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The dissociation dynamics of multiply charged methanol molecules formed in collision with 1.2 MeV
Ar8+projectiles is studied. Using coincidence mapping techniques, we can separate out the different dis-
sociation pathways between carbon, oxygen and hydrogen ionic fragments as well as two- and three-body
breakup events. Reactions involving intramolecular bond rearrangements within the CH3 group of the dis-
sociative molecule are discussed in detail. A signature of hydrogen migration in doubly charged methanol
is observed. Kinetic energy releases of different breakup channels are reported here and compared with
values calculated from a Coulomb explosion model. The shape and orientation of the islands in the coin-
Molecular dissociation
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cidence map give further information about the momentum balance in the fragmentation process of two-
or many-body dissociation pathways.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

In contrast to small molecules (diatomic and triatomic) and clus-
ers, the study of Coulomb explosions for polyatomic molecules is
carce and details of the explosion processes are not clearly under-
tood. In ion-molecule collisions, an unstable parent molecular
on is formed. Thereafter, dissociative ionization proceeds through
ifferent channels providing different dissociation products, both
ragment ions and neutral atoms or molecular species. Although
eutral products can be detected using charged particle detectors,
heir mass is difficult to determine. Hence their contribution to dis-
ociation processes lead to greater complexity in data analysis and
complete assignment of breakup partners is difficult. Recently,

he extensive use of multihit coincidence methods employing a
osition sensitive time-of-flight (TOF) measurement system [1] has
rovided an useful tool to unravel the dynamics of the dissociation
rocesses of polyatomic molecules on impact of highly charged ions

HCI).

We are interested in studying the dissociation dynamics of
imple hydrocarbon molecules containing the methyl group,
nduced by highly charged ion (HCI) impact. In the present
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tudy, we have chosen methanol as the first step of our inves-
igation. Quite early, Eland and Treves-Brown [2] had used
hotoelectron–photoion–photoion coincidence (PEPIPICO) meth-
ds to find out a large number of breakup pathways of doubly
harged methanol produced by photoionization at vacuum ultra-
iolet wavelengths. Bond rearrangement had also been extensively
tudied by the method of charge separation mass spectrometry for
number of organic methyl compounds using the PEPIPICO tech-
ique [3]. In another study on the field ionization and Coulomb
xplosion of methanol in an intense field of a femtosecond laser,
en et al. [4] used a time-of-flight (TOF) mass spectrometer to cal-
ulate the kinetic energy release (KER) from the Coulomb explosion
f highly charged parent ion and discussed the possible channels
ased on a kinetic model. Recently, from the intensive studies on
ydrocarbons in an intense laser field, it has been revealed that a
ariety of dynamical processes accompanying ultrafast hydrogen
tom transfer are induced. Yamanouchi and co-workers [5,6] have
ystematically investigated the dissociative ionization processes of
ethanol and its deuterated isotopomers by the methods of mass-

esolved momentum imaging (MRMI) and coincidence momentum
maging (CMI) in order to clarify how the competing processes of
he hydrogen-atom migration and the ejection of hydrogen molec-

lar ions are induced in intense laser fields prior to the skeletal C–O
ond breaking.

In an earlier study [7], we have investigated the dynamics of
he hydrogen atoms within the doubly charged methanol molecu-
ar ions due to intramolecular bond rearrangement characterized

http://www.sciencedirect.com/science/journal/13873806
mailto:sankar@phys.ksu.edu
mailto:safvan@iuac.res.in
dx.doi.org/10.1016/j.ijms.2008.06.021
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This map is a two-dimensional spectrum between the TOF of the
first fragment ion versus that of the second. It is a useful tech-
nique for the identification and separation of multi-particle events
representing inter-particle correlations and have been used earlier

q+
4 S. De et al. / International Journal o

y the ejection of diatomic and triatomic hydrogen molecular ions
nduced by intense HCI-induced fields. In the present article, we
eport further results of dissociation of multiple charged CH3OH
olecules in collision with 1.2 MeV Ar8+projectiles. From the coin-

idence spectra between the fragments, we have separated out the
ifferent dissociation channels and measured the kinetic energy
elease (KER) of nearly all breakup pathways. Also by studying the
hape and orientation of the islands in the coincidence spectra, we
ain information about the momentum balance in the fragmenta-
ion processes for two- and many-body events.

