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ABSTRACT: The 266 nm photolysis of various positional isomers of
dimethylpyridines and trimethylpyridine was investigated by measuring the
translational energy distribution of the methyl radical following {sp2}C−C{sp3}
bond dissociation. The observed translational energy distribution is attributed to
the dissociative photoionization in the cationic ground state following [1 + 1 + 1]
three-photon absorption. The translational energy distribution profiles of the
methyl radical were broad with the maximum translation energy in excess of 2 eV,
which originates due to the dissociation of {sp2}C−C{sp3} bond ortho to the N
atom in the ring. The dynamics of {sp2}C−C{sp3} bond dissociation in the
cationic ground state of methylpyridines is marginally dependent on the number
and position of the methyl groups; similar to xylenes, however, it is site-selective
with the preferential cleavage of C−C bond in the ortho position to the pyridinic
nitrogen atom, which is attributed to the relative stability of the resulting radical
cation.

■ INTRODUCTION
Understanding the photodissociation dynamics of aromatic
molecules is crucial in the exploration of photophysical
properties of complex biomolecules, wherein methylated
aromatic compounds are fundamental building blocks for
complex biomolecules.1−5 Among various aromatic molecules,
the heterocyclic analogs are important due to their hierarchy in
natural selection in the composition of complex biomolecular
systems and the heterocyclic analogs of methylated aromatic
compounds in particular, such as nucleobase uracil. Changes in
the electronic structure and symmetry of the electronic states
depending on the type and position of heteroatom substitution
within an aromatic ring are known to influence the photo-
physical properties of these molecules.6−11 In the case of
benzene, the absorption of a single photon within the 190−270
nm range gives rise to various radiative and nonradiative decay
processes, such as isomerization, photodissociation involving H
atom elimination, and ring opening.1,4,12 On the other hand, the
photodissociation dynamics of N-substituted heterocyclic
analogs of benzene, viz., pyridine and pyrimidine, exhibit a
reduction in the threshold for ring-opening reactions as the
number of nitrogen atoms in the ring increases.13 Nevertheless,
the alkyl-substituted derivatives of both the systems, namely,
methylbenzenes and methylpyridines, undergo extensive
isomerization following excitation to the excited singlet
electronic states, resulting in various positional isomers due to
the scrambling of the alkyl substituent.2,14−19 Subsequent to
internal conversion to the ground electronic state, the {sp2}C−
C{sp3} and C−H bond fission are the major photodissociation
channels in these molecules.20−24 Furthermore, isomerization

from being a six-membered to seven-membered via a C−C bond
insertion mechanism has also been reported.2,25,26 Interestingly,
the energy barrier associated with the insertion-isomerization
process (about 4.60 eV)19,27,28 is comparable to the {sp2}C−
C{sp3} bond dissociation threshold (around 4.50 eV),29 thereby
resulting in a compelling interplay of competing pathways.
Furthermore, the presence of an aromatic chromophore
enhances the likelihood of (resonant) multiphoton absorption,
allowing the molecules to access both the ground and excited
states of the cation.30−32 In the case of xylenes and mesitylene,
266 nm excitation leads to dissociative photoionization resulting
in {sp2}C−C{sp3} bond fission and formation of a methyl
radical via a resonant three-photon absorption process, which is
attributed to the substantial lowering of the {sp2}C−C{sp3}
bond dissociation energy in the cation ground state relative to
the neutral ground state.33 In light of these observations,
photodissociation studies on methylpyridines following 266 nm
excitation were carried out on N-heterocyclic analogues of
xylene andmesitylene using the velocity map ion imaging (VMI)
technique. Comparison of the dissociative photoionization
process in xylene and mesitylene with the corresponding
pyridine analogs provides insights into the role of electronic
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effects due to heteroatom substitution on the {sp2}C−C{sp3}
bond dissociation. Figure 1 depicts the molecular structures of

various positional isomers of dimethylpyridines (DMPs) and
trimethylpyridine (TMP) considered in the present work.
Unlike methylbenzenes, the methyl groups present in
methylpyridines exhibit variations based on their proximity to
the nitrogen atom, which are denoted as x and y labels for methyl
groups located closer and farther from pyridine nitrogen,
respectively, with the exception of symmetric 2,6-dimethylpyr-
idine. A pertinent question that arises is whether dissociation of
one the {sp2}C−C{sp3} bond is preferred over the other.

