
Roaming-Mediated CH2NH Elimination from the Ionization
of Aromatic Ethylamines
Mengxing Zhang+,[a] Huijun Guo+,[b, c] and Lidong Zhang*[a]

1. Introduction

The McLafferty rearrangement is an extensively reported frag-
mentation reaction in mass spectrometry for cations bearing

a diverse range of functional groups. It involves g-hydrogen
transfer through a six-membered transition state before cleav-

age of the a–b bond.[1] This type of reaction was reported for

electron impact (EI) ionization of aliphatic acids with the for-
mation of a vinyl group in 1952.[2] More evidence for this rear-

rangement reaction was found with the decomposition of ion-
ized aliphatic aldehydes, ketones, esters, amides and other de-

rivatives with observation of elimination of vinyl hydrocar-
bons.[3–7] The origin of g-hydrogen transfer has been estab-
lished by extensive experiments involving deuterium and

heavy-atom labeling.[8–10] McLafferty proposed the electronic
mechanism for this type of rearrangement reaction,[11, 12] involv-

ing g-hydrogen transfer. This type of reaction was named after
him and has been reported generally for other chemical

systems.[13–20]

Aromatic ethylamines are fundamental chemical materials

and include phenethylamine-derived neurotransmitters.[21] Due

to their importance, extensive research has been carried out
on their photochemical and decomposition properties.[22–24]

Resonance-enhanced multiphoton ionization and vacuum ul-
traviolet (VUV) photoionization of aromatic ethylamines lead to

two decomposition channels,[23, 24] involving the elimination of
the neutral CH2NH fragment (@29 Da) and the formation of
CH2NH2

+ (m/z 30), respectively (Figure 1). The universal CH2NH

elimination pathway has been previously proposed to arise

from g-hydrogen transfer by the McLafferty rearrange-
ment.[23, 24] To test this, ab initio calculations have been per-

formed.[23] However, it was found the calculated appearance
energies (AEs) for the McLafferty mechanism were higher than

The ionization of aromatic ethylamines by photons or electrons
leads to elimination of CH2NH fragments, supposedly deriving

from the McLafferty rearrangement involving intramolecular g-

hydrogen transfer. Using tryptamine and phenethylamine as
examples, the results reported here suggest that the McLaffer-

ty mechanism is inadequate for interpreting the observations
of CH2NH elimination due to much higher calculated appear-
ance energy than experimentally measured values. Further-
more, by considering the roaming-mediated effect, the calcu-
lated appearance energy for the elimination of CH2NH frag-
ments is reduced and matches well with the experimental re-

sults and verifies the existence of roaming-mediated effect.
This effect could potentially be extended to explain the gener-

al CH2NH elimination of aromatic ethylamines. Due to the simi-

lar hydrogen transfer to that of the McLafferty mechanism, the
roaming-mediated effect was taken into account to suggest

a novel mechanism, termed the “roaming-modified McLafferty
rearrangement”, that explains the observations of CH2NH elimi-
nation in the ionization of aromatic ethylamines. This is a rea-
sonable modification of the McLafferty rearrangement
mechanism.

Figure 1. The decomposition channels of aromatic ethylamine radical
cations.
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experimental observations by approximately 1.0 eV, indicating
that this mechanism is not plausible for explaining the experi-

mental results, which motivated us to conduct this study.
The roaming mechanism has been newly reported as a pecu-

liar reaction pathway that bypasses the conventional saddle-
point transition state entirely.[25, 26] It has been clearly demon-
strated in several chemical reactions,[26–30] and furthermore is
now assumed to be somewhat general.[31, 32] It was validated in
the photodissociation of formaldehyde for the first time, in-

volving hydrogen “atom roaming” over a long range before
bonding with the other hydrogen atom, to give the closed-
shell products of H2 and CO, with the H2 formed with extreme-
ly high vibrational excitation.[26] Subsequently, the “radical

roaming” pathways were reported for the photodissociation
processes of acetaldehyde and in other chemical sys-

tems.[29, 30, 33–35] The roaming radical mechanisms derived from

the near-dissociation of a C@C bond[33, 35] suggest that similar
roaming reactions could exist in the photochemistry of aro-

matic ethylamines. Because the Ca@Cb bond in aromatic ethyla-
mine cations is weak, we anticipated seeing whether the

CH2NH2 radical roaming mechanism governs CH2NH elimina-
tion, involving g-hydrogen atom transfer.

In this study, we utilized synchrotron-based VUV photoioni-

zation mass spectrometry (SVUV PI MS) combined with ab ini-
tio calculations to search for evidence for a roaming-mediated

mechanism in the photoionization of aromatic ethylamines,
taking tryptamine and phenethylamine as examples. Due to

the similar chemical properties of these two molecules, the re-
action mechanisms corresponding to their decomposition

could be extended to a number of aromatic ethylamines. The

photoionization of the two molecules with SVUV light involves
a single-photon ionization process.[36–39] Additionally, the pho-

toionization efficiency (PIE) curves of the generated ions were
measured by tuning the photon energy continuously. Accord-

ing to the PIEs, the ionization energies (IEs) and AEs for domi-
nant fragment ions were determined.[36, 38] The diagnostic AE

values are key for discriminating the possible decomposition

mechanisms.[38, 40] Theoretical calculations were used to investi-
gate in some detail the proposed roaming-mediated CH2NH

elimination from tryptamine and phenethylamine cations.