. Experimental details

Details of the experimental apparatus and data acquisi-
ion methodology for molecular fragmentation studies has been
escribed elsewhere [8]. Here we only give a brief account of the
etup. The experiment has been carried out in the Low Energy Ion
eam Facility (LEIBF) of Inter-University Accelerator Centre (IUAC),

ndia. In the experiment, 1.2 MeV Ar8+projectiles produced from the
lectron cyclotron resonance (ECR) ion source were transported
o the collision chamber where they interact with the alcohol

olecules effusing from a needle at right angle to the ion beam.
ethanol molecules reach the needle through a clean vacuum line

egassed by means of several freeze-pump-thaw cycles. The all
etal gas line with the fine control valve was kept warm to avoid

ondensation of the vapours. Typical operating pressures were
aintained in the range of 7 × 10−7 Torr whereas the ultra high

acuum chamber was kept at a base pressure of 9 × 10−8 Torr. The
issociated fragments were extracted from the interaction region

nto a linear, two-field time-of-flight mass spectrometer (TOFMS)
y applying a uniform electric field perpendicular to both the ion
eam and molecular gas-jet. At the exit of TOFMS, the dissociation
roducts were detected by a position sensitive micro-channel plate
MCP) detector. Ejected electrons were extracted in the opposite
irection of TOFMS and detected by a channel electron multiplier
CEM) detector which gives the trigger for starting the coincidence
ata acquisition. The stop signals from the MCP were recorded after
roper amplification and discrimination from noise using standard
uclear electronics used for fast pulses. The TOF spectrum was
cquired in multi-hit mode by a CAMAC-based time-to-digital con-
erter (TDC) interfaced to a computer where several fragment ions
ere recorded in coincidence to obtain information on correlated
issociation products.

. Results

.1. Time-of-flight spectrum

The dissociation products observed from the TOF spectrum
Fig. 1) of methanol molecules show undissociated molecular ion
ike CH3OH+. The spectrum further shows fragments losing a
ydrogen atom in steps due to the breakage of C–H and O–H bonds
eeping the C–O part intact (CH2OH+, CHOH+, COH+, CO+), to com-
lete rupture of C–O skeleton producing charged atomic species like
q+ and Oq+ where q varies from 1 to 3. One can also take a note of
he relative intensities of the m/q peaks from 28 to 32 in the TOF
pectrum. From the highest number of counts for CO+, we can infer
hat a large number of multiply charged parent molecules looses
ll its C–H and O–H bonds rather than step by step bond cleavage.
robability of one proton loss from the CH3 group is more than the

oss of two, although the intensity is maximum when all the C–H
onds are broken. Another striking feature in the TOF spectrum is
he detection of hydrogen molecular ions H+

2 and H+
3 at m/q = 2

nd 3, whose origin will be described later. Charged atomic frag-
ents originating from the Coulomb explosion of highly charged

F
O
l

a
i
t

Fig. 1. Mass calibrated time-of-flight spectrum of dissociative CH3OH.

arent molecular ions give rise to large KER. In the mass spectra, a
road peak of C+ exhibits a large KER distribution. Similarly split-
ing into double peaks by other Cq+ and Oq+ ions demonstrate the
xpulsion of these ions with a relatively large kinetic energy in the
orward and backward directions to the TOF extraction field. Inter-
stingly enough, the C+ peak is rather sharp in the TOF spectrum.
his shows that a considerable population of the C+ ions nearly stay
t rest in the centre-of-mass system with KER close to 0 eV, whereas
he protons and the O–H block emerge with a comparatively large

omentum.

