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Abstract

We report density functional theory computations and photoionization mass spectrometry measurements
of aniline and its positively charged ions. The geometrical structures and properties of the neutral, singly,
doubly, and triply positively charged aniline are computed using density functional theory with the
generalized gradient approximation. At each charge, there are multiple isomers closely spaced in total
energy. Whereas the lowest energy states of both neutral and cation have the same topology CsHs—NH>,
the dication and trication have the CsNHs—CH> topology with the nitrogen atom in the meta and para
positions, respectively. We compute the dissociation pathways of all four charge states to NH or NH" and
NHz or NHx", depending on the initial charge of the aniline precursor. Dissociation leading to the
formation of NH (from the neutral and cation) and NH" (from the dication and trication) proceeds through
multiple transition states. On the contrary, the dissociation of NH (from the neutral, cation) and NH>"
(from the dication and trication) is found to proceed without an activation energy barrier. The trication
was found to be stable toward abstraction on NH* and NH>" by 0.96 ¢V and 0.18 eV, respectively, whereas
the proton affinity of the trication is substantially higher, 1.98 eV. The mass spectra of aniline were
recorded with 1300 nm, 20 fs pulses over the peak intensity range of 1 x 10" W cm™ to 3 x 104 W ¢cm™,
The analysis of the mass spectra suggests high stability of both dication and trication to fragmentation.

The formation of the fragment NH" and NH," ions is found to proceed via Coulomb explosion.



1. INTRODUCTION

Aniline is widely used for production of synthetic dyes, rubber processing chemicals, herbicides, and
methylene diphenyl diisocyanate, a chemical used in the production of polyurethanes for many
applications.!? Aniline is also a simple model for the ultraviolet (UV) absorbing chromophore of DNA
nucleobases.>* Therefore, the electronic ground and excited states of aniline have been the subject of
numerous theoretical®-'* and experimental'>-!® studies. For instance, recent investigations of the UV
photochemistry of aniline have determined that N—H bond fission proceeds through ultrafast, sub-
picosecond relaxation from the no* (S,) state.!®22

Although a large amount of work has been devoted to experimental measurements of the ionization
energy of aniline 2} and dissociation products of aniline cation,?*2” the structures and reaction energetics
of positively charged aniline ions have received less attention. The structure and vibrational spectra of the
singly charged aniline cation (CsHsNH>") have been studied at both ab initio and density functional theory
(DFT) levels,?® and the energetics of its dissociation into the cyclopentadiene cation (CsHe") and hydrogen
isocyanide (HCN) have been studied at the DFT level.?® Photodissociation spectra of aniline cation have
been recorded in the near-infrared (1.30-1.67 €V)*° and visible (2.73-3.10 eV)?! regions, with visible
excitation forming exclusively CsHg". Both aniline dication and trication were observed in a recent mass
spectrometry study using intense 800 nm femtosecond laser pulses for ionization.*? However, neither the
structures nor dissociation pathways of the dication and trication have yet been reported.

In this work, we present the results of a detailed study of aniline and its positively charged ions
using DFT calculations and mass spectrometry with intense femtosecond laser excitation. Special attention
was paid to the aniline trication because intact molecular trications in mass spectra of small organic
molecules containing only one aromatic ring are only rarely observed.3?3* Theoretical calculations began
with a search of the lowest energy isomers of the neutral, singly, doubly, and triply positively charged
aniline. We then considered the decay pathways of CsHsNH» and CsHsNH," into NH and NH;, and the

decay pathways of C¢HsNH>?" and CeHsNH»>" into NH* and NH>". It was found that the decay processes
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yielding NH and NH" proceed through local minima and transition states, whereas the abstraction of NH»
and NH>" may proceed via stretching the C—N bond until it breaks. The abstraction of hydrogen atoms
inequivalent by symmetry was considered for two low-energy structures of the trication. In all cases, the
corresponding potential energy curves were found to possess the shapes similar to that obtained for the
removal of NH," from the trication. The chemical bonding and charge distributions in the aniline species
was analyzed using the Natural Bond analysis. Experimental measurements using 20 fs, 1300 nm laser
pulses for ionization obtained saturation of aniline dication and trication yields, consistent with their
predicted stability based on our computations. The fragments NH" and NH," were only observed at high
laser intensities and were found to form via Coulomb explosion.
2. METHODS
2.1 Experiment

