energy in the ion and thus the isotope effect (1) is —81 kcal mol' [10]. Thus, the energy in the

should be greater than one. It should be noted that in product exceeds the critical energy for lbss by 8
most cases,; andkp are not measured, but instead, cal mol L. For the product in Eq. (1), we have
the abundance of the product ions (e.g. fMH]™ observed both intra- and inter-molecular isotope ef-
and [M — D]") is measured. In addition to being a  fects for the loss of Hversus loss of D Intramolec-
function ofky (kp), which is a function of the internal ~ 5r isotope effects were observed in both the mass
energy of the ion, the abundance is a function of other spectra and MS/MS spectra. Intramolecular H/D ex-
instrumental parameters and the time frame of the Change between the ring and substituent was also
experiment. Itk andkp are insensitive to internal  observed when protonated aniline is formed by Eq.
energy over the internal energy range of the reacting (1). From these experiments, it has been possible to
ions, or if the rates are parallel over the internal bracket the energy required for intramolecular hydro-
energy range, then the relative abundance of the two gen exchange between the ring and substituent in
products is a good estimate of the isotope effect [1]. protonated aniline.

For intermolecular isotope effects, ion abundances
are not a good reflection of isotope effects. Not only
do critical energies change, but the density of states in
the transition state and in the reactant also changes.
Typically, though,k,/ky is expected to be greater
than one. This is because the increase in critical
energy for the reaction of the heavier isotope should
be more than counterbalanced by its increase in the
density of states [1].

2. Experimental
2.1. Quadrupole ion trap

The theory, instrumentation, and methodology of
guadrupole ion trap mass spectrometry have been
L=l _ discussed in detail elsewhere [11-14]. All experi-
Protonated aniline is an ion that has generated ments were performed in a Finnigan ion trap mass

substantial interest over the years because of thespectrometer mounted in a custom vacuum system.
possibility of both nitrogen and ring protonation Aj chemicals were used as supplied except for

[2-9]. The lowest energy pathways for the dissocia- cpiorobenzene, which was subject to multiple freeze—
tion of protonated aniline are via loss of &hd loss of pump-thaw cycles, to remove any noncondensable
NHg, which are 73 and 81 kcal mot endothermic,  gases. Ammonia and ammonia-ere introduced
respectively [10]. Thus, even when aniline is pro- jnto the vacuum system through a Varian leak valve.
tonated by reagent ions with low proton affinities, A constant pressure of 2.8 10 ° Torr, determined
e.g. CH,, little fragmentation is observed. Also, with a Bayard—Alpert ionization gauge, was used.
even when protonated aniline is formed via a very Phenylium ions were formed by the following
exothermic proton transfer reaction, exchange be- procedure. Chlorobenzene was pulsed into the ion
tween the ring and substituent is not observed [7]. trap vacuum system using a General Valve Corpora-
As an alternative method to a proton transfer tion (Fairfield, NJ) Series 9 pulsed solenoid valve.
reaction between a gas phase acid and aniline toThe pulse valve was opened for 3Q% and the
generate protonated aniline, phenylium can be re- chlorobenzene pressure maximized approximately 50
acted with NH(D} [Eq. (1)]. ms after triggering the pulse valve. lonization was
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affected wih a 1 mselectron pulse, 50 ms after the standard magnetic field scan. Metastable spectra were
pulse valve was triggered. Thgldz (m/z77) ion was obtained by a linked scan at consta8IE, to detect
isolated by ramping the rf to a value that ejected ions dissociations occurring in the first reaction region (i.e.
with mass-to-charge ratios less than 77 and concur- between the ion source and electric sector).

rently resonantly ejecting ions with mass-to-charge
ratios greater than 77. The isolatedz 77 was then
allowed to react with NH(D), introduced into the
vacuum system through the leak valve. Helium was
used as a buffer gas at pressure of £.40 > Torr,

and also served as the collision gas for the MS/MS
experiments. The mass and MS/MS spectra were
obtained by ramping the 1.1 MHz rf voltage on the
ring electrode at a hardware set rate of 5555 D& s

A 530 kHz, 5V, , signal was applied to the endcaps
to resonantly eject the ions to the detector during the

2.3. Molecular orbital calculations

Semi-empirical molecular orbital calculations us-
ing the mopac package, version 6.0, were used in
conjunction with the molecular modeling software
program,rcmMoDEL (Serena Software), to estimate the
heat of formation for protonated aniline with different
sites of protonationrcmopeL software was first used
to generate a structure based on molecular mechanics.
e This structure was then used as the starting structure
data acquisition rf ramp. for mopac, in which the AM1 (Austin Model 1)