■ METHODOLOGY
The experimental setup for carrying out velocity map imaging
experiments is described elsewhere.34 Succinctly, a skimmed
molecular beam of reagent-doped helium buffer gas (3 atm) was
intersected by a counter-propagating pump (266 nm) and probe
(333.45 nm) lasers, and the resulting cations were then captured
and imaged using a four-electrode VMI spectrometer equipped
with a 50 mm diameter two-stage microchannel plate (MCP)
and a P47 phosphor screen (MCP-50DLP47VF; Tectra). The
image on the phosphor screen was captured using a high-
performance, easy-to-use USB, GigE CMOS camera (IDS
Imaging Development Systems), and the image was acquired
using NuAcq software.35 All the images were acquired for about
50,000 laser shots and were further processed (symmetrized)
using ImageJ software,36 and Abel inversion was carried out by
the basis set expansion method to extract the translational
energy spectrum.37 In the present set of experiments, the pump
laser (266 nm) is generated as the fourth harmonic of a Nd:YAG
laser (Brilliant-B; Quantel), while the probe laser (333.45 nm) is
produced by frequency-doubling the output of a tunable dye
laser (LiopStar-HQ; LIOP-TEK), which is pumped with the
second harmonic of a Nd:YAG laser (Brilliant-B; Quantel). The
polarization planes of both lasers were aligned parallel to the
detector plane. The time delay between the pump and probe
lasers was approximately 10 ns. The time delays between various
operational elements, such as the opening of the pulsed nozzle,
triggering of both flashlamp and Q-switch for laser firing, gating
of the front-plate of the MCP detector, and opening of the
camera shutter, were controlled by an eight-channel digital delay
pulse generator (DDG-9520; QuantumComposers). The pump
and probe lasers were operated at energies of approximately 500
and 200 μJ/pulse, respectively, and were focused onto the
molecular beam using a plano-convex lens with a focal length of
350 mm. The pump beam had a spot size (around 1 mm) that
was slightly larger than that of the probe beam (less than 1 mm).
The laser flux was carefully adjusted to ensure that the signal
intensity from the methyl fragment was negligible in the absence
of a probe laser.

■ RESULTS AND DISCUSSION
The mass spectra obtained following 266 nm photolysis of the
various positional isomers of DMP and TMP are presented in
Figure S1 (see the Supporting Information). The mass spectra,
in all the cases, show intense peaks corresponding to the
molecular ion at m/z = 107 [C5H3N(CH3)2]+ and m/z = 121
[C5H2N(CH3)3]+ for DMPs and TMP, respectively, along with
several weaker peaks corresponding to CnHm (n = 2−6),
fragments of which were observed in all cases. The pump−probe
mass spectra additionally exhibit a peak corresponding to the
methyl radical atm/z = 15, which was probed using a 333.45 nm
laser with [2 + 1] REMPI following excitation to theQ-branch of
the 000 band of the X∼2A2″ → 3p2A2″ transition.38,39 Furthermore,
the pump−probe mass spectra also reveal an increase in the
intensity of peaks corresponding to molecular fragments of
CnHm (where n = 2, 3), suggesting the extensive probe-induced
fragmentation of the parent molecule leading to the production
of smaller fragments. The velocity map images of the methyl
fragments and the corresponding total translational energy
release distribution profiles [P(ET)] are depicted in Figure 2.
The velocity map images of methyl fragments are isotropic and
diffused in nature, characterized by a central blob-like feature,
indicating a broader translational energy distribution.34 This
isotropic nature suggests that the scission of the {sp2}C−C{sp3}
bond follows a predissociation pathway with a longer time scale
compared to the rotational reorientation times, in contrast to the
case of methyl iodide or dimethyl sulfide.40,41 For a quantitative
understanding of the trends observed in total translational
energy release distributions obtained from experiments, the-
{sp2}C−C{sp3} bond dissociation energies (BDE) of the
molecules under investigation were calculated in their neutral
[BDE(S0)] and cationic [BDE(D0)] ground states with the
G3B342 method using Gaussian-09.43 Table 1 lists the values of
the calculated BDE along with the calculated ionization energies
and S0 → S1 vertical transition energies (calculated using CAM-
B3LYP/6-311G(d,p)) for all the molecules.
A generalized energy-level scheme for the formation of methyl

radicals, shown in Figure 3, considers the {sp2}C−C{sp3} BDE
in both the neutral and cationic ground states. In all cases, the
calculated {sp2}C−C{sp3} bond dissociation energy in the
neutral ground state [BDE(S0)] (see Table 1) is approximately
0.3 eV lower than the photon energy of 266 nm (4.66 eV).
Consequently, the {sp2}C−C{sp3} bond dissociation in the S0
state would result in a maximum total translational energy ET

