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bstract

Collision-induced dissociation of protonated indole with Xe is studied as a function of kinetic energy using guided ion beam tandem mass
pectrometry techniques. Activated dissociation resulting in endothermic loss of neutral HCN (or HNC) is the only pathway observed over the
ange of collision energies examined. The cross-section threshold for this activated dissociation pathway is interpreted to yield 0 and 298 K activation
nergies for this process after accounting for the effects of multiple ion–neutral collisions, the internal energy distribution of the protonated indole
ations, and their lifetimes for dissociation. Density functional theory (DFT) calculations at the MPW1PW91/6-31G* level of theory are used to
etermine the structures of indole, the protonated indole tautomers, and the transition states, intermediates, and products involved in the activated
issociation of protonated indole. Four distinct pathways between the reactant ion and dissociation products are computed. In all cases, the ionic
roduct formed is C6H5CH2

+, while the neutral product is HCN in three of the pathways and HNC in the fourth. The vibrational frequencies
nd rotational constants of the ground state tautomer of protonated indole and the rate-determining transition state along each of the pathways
omputed are used for the thermodynamic analysis of the experimental data. The theoretical activation energies and potential energy landscapes
or activated dissociation of protonated indole are determined from single point calculations at the MPW1PW91/6-311+G(2d,2p) and MP2(full)/6-
11+G(2d,2p) levels of theory, using the MPW1PW91/6-31G* optimized geometries. Both theories produce similar potential energy landscapes

or elimination of HCN (or HNC) from protonated indole. Theory suggests that elimination of HNC is favored over HCN. However, our threshold
easurements probe the lowest-energy pathway available and are in much better agreement with the higher-energy HCN elimination pathways,

uggesting that theory underestimates the activation energy for loss of HNC.
2007 Elsevier B.V. All rights reserved.
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1. Introduction

Indole is a building block of many natural products, functions
as an essential constituent of perfumes [1], and has been shown
to suppress the hepatotoxicity and carcinogenicity of several
carcinogens [2]. Many derivatives of indole have important prop-
erties and have been widely used as aroma compound precursors

3,4], plant growth regulators [5], inhibitors of blood coagulation
6], and as promising compounds for fungicide [7], anti-tumor
8,9], and anti-HIV [10] medicines. As the side chain of trypto-
han (Trp), indole is involved in a variety of biological processes
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and has been studied as a model system in spectroscopic stud-
ies to extract structures and dynamical properties of proteins
[11–13] as well as to investigate cation–� interactions between
tryptophan and metal cations [14,15]. Therefore, the properties,
reactions, and mass spectrum of indole and its derivatives are of
interest in both fundamental and pharmaceutical studies.

Much of our recent work has made use of quantitative
threshold collision-induced dissociation (TCID) methods to
obtain accurate thermodynamic information on a variety of non-
covalently bound metal–ligand complexes. These studies have
either directly probed the interaction between metal ions and

organic [16–28] and biological ligands [29–36], or have exam-
ined solvation of metal ions by various solvents [37–41]. The
simple noncovalent bond cleavages observed in these systems
have allowed accurate bond dissociation energies (BDEs) to be

mailto:mrodgers@chem.wayne.edu
dx.doi.org/10.1016/j.ijms.2007.06.016
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Fig. 1. Structure of indole. The properly scaled and oriented dipole moment in
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loss of HCN (or HNC) from protonated indole. The measured
activation energy is compared to theoretical estimates for the
rate-limiting transition state along four distinct potential energy
surfaces computed for the observed dissociation pathway.
ebye (calculated here) is shown as an arrow. The estimated polarizability is
lso shown [15].

etermined using a loose phase space limit (PSL) transition state
TS) model [42]. In the present study, we use guided ion beam
ass spectrometry to collisionally excite protonated indole

eading to isomerization and covalent bond cleavage and result-
ng in elimination of neutral HCN (or HNC). The structure of
ndole is shown in Fig. 1 along with its calculated dipole moment
nd estimated polarizability [15]. The kinetic energy-dependent
ross-section for the observed CID process is analyzed using

ethods developed previously [42–44]. The analysis explicitly

ncludes the effects of the internal and translational energy
istributions of the reactants, multiple ion–neutral collisions,
nd the lifetimes for dissociation. In contrast to the absolute

Fig. 2. Schematic diagram of the guided
ass Spectrometry 265 (2007) 388–400 389

BDEs measured in our earlier work, the threshold energies
derived in the present study provide the activation energy for
2. Experimental

2.1. General procedures

The cross-section for collision-induced dissociation (CID) of
protonated indole is measured using a guided ion beam tandem
mass spectrometer that has been described in detail previously
[19]. However, in the current study a new microwave discharge
source is employed for ion generation. A schematic representa-
tion of the instrument including the microwave discharge source
is shown in Fig. 2, while a detailed picture of the microwave
discharge source is shown in Fig. 3. The microwave discharge
source is simple in design. The ion source volume is simply a
0.5′′ o.d. × 4′′ long quartz tube through which the He carrier gas
passes. The quartz tube is surrounded by an Evenson microwave
cavity operated continuously at 2.45 GHz and powered by an
Opthos Instruments MPG-4 CW microwave generator, typically
at 20–30 W forward power (reflected power is typically <10%).

The Evenson cavity has two adjustments that can be made to
optimize the power-transfer process. It also has an air-cooling
port to allow cooling of the source. The microwave discharge
source is coupled to our flow tube, and is mounted at an angle of

ion beam tandem mass spectrometer.
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to these effects. Data free from pressure effects are obtained
by extrapolating to zero pressure of the neutral reactant, Xe, as

(�g = 1). The relative reactivity of all ro-vibrational states, as
Fig. 3. Detailed picture of the microwave discharge source.

5◦ relative to the flow tube to minimize passage of UV ionizing
adiation from the source region into the flow tube. Indole vapor
s introduced into the flow tube ∼5 cm downstream from the

icrowave cavity. Indole radical cations are formed by collisions
f indole vapor with metastable He atoms and ions generated in
he microwave discharge. Protonated indole is then formed by
roton-transfer reactions between the indole radical cations and
eutral indole. The ions undergo >105 collisions with the He
ath gas (∼0.7 Torr), such that the internal energies of the ions
manating from the source are assumed to be well described by
Maxwell–Boltzmann distribution at room temperature [19].