Mass spectra of aniline were measured using 20 fs, 1300 nm laser pulses. This wavelength was
chosen because laser excitation at near-infrared wavelengths (1150—1600 nm) has been widely observed
to enhance formation of intact singly-charged and multiply-charged molecular cations as compared to
excitation at 800 nm.*%** The experimental setup has been described in detail in our previous work.*!
Briefly, a commercial Ti:sapphire regenerative amplifier (Astrella, Coherent, Inc.) produced 30 fs, 800
nm pulses. 2.2 mJ of the amplifier output was used to pump an optical parametric amplifier (OPA, TOPAS
Prime) to produce 1300 nm, 20 fs, 125 uJ pulses. Energy attenuation to energies as low as 4 pJ was
accomplished using a variable neutral density filter. The resulting beam was expanded to a diameter of 22
mm and focused into the extraction region of a linear time-of-flight (TOF) mass spectrometer with a f =
20 cm fused silica lens. The linear polarization of the laser electric field was rotated from being parallel
to orthogonal to the ion TOF axis using an achromatic half-wave plate. A 0.5 mm slit in the extraction
plate restricted ion sampling to the region of highest intensity. The peak laser intensity at each pulse energy
was calibrated by measuring the ion intensities of Xe™ according to a previously reported procedure,*?

achieving intensities in the range of 1.3 x 10'3 to 3.0 x 10'* W ¢cm2. Samples of aniline (> 99.5%, Sigma-
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Aldrich) were used without further purification and introduced directly into the vacuum chamber (base
pressure 2.0 x 10 torr) through an effusive source. Due to the low vapor pressure of aniline, the sample
holder was heated with resistive heating tape to produce a pressure of 2.0 x 10”7 Torr measured at the
microchannel plate (MCP) detector. Mass spectra were recorded with a 1 GHz digital oscilloscope at a
sampling rate of 20 giga samples per second (GS/s) (LeCroy WaveRunner 610Zi). Reported mass spectra
and ion yields were sampled over 2 x 10° and 2 x 10 laser shots, respectively.

2.2 Computational Details

Our computations were performed using the density functional theory with the generalized
gradient approximation (DFT-GGA) as implemented in the GAUSSIAN 09 program.** We chose the
BPWO1 exchange-correlation functional composed of the Becke exchange** and the Perdew-Wang
correlation®’ because this is a relatively fast DFT method and provides reliable results. In particular,
computations of binding energies using standard reference sets have shown*® that the BPW91 accuracy to
be comparable to that of more recently developed exchange-correlation functionals.

In order to verify the reliability of our choice we performed computations of adiabatic ionization
energies (AIE) of neutral aniline using the computational methods from three groups: DFT (BPWO1),
hybrid DFT (B3LYP?*” and CAM-B3LYP*), and post-HF (CCSD(T)*’) and a quite large 6-311++G(3df)
basis set. The corresponding values 7.47 eV, 7.54 eV, 7.58 eV, and 7.63 eV which have to be compared
to the experimental ionization energy of 7.720+0.002 eV.? The difference of 0.16 eV between the
CCSD(T) and BPWO1 values is quite small and it further decreases when going to the differences between
the CAM-B3LYP and BPW9I values and finally between the B3LYP and BPWO1 values. The latter is
only 0.07 eV and one expects that the BPW91 and B3LYP will show a similar accuracy as obtained in our
B3LYP calculations for the nitrotoluene isomers and their cations which were found to be in very good
agreement with experiment.>*>! Since the results of BPW91 calculations are less sensitive to the basis set,
we chose a smaller 6-311+G*/(12s6pld/5s4pld) basis set of triple-C quality for most of farther

computations. The AIE with this basis is 7.445 eV; that is, the difference with the value obtained with the
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extended basis is less than 0.03 eV. The computations of were also performed using a somewhat larger
balanced split-valence Def2-TZVPP [(11s6p2d1f)/5s3p2d1f] basis.’> The AIE value obtained at the
BPWO91/Def2-TZVPP level is 7.437 eV and practically matches the BPW91/6-311+G* value.