MS,/MS experiments using coII|S|(.)n—|r.1duced d!S' Hamiltonian was used [15]. Heats of formation for
sociation (CID) were performed by kinetically excit- transition states for intramolecular proton transfer

ing the parent ions with a resonant excitation voltage from the nitrogen to the ring were also calculated
of a few hundred millivolts applied to the endcap using MoPAC

electrodes for 20 ms. Optimum conditions were de-

termined by adjusting the voltage and the frequency to

obtain the maximum total conversion of parentions to 3. Results and discussion

product ions. Parent ions were isolated using the

procedure described above fogH . Typically, ten  3.1. Formation of protonated aniline

scans were averaged to obtain a spectrum and ten

spectra were averaged to obtain the data presented.  Eq. (1) shows the general overall reaction for the
formation of protonated aniline. In actuality, there are

2.2. High pressure chemical ionization several reactions involved, as shown in Eq. (2), in

which
A Finnigan MAT 900 mass spectrometer (EB

geometry) was used for the high-pressure chemical N K . Ks
ionization (Cl) experiments. Chlorobenzene was in- CeHs + NH(D)3 == (CeHsNH(D)3)* —
troduced via the solids probe or a heated inlet system. ky [N]
Ammonia was introduced into the source via the CI ¢ .H.NH(D)Z

reagent gas line. The ion source pressure cannot be

measured directly but was estimated to be 0.5 Torr L kg (2)
bgsed on the manufacture:s specifications. The de- CeHNH(D)™ + H(DY

sired reacting species {8; and NH;) cannot be
selected for reaction as in the quadrupole ion trap. k; is the forward reaction rate constant for formation
However, based on quadrupole ion trap experiments it of the phenylium/ammonia adduck, is the rate

is not expected that any other reactions other than thatconstant for dissociation of this adduct back to reac-
shown in Eq. (1) occurred to form ions corresponding tants, k. is the rate constant for collisional stabiliza-
to the masses of protonated aniline and the various tion of the intact adductk, is the rate constant for
deuterated analogs. Mass spectra were obtained by adissociation of the adduct by loss of,ldnd [N] is the
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number density (pressure) of the buffer gas. From this

equation it can be seen that the overall rate constant

[k, in Eq. (1)] for formation of GHgNH3 depends
upon the system pressurd][andky. If Ky is ignored

for the moment, because it should be constant, at lon formula

some pressure the rate of collisional stabilization of
the adduct ion is much greater than the rate of the
back dissociationk[N] >=> k;). Under these condi-
tions the reaction will be second order, independent of
[N], and k, = k;. For pressures at whick, >
kJ[N], the system is operating under third order
kinetics andk, will be a function of the pressure. kf;

is of similar magnitude or less thdq[N], k; can be
determined by the decrease igHG as a function of
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Table 1
Relative intensities for ions in the region of the intact adduct
when phenylium is reacted with ammonig-d

% Relative intensity

Neutral m/z lon trap Sector
CeHsDsN 97 73 85
CeH.D3N H 96 23 10
CgHsDoN D 95 4 5

3.2. Intramolecular isotope effect

When ammonia-glis used as the neutral gas to
form protonated aniline, three peaks are observed in

time at a constant pressure. A set of such experimentsthe molecular ion region of the mass spectra obtained

was performed in the quadrupole ion trap, varying the
helium pressure. Plottinks versus [He] allows for the
determination of when the system is operating under
conditions of second order kinetics. Such a plot
indicates that under typical quadrupole ion trap con-
ditions used here, the system [Eq. (2)] is well into the
second order kinetic range. This is important in the
intermolecular isotope effects discussed later.
Whereas the cyclic phenylium ion is the most
stable GHZ isomer, it has been reported that a
fraction of the GHZ ions formed by electron ioniza-
tion of chlorobenzene have the acyclic structure [16].
An isomerically pure population of 2 ions can be
generated in the quadrupole ion trap via CID MS/MS
of the molecular ion of chlorobenzene [17]. In the
sector instrument the purity of the;82 ions cannot
be controlled or measured. It is not known whether
the acyclic GHZ ions will react with NH;, because
attempts to form the acyclicls isomer to test this
in the quadrupole ion trap were unsuccessful. This
lack of success in forming the acyclicid2 isomer
may be the result of collisional stabilization to the
most stable form, phenylium. If this is the case,
stabilization should also occur in the chemical ioniza-
tion source of the sector instrument because it is

with both instruments. These peaks aren#t 95, 96,

and 97. MS/MS of the ions ah/z97 indicates that it

is the intact adduct (protonated aniling-dTandem
mass spectra of the ionsrafz95 and 96 indicate that
these ions correspond to Bnd H loss, respectively,
from the ions atm/z 97. Table 1 lists the relative
abundances of these peaks in the mass spectrum of the
two instruments used in this study.