The ions are effusively sampled from the source, focused,
ccelerated, and focused into a magnetic sector momentum
nalyzer for reactant mass analysis. Mass-selected ions are
ecelerated to a desired kinetic energy and focused into an
ctopole ion beam guide. The octopole passes through a static
as cell containing Xe at low pressure (0.05–0.20 mTorr), to
nsure that multiple ion–neutral collisions are unlikely. The
ctopole ion guide acts as an efficient radial ion trap. There-
ore, loss of scattered reactant and product ions in the octopole
egion is almost entirely eliminated [45,46]. Ions drift to the
nd of the octopole where they are focused into a quadrupole
ass filter for mass analysis, and subsequently detected with
secondary electron scintillation detector and standard pulse

ounting techniques.
Product ion intensities are converted to absolute cross-

ections using a Beer’s law analysis [47]. Errors in the pressure
easurement and the length of the interaction region typically

esult in absolute uncertainties of ±20% in the cross-section
agnitudes. Relative uncertainties are approximately ±5%.
Ion kinetic energies in the laboratory frame, Elab, are con-

erted to energies in the center-of-mass (CM) frame, ECM using
he formula ECM = Elabm/(m + M), where M and m are the masses
f the ionic (C8H7N+) and neutral (Xe) reactants, respectively.
ll energies reported below are in the CM frame unless oth-
rwise noted. The absolute zero and distribution of the ion
inetic energies are determined using the octopole ion guide
s a retarding potential analyzer as previously described [47].
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he distribution of ion kinetic energies is nearly Gaussian with
FWHM between 0.2 and 0.4 eV (lab) for these experiments.
he uncertainly in the absolute energy scale is ±0.05 eV (lab).

Pressure-dependent studies of the reaction cross-section are
erformed because multiple collisions can influence the shape
f CID cross-sections and the threshold region is most sensitive
previously described [48]. Results reported below are therefore
the result of single bimolecular encounters.

2.2. Theoretical calculations

To obtain model structures, vibrational frequencies, rota-
tional constants, and energetics for neutral indole, the various
protonated tautomers of indole, and the transition states (TSs),
intermediates (Ints), and products (C6H5CH2

+ or C7H7
+ and

HCN or HNC) involved in the activated dissociation of
protonated indole and the isomerization of the dissociation
products, theoretical calculations were performed using Gaus-
sian 98 [49]. Geometry optimizations and frequency analyses
were performed at the MPW1PW91/6-31G* level of theory
[50]. The Cartesian coordinates of the MPW1PW91/6-31G*
optimized geometries for all species computed are given in
Supplementary Information, Table 1S. When used to model the
data or to calculate zero point energy (ZPE) corrections, the
MPW1PW91/6-31G* vibrational frequencies are pre-scaled by
a factor of 0.948 [51]. The pre-scaled vibrational frequencies
thus obtained for these systems are also listed in Supplementary
Information, Table 2S, while rotational constants for the geom-
etry optimized species are given in Table 3S. Single point
energy calculations were performed at the MPW1PW91/6-
311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels using the
MPW1PW91/6-31G* optimized geometries. ZPE and basis set
superposition errors (BSSE) corrections are included in the cal-
culated site-specific proton affinities and in relative energies of
the dissociation products in the full counterpoise approximation
[52,53]. These results are listed in Tables 1–4.

2.3. Thermochemical analysis

The threshold region of the CID cross-section of protonated
indole is modeled using the following equation:

σ(E) = σ0
∑

igi(E + Ei − E0)n

E
(1)

where σ0 is an energy-independent scaling factor, E the relative
translational energy of the reactants, E0 the threshold for reaction
of the ground electronic and ro-vibrational state, and n is an
adjustable parameter that describes the efficiency of collisional
energy transfer [54]. The summation is over the ro-vibrational
states of the reactant ions, i, where Ei is the excitation energy of
each ro-vibrational state and gi is the population of those states
i

eflected by σ0 and n, is assumed to be equivalent.
The Beyer–Swinehart algorithm [55] is used to evaluate the

ensity of ro-vibrational states, and the relative populations,
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Table 1
Site-specific proton affinities of indole at 0 K in kJ/mol

Site of protonation MPW1PW91a MP2(full)b Literature values

Eea E0
a,c E0,BSSE

a,d Eeb E0
b,c E0,BSSE

b,d Theorye Experimentf

N1 867.3 832.6 831.5 851.2 816.5 807.5 823.0
C2 899.2 868.9 868.1 857.3 827.0 819.2 869.0
C3 924.3 892.8 892.2 900.4 868.9 861.0 888.7 933.4 (16.8)
C4 887.8 858.4 857.8 850.2 820.7 813.5 856.5
C5 887.4 858.2 857.7 849.1 820.0 812.8 855.2
C6 890.3 861.2 860.7 848.7 819.6 812.5 858.6
C7 875.9 846.4 845.9 840.4 810.9 803.8 844.7
C8 825.8 796.5 795.7 785.7 756.4 748.2 <795.0
C9 825.5 797.2 796.5 787.0 758.7 750.6 <795.0

a Calculated at the MPW1PW91/6-311+G(2d,2p)//MPW1PW91/6-31G* level of theory.
b Calculated at the MP2(full)/6-311+G(2d,2p)//MPW1PW91/6-31G* level of theory.
c Including ZPE corrections.
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Table 3
Relative stabilities (kJ/mol) of the transition states, intermediates, and products
involved in the isomerization of C6H5CH2

+ and C7H7
+ at 0 K
d Also includes BSSE corrections.
e Calculated at the B3LYP/6-31G*//B3LYP/6-31G* level including ZPE corr
f Ref. [58].

i, are calculated by an appropriate Maxwell–Boltzmann dis-
ribution at 298 K, the internal temperature of the reactants. The
ibrational frequencies of protonated indole are determined from

ensity functional theory calculations as discussed in Section
.2. The average vibrational energy at 298 K of the various pro-
onated indole tautomers, TSs, Ints, and products involved in the

able 2
elative stabilities (kJ/mol) of protonated indole and the transition states, inter-
ediates, and products involved in the activated dissociation of protonated indole

t 0 K

pecies MPW1PW91a MP2(full)b

Eea E0
a,c Eeb E0

b,c

ndole C3H+ 0.0 0.0 0.0 0.0
S1A, TS1B 134.0 124.4 129.8 120.3
S1C 302.9 282.8 309.8 289.7
S1D 302.9 282.8 309.8 289.7

nt1A, Int1B 98.9 95.6 113.4 110.2
nt1C 210.4 201.6 231.8 223.1
nt1D 210.4 201.6 231.8 223.1
S2A, TS2B 149.5 139.2 154.8 144.5
S2C 412.8 395.5 394.0 376.7
S2D 383.1 370.7 420.0 407.6

nt2A, Int2B 98.5 96.3 114.7 112.5
nt2C 238.4 229.2 205.4 196.2
nt2D 145.8 134.9 117.0 106.0
S3A, TS3B 235.6 227.7 235.0 227.1
S3D 406.9 382.8 427.0 402.9

nt3A, Int3B 210.6 203.7 210.0 203.1
nt3D 244.5 227.2 202.0 184.8
S4A 305.4 284.9 318.8 298.2
S4B 413.4 391.8 429.5 407.9

nt4A 145.8 134.9 117.0 106.0
nt4B 244.5 227.2 202.0 184.8

6H5CH2
+ + HNC 345.4 321.6 329.2 305.4

6H5CH2
+ + HCN 286.1 264.2 254.1 232.2

a Calculated at the MPW1PW91/6-311+G(2d,2p)//MPW1PW91/6-31G*
evel of theory.

b Calculated at the MP2(full)/6-311+G(2d,2p)//MPW1PW91/6-31G* level of
heory.

c Including ZPE corrections.