In our computations, each unconstrained geometry optimization was followed by the calculations
of the harmonic vibrational frequencies in order to confirm the stationary character of an optimized state.
The convergence threshold for total energy was set to 10 €V and the force threshold was set to the default
value of 1073 eV/A. Transition states were found by either using trial geometries and the optimization
option “TS” and/or relaxed potential energy scans. After a transition state was found, it was used as the
initial state for the Intrinsic Reaction Coordinate (IRC) computations in order to confirm that the TS is
connected to the initial state. If this was not so, a new search for another transition state was performed
and so on until the IRC results indicated that the TS found is produced from the initial state. Next, the
second state at which the IRC run arrived was used for constructing a trial geometry for a new TS and so
on until the dissociation limit was reached. In this way, one obtains continuous pathways from the initial
states of the neutral and charged aniline to the final decay products. Local excess spin densities, charges
on atoms and bonding patterns were obtained using the NBO suite,>® which is based on the use of natural
atomic orbitals (NAO).

3. RESULTS
3.1. Isomers of Neutral and Charged Aniline

Since neither the structure of aniline dication nor trication has been reported, we performed an
extensive search for the lowest energy states of these cations and low-lying isomers. For comparison
purposes, we have optimized the similar isomers of the neutral and singly charged aniline. Whereas
Ce¢HsNH; and CeHsNH> " possess the same ground-state geometrical topologies in agreement with previous
results,?®2? the ground states of both CsHsNH>?" and C¢HsNH2*" have different geometries with respect
to each other and to that of the neutral-cation pair. In the dication, the nitrogen atom prefers the meta-

substitution of a carbon atom in the benzene ring, i.e., a 3-methylenehydropyridine structure (Fig. 1,
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structure highlighted in green). The closest in total energy state of the dication has a seven-membered ring

structure of azepine and is higher than the ground state by 0.13 eV. The state with the geometrical structure

of the neutral ground-state aniline is higher in total energy by 0.68 eV. In the ground-state trication, the

nitrogen atom occupies the para-position (4-methylenehydropyridine, highlighted in blue in Fig. 1) and

the state with the meta-substitution is higher by 0.08 eV. The states with the geometries similar to that of

the ground-state neutral and azepine (not shown in Fig. 1) are higher by 0.27 eV and 0.76 eV, respectively.

Interestingly, the state with the broken carbon ring structure is higher in total energy by only 0.40 eV. It

is also worth noting that both the order of states with similar geometrical structures and the relative energy

shifts between isomer states are different in the neutral and cation series.

Neutral CoHgNH, 2S+1=1

+1.06 eV

IE = 6.67 eV

e

+1.75 eV
IE=6.99 eV

S+1 =2

+0.34 eV

Dication C;HNH,*2 2§+1 =1

i

+0.23 eV

Trication CGH 5NH2+3

+1.78 eV
IE = 6.07 eV

5t

+0.74 eV

i

12

+0.28 eV
25+1=2

i

#

0.0 eV +1.05eV
IE= 7.71eV IE = 6.68 eV
Cation
0.0evV +0.19 eV
0.0eV +0.13 eV
0.0 eV +0.08 eV

+0.27 eV

+0.40 eV

+0.68 eV

424

+0.71 eV

Figure 1. Geometrical structures of the lowest energy isomers of neutral aniline CsHsNH> along with
those of its cation CeHsNH>", dication C¢HsNH»?", and trication C¢HsNH>*". Total energy shifts (in eV)
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are relative to the ground-state total energy of the corresponding series. Ionization energies of the neutral
isomer states are in eV. Selected structures are highlighted in boxes: neutral aniline (pink), 3-
methylenehydropyridine (green), and 4-methylenehydropyridine (blue).

We have also optimized triplet states for the neutral aniline and its dication along with quartet states for
the cation and trication for all isomers shown in Fig. 1. The singlet-triplet splitting of the ground-state
neutral and dication computed at the BPW91/6-311+G* level are 3.23 eV and 2.17 eV. The doublet-

quartet splitting of the ground-state cation and trication obtained at this level are 3.47 eV and 3.32 eV,

respectively. The rest of the splitting values are presented in the Supporting Information, Table S1.

3.2. Dissociation Pathways to NH and NH"

In order to determine how dissociation of NH depends on the charge of aniline, we compare the
pathways leading to the abstraction of NH from the neutral and cation and NH" from the dication and
trication. For the abstraction of NH from neutral aniline, we found two pathways presented in Fig. 2. The
first transition states, labelled TS1, are quite similar in both pathways and lead to the same local minimum
state LM 1. There are two subsequent transition states (TS2 in both pathways) with LM1 as a predecessor
corresponding to different processes of benzene ring rupture. These transition states lead to geometrically
different predissociative states (LM2 in both pathways), which are followed by the transition states (TS3
in both pathways) corresponding to the aniline dissociation to C¢He and NH but with different isomers of
benzene.>* As can be seen in Fig. 2, the lowest energy activation barrier of 6.65 eV corresponds to pathway
I, which is above the dissociation limit by 2.82 eV.

