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bstract

A linear tandem-type time-of-flight mass spectrometer was employed to study unimolecular dissociation of metastable aniline+-(methanol)n

An+-(CH3OH)n, n = 2–9) cluster cations formed by two-photon ionization of neutral clusters. The dominant dissociation channel was to liberate a
ingle methanol molecule, namely, An+-(CH3OH)n → An+-(CH3OH)n−1 + CH3OH. The decay time constant of the ions ranged from 65 to 460 �s
nd turned out to be highly dependent on the cluster size. Also, hydrogen transfer mechanism in the formation of An+-(CH3OH)nH was examined

y analyzing experimental results from isotopomers, such as deuterated An-d7

+-(CH3OD) and An-d7
+-(CD3OD) cluster ions. Density functional

heory calculations were carried out to obtain optimized structures for neutral and ionic clusters and to support mechanisms related to the hydrogen
ransfer and unimolecular dissociation reaction.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Protonated clusters detected by multiphoton ionization
ethod brought about extensive experimental and theoretical

pproaches to understand proton or hydrogen transfer reactions
n many systems [1–5]. In particular, clusters consisting of aro-
atic molecules and proton- or hydrogen-donating molecules,

uch as water or methanol have been widely studied since they
imic solvated biomolecules in organic system.
One of the major goals in this research was to elucidate the

echanisms of the proton or hydrogen transfer process and the
istribution of internal energy in the gas phase unimolecular
eactions. Zhang et al. suggested a proton transfer mechanism
n several cluster systems with the combined results of ab initio
nd density functional theory (DFT) calculations [4–6]. Besides,
nfrared spectroscopic studies for hydrated cluster ions were per-
ormed in order to investigate the structural changes of clusters
pon intramolecular proton transfer reaction [7,8].
In this paper, we present experimental results on hydrogen
ransfer process in two-photon ionization of aniline-(methanol)n

lusters and unimolecular dissociation dynamics of metastable
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niline+-(methanol)n cluster cations. To understand the details
f the dynamics of intracluster proton or hydrogen transfer reac-
ions, it is essential to explore and characterize the intermolecu-
ar interactions. For the experiment, we have designed and con-
tructed a linear tandem time-of-flight (TOF) mass spectrometer.
FT calculations were performed at the B3LYP/cc-pVDZ level

o obtain optimized structures of neutral and ionized clusters and
heir energies. Deuterium substituted aniline-methanol cluster
ystem was also studied to investigate the hydrogen source in
he hydrogen transfer. Also, we suggest a mechanism for the
ydrogen transfer process which conforms to the experimental
esults.

. Experimental

A schematic diagram of the linear tandem TOF mass spec-
rometer adopted in the experiment is depicted in Fig. 1. The
ass spectrometer consists of two parts: a source chamber with
pulsed nozzle and a two-stage TOF chamber. The aniline-
ethanol clusters, An-(CH3OH)n formed via jet-cooled expan-

ion of a mixed gas of aniline and methanol in the source

hamber were skimmed by a skimmer and introduced into
he TOF chamber. The mixed gas was prepared by flowing
elium gas bubbles (∼3 atm) through the An-CH3OH mixture
An:CH3OH = 1:1) stored in a reservoir. An-(CH3OH)n clusters

mailto:jaeksong@khu.ac.kr
mailto:smpark@khu.ac.kr
dx.doi.org/10.1016/j.ijms.2006.10.006
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to the terminal methanol. Isomers with methanol above the aro-
matic ring or attached to the hydrogen in aromatic ring of aniline
were energetically unfavorable. On the other hand, for ionic clus-
ters, An+-(CH3OH)n (n = 1–5), nitrogen of amine group is not a
ig. 1. The schematic diagram of a linear tandem time-of-flight mass spectrom-
ter. The inset depicts the pulsed extraction process.

ere ionized and accelerated in the first stage by absorption of
wo 266 nm photons from the fourth harmonic of a Nd:YAG laser
Spectra-Physics GCR150-10). The ionization laser beam was
oosely focused using a cylindrical lens (f = 30 cm) and crossed
erpendicularly with the cluster beam. The ionized clusters,
alled ‘parent ions’, were accelerated at ∼4.7 kV and traveled
1 m long field-free region. Undesired ions were excluded by

pplying a pulsed field to a mass gate installed in the free flight
egion. In the second stage, which consists of three electrodes,
ulsed field was applied to separate parent ions from ‘daugh-
er ions’ produced by unimolecular decomposition of the parent
ons in the field-free region.