Species MPW1PW91a MP2(full)b

Eea E0
a,c Eeb E0

b,c

C6H5CH2
+ 0.0 0.0 0.0 0.0

TS1E 424.8 407.5 451.8 434.5
TS1F 245.0 236.1 259.7 250.8
Int1E 179.0 179.0 102.8 102.7
Int1F 227.8 219.1 236.2 227.5
TS2E 253.2 244.5 250.0 240.9
TS2F 285.3 271.7 299.5 285.9
C7H7

+ −42.7 −38.1 −46.7 −42.1

a Calculated at the MPW1PW91/6-311+G(2d,2p)//MPW1PW91/6-31G*
level of theory.
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b Calculated at the MP2(full)/6-311+G(2d,2p)//MPW1PW91/6-31G* level of
heory.

c Including ZPE corrections.

ctivated dissociation of protonated indole are given in Table 2S.
ncertainties in the vibrational energies are estimated by scaling
he vibrational frequencies by ±10%. The corresponding change
n the average vibrational energy is assumed to be an estimate
f one standard deviation in the uncertainty in the vibrational
nergy, Table 2S.

able 4
elative stabilities (kJ/mol) of the transition states, intermediates, and products

nvolved in the isomerization of HCN and HNC at 0 K

pecies MPW1PW91a MP2(full)b

Eea E0
a,c Eeb E0

b,c

NC 0.0 0.0 0.0 0.0
S1G 138.2 125.8 146.4 134.0
CN −59.3 −57.4 −75.1 −73.2

a Calculated at the MPW1PW91/6-311+G(2d,2p)//MPW1PW91/6-31G*
evel of theory.

b Calculated at the MP2(full)/6-311+G(2d,2p)//MPW1PW91/6-31G* level of
heory.

c Including ZPE corrections.
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The experimental cross-section for the interaction of proto-
nated indole with Xe is shown in Fig. 4. The only dissociation
pathway observed over the range of collision energies examined
here (0–12 eV) corresponds to elimination of HCN in the CID

Fig. 4. Cross-section for the collision-induced dissociation of the protonated
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ndole with Xe as a function of collision energy in the center-of-mass frame
lower x-axis) and laboratory frame (upper x-axis). Data for (C6H5CH2)+ prod-
ct channel are shown for a Xe pressure of 0.2 mTorr.

eaction 2.

+ (indole) + Xe → C6H5CH2
+ + HCN + Xe (2)

he C6H5CH2
+ product cross-section slowly rises from an

pparent threshold of ∼4.9 eV to a maximum cross-section
f ∼0.5 Å2 at a collision energy of 11 eV. The same reaction
athway was previously observed in high-energy collision acti-
ated dissociation (CAD) of protonated indole. However, under
igh-energy CAD conditions additional dissociation pathways
ecome available to protonated indole and lead to a richer CAD
pectrum [57]. Because the CID of protonated indole is only
robed mass spectrometrically, it is unclear from the experi-
ental data whether the products are formed as C6H5CH2

+ or
7H7

+ and HCN or HNC. Thus, the theoretical results will be
sed to guide appropriate interpretation of the experimental data.

.2. Theoretical results

Theoretical structures for neutral indole, the protonated tau-
omers of indole, and the transition states, intermediates, and
roducts involved in the activated dissociation of protonated
ndole and isomerization of the dissociation products were cal-
ulated as described in Section 2.2. Energetics for these species
ere obtained from single point energy calculations at the
PW1MP91/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p)

evels of theory using the MPW1MP91/6-31G* optimized struc-
ures. The site-specific proton affinities (PAs) of indole are
ummarized in Table 1 along with calculated and measured val-
es previously reported in the literature [11,58]. The relative
tabilities of the ground state tautomer of protonated indole, and
he transition states, intermediates, and products involved in the
ctivated dissociation pathway to eliminate HCN (or HNC) are
392 Z. Yang et al. / International Journal of

The dissociation of ions becomes slower as the size of the
reactant ion increases and as the critical energy needed to bring
about dissociation increases. This leads to an increased proba-
bility that dissociation does not occur on the experimental time
scale, ∼10−4 s for the experiments performed here. All CID
processes that are faster than this are observed. However, as the
lifetime of the energized ion approaches this limit, the apparent
CID threshold shifts to higher energies, leading to a kinetic shift.
The kinetic shift is quantified and corrected for in our analysis
by including statistical theories for unimolecular dissociation,
specifically Rice–Ramsperger–Kassel–Marcus (RRKM) theory,
in Eq. (1) as described in detail elsewhere [42,56]. This requires
sets of ro-vibrational frequencies appropriate for the energized
ions and the transition states (TSs) leading to dissociation. In
the present work, four distinct activated dissociation pathways
(A–D) are computed for protonated indole, where each dissoci-
ation pathway is complex and involves multiple TSs and Ints.
The rate of unimolecular dissociation of protonated indole is
thus determined by the rate-limiting (highest energy) TS along
the reaction pathway. This corresponds to a tight transition state
(TTS) in all cases except dissociation pathway A computed at the
MPW1PW91 level of theory, where the dissociation asymptote
lies higher in energy than the highest energy TS. Thus, this latter
dissociation pathway is also fit assuming a loose PSL TS model
[42]. The molecular parameters of the reactant and rate-limiting
TSs are derived from theoretical calculations as described in
Section 2.2 and are summarized in Tables 2S and 3S.

Eq. (1) is convoluted with the kinetic and internal energy dis-
tributions of the reactants and a nonlinear least-squares analysis
of the data is performed to give optimized values for the param-
eters σ0, E0, and n. Uncertainties in E0 and E0(TTS) or E0(PSL)
are determined from the range of threshold values for the eight
zero-pressure-extrapolated data sets, variations associated with
the vibrational frequencies (scaling as discussed above), and the
error in the absolute energy scale, 0.05 eV (lab). For analyses
that included the RRKM lifetime analysis, the uncertainties in
the reported E0(TTS) or E0(PSL) values also include the effects
of increasing and decreasing the time assumed available for
dissociation by a factor of 2.

Eq. (1) explicitly includes the internal energy of the reaction
ion, Ei. All energy available is treated statistically because the ro-
vibrational energy of the reactant ion is redistributed throughout
the ion upon impact with the collision gas, Xe. The thresh-
old energies for the activated dissociation of protonated indole
determined by analysis with Eq. (1), E0(TTS), correspond to
the activation energy, Eact, for this dissociation process at 0 K,
while the E0(PSL) threshold provides the �H0 for activated
dissociation of protonated indole.