Dissociation of the aniline cation and dication to C¢He" +NH and to C¢He" + NH*, respectively,
proceed in a pathway analogous to that of neutral aniline via pathway II when the dication state has the
same geometrical topology as the cation and neutral. The only significant difference is the absence of a
transition state corresponding to the transition state TS2 in pathway II (see Fig. 3). The activation barrier
of the cation is larger than that in the neutral by 0.26 eV, whereas the activation energy of 7.03 eV required

for inducing dissociation of the dication to NH' is higher by 0.38 eV when compared to the NH



dissociation from the cation and by 0.54 eV from the neutral (cf- Figs. 2 and 3). The dissociation pathway
for the lowest energy dication isomer can be initiated via its isomerization to the dication isomer with the
neutral aniline geometry as shown in Fig. 4 and subsequently proceed according to the pathway in Fig. 3.
The dication isomerization proceeds via a seven-membered ring (see Fig. 4) and the transition state TS2
corresponds to the energy barrier of 5.85 eV. Therefore, one can expect that the aniline dications formed
by ionization of the neutral and singly positively charged aniline will retain the geometrical topologies of

their precursors.

Fragmentation of neutral C;H;NH,

Aev

e B bhow s o N
e 1o Ie I=e e I° |e |°

0.00
Initial TS1 Local TS2 Local Dissociation Final
state minimum minimum Products products
Pathway I
0 +
Pathway II

AR

Dissociation Final

Fig. 2. Two pathways of aniline fragmentation to benzene and nitrogen monohydride. The energies (in
eV) of the transition (TS) states, intermediate (local minima) states, and dissociation products are given
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relative to the ground-state total energy. Geometrical structures corresponding to each pathway are also
shown.

Fragmentation of CgHeNHy* and CgHeNHo+2

dev
7.0 I — C6H5NH2+ +7.03
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Fig. 3. Pathways of aniline cation and dication decay to CsHs'+ NH and to CsHs" + NH", respectively.
The energies of the transition (TS) states, the intermediate local minimum states, and the dissociation
products are given with respect to the total energy of the cation ground state in the case of the cation
pathway. In the case of the dication, these energies are given with respect to the total energy of the dication
isomer state with the same topology as that of the cation. The geometrical structures corresponding to both
pathways are similar.



Isomerization of C;H:NH,*2
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Fig. 4. Isomerization of the aniline dication beginning with its ground state and ending up with the isomer
possessing the neutral aniline topology. The energies (in eV) of the transition (TS) and isomer (ISO) states

are given relative to the total energy of the ground-state dication.

The abstraction of NH* from the ground-state trication and the isomer of C¢sHsNH2** with the
geometrical topology of neutral aniline (which is 0.27 eV higher in energy) proceeds via the two transition
states shown in Fig. 5. The dissociation barrier height is somewhat lower when the initial geometry is that
of the neutral aniline. As can be seen, the final products are presented by two isomers of CsHes>", neither
of which corresponds to the lowest energy isomer of the dication, which has the shape of a pentagonal
pyramid.>>*® Two pathways leading from these two isomers of C¢He*" to the ground-state isomer are
shown in Fig. 6. The transition from the isomer in which the carbon atom with two attached hydrogens is
in the ortho-position with respect to the hydrogen-free carbon atom to the ground state isomer proceeds
via an intermediate state with the benzene hexagonal ring (the top panel in Fig. 6). On the contrary, the
intermediate local minimum state in the second pathway possess the geometry of a strongly distorted

benzene ring and requires crossing a barrier higher by 0.61 eV (1.26 eV vs 1.91 eV).
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Fragmentation of CgHgNHo*3
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Fig. 5. Pathways of the decay of two lowest energy isomers of the trication to C¢He*" + NH". The energies
of the transition (TS) states, the intermediate local minimum states, and the dissociation products are given
with respect to the total energy of the corresponding initial isomer states.
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Isomerization of CgHg*2
eV
2.0 +1.94

Isomer

+1.29 +1.30

\ 0.00

Isomer TS2 Ground state

B b

Isomer

Fig. 6. Isomerization of the benzene dication beginning with the isomers forming in the process of the
trication decay (see the preceding figure). The energies (in eV) of the transition (TS) and isomer states are
given relative to the total energy of the ground-state of CsHe>".