The inset of Fig. 1 illustrates the pulsed extraction process. A
acket of parent ions produced by two-photon ionization escapes
he last electrode of the first acceleration stage at time t1. In the
eld-free region, metastable parent ions with mass Mp may dis-
ociate to give daughter ions with mass Md and neutral species
Mp > Md). Just after the packet of parent and daughter ions with
he neutral fragments passes the second electrode of the second
tage at time t2, a high voltage pulse with duration of 250 ns is
pplied to the electrode, which has been initially at ground poten-
ial, in order to separate parent ions, daughter ions and neutral
ragments which arrive at the electrode with the same velocity.
n the pulsed extraction region, the daughter ions are separated
rom the parent ions since they have different velocities accord-
ng to the mass of each species, vt = vn < vp < vd, where vt is
he velocity of the initial cluster ions in the field-free region and

n, vp, and vd are the velocity of neutral species, parent ions, and
aughter ions in the pulsed extraction region, respectively. It is of
ote that, in case dc field is applied, both acceleration and decel-
ration occur at the second stage and the parent and daughter ions

F
b
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annot be separated. The ions are detected by a microchannel
late detector and its signal is fed to a digital storage oscillo-
cope (LeCroy, 500 MHz). The unimolecular decomposition of
n+-(CH3OH)n cluster ions are monitored for cluster ions with
= 2–9. Besides, two-photon ionization mass spectra of clus-

er ions containing deuterated species, such as An-d7, CH3OD,
nd CD3OD were carefully examined and compared to those
f An-(CH3OH)n

+ cluster ions with a goal to shed light on the
ntracluster hydrogen transfer mechanism.

. Results and discussion

.1. Hydrogen transfer reactions within An+-(CH3OH)n

lusters

The TOF mass spectrum recorded after two-photon ioniza-
ion of An-(CH3OH)n clusters by a linear tandem TOF system
s shown in Fig. 2. An+ ions, An+-(CH3OH)n cluster ions, and
heir hydrogenated cluster ions, An+-(CH3OH)nH and An+-
CH3OH)nH2 were detected. For example, after subtraction of
he contribution from carbon isotopes, the ratio of the peak inten-
ities corresponding to An+-(CH3OH)4, An+-(CH3OH)4H, and
n+-(CH3OH)4H2 is 1:0.11:0.034. In this regards, we come up
ith a few fundamental questions. Where is the additional hydro-
en bound? Where is it from? And how is it transferred? To
nswer these questions, it would be essential to have structural
nformation on neutral clusters formed via supersonic expan-
ion.

DFT calculations were carried out to obtain optimized struc-
ures for An-(CH3OH)n (n = 1–5) neutral clusters with the Gaus-
ian03W program package at the B3LYP/cc-pVDZ level. As
hown in Fig. 3, the structure with oxygen of methanol bound
o hydrogen of amine group is the most stable structure while,
or n = 2 (n = 3), that with hydrogen of methanol bound to nitro-
en of amine group shows more stable structures than 1-1 (1-2)
ranched structures. For n = 4, a five-membered ring structure
ith all methanol molecules connected around the amine moiety

s the most stable structure. For n = 5, the most stable isomer has
five-membered ring with the fifth methanol molecule bound
ig. 2. A typical TOF mass spectrum of An+-(CH3OH)n cluster ions produced
y two-photon absorption at 266 nm.
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ig. 3. Structures of An-(CH3OH)n (n = 1–5) clusters optimized at the B3LY
n-(CH3OH)4, and (V) An-(CH3OH)5.