3. Results

3.1. Cross-section for collision-induced dissociation
isted in Table 2. The potential energy landscapes including both
ptimized structures and the corresponding relative energies of
he species involved in the activated dissociation of protonated
ndole are also shown in Figs. 5–8.
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Fig. 5. Potential energy landscape at 0 K for pathway A leading to the
elimination of HNC from protonated indole. Energies are relative to the reac-
tant (C3-protonated indole), and taken from theoretical calculations at the
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Fig. 7. Potential energy landscape at 0 K for pathway C leading to the
elimination of HCN from protonated indole. Energies are relative to the reac-
tant (C3-protonated indole), and taken from theoretical calculations at the
M
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C
u

P2(full)/6-311+G(2d,2p) (blue line) and MPW1PW91/6-311+G(2d,2p) (red
ine) levels of theory using the MPW1PW91/6-31G* optimized geometries and
ncluding ZPE and BSSE corrections (Table 2).

.2.1. Site-specific proton affinities of indole
The MPW1MP91/6-311+G(2d,2p) and MP2(full)/6-

11+G(2d,2p) calculated site-specific PAs of indole are listed
n Table 1. Stable proton binding modes are found for all ring
ites, N1 and C2–C9. In all cases the absolute PAs calculated
t the MPW1PW91 level of theory exceed the MP2 values.
he average difference in the MPW1PW91 and MP2 PAs is
1.9 ± 8.6 kJ/mol. In contrast, the relative site-specific PAs
etermined using these theories are very parallel for all sites

xcept N1 and C3, where smaller differences in the computed
PW1PW91 and MP2(full) PAs are found for the N1 and
3 sites, 24.0 and 31.2 kJ/mol, respectively. When these two
alues are excluded, the average difference in the computed

ig. 6. Potential energy landscape at 0 K for pathway B leading to the
limination of HCN from protonated indole. Energies are relative to the reac-
ant (C3-protonated indole), and taken from theoretical calculations at the

P2(full)/6-311+G(2d,2p) (blue line) and MPW1PW91/6-311+G(2d,2p) (red
ine) levels of theory using the MPW1PW91/6-31G* optimized geometries and
ncluding ZPE and BSSE corrections (Table 2).

3
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F
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M
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P2(full)/6-311+G(2d,2p) (blue line) and MPW1PW91/6-311+G(2d,2p) (red
ine) levels of theory using the MPW1PW91/6-31G* optimized geometries and
ncluding ZPE and BSSE corrections (Table 2).

As is slightly larger, while the standard deviation is smaller,
6.0 ± 2.4 kJ/mol. Although the absolute and relative PAs differ
omewhat between these two levels of theory, both find that the
ost favorable site for proton binding is at the C3 position. In

ddition, the PAs of the other sites in indole are calculated to
e at least 24.1 kJ/mol less favorable than C3. Thus, only the
3 protonated tautomer of indole tautomer should be generated
nder the experimental conditions employed here.
.2.2. Potential energy landscapes for activated
issociation of protonated indole

As discussed above, only a single activated dissociation path-
ay is observed in the low-energy CID of protonated indole.

ig. 8. Potential energy landscape at 0 K for pathway D leading to the
limination of HCN from protonated indole. Energies are relative to the reac-
ant (C3-protonated indole), and taken from theoretical calculations at the

P2(full)/6-311+G(2d,2p) (blue line) and MPW1PW91/6-311+G(2d,2p) (red
ine) levels of theory using the MPW1PW91/6-31G* optimized geometries and
ncluding ZPE and BSSE corrections (Table 2).
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o allow appropriate thermochemical analysis of the experi-
entally measured cross-section, the structures and molecular

arameters of the reactant ion and the rate-limiting TS leading
o dissociation must be determined. The calculated site-specific
roton affinities of indole indicate that the C3 protonated tau-
omer of indole is the most stable and thus its molecular
arameters are used to describe the reactant ion. To determine
he structure of the rate-limiting TS, we have also mapped out
our distinct theoretical potential energy landscapes for the uni-
olecular dissociation of protonated indole as summarized in
able 2 and shown in Figs. 5–8. In all cases, the activated dis-
ociation of protonated indole is complex and found to involve
everal sequential steps.

.2.2.1. Activated dissociation of protonated indole: pathway A.
he activated dissociation of protonated indole along pathway
is shown in Fig. 5. The first step along the reaction coordinate

nvolves proton-transfer isomerization, where the excess proton
igrates from the C3 to the C9 position via TS1A to produce

nt1A. The second step also involves proton-transfer isomeriza-
ion, where the proton migrates from the C9 to the C8 position
ia TS2A to produce Int2A. The third step involves N1–C8 bond
leavage resulting in opening of the pyrrolyl ring of indole via
S3A to produce Int3A. The fourth step involves proton trans-

er from C3 to C2 via TS4A to produce Int4A. Int4A dissociates
moothly into C6H5CH2

+ and HNC upon cleavage of the C2–C3
ond with no barrier in excess of the endothermicity of dissoci-
tion, as shown in the relaxed potential energy scan of Fig. 9.

As can be seen in Fig. 5, the MPW1PW91 and MP2 com-
utational methods give very similar shapes for the potential
nergy landscape. However, MP2 results suggest that Int1A,
nt2A, and TS4A are less stable, while Int4A and the products are

ore stable than found using MPW1PW91 theory. Most signif-

cantly the MP2 activation energy is 13.3 kJ/mol larger, while
he enthalpy of dissociation is 32.7 kJ/mol lower than found at
he MPW1PW91 level of theory.

ig. 9. Relaxed potential energy scan at 0 K for dissociation of Int4A along
he C2–C3 bond. Energies are relative to Int4A, and taken from theoretical
alculations at the MPW1PW91 level of theory.
ass Spectrometry 265 (2007) 388–400

3.2.2.2. Activated dissociation of protonated indole: pathway B.
The activated dissociation of protonated indole along pathway
B is shown in Fig. 6. The first three steps along this dissocia-
tion pathway are the same as that found for pathway A (i.e., the
first three TSs and Ints are the same). Dissociation pathway B
differs from pathway A in that the fourth step involves proton
transfer from N1 to C3 followed by cleavage of the C2–C3 bond
via TS4B to produce Int4B. Because Int4B is a simple electrostat-
ically bound ion–molecule complex between C6H5CH2

+ and
HCN it dissociates smoothly to the products via a loose TS with
no barrier in excess of the endothermicity of dissociation. Thus,
the ionic product formed along pathway B is the same as that
found for pathway A, C6H5CH2

+, however, the neutral prod-
uct differs, and is HCN rather than HNC. As can been seen in
Fig. 6, the MPW1PW91 and MP2 computational methods again
give similar shapes to the potential energy landscape. However,
MP2 results suggest that Int1B, Int2B, and TS4B are less stable,
while Int4B and the products are more stable than found using
MPW1PW91 theory. Similar to that found for pathway A, the
MP2 activation energy is larger than found at the MPW1PW91
level of theory, by 16.1 kJ/mol.