2. Results and Discussion

Typical VUV photoionization mass spectra of tryptamine and
phenethylamine are shown in Figure 2. The photoionization of
these two molecules is a single-photon ionization process.[30]

Only molecular ions at m/z 160 and 121 were observed at
photon energies of 7.60 (Figure 2 a) and 7.50 eV (Figure 2 c), re-

spectively, arising from near-threshold photoionization. The ob-
served ion signals of m/z 131 at 8.50 eV (Figure 2 b) and m/z 92

at 11.00 eV (Figure 2 d) derive from the elimination of closed-

shell CH2NH fragments, which were confirmed by the EI/HR-
TOF MS. The signal of m/z 30 assigned to CH2NH2

+ was not

observed in the spectrum shown in Figure 2 b, because the for-
mation of CH2NH2

+ in the ionization of tryptamine requires

much higher photon energy than that of m/z 131.[41] Further-
more, the mass spectrum of phenethylamine at a photon

energy of 11.0 eV shows a highly intense signal of m/z 30

(CH2NH2
+), arising from direct Ca@Cb bond scission.

Figure 3 shows the PIE curves of ions upon changing the

photon energy continuously, based on which the adiabatic IEs

of tryptamine and phenethylamine molecules were determined
to be approximately 7.36 and 8.70 eV within the uncertainty of
:0.05 eV, respectively. Also, the ion signals of m/z 131, 92 and
30 exhibit sharp increases at approximately 8.22, 9.80 and
9.10 eV, which are assessed to be the AEs for C9H9N+ C, C7H8

+ C
and CH2NH2

+ , respectively. These signals are diagnostic for the
different possible decomposition mechanisms.[1] Comparatively,

the IE/AE values calculated with the G3B3 method[42] are in ac-
cordance with the measured values, as listed in Table 1. The

error in the calculated results is about 0.3 eV. Domelsmith et al.
reported IE values for tryptamine and phenethylamine of 7.69

and 8.50 eV,[22] respectively, which are close to the measure-

ments in this work.
Typically the aromatic ethylamine radical cations were pro-

posed to undergo CH2NH elimination to generate a McLaffer-
ty-type ion [M@CH2NH]+ C and CH2NH2

+ formation through Ca@
Cb bond breaking upon photon excitation.[1] We used the theo-
retical calculations of potential energy surfaces (PESs) at the

Figure 2. Typical VUV photoionization mass spectra of tryptamine (a and b)
and phenethylamine (c and d) at different photon energies.

Figure 3. The photoionization efficiency (PIE) curves for ions generated in
the ionization of tryptamine and phenethylamine. The curves were obtained
by integrating the area of each mass peak versus photon energy.
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G3B3 level of theory for this process to clarify the mechanism
of CH2NH elimination in the decomposition of photoionized

tryptamine and phenethylamine. Figure 3 displays the calculat-

ed stationary points on the PESs for CH2NH elimination pro-
cesses in the dissociation of tryptamine radical cation. Previous

works have revealed several conformational isomers of gas-
eous tryptamine, which could isomerize into each other by

overcoming low energy barriers.[43, 44] We used the G3B3
method to optimize the conformers of tryptamine and select

one representative, named RC1, to investigate its decomposi-

tion pathways. The energy of ground-state RC1 was taken as
zero, and the ionization energy for RC1 was calculated to be

7.33 eV, which is close to the experimental value of 7.36 eV, in-
dicating that the G3B3 method provides a sufficiently high

computational accuracy.
The typical McLafferty rearrangement mechanism is outlined

in Figure 4, and involves intramolecular g-hydrogen transfer via

a six-membered transition state (McL-TS1). The energy barrier
for this H-transfer process, calculated by the G3B3 method, is

estimated to be approximately 1.75 eV. At higher energy, the
length of the Ca@Cb bond increases greatly to 2.026 a in McL-

TS2, the breaking of which leads to the formation of C9H9N+ C
(PC1, m/z 131), accompanied by the loss of the CH2NH frag-

ment. The AE of C9H9N+ C along this pathway was calculated to

be 9.36 eV (McL-TS2). However, the diagnostic experimental

value is 8.22 eV, which is lower than the computed value by
nearly 1.14 eV, indicating that the McLafferty rearrangement

mechanism would be a poor interpretation of the experimen-

tal results.
We wondered whether an unknown alternative mechanism

to the McLafferty rearrangement was yet to be found for the
CH2NH elimination. Previous studies had suggested the roam-

ing radical mechanism for some cases. Hence, we supposed
that the CH2NH2 radical roaming-mediated g-hydrogen transfer

mechanism governs the primary CH2NH elimination, by mini-

mizing the energy barrier in the decomposition of aromatic
ethylamine cations. As such, the roaming effect involves the

CH2NH2 radical rotating to move the g-hydrogen in the NH2

group closer to the residual radical during Ca@Cb bond fission.