avored solvation site for methanol and as a result all methanol
olecules are connected to hydrogen of amine group forming

ydrogen-bonding networks as shown in Fig. 4.
Upon two-photon absorption at 266 nm, An+-(CH3OH)n

luster ions are generated by either direct ionization of neutral
lusters or photodissociative ionization of larger clusters, An+-
CH3OH)m (m > n). In the ionization process, the configurations
f neutral clusters can survive the isomerization to the global
nergy minimum structures in case the barriers between the local
nd global energy minimum are high enough [8]. Therefore, for
given cluster ion size, n, some An+-(CH3OH)n cluster ion have
ethanol bound to nitrogen of amine group while others have

o such methanol.
Now, we place the focus on the hydrogen transfer of the An+-
CH3OH)n clusters to elucidate the formation mechanism of the
n+-(CH3OH)nH. According to the calculation and experimen-

al results as will be discussed later, we have good reason to
elieve that the major source of hydrogen is the hydroxyl group

b
p
i
c

pVDZ level. (I) An-(CH3OH), (II) An-(CH3OH)2, (III) An-(CH3OH)3, (IV)

f methanol and the additional hydrogen is bound to nitrogen of
mine group. We propose a possible mechanism regarding the
ydrogen transfer in Fig. 5. Fig. 5(a) illustrates one-dimensional
otentials for neutral and ionic clusters obtained by calcula-
ion at the B3LYP/cc-pVDZ level. The total bond length of
–H–O bond was fixed and the calculation was performed as

he N–H bond length was varied. As a matter of fact, this is
quite crude calculation, but we can at least achieve qualita-

ive understanding of the hydrogen transfer process, which is
llustrated in Fig. 5(b). Once the cluster is ionized, the rela-
ively light H atom of hydroxyl group moves rapidly toward
itrogen of amine group due to the negative charge at nitro-
en and hydroxyl bond is ultimately broken forming hydro-
enated cluster ion. Similar mechanism has been suggested

y Zhang et al. [5] to explain the formation of hydrogenated
yridazine-methanol cluster ions produced by multiphoton ion-
zation. They reported that the bridging hydrogen tends to be
loser to oxygen than nitrogen for the neutral clusters while it
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ig. 4. Structures of An+-(CH3OH)n (n = 1–5) cluster ions optimized at the B3
IV) An+-(CH3OH)4, and (V) An+-(CH3OH)5.

ets near nitrogen upon ionization going through a small energy
arrier.

With a goal to verify the source of hydrogen, we have
erformed two-photon ionization experiment using deuterium
ubstituted An and CH3OH isotopomers, namely, An-d7,
H3OD, and CD3OD. Fig. 6 shows TOF mass spectra of
n+-(CH3OH), An-d7

+-(CH3OD), and An-d7
+-(CD3OD).

he ratios of mass peak magnitudes corresponding to the
ydrogenated (or deuterated) cluster ions over the normal
luster ions, that is, An+-(CH3OH)nH/An+-(CH3OH)n and
n-d7

+-(CD3OD)D/An-d7
+-(CD3OD), were 0.27 and 0.28,

espectively. Isotopic abundances of carbon were taken
nto account to obtain the ratio. For An-d7

+-(CH3OD),
he ratios of An-d7

+-(CH3OD)H/An-d7
+-(CH3OD) and

n-d7
+-(CH3OD)D/An-d7

+-(CH3OD) were 0.042 and 0.23,

espectively. If the additional hydrogen in cluster ions originates
olely from hydroxyl group, the ratio of An-d7

+-(CH3OD)D/An-
7

+-(CH3OD) should be close to 0.27 or 0.28 (the ratios for
ther isotopomers) and the ratio of An-d7

+-(CH3OD)H/An-

b
f
(
c

cc-pVDZ level. (I) An+-(CH3OH), (II) An+-(CH3OH)2, (III) An+-(CH3OH)3,

7
+-(CH3OD) should be negligible, which turns out to be not.

his implies that the hydroxyl group is the major source of the
dditional hydrogen but it is not the exclusive one.