.2. Coincidence map

To closely investigate the branching ratios of the different
ragmentation channels and identify the two- and many-body dis-
ociation pathways, we have generated coincidence maps (Figs. 2,
and 6) from the offline analysis of the acquired multi-hit data.
ig. 2. Coincidence map showing dissociation channels between C (q = 1–3) and
p+ (p = 1–3), H+ and Cq+ (q = 1–3) and H+ and Op+ (p = 1–3) fragments. Events

ike CH3OH2+ → CH+
(3−n)

+ OH+ (n = 0–2) and breakup channels like H+ + CH+ are

lso observed. T1 and T2 are the time of flights of the first and second fragments. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article.)
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where �T is the time separation between forward and backward
ig. 3. Coincidence map showing hydrogen migration channel CH3OH2+ → CH+
2 +

H+
2 (within the box). (For interpretation of the references to colour in this figure

egend, the reader is referred to the web version of the article.)

o study intramolecular bond rearrangements in doubly charged
ethanol [7].
From the two-dimensional coincidence map (Fig. 2), we had

eparated out the different dissociation channels corresponding to
q+(q = 1–3) and Op+ (p = 1–3) fragments produced from complete
apture of C–O skeleton. Even two-body, three-body and four-body
issociation events such as:

H3OH2+ → CH+
3 + OH+ (1)

H3OH2+ → CH+
2 + OH+ + H (2)

H3OH2+ → CH+ + OH+ + 2H (3)

espectively are observed where the C–O bond is broken keeping
he OH part intact with the loss of hydrogen at every step. For more
han two-body events the missing fragments (i.e., the ones that are
n boldface in the equations) are either undetected neutrals or H+

ons detected as a third or fourth hit in the MCP.
We observe the H+ formation pathways in coincidence with Cq+

q = 1–3) and Op+ (p = 1–3) fragments in Fig. 2. The island corre-
ponding to the H+ − C+coincidence, lies nearly horizontal to the
+m/q line. This shows that the fragmented hydrogen ion takes
way most of the energy leaving the singly charged carbon nearly
t rest. This is not the case for H+ − O+ coincidence. Although of
oor resolution, we can still note the detection of H+ + CH+ chan-
el. On careful observation of the H+ − C2+ coincidence island, we

ound that it consists of two separate wings on either side of the
2+ line instead of just one as in the case of H+ − O2+ coincidence.
e can think of two different processes as probable cause behind

he occurrence of such opposite wings. The wing with higher inten-
ity might be formed when both fragments (H+ and C2+) move in
he same direction of the TOF extraction field after breakup of the
H3 group. The other wing is possibly formed due to coincidence
etween C2+ of the methyl group and H+ from O–H bond breakage

raveling opposite to each other in the TOF extraction field just after
issociation. Such phenomenon has recently been observed in the
ase of H+ and Cq+ (q = 1–3) coincidence, as reported by De et al.
9] in their ion-induced study of dissociative C2H2.

e
u

f
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Concentrating on a specific area of the coincidence map (Fig. 2),
e observed different fragmentation pathways leading to the
reakage of one or many of the C–H bonds or the O–H bond in
he multiply ionized methanol resulting in the formation of H+,
+
2 and H+

3 . We observed three two-body Coulomb explosion pro-
esses that form hydrogen atomic and molecular ions from doubly
harged methanol:

H3OH2+ → H+ + CH2OH+ (4)

H3OH2+ → H+
2 + CHOH+ (5)

H3OH2+ → H+
3 + COH+ (6)

q. (6) shows that H+
3 is ejected from CH3OH2+ due to two-body

ragmentation process after intramolecular bond rearrangement
as taken place within the methyl group of the molecule. But H+

2 is
ormed due to both two-body (Eq. (5)) and three-body

H3OH2+ → H+
2 + COH+ + H (7)

issociation pathways also through rearrangement reactions. It
hould be noted that as soon as CO+ is formed due to the disrup-
ion of the O–H bond, neither H+

2 nor H+
3 is recorded. It seems that

he formation of H+
2 and H+

3 is a delicate phenomenon which gets
isturbed as soon as the COH part is broken. These results along
ith a detailed study on the formation mechanism of H+

3 have been
ublished elsewhere [7]. Other than the above mentioned two-
ody channel (Eq. (4)), H+ formation pathways are also through
any-body processes:

H3OH2+ → H+ + CHOH+ + H (8)