3.2.2.3. Activated dissociation of protonated indole: pathway
C. The activated dissociation of protonated indole along path-
way C is shown in Fig. 7. The first step along the reaction
coordinate involves proton-transfer isomerization, where the
proton migrates from the N1 to the C8 position via TS1C to
produce Int1C. The second step involves C2–C3 bond cleavage
resulting in opening of the pyrrolyl ring of indole via TS2C, fol-
lowed by N1–C8 bond cleavage to produce Int2C. Int2C is again
a simple electrostatically bound ion–molecule complex between
C6H5CH2

+ and HCN and dissociates to the products via a loose
TS with no barrier in excess of the endothermicity of dissocia-
tion. While the energetics for pathway C differs from that found
for B, both the ionic and neutral products formed along these
dissociation pathways are the same.

As can be seen in Fig. 7, the MPW1PW91 and MP2 compu-
tational methods again give very similar shapes for the potential
energy landscape. However, MP2 results suggest that TS1C and
Int1C are less stable, while TS2C, Int2C, and the products are
more stable than found using MPW1PW91 theory. In contrast
to that found for pathways A and B, the MP2 activation energy is
18.8 kJ/mol lower than found at the MPW1PW91 level of theory.

3.2.2.4. Activated dissociation of protonated indole: pathway
D. The activated dissociation of protonated indole along path-
way D is shown in Fig. 8. The first step along this dissociation
pathway is the same as that found for pathway C (i.e., the first TS
and Int are the same). The second step involves proton migra-
tion from C2 to N1, resulting in lengthening of the N1–C8 bond
via TS2D, followed by cleavage of the N1–C8 bond resulting
in opening of the pyrrolyl ring of indole to produce Int2D. The
third step involves proton transfer from N1 to C2 via TS3D,

followed by C2–C3 bond cleavage to produce Int3D. Int3D is
again a simple electrostatically bound ion–molecule complex
between C6H5CH2

+ and HCN and dissociates to the products
via a loose TS with no barrier in excess of the endothermicity
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Fig. 11. Potential energy landscape at 0 K for pathway F leading to the iso-
merization of C6H5CH2

+ and C7H7
+. Energies are relative to the C6H5CH2
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moiety, and taken from theoretical calculations at the MP2(full)/6-311+G(2d,2p)
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f dissociation. Again, although the energetics for pathway D
iffers from that found for B and C, both the ionic and neutral
roducts formed along these three pathways are the same.

As can be seen in Fig. 8, the MPW1PW91 and MP2 computa-
ional methods give very similar shapes for the potential energy
andscape. However, MP2 results suggest that TS1D, TS2D, TS3D
nd Int1D are less stable, while Int2D, Int3D, and the products are
ore stable than found using MPW1PW91 theory. Both theories
nd similar energies for TS2D and TS3D. However, MPW1PW91

heory suggests that TS3D is the rate-limiting TS, while MP2 the-
ry suggests that TS2D is rate limiting. As found for pathways

and B, the MP2 activation energy is 24.8 kJ/mol larger than
ound at the MPW1PW91 level of theory.

The potential energy landscapes computed here for the dis-
ociation of protonated indole suggest that the ionic product
nitially formed is always C6H5CH2

+, while the neutral product
s HNC along one pathway, and HCN for the three other path-
ays. However, the initial products may be formed with enough

nternal energy to isomerize. Thus potential energy landscapes
or the isomerization of both the ionic (C6H5CH2

+ to C7H7
+)

nd neutral products (HCN and HNC) were also computed.

.2.2.5. Isomerization of the ionic product (C6H5CH2
+ ver-

us C7H7
+). Both MPW1PW91 and MP2 theories find that

he benzyl cation, C6H5CH2
+, is less stable than the tropyllium

ation, C7H7
+, by 38.1 and 42.1 kJ/mol, respectively. Thus, the

somerization of the initially formed C6H5CH2
+ should be ther-

odynamically favorable so long as it is formed with sufficient
nternal energy to undergo isomerization. We found two distinct
athways for isomerization of C6H5CH2

+ and C7H7
+ (Table 3

nd Figs. 10 and 11). The isomerization of C6H5CH2
+ along
athway E is shown in Fig. 10. The first step involves insertion
f the benzyl CH2 group into the ring via TS1E to produce Int1E.
n the second step, Int1E undergoes a change in conformation
ollowed by proton-transfer isomerization from the CH2 moiety

ig. 10. Potential energy landscape at 0 K for pathway E leading to the iso-
erization of C6H5CH2

+ and C7H7
+. Energies are relative to the C6H5CH2

+

oiety, and taken from theoretical calculations at the MP2(full)/6-311+G(2d,2p)
blue line) and MPW1PW91/6-311+G(2d,2p) (red line) levels of theory using
he MPW1PW91/6-31G* optimized geometries and including ZPE corrections
Table 3).
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blue line) and MPW1PW91/6-311+G(2d,2p) (red line) levels of theory using
he MPW1PW91/6-31G* optimized geometries and including ZPE corrections
Table 3).

o the adjacent carbon having no hydrogen atoms attached via
S2E to produce C7H7

+. TS1E is found to be the rate-limiting TS
nd lies 407.5 and 434.5 kJ/mol above the C6H5CH2

+ moiety at
he MPW1PW91 and MP2 levels of theory, respectively. The iso-

erization of C6H5CH2
+ along pathway F is shown in Fig. 11.

he first step involves proton migration from the CH2 moiety to
1 via TS1F resulting in insertion of the CH into a symmetric
is-six-membered ring structure, Int1F. This intermediate dis-
orts to accommodate insertion of both CH groups into a single
even-membered ring via TS2F to produce C7H7

+. TS2F is found
o be the rate-limiting TS along pathway F and lies 271.7 and
85.9 kJ/mol above the C6H5CH2

+ moiety at the MPW1PW91
nd MP2 levels of theory, respectively. Therefore, pathway F is
nergetically favored over pathway E. The computed AEs for
he isomerization of C6H5CH2

+ exceed the difference in energy
etween the rate-limiting TS and the dissociation products for
ll four dissociation pathways computed. Thus, at threshold the
6H5CH2

+ product ion will not have sufficient internal energy
o isomerize. However, at sufficiently high collision energies,
somerization may occur.