Summarizing the data presented in Figs. 2, 3 and 5, the decay energies for the channels CsHs—NH,
CeHs™—NH, C¢He"-NH", and CeHe>*~NH" are 3.57 €V, 5.15 eV, 5.24 €V, and 0.96 eV, respectively. The
latter values were computed in the standard way with accounting for the zero-point vibrational energies
obtained within the harmonic approximation, i.e., as
Do(A-B) = Et‘;lt(A) + Eo(A) — [Etf)lt(B) + Eo(B)] (1)

where Etilt is the total Born-Oppenheimer energy and Ey is the zero-point vibrational energy. The barriers

to dissociation, however, are significantly higher than these decay energies for all charge states.
3.3. Abstraction of NH, and NH,"

In order to gain insight into dissociation of aniline to CsHe + NH>, aniline cation to CsHg"+ NHo,
aniline dication to C¢Hs" + NH>", and aniline trication to C¢He>* + NH,", respectively, we used a relaxed
potential energy scan procedure where the distance between the carbon atom of the ring to which the
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amine group is attached and the nitrogen atom is increased from 0.9 A to 7.0 A with a step of 0.1 A. All
geometrical parameters were optimized at each step except for the C — N distance. In all cases, the initial
structure corresponded to the ground-state geometry of aniline, i.e., CsHs — NHa, of Coy symmetry.

For each species we obtained potential energy curves of the ground states (singlet or doublet,
depending on the charge), presented in Fig. 7. The potential energy curves have the shapes typical for
diatomics in the case of the neutral and singly charged cation, whereas the dication and especially trication
curves do not approach to the asymptotic limit at R(C — N) = 7.0 A. Dissociation limits computed with eq
1 are 4.29 eV, 4.93 eV, 4.11 eV and 0.18 eV for the neutral, cation, dication, and trication, respectively.
Note that the trication curve slowly decreases in energy as the R(C — N) distance increases, and the highest
value of 4.7 eV, which can be related with the reaction barrier, corresponds to R(C — N)=2.9 A. Since
there is no additional activation energy barrier, the NH> dissociation from aniline and its cation as well as
NH>" from the dication and trication is due to stretching the C — N bond. On the contrary, dissociation to
NH and NH" proceeds via several transition states, all of which require activation energies that are higher
than those required for the NH, and NH>" dissociation (see Figs. 3 and 5). It is noteworthy that the energy
barriers required for both NH and NH> dissociation from the aniline cation are higher than the computed
barrier for CsHe" + HNC formation of 3.23 €V. This result is consistent with previous mass spectrometry

24-27,31,32

studies indicating higher yields of CsHs" compared to phenyl and benzene cations, as well as with

our experimental results (see Section 3.7).
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Fig. 7. Potential energy curves corresponding to the C — N bond stretch in ground-state aniline (Cs, 'A”)
and cation (Cay, ?B1) as well as in the isomers of the dication (Cay, 'A) and trication (Cs, 2A’") with the

geometrical topologies of ground-state aniline.
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3.4 Stability of the Aniline Trication

In addition to testing the trication stability with respect to the abstraction of the NH,*, we also
assessed its stability toward abstraction of hydrogens. With this aim, we obtained the C — H and N - H
potential energy curves in the ground Cay state of the trication and its isomer with the topology of the
neutral aniline, which distorts from Cay to Cs due to an out-of-plane corrugation. There are four H atoms
nonequivalent by symmetry in each case. The curves are obtained by a relaxed potential energy scan in
which the C— X bond is stretched with a step of 0.1 A while optimizing the rest of geometrical parameters
at each step. As seen in Fig. 8, the potential energy curves obtained in our computations all possess a
similar shape. They have a hump at distances around 3.0 A and energy slowly decreases as the C—X
distance further increases. The humps can be identified with the dissociation barriers and they vary from
3.55 eV to 4.80 eV, being higher for the ground-state trication, where the lowest barrier height is 4.3 eV.
Since the dissociation process corresponds to the formation of the CsNHg>* and H* products, then the
dissociation limit equals the proton affinity of the trication which can be computed as