H3OH2+ → H+ + COH+ + 2H (9)

H3OH2+ → H+ + CO+ + 3H (10)

.3. Hydrogen migration

Coulomb explosion dynamics competing with the hydrogen
tom transfer from the methyl group to the nitrile group (CN) in
H3CN [10] or to the hydroxyl group in CH3OH [5] had been inves-
igated previously using ultrafast intense laser fields. A signature of
ydrogen migration has been observed in doubly charged methanol
ue to ion-impact. The coincidence map in Fig. 3 shows the hydro-
en migration channel

H3OH2+ → CH+
2 + OH+

2 (11)

here one of the H atoms migrates from the methyl group to the
ydroxyl group (OH) prior to C–O bond breaking.

. Discussions

.1. Kinetic energy release (KER) of dissociation products

Using the coincidence data from Fig. 2, we have determined the
ER of different dissociation channels. We deduced the KER (Uker)
f the dissociation process in the centre of mass frame using the fol-
owing equation derived from simple kinematics for a linear TOFMS
7]

Ts = 2(2mUker)
1/2

qE
(12)
s

mitted fragment peaks, q is the ionic charge, E the extraction field
sed in our TOFMS and m is the mass of the ion.

Fig. 4 shows the KER distributions of (a) H+
2 , (b) C+ and (c) O+

rom different dissociation channels. A Gaussian is fitted to each
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Gaussian distribution for each dissociation channel. For H+ + Cq+

and H+ + Oq+ channels, we observe a gradual increase in the Eprob
values for the H+ fragments with the increase in carbon and oxygen
charge states. Emax values also increase with the increase in charge

Table 2
KER values obtained for the fragmentation channels Cq+ + Oq′+ (q, q′ = 1–3)
ig. 4. Gaussian fit to the KER distributions of (a) H+
2 (b) C+ and (c) O+ . The corre

olour in this figure legend, the reader is referred to the web version of the article.)

f the distributions to find out the most probable KER values along
ith its width. The KER values of nearly all the dissociation channels
esignated in Fig. 2 are determined in the same way as above.

Table 1 lists the most probable (Eprob) and maximum (Emax)
inetic energies (in eV) producing H+, H+

2 and H+
3 from CH3OH due

o 1.2 MeV Ar8+ impact. We have also compared our results with
hat obtained from photodissociation experiments [3]. The most
robable values of KER for all the above ion-impact channels are

ower than but comparable to the PEPIPICO values [3]. Table 1 shows
hat Eprob value of H+ formation for channel number 5 has lower
ER than that for channels 4 and 6. This trend is also observed in

he case of photon studies. Increase in the KER value for channel 7
onfirms a large amount of energy gained by the H+ fragments due
o all C–H and O–H bond cleavages. Four and five-body dissocia-
ion channels 6 and 7, respectively have a wider distribution in KER
ith respect to the two- and three-body channels 1–5. Eprob values

or H+
3 and H+

2 formation from two-body breakup channels 1 and 2
re nearly the same. Possibly H+

2 follows a similar minimum energy
athway during its formation as discussed for H+

3 in Ref. [7].
Table 2 lists the most probable (Eprob) and total (ETotal) kinetic

nergies (in eV) for different dissociation channels producing Cq+ +
q′+ due to 1.2 MeV Ar8+ impact where the carbon and oxygen ionic
harge states varies from 1 to 3 at different cases. We defined ETotal
s the sum of most probable KER values of two dissociative species
etected in coincidence. We also compared these results with that
btained from pure Coulomb explosion model (CEM). The value of
ER is predicted by CEM (ECoul) according to the relation:
(eV) = 14.4
q1 × q2

R(Å )
(13)

here q1 and q2 are the charges on the two fragment ions and R
Å) is the internuclear distance of the neutral parent molecule. We

able 1
ost probable and maximum kinetic energies for different dissociation channels

roducing H+ , H+
2 and H+

3 from dissociative CH3OH

o. Dissociation products Ion KER (eV)

Eprob Emax Ephoton

H+
3 + COH+ H3

+ 3.2 6.0 3.6
H+

2 + CHOH+ H2
+ 3.3 6.8 3.4

H+
2 + COH+ + H H2

+ 2.9 7.4 3.7
H+ + CH2OH+ H+ 2.6 9.3 4.4
H+ + CHOH+ + H H+ 2.0 8.3 3.3
H+ + COH+ + 2H H+ 3.2 17.5 4.5
H+ + CO+ + 3H H+ 6.7 20.2

lso listed are the values obtained from PEPIPICO experiments [3].