There are several features to note in the data in
Table 1. First, more of the intact adduct, protonated
aniline, is observed in the sector instrument. Two
factors, pressure and time, contribute to this result.
The sector instrument’s Cl source has a pressure more
than 100 times greater than the quadrupole ion trap;
thus the rate of collisional stabilization should be
faster. This means that within a given time window,
more adduct ions should be collisionally stabilized
before they can dissociate byldss. Additionally, the
ions in the quadrupole ion trap have more than 1000
times longer to dissociate, assuming standard ion
residence times in the sector Cl source of a few
microseconds. Both these factors would be expected
to cause more fragmentation of the adduct ions to be
observed in the quadrupole ion trap, which is what is
observed.

operating at a much higher pressure, which leads to a  The second observation in Table 1 is that the ratio
faster rate of collisional stabilization. Thus, the adduct of H to D’ loss is substantially different between the
ions formed by Eq. (2) should all be the result of two instruments (5.75:1 in the quadrupole ion trap and
reaction of cyclic GH- (phenylium) and these adduct  2:1 in the sector). The significance of this, however, is
ions should have the structure of protonated aniline. difficult to interpret. First, if the adduct remains
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protonated on the nitrogen, it might be assumed that ND3
the H(D) loss only occurs from the nitrogen. Loss of

a ring hydrogen would generate a distonic ion, which @
for some species can be quite stable [1L8hrac D

+
NHD2

calculations indicated that the ion structure resulting NHD NH3
from loss of a nitrogen H should be greater than 1 eV

more stable than any of the distonic ions that could be @

formed by loss of a ring H. Thus, it seems reasonable D2 D3

to expect the Host to be from the nitrogen. However,
if this is the case for protonated aniling4drmed by
Eq. (2), a ring hydrogen and nitrogen deuterium must
exchange before fragmentation occurs. The data in
Table 1 indicates that this in fact does happen in both As the degree of randomization decreases, this ratio
instruments, although to different extents (vide infra). should get smaller. The observed H:D ratio in the
Assuming the energy barrier to H/D exchange be- sector instrument experiments means that an isotope
tween the ring and nitrogen is less than the exother- effect of at least 1.2 (2:1/5:3) is present. For the
micity of Eq. (2), intramolecular exchange can occur quadrupole ion trap the observed H:D ratio of 5.75:1
until the adduct ion is collisionally cooled below that indicates an isotope effect of at least 3.4 (5.75:1/5:3).
energy barrier. Because the rate of cooling is faster in Because these are only minimum effects it cannot be
the sector Cl source (higheN]), less exchange may  said for sure that the quadrupole ion trap has a greater
occur in ion generated in the sector instrument. This isotope effect. This is because the quadrupole ion trap
would explain the lower ratio of Ho D' loss observed  should sample ions with a greater degree of H/D
in the sector. randomization because of the longer time frame of the
Given that intramolecular H/D exchange occurs, it experiment and slower rate of collisional stabilization.
is also possible that some of the fragmenting ions are However, this longer time frame should also favor a
ring protonated. In this case the H(D) loss would greater isotope effect because the kinetic shift will be
occur from the ring. This seems to be a less likely less and therefore ions with less excess internal
possibility. If the exchange completely randomizes energy will be able to fragment, which will favor'H
the hydrogens and deuteriums, a 5:3 ratio of H:D loss loss.
would be expected in the absence of an isotope effect.  With the quadrupole ion trap it is possible to
Although the sector result is not far from this (2:1), monitor changes in the isotope effect as a function of
the quadrupole ion trap ratio is almost 6:1. Thus, a the helium buffer gas pressure. When the helium
definite isotope effect is present for the loss ofCH buffer gas pressure was increased, not only was there
from protonated aniline-gd an increase in the number of intact adduct ions formed
Because of the longer time frame and slower rate relative to fragmentation, but there was also an
of collisional cooling in the quadrupole ion trap increase in the isotope effect. In the limit, onlylblss
versus the sector, a lesser degree of H/D randomiza-is observed. At this point, the signal to noise is such
tion may be expected, and in fact, is observed (vide that H loss is at least 20 times greater thahl@ss.
infra). Because the degree of scrambling in the frag- Thus the isotope effect is at least 12.
menting ions cannot be determined, the absolute  An intramolecular isotope effect is also observed