After the intramolecular hydrogen atom transfer (H shift) from
NH@H to Ca, the roaming-type ions, namely PC2 and PC4 (see

below), are produced in the cases of tryptamine and phene-

thylamine, respectively.
The calculation of stationary points on the PES for the roam-

ing-mediated CH2NH elimination was performed at the G3B3
level to provide further insights into the CH2NH2 radical roam-

ing pathway (red line in Figure 4). Typically, the length of the
Ca@Cb bond increases markedly to trigger the roaming of the

CH2NH2 group over a large scale (4.146 a in Roam-INT1). Fur-

thermore, the CH2NH2 group rotates around its C@N bond,
leading to the NH2 group moving close to the Ca position.

Whereas the g-H atom in NH2 group is close enough to the Ca

atom (1.550 a in Roam-TS1), the CH2NH residual fragment is
lost, accompanied by the H transfer to Ca, to give the product
PC2 (3-methylindole cation, m/z 131). The calculation shows

the CH2NH2 radical roaming in the region of 3–4 a.
We calculated the process of breaking the Ca@Cb bond in

the tryptamine cation at the LC-BLYP/6–311G(d,p) level,[45, 46] as

shown in Figure 5 a. Our calculation indicates that a dissociation
energy of approximately 1.73 eV (40.00 kcal mol@1) is required

to directly break the Ca@Cb bond, accompanied by the loss of
a CH2NH2 radical. However, the overall energy barrier for the

roaming-mediated Ca@Cb bond fission, which induces CH2NH

elimination, was computed to be 1.16 eV (26.85 kcal mol@1) rel-
ative to the RC1+ . It again suggests the tryptamine cation pre-

fers to undergo the CH2NH elimination along the proposed
roaming mechanism, which fits well with the experimental ob-

servation of m/z 131 prior to the signal of m/z 30.

Table 1. The experimentally measured and calculated IE/AE values in this work.

m/z Formula IE/AE[a] [eV] Ref. [eV][b] Calcd [eV][c] Neutral loss Mechanism

Tryptamine 160 C10H12N2
+ C 7.36 7.69 7.33 – –

131 C9H9N+ C 8.22 – 8.33 CH2NH roaming
9.36 McLafferty

Phenethylamine 121 C8H11N+ C 8.70 8.50 8.59 –
92 C7H8

+ C 9.80 – 9.66 CH2NH roaming
10.40 McLafferty

30 CH2NH2
+ 9.10 – 9.36 – –

[a] Experimental data with an uncertainty of :0.05 eV. [b] Ref. [19] . [c] Calculated using the G3B3 method.

Figure 4. Potential energy surfaces for the ionization–dissociation of trypta-
mine. Blue line: the representative McLafferty rearrangement pathway; red
line: the roaming pathway. The calculation was performed at the G3B3 level.
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The AE of C9H9N+ C in the roaming mechanism was comput-
ed to be 8.33 eV, which is in good agreement with the experi-
mental value of 8.22:0.05 eV. However, the AE value from the
McLafferty mechanism is estimated to be 9.36 eV, which is

much higher than the experimental observation. Conclusively,
the roaming-mediated mechanism works well to explain the

CH2NH elimination in the decomposition of tryptamine radical
cation.

Previous reports stated that the ionization of aromatic ethyl-

amines excited by photon or electron usually gives the frag-
ment CH2NH2

+ (m/z 30) by direct Ca@Cb scission.[40] In fact, the

ionization of tryptamine leads to a weak signal of m/z 30
(CH2NH2

+),[3] not shown in Figure 2. Calculation at the G3B3

level predicts the AE value of CH2NH2
+ C to be 9.23 eV, much

higher than that of C9H9N+ C in the roaming mechanism. This
indicates that the roaming-mediated CH2NH elimination path-

way governs the dissociation of the tryptamine cation.
Furthermore, CH2NH elimination was also observed in the

photoionization of phenethylamine (Figure 2). The IE value was
calculated to be 8.59 eV, close to the experimental value of

8.70 eV. Similarly, the McLafferty mechanism was proposed to
account for the CH2NH elimination in the decomposition of

the phenethylamine cation. We used the G3B3 method to
obtain further insight into the McLafferty mechanism (Figure 6,

blue line). The intramolecular g-hydrogen transfer occurs via
the six-membered transition state McL-TS3 and then the Ca@Cb

bond cleaves to give C7H8
+ C (PC3, m/z 92), accompanied by the

loss of CH2NH fragment. The AE for C7H8
+ C in this mechanism

was computed to be 10.40 eV, which is much higher than the

experimentally measured value of 9.80 eV, indicating that the
McLafferty mechanism is not the primary dissociation pathway.