D

C

C

C

C

C

C

C

C

T
l

ing dissociation channels are also shown. (For interpretation of the references to

ave calculated the theoretical values of Coulombic KER taking the
–O bond length of the equilibrium geometry of neutral CH3OH,
C–O = 1.37 Å[4]. On comparing the total energy values with the
heoretical KER values calculated from pure CEM, we observe a
airly good agreement between the two except a few cases. There-
ore we can say that the highly charged CO moiety ‘Coulomb’
xplodes as evident from the matching KER values between the
xperiment and CEM. Table 2 also lists the Eprob and ETotal values
or two-body (CH+

3 + OH+) and detected twins from three-body
CH+

2 + OH+ + H) breakup channels. We observe nearly the same
alues of ETotal for both of them, quite similar to what was reported
n the case of photoionization studies [3].

Fig. 5 shows the KER values for H+ along with their Gaussian
ts for dissociation channels producing H+ + Cq+ (q = 1–3) and
+ + Oq+ (q = 1–2) due to methanol breakup. These values are

isted in Table 3. Eprob and Emax values for H+ + H+ breakup path-
ay are also listed. Emax is defined as the KER value corresponding

o 10% of the maximum counts for a particular ion species from a
reakup channel. In Table 3(except for H+ + H+ channel), the Eprob
nd Emax values correspond to the peak and 10% of the peak of the
issociation products Ion KER (eV)

Eprob ETotal ECoul

+ + O+ C+ 3.1 8.5 10.5
O+ 5.4

2+ + O+ C2+ 9.8 24.1 21.0
O+ 14.3

+ + O2+ C+ 11.7 31.4 21.0
O2+ 19.7

+ + O3+ C+ 19.5 43.1 31.5
O3+ 23.6

2+ + O2+ C2+ 19.6 42.9 42.0
O2+ 23.3

3+ + O2+ C3+ 26.4 61.8 63.0
O2+ 35.4

H+
3 + OH+ CH3

+ 1.2 3.2
OH+ 2.0

H+
2 + OH+ CH2

+ 1.7 3.0
OH+ 1.3

hese values are compared with that from pure Coulomb explosion model. Also
isted are the KER values for channels CH3OH2+ → CH+

(3−n)
+ OH+ (n = 0–1).
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ig. 5. KER distributions of H fragments for H + H , H + C (q = 1–3) and H +
q+ (q = 1–2) dissociation channels. Each distribution except H+ + H+ is fitted with
Gaussian. (For interpretation of the references to colour in this figure legend, the

eader is referred to the web version of the article.)

tates. It is observed that Eprob values for H+ ions are nearly the same
hen the associate fragments have the same charge state (C+, O+

nd C2+, O2+) irrespective of their mass. From Fig. 5, it is evident
hat the KER distribution for H+ ions for H+ + H+ channel is mostly
convolution of KER spectra from all dissociation channels pro-

ucing H+ fragments due to H+, Cq+ (q = 1–3) and Oq+ (q = 1, 2)
oincidence breakups. All the above channels have contributions
rom both CH3 and OH bond cleavages.

.2. Slope of islands in the coincidence map

The geometrical properties of an island in the coincidence map,
.e., the shape, size and orientation, contain useful information for
tudying the dissociation dynamics. These include the KER dis-
ribution, ejection direction of the dissociated fragments and the
issociation sequence. An analysis of the covariance mapping in
he mass spectrum has shown that the structure of the island
s a momentum contour [11,12] where the length of the island
eflects the kinetic energy of the ion pair and the slope gives
nformation about the charge and momentum of the involved par-
icles. If one or more fragments are not detected, the structure is
roadened due to the momentum carried away by the undetected
ragments.