Fig. 1. Possible distribution of H and D between ring and substitu-
ent in protonated anilinexd

magnitude of isotope effect cannot be determined.
The minimum isotope effect can be calculated,
though. If complete randomization occurs and the
H(D) loss occurs from the nitrogen, a ratio of 5:3 for
H:D loss would result if there were no isotope effect.

in the tandem mass spectra of the stabilized adduct
ions. The degree of H/D scrambling can be deter-

mined in this case so the absolute isotope effect can be
measured. Fig. 1 shows the four possible isotopomers
that can be formed by the H/D exchange between the
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Table 2
Theoreticat and experimental result for loss of N(HDyom
m/z97 (CHs_,D,NH;_ D) " n+ m=3

~ND, —ND,H —NDH, —NH,

2%
7%
9%

27%
29%
36%

54%
46%
46%

17%
19%
9%

Theoretical
lon trap
Sector

2The theoretical distribution is based on complete randomization
of the hydrogens and deuteriums and no isotope effect for (NH,D)
loss.

ring and nitrogen (disregarding possible positional
isomers). MS/MS of the adduct ions shows the gen-
eral dissociations: loss of N(H,Dand loss of H(D)
Table 2 shows the theoretical distribution for loss of
N(H,D); (assuming a negligible isotope effect) and
that observed in the two instruments. The data indi-
cate that more randomization occurs in the quadrupole
ion trap (a greater percentage of Nidss) than in the

Cl source of the sector mass spectrometer. This would
be expected because of the longer time frame and
lower pressure (slower rate of collisional stabiliza-
tion) in the quadrupole ion trap.

Using the distribution of the isotopomers deter-
mined from the experimental N(H,P)oss, the ex-
pected distribution for H(D)loss can be calculated.
(This assumes that the internal energy of the proto-
nated aniline has been reduced below the critical
energy for H/D exchange between the ring and
substituent by collisional stabilization, which should
be valid for stable ions trapped for this period of
time). The expected ratios without an isotope effect
are given in Table 3, along with the experimental
ratios of H and D loss. It can be seen that loss oisH
greater than would be expected. For the quadrupole
ion trap the isotope effect is 2.7 and for the sector
instrument it is 3.0. Thus, compared to what is

Table 3
Theoretical and experimental ratios for H and D loss from MS/
MS of the isotopomers distribution determined by N(H,; ss

lon trap Sector

H:D H:D
Theoretical 3:2 1:1
Experimental 4:1 31
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observed in the mass spectrum, for the MS/MS

experiment in the quadrupole ion trap the isotope

effect decreases from 3.4—2.7, whereas in the sector
MS/MS experiment the isotope effect may increase

(from 1.2-3.0, where the 1.2 measured in the mass
spectrum is a minimum value).

The change in the isotope effect in opposite direc-
tions when comparing the mass spectral results with
the MS/MS results for each of the two different
instruments is consistent with the nature of the respec-
tive MS/MS experiments. In the quadrupole ion trap
MS/MS experiment, the ions are being collisionally
activated, which will increase their internal energy. In
fact, it might be considered surprising that an isotope
effect is observed at all in a CID experiment. How-
ever, this just emphasizes the nature of the CID
experiment in the quadrupole ion trap, in which
multiple collisions with low center of mass collision
energy lead to small, incremental gains in internal
energy. Because of the relatively long time frame of
the experiment, the kinetic shift for dissociation
should be small; thus, little energy in excess of the
critical energy is required for dissociation to occur. As
the amount of excess internal energy in the dissociat-
ing ion decreases, the isotope effect should increase.
Because the isotope effect is smaller for the CID
experiment in the quadrupole ion trap than in the mass
spectrum when phenylium reacts with ammonia in the
same instrument, it can be concluded that the average
excess internal energy in the parent ion in the CID
experiment is greater than the 8 kcal mblexcess
internal energy that is in the adduct ion.

In contrast to the quadrupole ion trap MS/MS
experiment, in the sector the tandem mass spectrum is
from the dissociation of metastable ions. These meta-
stable ions are longer-lived, and thus lower in internal
energy, than the ions that fragment in the ion source.
This should lead to an increase in the isotope effect
because the kinetic shift is reduced.