Fig. 7 shows the ratio of An+-(CH3OH)n−1H/An+-
CH3OH)n to examine the extent of aniline protonation via
ydrogen transfer as a function of n. The ratio decreases as n
ncreases from 1 to 5 but increases with n (n ≥ 5). The decreas-
ng behavior at smaller cluster ions stems from the fact that the
artial charge of nitrogen in amine group of ionic clusters after
ertical ionization of neutral clusters is reduced as n increases.
he negative charge at nitrogen plays a significant role in the
bstraction of hydrogen from hydroxyl group. The negative par-
ial charge at nitrogen decreases from −0.071 to −0.036 as n
ncreases from 1 to 4 but it increases slightly up to −0.040
t n = 5 where five-membered ring is formed. The increasing

ehavior of the ratio at larger clusters (n ≥ 5) may be speculated
rom the result of Inokuchi et al. [8]. They reported that [aniline-
water)n]+ cluster ions form ring structure at n ≥ 6 and the partial
harge at nitrogen of amine group increases as a result of the pro-
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Fig. 5. (a) Calculated one-dimensional potential energy curves for An-(CH3OH)
(open circle) and An+-(CH3OH) (closed circle). The lowest energy value of each
curve was taken as zero. (b) A schematic diagram to illustrate the hydrogen
transfer process, where Mn indicates (CH3OH)n.
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ig. 6. TOF mass spectra of: (a) An+-(CH3OH), (b) An-d7
+-(CH3OD), and (c)

n-d7
+-(CD3OD).

on transfer from NH bond to the solvation ring. Similar result
as been reported for (phenol)(H2O)n

+ system [9].

.2. Metastable decay of An+-(CH3OH)n

By pulsed extraction at the second stage, parent and daugh-
er ions produced via unimolecular dissociation in the field-free
egion were separated as shown in Fig. 8. The daughter ions
ppear at earlier times since they are more accelerated in the
ulsed extraction region. For cluster ions of all sizes (An+-
CH3OH)n, n = 2–9), the dissociation channel of the metastable
luster ions was:
n+-(CH3OH)n → An+-(CH3OH)n−1 + CH3OH

Since the mass resolution of the tandem mass spectrometer
mployed in the experiment is not high enough, it is not easy
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ig. 7. The fraction, An+-(CH3OH)n−1H/An+-(CH3OH)n as a function of n.

o determine whether the daughter ions are An+-(CH3OH)n−1
r An+-(CH3OH)n−1H. However, according to our results on
hotodissociation of mass-selected An+-(CH3OH)n cluster ions
y irradiation of 532, 355, or 266 nm at the second stage of
ur instrument, where we can clearly resolve the protonated
nd unprotonated clusters, the dominant channel was the loss
f methanol units (manuscript in preparation). Besides, for
he most stable structures of An+-(CH3OH)n ions, methanol

olecules are bound to the amine group of aniline and there
s no N–H–O bond which can facilitate the hydrogen trans-
er as discussed in Section 3.1. Similar result was previously

eported for adenine+-(water)n cluster ions, where the loss of
ater was the exclusive unimolecular dissociation pathway [10].
n the other hand, Buzza et al. [11] reported that the unimolec-
lar dissociation of unprotonated ammonia cluster ions involves

ig. 8. TOF mass spectra of An+-(CH3OH)4 cluster ions. (a) With the pulsed
xtraction field off and (b) with the pulsed extraction field on.
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oss of NH2. Also, in multiphoton ionization of neutral clusters
ncluding methanol molecules, the major cluster ions are often
hose with protonated methanol [5,12]. This leads us to a ten-
ative conclusion that a methanol molecule is ejected from the

etastable An+-(CH3OH)n ions generating unprotonated clus-
er ions, while protonated clusters can be formed via two-photon
onization of neutral clusters.