The ion time-of-flight T is a linear function of the projection of
he ion’s initial momentum P along the spectrometer axis Pd = P
os (�), where P is the modulus of P and � is the angle between P and

Q+
he ion detection direction. The momentum distribution �Pd (A )
or a particular AQ+ ion is related to the time-of-flight distribution

T (AQ+) following the equation [12]:

Pd(AQ+) ∝ Q �T(AQ+) (14)

able 3
ER values measured for H+ ions for the fragmentation channels H+ + Cq+ (q = 1–3),
+ + Oq+ (q = 1–2) and H+ + H+ from Fig. 5

issociation products Ion KER (eV)

Eprob Emax

+ + C+ H+ 15.5 55.7
+ + C2+ H+ 37.3 65.0
+ + C3+ H+ 43.0 64.5
+ + O+ H+ 16.8 57.5
+ + O2+ H+ 37.1 64.8
+ + H+ H+ 16.0 84.0

l
i
c
H
a
T
s
l

5

t
w
t
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ig. 6. Slopes drawn along the coincidence islands of H+ + CH(3−m)OH+ (m = 1–3)
nd H+ + CO+ dissociation channels. Inset shows the angle � of the slope.

Using the above relationship, we can define a slope between
he TOF distributions of correlated ionic species in the coincidence

ap:

an � = Tx

Ty
= Px Qy

Py Qx
(15)

here P and Q are the momentum and charge state of the ions
isplayed along the x- and y- TOF axis.

The shape of the islands gives information about the fragmen-
ation dynamics of two-body as well as many-body dissociation
rocesses. Figs. 2 and 3 show the coincidence map corresponding
o the two-body fragmentation pathway CH3OH2+ → CH+

3 + OH+

Eq. (1)). Here the ions dissociate in opposite directions with equal
omenta |Px| = |Py| and the island is aligned along � = −45◦ or −1

lope resulting in a narrow structure perpendicular to the diago-
al. For the same reason, we get a slope of −1 for the dissociation
athways assigned by Eqs. (4)–(6), and hydrogen migration chan-
el (Eq. (11)). In case of a many-body fragmentation, the measured
lope is influenced by the momenta of the intermediate dissociation
roducts.

Fig. 6 shows the slopes drawn along the coincidence islands rep-
esented by Eqs. (4), (8), (9) and (10) respectively from right to left.
ere we observe that the dissociation channels depicted by H+ +
H(3−m)OH+ (m = 1–3) obey the slopes drawn along −45◦ to an
xact manner. But the breakup channel H+ + CO+ deviate to a large
xtent from −1 slope. Such a possibility had earlier been discussed
y Siegmann et al. [13] for the fragmentation patterns of CH4 in col-
ision with HCI. In collisions with highly charged Ar-ions multiple
onization takes place and undetected charged fragments signifi-
antly contribute to the momentum balance. Hence for an event like
+ + CO+, where further undetected H+ ions are involved, a smaller
mount of momentum will be imparted to the central C–O moiety.
herefore, a slope closer to ‘zero’ shows that the CO+ ion nearly
tays at rest, whereas the protons emerge with a comparatively
arge share of momentum.

. Conclusion

In this article, we have described in detail the different dissocia-

ion pathways of multiply charged methanol molecules in collision
ith HCI. We observed a wide range of dissociation products from

he TOF spectrum. From the coincidence map, we had separated
ut the different breakup phenomena and measured the KER
f nearly all breakup pathways. We found that some of them



4 f Mas

a
p
i
d
i
b
a
w

A

e
T
t
U
e
R
o

R

8 S. De et al. / International Journal o

gree well with values calculated from pure CEM. The geometrical
roperties of the islands in the coincidence map gives further

nformation about the momentum balance in the fragmentation
ynamics of two- or many-body dissociation. Hydrogen migration

s observed in case of low energy HCI-induced reactions. It would
e interesting to investigate how this rapid migration of hydrogen
toms from one site to another is induced through the coupling
ith the ion-induced fields.
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