PA = Egt(céHsNHfﬂ + Eo(CeHsNH»*) — [Etilt(C6NH62+) + Eo(CsNHeg2h) )
where Eteolt is the total Born-Oppenheimer energy, Eo is the zero-point vibrational energy, and the CsNHe>*

dication is in its ground state. We performed an intensive search for this ground state and found that the
lowest energy state has a CsHs— NH topology of C,y symmetry. The PA value of the ground-state aniline

trication computed according eq 2 equals 1.98 eV.
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Fig. 8. Potential energy curves corresponding to the C — H bond stretches in the ground-state CeHsNH>**

trication and its isomer with the neutral ground-state topology. The ground and isomer state geometries
have C,y and Cs symmetries, respectively. There are four nonequivalent by symmetry H sites in both cases.
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Since the geometrical structure of the neutral aniline, which is the initial experimental state, is
different from the ground-state geometrical structure of the aniline trication, we performed a search for
the lowest energy pathway for the interconversion of these two geometrical structures (Fig. 9). Both
pathways contain intermediate local minima states with the azepine geometrical structures as the final step
to produce the trication with the neutral aniline geometry, resulting in the same barrier height of 5.15 eV.
Therefore, it is expected that the trication in our experiments has the geometry of the neutral.

Isomerization of C;HgNH,*3

eV
5_0A TS3
. Fis1s \
Y
40 \
\
\
3.0 \
\
\
2.2 \
\
Y
1.0 v
ISO
0.0 —
— +0.27

N
=

=
=

Fig. 9. Two pathways of isomerization of the aniline trication beginning with its ground state and ending
up with the isomer with the topology of the neutral aniline ground state. The energies (in eV) of the
transition (TS) and isomer (ISO) states are given relative the total energy of the ground-state trication.
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3.5. Electron Affinity and Ionization Energy

When considering one-electron oxidation and reduction of aniline, Raczynska et al. have
postulated the existence of stable singly negatively charged aniline isomers.>’ Using geometrical
structures of the isomers from their work, which are higher in total energy than the isomers in Fig. 1, and
five isomers of the neutral aniline given in Fig. 1, we attempted optimizations of the singly negatively
charged aniline states. In all cases the optimized doublet states had the total energies higher than the total
energies of the corresponding neutral states. In such a case, either an anion has a metastable state due to

38.39.60 or its existence is an artifact of the

differences in geometries between the neutral and anion,
computations related to the absence of diffuse functions in the basis set used. By adding to the basis set
of the nitrogen atom two diffuse s-functions with exponents of 0.01 and 0.001, we found that the
eigenvalues of the highest occupied molecular orbitals (HOMO) of all considered anion states are close
to zero, which indicates an unbound character of the extra electron and, therefore, the electron affinity of
the neutral aniline is zero.

Adiabatic ionization energy (/E.q) is computed as the difference of total energies of the lowest
energy state of a species and the lowest energy state of the cation formed after the detachment of an
electron from the species. That is, both states are at their equilibrium ground-state geometries. We

computed the adiabatic ionization energies for the neutral, cation and dication as

[Ea= ES\(CsHsNH2 ™) + Eo(CsHsNH2™) — [E S (CHsNH D) + Eo(CsHsNH D) (3)
where n=0,1, and 2, Etf)lt is the total Born-Oppenheimer energy at the optimized geometry of each species

and Eo is the zero-point vibrational energy computed in the harmonic approximation. The vertical
detachment energies were computed as the differences in total energy at the ground-state neutral geometry
according to the formula:

IEven= ES\(CsHsNH ™) E 8 (CsHsNH 1) @
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The [Eaq and IEver values computed at the BPW91, B3LYP, CAM-B3LYP, CCSD(T) levels of
theory with the 6-311++G(3df) basis set are shown in Table 1. The detailed results are presented in Table
S2 of the Supporting Information, where the results of our MP2 calculations are also presented. One can
see in Table S2 that the approximate wavefunctions built on the Kohn-Sham orbitals possess smaller spin
contaminations than those built on HF orbitals in the MP2 method. As for the CCSD(T) results, we found
that the largest T-amplitude of 0.3 belongs to CsHsNH>*. This means that the cation ground state is
essentially multiconfigurational. The T-amplitudes of all other states are smaller than the empirical
threshold of 0.25.