As in the case of tryptamine, the mechanism involving roam-
ing is proposed to interpret the observation of CH2NH elimina-

tion in the decomposition of the phenethylamine cation. The
calculated results at the G3B3 level are shown in Figure 6 (red
line) for the proposed roaming-mediated CH2NH elimination.

As the length of the Ca@Cb bond increases, the Cb atom moves
far away from Ca (to a distance of 5.045 a in Roam-INT2). The

CH2NH2 radical roams over the long range of 3–5 a to move
the NH2 group close to Ca, accompanied by the CH2NH2 radical
rotating around the C@N bond. The g-H atom in the NH2

group is transferred to Ca to form PC4 (C7H8
+ C, m/z 92) while it

is close enough to Ca (1.311 a in Roam-TS2), followed by the
loss of CH2NH fragment. The AE for C7H8

+ C in this mechanism
is computed to be 9.66 eV, close to the experimental value of

9.80 eV. In conclusion, the proposed roaming-mediated mecha-
nism accounts for the observation of CH2NH elimination in the

ionization of phenethylamine.
We also calculated the process of breaking the Ca@Cb bond

in the phenethylamine cation (RC2+) at the LC-BLYP/6–

311G(d,p) level (Figure 5). The increase of the Ca@Cb bond
length of the phenethylamine cation leads to two parallel pat-

terns of Ca@Cb bond fission. The process of direct Ca@Cb bond
breaking requires energy of approximately 0.65 eV (15 kcal

mol@1). Additionally, the overall energy barrier for the roaming-
mediated Ca@Cb bond breaking, involving hydrogen transfer

Figure 5. The Ca@Cb bond breaking curves of a) tryptamine and b) phene-
thylamine cations; bond lengths are expressed in a. In addition to the direct
breaking of the Ca@Cb bond to generate the CH2NH2

+ fragment in the de-
composition of tryptamine and phenethylamine cations, the CH2NH2 group
roams in a large spatial region as the length of Ca@Cb bond increases. The
roaming effect brings the NH2 group closer to Ca. The calculation was per-
formed at the LC-BLYP/6-311G(d,p) level.

Figure 6. Potential energy surfaces for the ionization–dissociation of phen-
ethylamine. The RC2+ represents the phenethylamine cation. Blue line: the
McLafferty rearrangement pathway for CH2NH elimination; red line: the
roaming-mediated pathway. The calculation was performed at the G3B3
level.
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from NH2 group, was computed to be 0.86 eV (19.78 kcal
mol@1) relative to the RC2+ . The photoionization of phenethyl-

amine leads to a highly intense signal of m/z 30 assigned to
CH2NH2

+ (Figure 2 d), deriving from the direct fission of Ca@Cb

bond. The computed AE value of 9.36 eV for CH2NH2
+ is close

to the experimental observation of 9.10 eV (Figure 3). Further-

more, the calculated AE of 9.66 eV for C7H8
+ C in the roaming

pathway is higher than that of CH2NH2
+ , which is in good

agreement with the fact that the intensity of the ion at m/z 30

is higher than that of m/z 92 (Figure 3). The decomposition of
the phenethylamine cation involves Ca@Cb bond breaking to
generate CH2NH2

+ and CH2NH elimination is accompanied by
formation of C7H8

+ C. The roaming-mediated g-hydrogen trans-

fer mechanism governs the process of CH2NH elimination.
Previous research has suggested that the McLafferty rear-

rangement is responsible for CH2NH elimination in the ioniza-

tion of aromatic ethylamines.[1] Our study suggests that the
roaming-mediated g-hydrogen transfer explains well CH2NH

elimination in the dissociation of tryptamine and phenethyla-
mine cations. Furthermore, this mechanism is believed to be

general in the ionization of aromatic ethylamines. Concerning
the similar g-hydrogen transfer in a typical McLafferty rear-

rangement, we propose the roaming-modified McLafferty

mechanism for interpreting the CH2NH elimination, as depicted
in Figure 7, and believe this mechanism more consistent with

the observation of CH2NH elimination than the typical McLaff-
erty pathway under low-energy excitation.

3. Conclusions

CH2NH elimination was observed generally upon the ionization
of aromatic ethylamines. Tunable VUV PI MS and theoretical
calculations were used to elucidate a possible decomposition

mechanism for the elimination of the closed-shell CH2NH frag-
ment, selecting tryptamine and phenethylamine as representa-
tives. Previous studies have suggested the McLafferty rear-

rangement regulates the CH2NH elimination process in the de-
composition of aromatic ethylamines. However the present

work suggests that a roaming-mediated g-hydrogen transfer
mechanism for CH2NH elimination fits much better with experi-

mental observations. We term this reaction the “roaming-modi-

fied McLafferty mechanism” and believe it is general for the
ionization of aromatic ethylamines.