.2.2.6. Isomerization of the neutral product (HCN versus
NC). Both MPW1PW91 and MP2 theories find that HNC is

ess stable than HCN, by 57.4 and 73.2 kJ/mol, respectively.
hus, the isomerization of the initially formed HNC along path-
ay A should be thermodynamically favorable so long as it is

ormed with sufficient internal energy to undergo isomerization.
he isomerization of HCN and HNC along pathway G is sum-
arized in Table 4 and shown in Fig. 12. The isomerization is a

ingle step process involving proton migration between the C and
atoms via TS1G. TS1G lies 125.8 and 134.0 kJ/mol above the
NC moiety, and 183.2 and 207.2 kJ/mol above the HCN moi-
ty at the MPW1PW91 and MP2 levels of theory, respectively.
gain, the computed AEs for the isomerization of HNC and
CN exceed the difference in energy between the rate-limiting
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Fig. 12. Potential energy landscape at 0 K for pathway G leading to the iso-
merization of HNC and HCN. Energies are relative to the HNC moiety, and
taken from theoretical calculations at the MP2(full)/6-311+G(2d,2p) (blue
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Fig. 13. Zero-pressure-extrapolated cross-section for collision-induced disso-
ciation of protonated indole with Xe in the threshold region as a function of
kinetic energy in the center-of-mass frame (lower x-axis) and laboratory frame
(upper x-axis). The solid line shows the best fit to the data using a TTS model
(based on the calculated rate-limiting TS ) convoluted over the neutral and ion
k
s
w

T
a
b
[
T
s
p
o
o
1

3

e
g
d
A

T
F

S

N
P
P
P
P
P
P

ine) and MPW1PW91/6-311+G(2d,2p) (red line) levels of theory using the
PW1PW91/6-31G* optimized geometries and including ZPE corrections

Table 4).

S and the dissociation products for all four dissociation path-
ays computed. Thus, at threshold the HNC (HCN) product
ill not have sufficient internal energy to isomerize. However,

t sufficiently high collision energies, isomerization may occur.

.3. Threshold analysis

The threshold region for reaction 2 in protonated indole was
nalyzed along each of the four dissociation pathways computed
sing the model of Eq. (1). The results of these analyses are
ummarized in Table 5. In all cases, good reproduction of the
ata is obtained over an energy range extending up to 9.0 eV. A
hreshold energy of 6.10 ± 0.22 eV is determined when RRKM
ifetime effects are not included. The threshold energies deter-

ined when lifetime effects are included are sensitive to the
S used to model the data, and vary between 3.72 ± 0.14 and
.17 ± 0.16 eV for the various TTS models, and is much larger
or the loose PSL TS model, 4.84 ± 0.15 eV The zero-pressure-

xtrapolated CID cross-section and fit to the experimental data
sing a TTS model corresponding to pathway B for the interac-
ion of protonated indole with Xe is shown in Fig. 13, results for
ll other fits are very similar. Previous work has shown that such a

fi
a
u
t

able 5
itting parameters of Eq. (1), threshold dissociation energies at 0 K, and entropies of

pecies σ0 n E0

o RRKM analysis 0.4 (0.1) 1.4 (0.1) 6.1
athway A, PSL TS 0.5 (0.1) 1.4 (0.1) 4.8
athway A, TS4A TTS 0.6 (0.1) 1.3 (0.1) 3.9
athway B, TS4B TTS 0.6 (0.1) 1.2 (0.1) 3.8
athway C, TS2C TTS 0.6 (0.1) 1.2 (0.1) 3.8
athway D, TS3D TTS 0.5 (0.1) 1.4 (0.1) 4.1
athway D, TS2D TTS 0.7 (0.2) 1.2 (0.1) 3.7

a Uncertainties are listed in parentheses.
4B

inetic and internal energy distributions. The dashed line shows the model cross-
ections in the absence of experimental kinetic energy broadening for reactants
ith an internal energy corresponding to 0 K.

TS model provides an accurate assessment of the kinetic shift
nd threshold energy for CID processes that involve covalent
ond cleavage/formation reactions in which TTSs are involved
43,44]. Similarly, previous work has shown that a loose PSL
S model provides the most accurate assessment of the kinetic
hift and threshold energy for CID processes that involve sim-
le bond cleavage reactions that exhibit no barrier in excess
f the endothermicity of dissociation [42]. Thus, dissociation
f protonated indole exhibits a large kinetic shift in excess of
.26 eV.

.3.1. Threshold analysis along pathway A
Both MPW1PW91 and MP2(full) theories find that TS4A

xhibits the largest barrier. However, MPW1PW91 theory sug-
ests that this barrier lies below the C6H5CH2

+ and HNC
issociation asymptote. Thus, based upon dissociation pathway
, the experimental data was fit in two different ways. In the

rst case, it is assumed that TS4A lies below the dissociation
symptote as found by MPW1PW91 theory, and the data is fit
sing a loose PSL TS model. In the second case, it is assumed
hat TS4A lies above the dissociation asymptote as found by

activation at 1000 K of protonated indolea

(eV) Kinetic shift (eV) �S†(TS) (J K−1 mol−1)

0 (0.22) – –
4 (0.15) 1.26 111.6 (4.7)
9 (0.13) 2.11 3.4 (0.2)
3 (0.14) 2.27 8.1 (0.6)
0 (0.16) 2.30 20.5 (0.5)
7 (0.16) 1.93 55.1 (0.3)
2 (0.14) 2.38 6.3 (0.6)
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MP2 theory, and is therefore the rate-determining step for acti-
vated dissociation of protonated indole. Thus, a TTS based upon
TS4A is also used to model the experimental data. As can be seen
in Table 5, fits to the data using a loose PSL model provide a
threshold energy of 4.84 ± 0.15 eV, while the TTS model using
the parameters of TS4A determine a much lower threshold of
3.99 ± 0.13 eV.

3.3.2. Threshold analysis along pathway B
Both MPW1PW91 and MP2(full) theories find that TS4B

exhibits the largest barrier. As the highest energy barrier, TS4B
is the rate-determining step for activated dissociation of proto-
nated indole. In addition, TS4B lies higher in energy than the
dissociation products. Therefore, the molecular parameters of
TS4B are used to model the TS to correct for the kinetic shift
in the measured cross-section. As summarized in Table 5, a fit
to the experimental data using a TTS model based upon TS4B
provides a threshold energy of 3.83 ± 0.14 eV.

3.3.3. Threshold analysis along pathway C
Both MPW1PW91 and MP2(full) theories find that TS2C

exhibits the largest barrier. In addition, this TS lies higher in
energy than the dissociation products. Thus, based upon disso-

ciation pathway C, the experimental data was fit using a TTS
based upon TS2C. As summarized in Table 5, a fit to the exper-
imental data using this model provides a threshold energy of
3.80 ± 16 eV.