The loss of only one solvent molecule in the unimolecular
issociation has been previously reported for (ammonia)nH+

nd adenine+-(water)n cluster ions by Wei et al. [13] and Kim
t al. [10], respectively. The dissociation energy of the cluster
ons ranged from 0.5 to 0.8 eV and it decreases with increase
n the number of methanol molecules bound to aniline ion. The
nternal energy (E0) of the molecular ions after two-photon ion-
zation is given by E0 = 2hν − IE − KEe, where IE and KEe are
he ionization energy of molecules and some kinetic energy
f the ejected electron, respectively. According to Yoon et al.,
he internal energy of An+ ions are in the range of 0.7–0.9 eV
fter two-photon ionization of An at 266 nm [14]. Because An-
CH3OH)n clusters have lower ionization energy than An, the
nternal energies of An+-(CH3OH)n cluster ions are expected to
e large enough to induce ejection of a methanol molecule in
he field-free region.

Fig. 9 shows a plot of dissociation ratio, D/(D + P), as a
unction of number of methanol, n, where D and P are the
eak intensities of the daughter and parent ions, respectively.
he dissociation ratio increases apparently with n. This origi-
ates, in essence, from the progressive decrease in the binding
nergy of each additional methanol to the cluster ion [4]. With
ncrease in the cluster size, the ion–dipole interaction between
n+ and the outermost methanol molecule is greatly reduced
nd the hydrogen-bonding energy between methanol molecules
lays a more significant role in stabilization of the cluster ions.
esides, since the ionization energy of clusters decreases with n,

ig. 9. Dissociation ratio D/(D + P) of An+-(CH3OH)n cluster ions as a func-
ion of n, where D and P are the ion intensities of daughter and parent ions,
espectively. The inset shows the decay time τ of An+-(CH3OH)n cluster ions
s a function of n.
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he larger parent cluster ions have more internal energy, which
ay facilitate the metastable decay process. The inset in Fig. 9

epicts the metastable decay time of An+-(CH3OH)n cluster
ons, which ranges from 65 to 460 �s. The loss of only single
olvent molecule irrespective of the cluster size indicates that the
vaporative ensemble model can be applied [15] and the decay
rocess is quite slow. This is also manifested from the fact that
he mass peaks corresponding to An+-(CH3OH)n cluster ions
re sharp, with almost no tails.

It is of note that the slope of the plot in Fig. 9 shows a break at
= 4. This supports that the solvation structure changes signifi-
antly at n = 5. As shown in Fig. 4, the n = 1 ion has an N–H–O
ydrogen bond. The n = 2 and 3 ions show a 1-1 and 2-1 branched
tructures, respectively, where methanol molecules are bound to
ach amine group. The n = 4 ion shows a five-membered ring
tructure, while the difference in energy with the 2-2 struc-
ure is negligibly small. The most stable structure for the n = 5
on is also a five-membered ring, but with the fifth methanol

olecule bound to the terminal methanol as previously reported
or the An+-(H2O)5 (n = 1–5) ion [8]. The methanol molecule
ound to the ring in the n = 5 ion is expected to be more eas-
ly dissociated due to the reduced ion–dipole interaction, thus
ringing about the change of the slope in Fig. 9. However, fur-
her calculations for larger clusters are required to support our
rguments.

. Conclusion

Intracluster hydrogen transfer reaction in two-photon ioniza-
ion of aniline-(methanol)n clusters and unimolecular dissoci-

tion dynamics of their metastable cations were studied. The
ajor hydrogen source in producing hydrogenated cluster ions,
n+-(CH3OH)nH is the hydroxyl group of methanol, but a intra-

luster rearrangement makes possible the transfer of hydrogen in

[
[
[

[

ass Spectrometry 262 (2007) 73–79 79

ethyl group. And we observed that the dominant dissociation
hannel of the metastable An+-(CH3OH)n cluster ions is An+-
CH3OH)n → An+-(CH3OH)n−1 + CH3OH. Formation of ring
tructures is believed to have significant effects on the hydro-
en abstraction at the moiety of amine group and unimolecular
issociation of methanol from the cluster ions.
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