However, further efforts are needed to clarify the excited-
state dynamics of aromatic ethylamines to better understand

the roaming process. Other experiments, including infrared
multiphoton dissociation, state-selective and time-resolved

spectroscopy and ion imaging might be useful for fundamen-
tally understanding the dynamics of the roaming mechanism

for ionized aromatic ethylamines and related compounds. This
is the first study to report the roaming effect in the decompo-

sition of radical cations. Our results pave the way for probing
the nature and dynamics of the roaming mechanism in the dis-

sociation of gaseous ions.

Experimental Section

We utilized tunable SVUV radiation and ab initio methods to per-
form this study. The experiments were performed at the National
Synchrotron Radiation Laboratory (Hefei, China). The detailed de-
scription of experimental apparatus has been provided else-
where.[47–50] In brief, a monochromator was used to select the VUV
light with defined energy from an undulator in an 800 MeV elec-
tron storage ring, as the ionization source for the mass spectrome-
ter. A home-made reflection TOF mass spectrometer served as the
mass analyzer with microchannel plates as ion detectors. The gen-
erated ion currents were recorded and analyzed with a multiscaler.

The gaseous tryptamine molecules were generated by the
1064 nm infrared laser desorption (IR LD) technique with a Nd:YAG
laser.[48] In contrast, the experiments on phenethylamine were per-
formed using a molecular beam facility coupled to SVUV PI MS.[49]

Typically, the sample of phenethylamine was heated to 250 8C to
generate the gaseous sample stream in a stainless evaporator.
After dilution with argon, the gas mixture stream was introduced
into the ionization chamber (10@6 Torr) by a molecular beam
system.

Computational Methods

The geometric parameters for the stationary points on the dissoci-
ation PESs of tryptamine and phenethylamine were optimized at
the G3B3 level.[42] The intrinsic reaction coordinate calculations
were used to validate the energy profiles connecting transition
states and intermediates with designated reactants and products.
We used the LC-BLYP/6-311G(d,p) method to scan the PES for Ca@
Cb bond dissociation processes with 0.2 a intervals. All calculations
were performed with the Gaussian 09 program package.[51]

Acknowledgements

This research was supported by the National Key Scientific Instru-

ments and Equipment Development Program of China
(2012YQ22011305) and the Natural Science Foundation of China

(51676176 and 21373193).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: atom roaming · CH2NH elimination · ionization ·
McLafferty mechanism · synchrotron vacuum ultraviolet

radiation

[1] D. G. Kingston, J. T. Bursey, M. M. Bursey, Chem. Rev. 1974, 74, 215 – 242.
[2] G. P. Happ, D. W. Stewart, J. Am. Chem. Soc. 1952, 74, 4404 – 4408.

Figure 7. Roaming-modified McLafferty rearrangement for CH2NH elimina-
tion in the ionization of aromatic ethylamines.

ChemistryOpen 2017, 6, 40 – 45 www.chemistryopen.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim44

http://dx.doi.org/10.1021/cr60288a004
http://dx.doi.org/10.1021/cr60288a004
http://dx.doi.org/10.1021/cr60288a004
http://dx.doi.org/10.1021/ja01137a050
http://dx.doi.org/10.1021/ja01137a050
http://dx.doi.org/10.1021/ja01137a050
http://www.chemistryopen.org


[3] A. G. Sharkey, J. L. Shultz, R. A. Friedel, Anal. Chem. 1956, 28, 934 – 940.
[4] J. A. Gilpin, F. W. McLafferty, Anal. Chem. 1957, 29, 990 – 994.
[5] F. W. McLafferty, Anal. Chem. 1956, 28, 306 – 316.
[6] J. A. Gilpin, Anal. Chem. 1959, 31, 928 – 931.
[7] F. W. McLafferty, Anal. Chem. 1959, 31, 2072 – 2075.
[8] D. J. M. Stone, J. H. Bowie, D. J. Underwood, K. F. Donchi, C. E. Allison,

P. J. Derrick, J. Am. Chem. Soc. 1983, 105, 1688 – 1689.
[9] C. E. Allison, M. B. Stringer, J. H. Bowie, P. J. Derrick, J. Am. Chem. Soc.

1988, 110, 6291 – 6297.
[10] M. B. Stringer, D. J. Underwood, J. H. Bowie, C. E. Allison, K. F. Donchi,

P. J. Derrick, Org. Mass Spectrom. 1992, 27, 270 – 276.
[11] F. W. McLafferty, Anal. Chem. 1959, 31, 82 – 87.
[12] F. P. Boer, T. W. Shannon, F. W. McLafferty, J. Am. Chem. Soc. 1968, 90,

7239.
[13] N. M. M. Nibbering, J. Am. Soc. Mass Spectrom. 2004, 15, 956 – 958.
[14] M. Semialjac, D. Schroder, H. Schwarz, Chem. Eur. J. 2003, 9, 4396 – 4404.
[15] K. J. Jobst, R. D. Bowen, J. K. Terlouw, Int. J. Mass Spectrom. 2011, 306,

9 – 26.
[16] M. J. Van Stipdonk, D. R. Kerstetter, C. M. Leavitt, G. S. Groenewold, J.