3.3. Intermolecular isotope effect
As discussed above, under the normal operating

range of helium pressure in the quadrupole ion trap,
the reaction in Eq. (2) proceeds under second order
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kinetics, i.e.k, can be neglected. If, under these Table4

conditions, the helium pressure is adjusted to obtain Calculated heats of formation (kcal md) for protonation of
o ) o ] aniline at different sites

equal intensity signals of the stabilized adduct ion,

CsHsNH(D);, and the fragment ion due to loss of

Protonation site Heat of formation

H(D), kJHe] = kg, andky, the unimolecular disso- N 177
ciation rate constant, can be determinekLiénd [He] g; iég
are known. The collisional stabilization rate constant, - ; 204
k., is taken as the Langevin collision constant, and c-4 179

was calculated to be 7.8 10 *°cm®mol *s . For
the adduct formed by reaction with NHa unimo-
lecular dissociation rate constant of 2010° s %
was determined. Similarly, for the reaction with ND

this energy. The reaction in Eq. (2) is 81 kcal mbl
exothermic. All this energy, along with the center of
the unimolecular dissociation rate constdnf, was mass collision energy, must remain in the protonated
calculated to be 3.x 10? s L. Thus, an intermolec-  aniline ion until the ion undergoes a collision or
ular isotope effect of almost seven is observed, which dissociates (assuming no radiative emission) [21].
is the expected direction of an intermolecular isotope This suggests that the barrier to transfer of a hydrogen
effect. from the nitrogen to the ring is somewhere between
these values.

To investigate this possibility, semi-empirical mo-
lecular orbital calculations Mpprac) were done to
determine the heats of formation of aniline protonated

Previous studies of protonated aniline using deu- on the nitrogen and the various ring carbon atoms.
terated reagent gases [3] or deuterium labeled aniline Then calculations were performed to determine the
in a chemical ionization experiment [8] noted that no energies of the transition states for transfer of a
exchange is observed between the ring and substituenthydrogen from the nitrogen to the ring. Table 4 lists
hydrogens and deuteriums. In fact, a method was the heats of formation determined by therac
developed to determine the number of active hydro- calculations for protonation at various sites on aniline.
gens using bimolecular H/D exchange that depended It should be noted that the value obtained for the N
upon the lack of exchange between the ring and protonated species, 177 kcal mdlis in agreement
substituent [19]. One recent study [20] suggested the with the experimental value [10]. For the transfer of a
possibility of ring/substituent exchange but noted that hydrogen from the nitrogen to C-1, a heat of forma-
this could be the result of collisional activation. The tion for the transition state was calculated to be 241
exchange in that study is far less than observed in the kcal mol . This is the lowest energy transition state

3.4. Energy barrier to H/D exchange between the
ring and substituent

present work by forming protonated aniline by the
ion/molecule reaction in Eq. (2). Thus, the question
arises as to why there is this apparent discrepancy.
The most exothermic proton transfer reaction that
has been used in chemical ionization to form proto-
nated aniline is with CEl as the reagent ion [8,20].
The exothermicity of proton transfer from this reagent
ion to aniline [proton affinity (PA}= 210 kcal
mol~*] [10] is 78 kcal molL. If this energy is
statistically partitioned between the two products,
neutral CH and protonated aniline, the protonated
aniline should have approximately 63 kcal mblof

of all the possibilities calculated. Thus, a minimum of
64 kcal mol * of excess internal energy is required to
transfer the hydrogen from the nitrogen to the ring.
This is right at the value of the excess internal energy
for protonated aniline formed by proton transfer from
CH4 . Given the kinetic shift associated with reac-
tions, this is consistent with the observation that there
is no exchange between the ring and substituent when
protonated aniline is formed by proton transfer from
CHZ or other reagent gases that undergo even less
exothermic proton transfer reactions [8,20]. Con-
versely, the energy of the system when protonated
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aniline is formed by reacting phenylium with ammo-
nia is sufficient to transfer a proton from the nitrogen

Y.A. Ranasinghe, G.L. Glish/International Journal of Mass Spectrometry 190/191 (1999) 295-302

[9] M.J. Nold, C. Wesdemiotis, Proceedings of the 43rd ASMS
Conference on Mass Spectrometry and Allied Topics, Atlanta,
GA, May 1995, p. 1030.

to the ring. This result also explains the slight amount 1) s.G. Lias, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D.

of exchange previously observed under collisional
activation conditions [20]. Under the conditions used
in that study, the collisional activation could add up to
16 kcal mol'? of internal energy to the protonated

Levin, W.G. Mallard, J. Phys. Chem. Ref. Data 17 (1988) 1.
[11] R.E. March, R.J. Hughes, Quadrupole Storage Mass Spec-
trometry, Wiley, New York, 1989.
[12] J.F.J. Todd, A.D. Penman, Int. J. Mass Spectrom. lon Process
1 (1991) 106.

aniline. This energy, combined with the excess energy [13] R.G. Cooks, G.L. Glish, S.A. McLuckey, Chem. Eng. News

from ionization, would raise the internal energy of the
reactant ion higher than the 64 kcal mbinecessary
for transfer of a hydrogen from the nitrogen to the ring.
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