TABLE 1. Adiabatic and Vertical Ionization Energies of the Aniline Series Computed at Four
Levels of Theory with the 6-311++G(3df) Basis Set.?

BPWOI1 B3LYP CAM-B3LYP CCSD(T)
SpCCleS IEad IEvert IEad IEvert IEad IEvert IEad IEvert
CeHsNH; 7.47 7.775 7.54 7.86 7.58 7.94 7.63 7.95

CeHsNH>™ | 12.96 13.76 12.96 13.88 13.01 13.96 12.74 13.71
CeHsNH2*" | 20.56 21.04 20.54 21.06 20.53 21.09 20.74 20.98
CeHsNH2** 27.21 27.13 27.26 26.89
2 All values are in eV.
® The adiabatic ionization energy of neutral aniline evaluated over a large set of experimental data is 7.72
eV, and the experimental vertical ionization energies are in an 8.02-8.10 eV range.

As can be seen in Table 1, all corresponding /E.q¢ and /E e values computed at the BPW91, B3LYP
and CAM-B3LYP levels agree with each other within 0.1 eV whereas the agreement with the
corresponding CCSD(T) values are within 0.2-0.3 eV. One can notice that the adiabatic corrections to the
IEs of the cation and dication are larger than the adiabatic correction of the neutral aniline. This can be
attributed to different topologies of the species (see Fig. 1). It is interesting that the energy intervals
between the /Ever are all close to 6.0 eV.

3.6. NBO ANALYSIS

A natural bonding orbital (NBO) analysis for the neutral aniline, its radical cation and the aniline
dication with the neutral aniline geometry was performed in order to gain more insight in the changes of
the electronic structure of the neutral aniline due to its ionization. In these three cases, the nitrogen atom

was attached to the carbon ring as a part of primary amine functional group. In addition, we performed an
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NBO analysis of the rearranged dication, which can be described as a 3-methylenehydropyridine (3MP)
structure with one methyl hydrogen moved to the nitrogen (Fig. 1, green). In the case of the rearranged
trication, the lowest energy state can be described as a 4-methylenehydropyridine (4MP) (Fig. 1, blue).
An NBO analysis of the neutral aniline and its radical cation has previously been performed using the
results of B3LYP calculations of Hobza et al.?® Their charges on atoms obtained are quite close to the
corresponding charges reported in this work (compare the numbers between Fig. 10 and Fig. 1 in Ref.
[28]). We briefly discuss the changes when going from the neutral to the cation and then focus on the

dication and trication states.

CgHgNH, +3(4MP)

@ S +0.44

(Cs 'A)

Fig. 10. NBO charges on atoms of aniline, its cation, dication, and trication.

When comparing the NBO charges of atoms between the neutral and radical cation species (Fig.
10), one can notice that the extra positive charge is not localized at any group of atoms. Instead, about a
third of the extra charge belongs to the amine group and the other two thirds are delocalized over carbon
and hydrogen atoms of the ring. It should be noted that the carbon atoms in the meta-position of the neutral

aniline are less negatively charged than the carbon atoms in the ortho and para-positions. This is in line
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with what one would expect for a strongly activating group attached to a benzene ring. Both aniline cation
and dication seem to be para-directing.

In the NBO approach, delocalization effects of the electron density are evaluated using second-
order perturbation theory by calculating the off-diagonal Fock matrix elements F;; The NBO output lists
all possible interactions between the occupied Lewis-type bonding orbitals and the nearly empty non-
Lewis orbitals. In the case of the neutral aniline, the occupation number of the nitrogen lone-pair (LPx) is
1.84 and this LP delocalizes partially via an LPx — LPc; electron transfer. The lone pairs on the
neighboring carbon (C) and the para-carbon (C4) shown in Fig. 11 are half-filled and their occupancies
are 0.98 and 1.05, respectively. The carbon LPs correspond to the highest lying MOs and are nearly
degenerate in orbital eigenvalues. The bonding T, 3 orbital within the ring acts as an acceptor for some
of the LPc; electron density. In turn, the LPc: has a strong donor-acceptor interaction with the two Tt5, 5
antibonding orbitals while the LPc4 has a strong LPc4 — T, 5 interaction. Within the carbon ring, there

are a number of 7r; — 7/ delocalization interactions that are typical of benzene-containing systems.