Table 6
Activation energies at 0 and 298 K and activation free energies at 298 K for activate

Method �H0 �H298 − �H0

Pathway A, Indole C3H+ → C6H5CH2
+ + HNC, PSL TS

TCID 467.0 (14.5) 8.0 (1.0)
MPW1PW91 318.3 8.0 (1.0)
MP2 285.6 8.0 (1.0)

Pathway A, Indole C3H+ → C6H5CH2
+ + HNC, TS4A TTS

TCID 384.8 (12.9) 5.8 (0.7)
MPW1PW91 284.9 5.8 (0.7)
MP2 298.2 5.8 (0.7)

Pathway B, Indole C3H+ → C6H5CH2
+ + HCN, TS4B TTS

TCID 369.7 (13.3) 3.7 (2.7)
MPW1PW91 391.8 3.7 (2.7)
MP2 407.9 3.7 (2.7)

Pathway C, Indole C3H+ → C6H5CH2
+ + HCN, TS2C TTS

TCID 366.6 (15.4) 4.6 (0.5)
MPW1PW91 395.5 4.6 (0.5)
MP2 376.7 4.6 (0.5)

Pathway D, Indole C3H+ → C6H5CH2
+ + HCN, TS3D TTS

TCID 402.4 (15.4) 7.4 (2.8)
MPW1PW91 382.8 7.4 (2.8)
MP2 402.9 7.4 (2.8)

Pathway D, Indole C3H+ → C6H5CH2
+ + HCN, TS2D TTS

TCID 358.9 (13.5) 7.4 (2.8)
MPW1PW91 370.7 7.4 (2.8)
MP2 407.6 7.4 (2.8)

Thermal corrections computed at the MPW1PW91/6-31G* level with frequencie
determined by 10% variation in the molecular constants, and a factor of two in the f

a Uncertainties are listed in the parentheses.
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3.3.4. Threshold analysis along pathway D
MPW1PW91 theory finds that TS3D exhibits the largest bar-

rier, while MP2 theory suggest that TS2D exhibits the largest
barrier. In both cases, these TSs lie higher in energy than the
dissociation products. Thus, based upon dissociation pathway
D, the experimental data was fit using a TTS based upon both
TS2D and TS3D. As summarized in Table 5, fits to the experi-
mental data based upon TS2D and TS3D determined threshold
energies of 3.72 ± 0.14 and 4.17 ± 0.16 eV, respectively.

3.3.5. Entropy of activation
The entropy of activation, �S† is a measure of the tightness

(looseness) of the TS and also a reflection of the complexity
of the system. It is determined from the molecular parame-
ters used to model the energized ion and TS for dissociation,
but also depends upon the threshold energy. The �S†(TS) at
1000 K determined for the dissociation of protonated indole
varies with the TS used to model the data. When a TTS
model is used, �S†(TS) is smaller and varies between 3.4 and
55.1 J K−1 mol−1. In contrast, a much larger �S†(TS) is found
for the loose PSL TS model, 111.6 J K−1 mol−1, as expected.

3.3.6. Conversion from 0 to 298 K

To allow comparison to commonly employed experimental

conditions, we convert the 0 K measured and calculated acti-
vation energies determined here to 298 K activation enthalpies
and free energies [42]. The enthalpy and entropy conversions are

d dissociation of protonated indole resulting in elimination of HCN in kJ/mola

�H298 T�S298 �G298

475.0 (14.5) 47.7 (0.2) 427.3 (14.5)
326.3 47.7 (0.2) 278.6
293.6 47.7 (0.2) 245.9

390.6 (12.9) 2.7 (1.8) 387.9 (13.0)
290.7 2.7 (1.8) 288.0
304.0 2.7 (1.8) 301.3

373.4 (13.6) 1.7 (0.8) 371.7 (13.6)
395.5 1.7 (0.8) 393.8
411.6 1.7 (0.8) 409.9

371.2 (15.4) 0.1 (0.3) 371.1 (15.4)
400.1 0.1 (0.3) 400.0
381.3 0.1 (0.3) 381.2

409.8 (15.7) 6.9 (2.7) 402.9 (15.9)
390.2 6.9 (2.7) 383.3
410.3 6.9 (2.7) 403.4

366.3 (13.8) 6.9 (2.7) 359.4 (14.0)
378.1 6.9 (2.7) 371.2
415.0 6.9 (2.7) 408.1

s scaled by 0.948. Uncertainties in the enthalpic and entropic corrections are
requencies below 150 cm−1.
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calculated using standard formulas (assuming harmonic oscil-
lator and rigid rotor modes) and the vibrational and rotational
constants determined for the MPW1PW91 optimized geome-
tries. Table 6 list the 0 and 298 K enthalpy, free energy, and
enthalpic and entropic corrections for the various dissociation
pathways computed. Uncertainties in the enthalpic and entropic
corrections are determined by 10% variation in the molecular
constants.

4. Discussion

4.1. Comparison of theory and experiment

The present results are the first direct measurement of the acti-
vation energy for elimination of HCN (or HNC) from protonated
indole. The threshold energy determined for this activated disso-
ciation pathway is sensitive to the model employed to describe
the rate-limiting TS. Thus, the results obtained based upon each
model are discussed independently.

4.1.1. Dissociation pathway A
When the PSL TS model is used to fit the experimental data,

a threshold energy of 467.0 ± 14.5 kJ/mol is obtained. When
modeled in this fashion, the threshold energy should correspond
to the enthalpy of dissociation, which is computed to be 318.3
and 285.6 kJ/mol, at the MPW1PW91 and MP2 levels of theory,
respectively. A much smaller threshold of 384.8 ± 12.9 kJ/mol
is determined when a TTS model based upon TS4A is used. In
this case, the threshold energy should correspond to the acti-
vation energy for dissociation, which is computed to be 284.9
and 298.2 kJ/mol at the MPW1PW91 and MP2 levels of theory,
respectively. In either case, the threshold energies determined
significantly exceed the computed values, suggesting that the-
ory significantly underestimates the activation energy for loss of
HCN along pathway A.

4.1.2. Dissociation pathway B
When a TTS model based upon TS4B is used to model the

experimental data, a threshold energy of 369.7 ± 13.3 kJ/mol is
obtained. This compares reasonably well with the MPW1PW91
and MP2 activation energies of 391.8 and 407.9 kJ/mol. The
difference in the measured and computed values, 22.1 and
38.2 kJ/mol, respectively is larger than the experimental uncer-
tainty, suggesting that if dissociation occurs along pathway B
that a somewhat higher level of theory is needed to accurately
describe the rate-limiting transition state, TS4B.

4.1.3. Dissociation pathway C
When a TTS model based upon TS2C is used to model the

experimental data, a threshold energy of 366.6 ± 15.4 kJ/mol is
obtained. This compares reasonably well with the MPW1PW91
and MP2 activation energies of 395.5 and 376.7 kJ/mol. The
difference in the measured and computed values is 28.9 and

10.1 kJ/mol, respectively. While the MPW1PW91 value still lies
outside of the experimental uncertainty, the MP2 value agrees
quite nicely. This suggests that if dissociation occurs along path-
way C that MP2 performs quite well, but that a somewhat larger
ass Spectrometry 265 (2007) 388–400

basis set is needed with the MPW1PW91 level of theory to
accurately describe the rate-limiting transition state, TS2C.