max

of about 0.3 eV, which is much lower than the experimentally
observed value (see Figure 2) and rules out the possibility of
formation of the methyl radical dissociation from the neutral
ground state. Furthermore, the S0 → S1 transition energy is
marginally less than 4.66 eV for all cases (see Table 1), which
suggests that the absorption of the first 266 nm photon leads to
the vibronic excitation just above the band-origin 000 of the S1
state. This excitation serves as a resonant intermediate level for
the subsequent absorption of the second 266 nm photon, which
results in the ionization of the molecules. The ionized molecules
undergo {sp2}C−C{sp3} bond dissociation in the cationic
ground state [BDE(D0)] upon the absorption of the third
photon. The calculated [ET

max] values using eq 1 based on this
three-photon bond dissociation energy scheme are listed in
Table 1 and can be observed in good agreement with the
experimental total translational energy distribution profile P(ET)
(Figure 2)

[ ] = ×E IE D3 4.66 BDE( )in eVT
max

0 (1)

Figure 1. Structures of the positional isomers of DMPs and TMP. The
indices x and y denote the types of methyl groups present in each
molecule, depending on their respective positions relative to the
nitrogen atom.
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The agreement between the calculated [ET
max] value and the

experimental observation has been rationalized by fitting the
experimental P(ET) profile to an empirical function of eq 244

= × ×P E C E E E( ) (( ) ( )T T
a

T T
bmax (2)

where a and b are adjustable parameters, C is a normalization
constant, and ET

max represents the maximum total translational
energy available for the fragments in the center-of-mass frame
after dissociation. In eq 2, a = 0.5 indicates a priori statistical
distribution and a > 3 indicates nonstatistical distribution. On

Figure 2.Total translational energy release distribution profiles P(ET) (black dashed traces) and their fits to eq 2 based on ET
max values calculated for the

{sp2}C−C{sp3} bondmarked “x” in Figure 1 (solid red curves) for (A) 2,3-DMP (a = 1.10; b = 4.0), (B) 2,4-DMP (a = 1.71; b = 4.0), (C) 2,5-DMP (a
= 1.59; b = 4.0), (D) 2,6-DMP (a = 1.39; b = 4.0), and (E) 2,4,6-TMP (a = 1.05; b= 4.6). In each panel, the red and green arrows indicate the calculated
maximum total translational energy release [ET

max] corresponding to CH3 bond dissociation labeled as “x” and “y”, respectively, in Figure 1. Raw
symmetrized velocity map image (top) and the corresponding reconstructed image (bottom) of the methyl group are shown in each case. All of the
images are on the same scale, and the double-sided arrow in the first panel shows the direction of the laser polarization. The deviation on the higher
energy tail part is due to the multiphoton process and is neglected in the fitting.
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the other hand, 0.5 < a < 3 indicates deviations from a priori
statistical distribution.45 Moreover, the value of b indicates the
contribution of the rovibrational density of the product states.44

However, it must be pointed out that the ET
max value also includes

the electron kinetic energy after ionization; therefore, ET
max is the

sum of kinetic energies of the electron and the mass fragments.
The fits to the (ET) profiles of the methyl radical with eq 2 by
fixing the ET

max value corresponding to the dissociation of the
methyl group labeled as x (see Table 1) resulted b values in the
range of 3.5−4.3 and about 4.7 in the case of dimethylpyridines
and trimethylpyridine, respectively. In all the cases, the
deviations to fits observed for the higher energy part of P(ET)
is to be attributed to the multiphoton processes and is
neglected.44 Global analysis was carried out by fixing the values
of parameter b as 4 and 4.7 for dimethylpyridines and
trimethylpyridine, respectively, and reflects the fact that the
density of states for trimethylpyridine will indeed be higher as
compared to dimethylpyridines due to the presence of an
additional methyl group. On the other hand, a comparison of
values of a (see the Figure 2 caption and Table S1) suggests that
the extent of a priori statistical distribution of excess energy is the
lowest in the case of 2,4-DMP (a = 1.71) followed by 2,5-DMP
(a = 1.59), 2,6-DMP (a = 1.39), and 2,3-DMP (a = 1.11). A
relatively better statistical a priori distribution in the case of
2,4,6-TMP (a = 1.05) is attributed to a higher density of states.
Based on these results, it can be inferred that the dynamics of
{sp2}C−C{sp3} bond dissociation in methyl pyridines are
marginally dependent on the number and position of the methyl
groups. Furthermore, the agreement between the calculated and

experimental total translational energy release profiles indicates
a clear preference for the dissociation of the {sp2}C−C{sp3}
bond closer to the nitrogen atom over the one that is away from
the nitrogen in all of the cases.
The remarkable agreement between the calculated {sp2}C−