Steill, J. Oomens, Phys. Chem. Chem. Phys. 2008, 10, 3209 – 3221.
[17] A. W. Amick, E. Hoegg, S. Harrison, K. R. Houston, R. R. Hark, I. D. Rein-

gold, D. Barth, M. C. Letzel, D. Kuck, Int. J. Mass Spectrom. 2012, 316,
206 – 215.

[18] Y. A. Jeilani, B. H. Cardelino, V. M. Ibeanusi, J. Mass Spectrom. 2010, 45,
678 – 685.

[19] R. Mart&nez Alvarez, A. Herrera Fern#ndez, M. Chioua, P. Ramiro P8rez, N.
Villalba Vilchez, F. Guzm#n Torres, Rapid Commun. Mass Spectrom. 1999,
13, 2480 – 2488.

[20] J. Loos, D. Schroder, H. Schwarz, R. Thissen, O. Dutuit, Int. J. Mass Spec-
trom. 2005, 240, 121 – 137.

[21] R. A. Webster, Neurotransmitters, Drugs, and Brain Function, Chichester,
Wiley, 2001, pp. 534.

[22] L. N. Domelsmith, L. L. Munchausen, K. N. Houk, J. Am. Chem. Soc. 1977,
99, 4311 – 4321.

[23] H.-j. Guo, L.-l. Ye, L.-y. Jia, L.-d. Zhang, F. Qi, Chin. J. Chem. Phys. 2012,
25, 11 – 18.

[24] P. Hemberger, A. Bodi, J. H. J. Berthel, U. Radius, Chem. Eur. J. 2015, 21,
1434 – 1438.

[25] J. M. Bowman, A. G. Suits, Phys. Today 2011, 64, 33 – 37.
[26] D. Townsend, S. A. Lahankar, S. K. Lee, S. D. Chambreau, A. G. Suits, X.

Zhang, J. Rheinecker, L. B. Harding, J. M. Bowman, Science 2004, 306,
1158 – 1161.

[27] M. P. Grubb, M. L. Warter, H. Y. Xiao, S. Maeda, K. Morokuma, S. W. North,
Science 2012, 335, 1075 – 1078.

[28] M. L. Hause, N. Herath, R. Zhu, M. C. Lin, A. G. Suits, Nat. Chem. 2011, 3,
932 – 937.

[29] B. R. Heazlewood, M. J. T. Jordan, S. H. Kable, T. M. Selby, D. L. Osborn,
B. C. Shepler, B. J. Braams, J. M. Bowman, Proc. Natl. Acad. Sci. USA
2008, 105, 12719 – 12724.

[30] P. L. Houston, S. H. Kable, Proc. Natl. Acad. Sci. USA 2006, 103, 16079 –
16082.

[31] N. Herath, A. G. Suits, J. Phys. Chem. Lett. 2011, 2, 642 – 647.
[32] A. G. Suits, Acc. Chem. Res. 2008, 41, 873 – 881.

[33] S. Saxena, J. H. Kiefer, S. J. Klippenstein, Proc. Combust. Inst. 2009, 32,
123 – 130.

[34] R. Sivaramakrishnan, J. V. Michael, A. F. Wagner, R. Dawes, A. W. Jasper,
L. B. Harding, Y. Georgievskii, S. J. Klippenstein, Combust. Flame 2011,
158, 618 – 632.

[35] R. Sivaramakrishnan, M. C. Su, J. V. Michael, S. J. Klippenstein, L. B. Har-
ding, B. Ruscic, J. Phys. Chem. A 2011, 115, 3366 – 3379.

[36] Y. Li, F. Qi, Acc. Chem. Res. 2010, 43, 68 – 78.
[37] Y. Pan, L. Zhang, H. Guo, L. Deng, F. Qi, Int. Rev. Phys. Chem. 2010, 29,

369 – 401.
[38] C. A. Taatjes, N. Hansen, A. McIlroy, J. A. Miller, J. P. Senosiain, S. J. Klip-

penstein, F. Qi, L. S. Sheng, Y. W. Zhang, T. A. Cool, J. Wang, P. R. West-
moreland, M. E. Law, T. Kasper, K. Kohse-Hçinghaus, Science 2005, 308,
1887 – 1889.

[39] C.-Y. Ng, Annu. Rev. Phys. Chem. 2002, 53, 101 – 140.
[40] Y. Pan, L. Zhang, T. Zhang, H. Guo, X. Hong, L. Sheng, F. Qi, Phys. Chem.

Chem. Phys. 2009, 11, 1189 – 1195.
[41] W. G. M. P. J. Linstrom, http://webbook.nist.gov, 2008.
[42] A. G. Baboul, L. A. Curtiss, P. C. Redfern, K. Raghavachari, J. Chem. Phys.