4.1.4. Dissociation pathway D
When a TTS model based upon TS3D is used to model the

experimental data, a threshold energy of 402.4 ± 15.4 kJ/mol is
obtained. This compares reasonably well with the MPW1PW91
and MP2 activation energies of 382.8 and 402.9 kJ/mol. The
difference in the measured and computed values is 19.6 and
0.5 kJ/mol, respectively. While the MPW1PW91 value still lies
outside of the experimental uncertainty, the MP2 value is in
excellent agreement. When a TTS model based upon TS2D is
used to model the experimental data, a threshold energy of
358.9 ± 13.5 kJ/mol is obtained. This again compares reason-
ably well with the MPW1PW91 and MP2 activation energies
of 370.7 and 407.6 kJ/mol. The difference in the measured and
computed values is 11.8 and 48.7 kJ/mol, respectively. Now, the
MPW1PW91 value is in good agreement with the measured
value, whereas the agreement for MP2 is rather poor. Thus the
agreement between theory and experiment is good to excellent
when TS3D is used to model the data, and somewhat less satisfac-
tory when TS2D is used, suggesting that TS3D is the rate-limiting
TS as suggested by MPW1PW91 theory.

Overall, it is clear that although pathway A is computed to
provide the lowest-energy pathway to dissociation, the energet-
ics do not exhibit reasonable agreement with the experimental
results. In contrast, pathways B–D all exhibit reasonable agree-
ment. Thus, the present results suggest that protonated indole
dissociates to produce C6H5CH2

+ and HCN at threshold.

4.2. Comparison with literature results

4.2.1. Site-specific proton affinities of indole
The protonation of indole was investigated in an earlier the-

oretical study [11]. Site-specific PAs were calculated for all
possible sites of indole at the B3LYP/6-31G* level of theory
with geometries optimized and ZPE corrections computed at
the same level of theory. In agreement with the present results,
C3 was found to be the most favorable proton-binding site. The
MPW1PW91/6-311+G(2d, 2p) and B3LYP/6-31G* values are
virtually identical, with a mean absolute deviation (MAD) of
2.9 ± 2.6 kJ/mol (for proton binding at N1 and C2–C7 as only
upper limits to the PAs at C8 and C9 were estimated), while
the MP2(full) values are lower but parallel the density func-
tional PAs. The largest deviation between the MPW1PW91 and
B3LYP values is found for the N1 proton affinity of indole,
8.5 kJ/mol. When the N1 PA is not included, the MAD between
MPW1PW91 and B3LYP PAs reduces to 1.9 ± 1.0 kJ/mol. It is
interesting to note that the estimated upper limits for the PAs at
C8 and C9 are nearly equal to the MPW1PW91 PAs, indicating
that the estimated upper limits are very good estimates. The mea-
sured PA of indole, 933.4 ± 16.8 kJ/mol [11,58] is larger than
the B3LYP [11], MPW1PW91, and MP2(full) calculated values.

Better agreement is found with the MPW1PW91 (892.2 kJ/mol)
and B3LYP (888.7 kJ/mol) values than for MP2(full) theory
(861.0 kJ/mol). The differences in the measured and calculated
PAs are larger than the experimental error in the measured PA,
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and suggest that a somewhat higher level of theory is needed
to accurately describe the structure and energetics of indole and
protonated indole.

In a previous study it was shown that in aqueous solution
protonation of indole occurs at the N1, C2, and C3 positions
with the C3-protonated tautomer being the most favorable and
predominant species present [59]. In contrast, the calculated gas
phase PAs for protonation at N1 and C2 are 60.7 and 24.1 kJ/mol
lower than the C3 PA using MPW1PW91 theory. Similarly,
the N1 and C2 PAs are 53.5 and 41.8 kJ/mol lower than the
C3 PA using MP2(full) theory. Because a Maxwell–Boltzmann
distribution at 298 K should be generated in our experiments,
the C3-protonated tautomer of indole should be the only form
produced in measurable quantities (>99.9%). Previous exper-
imental studies compared the CAD spectra of independently
generated C3-protonated indole by various methods with the
C8H8N+ ions obtained by protonation of indole. The resulting
CAD spectra were almost identical, indicating that protonation
of indole occurs solely at the C3 position in the gas phase [57]
in agreement with the present theoretical results.

4.2.2. Potential energy landscape for activated dissociation
of protonated indole

An earlier collision activation dissociation (CAD) study of
protonated indole suggested a possible mechanism for HCN
elimination via an open-chain intermediate [57]. An approxi-
mate potential energy profile for the reaction was also generated.
The overall rate-limiting step was believed to involve ring
opening of the heterocyclic counterpart of protonated indole.
The energy barrier for this process was estimated to be
>299.0 kJ/mol. For the three dissociation pathways leading to
elimination of HCN, B, C, and D, the ring-opening step is only
rate limiting for pathways C and D at the MPW1PW91 level
of theory. However in all cases, the rate-limiting TS exceeds
the lower bound previously estimated. The measured activation
energies along these pathways are also quite large and in excess
of 350 kJ/mol. Thus, the theoretical calculations performed here
predict a different rate-limiting TS and both theoretical and
experimental results indicate that the barrier to activated dis-
sociation of protonated indole is much higher in energy than the
lower bound previously estimated [57].

5. Conclusions

The kinetic energy dependence of the collision-induced dis-
sociation of protonated indole with Xe is examined in a guided
ion beam mass spectrometer. The only dissociation process
observed is loss of neutral HCN (or HNC). The threshold for
this process is determined after consideration of the effects
of the internal energy distribution of the reactant ions, multi-
ple collisions with Xe, and lifetime effects (using methodology
described in detail elsewhere) [42–44]. The site-specific proton
affinities of indole are calculated for all possible proton-binding
sites. The results indicate that the most favorable site for pro-

tonation is at C3. Energetics and insight into the structures
of the species involved in the activated dissociation of proto-
nated indole and theoretical estimates for the potential energy
ss Spectrometry 265 (2007) 388–400 399

landscape and activation energy are provided by theoretical
calculations of the relevant species at the MPW1PW91/6-
311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory
using the MPW1PW91/6-31G* optimized geometries. The
vibrational frequencies and rotational constants of the reactant
(C3-protonated indole) and rate-determining transition states
(PSL, TS4A, TS4B, TS2C, TS3D, and TS2D) are used for ther-
modynamic analysis of the experimental data. The experimental
threshold activation energies determined here exhibit very poor
agreement with the theoretical values derived from MPW1PW91
and MP2 theories along pathway A. Thus, it appears that the-
ory significantly underestimates the activation energy required
for elimination of HNC. In contrast, the experimental threshold
activation energies determined here are in reasonable agreement
with values derived for pathways B–D. MPW1PW91 theory sug-
gests that pathway D is most favorable, while MP2 suggests that
pathway C is the most favorable. Because definitive conclusions
about the accuracy of the computed dissociation pathways can-
not be assessed based upon the present results, a best estimate
for the activation energy of protonated indole (corresponding
to the average of the threshold energies obtained along these
pathways) of 374.4 ± 29.8 kJ/mol is recommended.
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