C{sp3} bond dissociation energies and the experimental data
indicates that the dissociation of the methylpyridines occurs
from the cationic ground state through a [1 + 1 + 1] three-
photon dissociation process, which is favored due to the lower
dissociation energy in comparison to the neutral ground state.
Importantly, the observed dissociation dynamics of the {sp2}C−
C{sp3} bond in methylpyridines are similar to methylbenzenes
(xylenes)33 and suggest that the nitrogen atom substitution in
the ring has only a marginal effect on the dissociation dynamics
of the system. However, a favored dissociation of the {sp2}C−
C{sp3} bond adjacent to the nitrogen is observed in the case of
methylpyridines, unlike methylbenzenes. The differences in the
dissociative ionization of methylbenzenes and methylpyridines
can be attributed to the relative stability of the resulting radical
cation. In general, the dissociative ionization of the methyl-
benzenes and methylpyridines leading to the formation of the
methyl group is favored due to the lowering of the {sp2}C−
C{sp3} bond energy in the cationic ground state relative to the
neutral ground state.

■ CONCLUSIONS
The {sp2}C−C{sp3} bond dissociation channel leading to the
formation of the methyl radical for various positional isomers of
DMPs and TMP was investigated following 266 nm excitation
using a velocity map imaging technique. The ground (ν = 0)
state of the methyl radical produced in the dissociation process
was detected using a [2 + 1] REMPI scheme using a 333.45 nm
laser. The images of the methyl fragment obtained were
isotropic, suggesting the longer time scale of the bond
dissociation as compared to the rotational reorientation time.
The broad total translational energy distribution profiles were
obtained in all the cases and were attributed to {sp2}C−C{sp3}
bond dissociation in the cationic state following a resonant [1 +
1 + 1] three-photon process due to the lowering of the {sp2}C−
C{sp3} bond dissociation energy relative to the neutral ground
state. These results were further rationalized based on the fitting
of experimental translational energy distribution profiles of the
methyl fragment with an empirical function, indicating that the
dynamics of {sp2}C−C{sp3} bond dissociation in methyl
pyridines is marginally dependent on the number and position
of the methyl groups. Interestingly, the results for the {sp2}C−
C{sp3} bond dissociation channel upon 266 nm excitation in the
case of methylpyridines were found to be similar to those of
alkylbenzenes, which suggests that the presence of nitrogen in
the ring has only a marginal effect on the dissociation dynamics.
However, a preferential dissociation of the {sp2}C−C{sp3}
bond ortho to the nitrogen atom over the other {sp2}C−C{sp3}
bond is observed due to the inherent asymmetry of the system
and is attributed to the relative stability of the resulting radical
cation.
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Mass spectra recorded under various conditions and a
table listing the fitting parameters (PDF)

Table 1. Energies (eV) for Various Excitation Processes are
Shown in the Energy-Level Schematic (Figure 3)

BDE(S0) BDE(D0) S0 → S1 IE ET
max(x) ET

max(y)

2,3-DMP 4.31 2.71 4.61 8.95 2.31 1.76
2,4-DMP 4.32 2.89 4.59 8.89 2.21 1.40
2,5-DMP 4.35 2.59 4.55 9.22 2.16 1.55
2,6-DMP 4.31 2.85 4.6 8.84 2.28
2,4,6-TMP 4.29 2.84 4.66 8.69 2.45 1.59

Figure 3. Generalized schematic of the energy-level scheme for the
{sp2}C−C{sp3} bond dissociation for DMPs and TMP in various
states. The terms used are as follows: S0: neutral ground state; S1: first
excited state; D0: cationic ground state; BDE(S0) and BDE(D0):
{sp2}C−C{sp3} bond dissociation energy in the S0 and D0 states,
respectively; CH3: methyl radical; [M−CH3]: co-fragment obtained by
loss of one methyl group from parent molecule; IE: ionization energy;
ET
max: maximum translational energy available for the fragments in the

center-of-mass frame.
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