1999, 110, 7650 – 7657.
[43] J. R. Clarkson, J. Chem. Phys. 2005, 122, 214311.
[44] B. C. Dian, J. R. Clarkson, T. S. Zwier, Science 2004, 303, 1169 – 1173.
[45] A. D. Becke, Phys. Rev. A 1988, 38, 3098 – 3100.
[46] H. Iikura, T. Tsuneda, T. Yanai, K. Hirao, J. Chem. Phys. 2001, 115, 3540 –

3544.
[47] F. Qi, R. Yang, B. Yang, C. Huang, L. Wei, J. Wang, L. Sheng, Y. Zhang,

Rev. Sci. Instrum. 2006, 77, 084101.
[48] Y. Pan, T. Zhang, X. Hong, Y. Zhang, L. Sheng, F. Qi, Rapid Commun.

Mass Spectrom. 2008, 22, 1619 – 1623.
[49] Z. Zhou, M. Xie, Z. Wang, F. Qi, Rapid Commun. Mass Spectrom. 2009,

23, 3994 – 4002.
[50] O. Kostko, J. Zhou, B. J. Sun, J. S. Lie, A. H. H. Chang, R. I. Kaiser, M.

Ahmed, Astrophys. J. 2010, 717, 674 – 682.
[51] Gaussian 09, Revision A.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-
nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian,
A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr. , J. E. Peralta, F. Ogliaro,
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Ko-
bayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyen-
gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, :. Farkas, J. B. Foresman, J. V. Ortiz, J. Cio-
slowski, D. J. Fox, Gaussian, Inc. , Wallingford CT, 2009.

Received: November 7, 2016

Revised: December 12, 2016

Published online on January 18, 2017

ChemistryOpen 2017, 6, 40 – 45 www.chemistryopen.org T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim45

http://dx.doi.org/10.1021/ac60114a003
http://dx.doi.org/10.1021/ac60114a003
http://dx.doi.org/10.1021/ac60114a003
http://dx.doi.org/10.1021/ac60127a001
http://dx.doi.org/10.1021/ac60127a001
http://dx.doi.org/10.1021/ac60127a001
http://dx.doi.org/10.1021/ac60111a005
http://dx.doi.org/10.1021/ac60111a005
http://dx.doi.org/10.1021/ac60111a005
http://dx.doi.org/10.1021/ac60149a008
http://dx.doi.org/10.1021/ac60149a008
http://dx.doi.org/10.1021/ac60149a008
http://dx.doi.org/10.1021/ac60156a061
http://dx.doi.org/10.1021/ac60156a061
http://dx.doi.org/10.1021/ac60156a061
http://dx.doi.org/10.1021/ja00344a064
http://dx.doi.org/10.1021/ja00344a064
http://dx.doi.org/10.1021/ja00344a064
http://dx.doi.org/10.1021/ja00227a002
http://dx.doi.org/10.1021/ja00227a002
http://dx.doi.org/10.1021/ja00227a002
http://dx.doi.org/10.1021/ja00227a002
http://dx.doi.org/10.1002/oms.1210270319
http://dx.doi.org/10.1002/oms.1210270319
http://dx.doi.org/10.1002/oms.1210270319
http://dx.doi.org/10.1021/ac60145a015
http://dx.doi.org/10.1021/ac60145a015
http://dx.doi.org/10.1021/ac60145a015
http://dx.doi.org/10.1021/ja01028a012
http://dx.doi.org/10.1021/ja01028a012
http://dx.doi.org/10.1016/j.jasms.2004.04.025
http://dx.doi.org/10.1016/j.jasms.2004.04.025
http://dx.doi.org/10.1016/j.jasms.2004.04.025
http://dx.doi.org/10.1002/chem.200305127
http://dx.doi.org/10.1002/chem.200305127
http://dx.doi.org/10.1002/chem.200305127
http://dx.doi.org/10.1016/j.ijms.2011.05.011
http://dx.doi.org/10.1016/j.ijms.2011.05.011
http://dx.doi.org/10.1016/j.ijms.2011.05.011
http://dx.doi.org/10.1016/j.ijms.2011.05.011
http://dx.doi.org/10.1039/b802314j
http://dx.doi.org/10.1039/b802314j
http://dx.doi.org/10.1039/b802314j
http://dx.doi.org/10.1016/j.ijms.2012.01.005
http://dx.doi.org/10.1016/j.ijms.2012.01.005
http://dx.doi.org/10.1016/j.ijms.2012.01.005
http://dx.doi.org/10.1016/j.ijms.2012.01.005
http://dx.doi.org/10.1016/j.ijms.2004.10.010
http://dx.doi.org/10.1016/j.ijms.2004.10.010
http://dx.doi.org/10.1016/j.ijms.2004.10.010
http://dx.doi.org/10.1016/j.ijms.2004.10.010
http://dx.doi.org/10.1021/ja00455a018
http://dx.doi.org/10.1021/ja00455a018
http://dx.doi.org/10.1021/ja00455a018
http://dx.doi.org/10.1021/ja00455a018
http://dx.doi.org/10.1088/1674-0068/25/01/11-18
http://dx.doi.org/10.1088/1674-0068/25/01/11-18
http://dx.doi.org/10.1088/1674-0068/25/01/11-18
http://dx.doi.org/10.1088/1674-0068/25/01/11-18
http://dx.doi.org/10.1002/chem.201406036
http://dx.doi.org/10.1002/chem.201406036
http://dx.doi.org/10.1002/chem.201406036
http://dx.doi.org/10.1002/chem.201406036
http://dx.doi.org/10.1063/PT.3.1330
http://dx.doi.org/10.1063/PT.3.1330
http://dx.doi.org/10.1063/PT.3.1330
http://dx.doi.org/10.1126/science.1104386
http://dx.doi.org/10.1126/science.1104386
http://dx.doi.org/10.1126/science.1104386
http://dx.doi.org/10.1126/science.1104386
http://dx.doi.org/10.1126/science.1216911
http://dx.doi.org/10.1126/science.1216911
http://dx.doi.org/10.1126/science.1216911
http://dx.doi.org/10.1038/nchem.1194
http://dx.doi.org/10.1038/nchem.1194
http://dx.doi.org/10.1038/nchem.1194
http://dx.doi.org/10.1038/nchem.1194
http://dx.doi.org/10.1073/pnas.0802769105
http://dx.doi.org/10.1073/pnas.0802769105
http://dx.doi.org/10.1073/pnas.0802769105
http://dx.doi.org/10.1073/pnas.0802769105
http://dx.doi.org/10.1073/pnas.0604441103
http://dx.doi.org/10.1073/pnas.0604441103
http://dx.doi.org/10.1073/pnas.0604441103
http://dx.doi.org/10.1021/jz101731q
http://dx.doi.org/10.1021/jz101731q
http://dx.doi.org/10.1021/jz101731q
http://dx.doi.org/10.1021/ar8000734
http://dx.doi.org/10.1021/ar8000734
http://dx.doi.org/10.1021/ar8000734
http://dx.doi.org/10.1016/j.proci.2008.05.032
http://dx.doi.org/10.1016/j.proci.2008.05.032
http://dx.doi.org/10.1016/j.proci.2008.05.032
http://dx.doi.org/10.1016/j.proci.2008.05.032
http://dx.doi.org/10.1016/j.combustflame.2010.12.017
http://dx.doi.org/10.1016/j.combustflame.2010.12.017
http://dx.doi.org/10.1016/j.combustflame.2010.12.017
http://dx.doi.org/10.1016/j.combustflame.2010.12.017
http://dx.doi.org/10.1021/jp2006205
http://dx.doi.org/10.1021/jp2006205
http://dx.doi.org/10.1021/jp2006205
http://dx.doi.org/10.1021/ar900130b
http://dx.doi.org/10.1021/ar900130b
http://dx.doi.org/10.1021/ar900130b
http://dx.doi.org/10.1080/01442351003668697
http://dx.doi.org/10.1080/01442351003668697
http://dx.doi.org/10.1080/01442351003668697
http://dx.doi.org/10.1080/01442351003668697
http://dx.doi.org/10.1126/science.1112532
http://dx.doi.org/10.1126/science.1112532
http://dx.doi.org/10.1126/science.1112532
http://dx.doi.org/10.1126/science.1112532
http://dx.doi.org/10.1146/annurev.physchem.53.082001.144416
http://dx.doi.org/10.1146/annurev.physchem.53.082001.144416
http://dx.doi.org/10.1146/annurev.physchem.53.082001.144416
http://dx.doi.org/10.1039/b813268b
http://dx.doi.org/10.1039/b813268b
http://dx.doi.org/10.1039/b813268b
http://dx.doi.org/10.1039/b813268b
http://webbook.nist.gov
http://dx.doi.org/10.1063/1.478676
http://dx.doi.org/10.1063/1.478676
http://dx.doi.org/10.1063/1.478676
http://dx.doi.org/10.1063/1.478676
http://dx.doi.org/10.1063/1.1924454
http://dx.doi.org/10.1126/science.1093731
http://dx.doi.org/10.1126/science.1093731
http://dx.doi.org/10.1126/science.1093731
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1063/1.1383587
http://dx.doi.org/10.1063/1.1383587
http://dx.doi.org/10.1063/1.1383587
http://dx.doi.org/10.1063/1.2234855
http://dx.doi.org/10.1002/rcm.3539
http://dx.doi.org/10.1002/rcm.3539
http://dx.doi.org/10.1002/rcm.3539
http://dx.doi.org/10.1002/rcm.3539
http://dx.doi.org/10.1002/rcm.4339
http://dx.doi.org/10.1002/rcm.4339
http://dx.doi.org/10.1002/rcm.4339
http://dx.doi.org/10.1002/rcm.4339
http://dx.doi.org/10.1088/0004-637X/717/2/674
http://dx.doi.org/10.1088/0004-637X/717/2/674
http://dx.doi.org/10.1088/0004-637X/717/2/674
http://www.chemistryopen.org