Antibonding Gé-N orbital N lone pair Cq lone pair
(neutral, cation, dication)  (neutral, cation) {neutral, cation)

)

©
C4 lone pair Bonding O orbital  Bonding 7t orbitals
(all species) (dication) (dication)

C3 lone pair
(trication)

Fig. 11. Important representative bonding, antibonding MOs and lone pairs of aniline C¢HsNH>,
CsHsNHzJr C6H5NH22+, and C6H5NH23+.
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Because the ground state of the cationic aniline is a doublet, one has to consider interactions in the
o- and B-spin representations separately. When comparing the charges and the orbital compositions
obtained from the NBO computations, one can notice that the occupancy of the nitrogen LP decreases to
0.91 and this LP almost entirely belongs to the a-spin representation. As a matter of fact, many of the
donor-acceptor interactions in the cation are quite similar to those in the neutral. The major difference is
presented by the LPx — LPc1 interaction, which becomes stronger by about 15 kcal/mol. The C — N bond
shortens by 0.06 A, which correlates with the loss of 0.0024 e by the antibonding oy orbital and makes
the bond stronger. Unlike the neutral case, there are three bonding orbitals of the C(sp?°)-N(sp'-) type,
one in the a-representation and two in the B-representation, that is, the bond order is approximately 1.5
between C and N, all bonds and bond orders are displayed in Figure 12 for clarity. Further NBO analysis
is given in the Supporting Information where we provide tabulated results on these bonding interactions
(Tables S3-S5) and explain why the 3MP/4MP configurations become more stable in the multiply charged

cations.

Fig. 12. Row 1: The neutral, cation, dication and trication of aniline. Row 2: neutral, cation, dication and
trication of 3MP. Lone pairs were highly delocalized in many cases, as shown in Table S4. The atoms in
the first structure are numbered in both rows.
3.7. Experimental Results

Figure 13a shows mass spectra of aniline recorded with 1300 nm, 20 fs pulses at peak intensities
of 5 x 1013 W em (50 TW cm™?, dark blue) and 2 x 10" W ¢m™ (200 TW cm™?, dark red). The laser

polarization was oriented parallel to the TOF axis. The two dominant species at 50 TW ¢m are the aniline

parent ion (An*, m/z 93) and dication (An**, m/z 46.5), and magnification shows the presence of the
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trication (An*", m/z 31). At 200 TW cm™, An** dominates the mass spectrum and An** is the third most
intense peak. Even at this high intensity, fragment ions (other than H* and small peaks resulting from
contamination by air: HoO", N»*, O,", marked with black squares) are barely visible. Magnification of
selected m/z regions (Figs. 13b-13d) shows these minor fragments indicated at their respective m/z values
on each plot. All fragments are assigned to singly charged species, with the possible exception of the m/z
39 peak, which may consist of a mixture of C3H3" and the benzene dication, C¢He*". However, we cannot
definitively assign any contribution from the benzene dication in the present measurements, and
significant yields of this species are not expected based on the high computed energy barrier to its
formation from the aniline trication of 6 eV (see Fig. 5). With the exception of H', the fragment ion
produced in the highest yield is the cyclopentadiene cation, CsHe", which is in agreement with the previous
mass spectrometry studies.?*27-31:3261 The significantly lower yields of C¢Hs" and CsHs" (see Fig. 13d) are
consistent with the high computed dissociation barriers (see Figs. 3 and 7) as compared to previous

theoretical results on the formation of CsHe".2°
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Fig. 13. Mass spectrometry data for aniline: (a) Full mass spectra obtained at intensity 50 TW cm™ (dark
blue) and 200 TW cm (dark red). (b)—(d) Magnification of selected m/z regions in the 200 TW c¢m™
spectrum. Coulomb explosion peaks are marked with “*”. Peaks attributed to contamination from air are
marked with black squares.

Fragments including C3H3*/C¢He>" (violet in Fig. 13¢), NH>" (green in Fig. 13b), and NH* (orange
in Fig. 13b) exhibit multiple peaks, indicating their formation from via Coulomb explosion of multiply
charged precursors.%2-%¢ The split peaks marked with a symbol “*”” appearing below and above the nominal
m/z values arise from energetic fragments preferentially ejected towards and away from the detector,
respectively, upon precursor breakup. Both NH>" and NH" fragments exhibit a two pairs of Coulomb
explosion peaks. To further investigate the origin of these peaks, we measured additional mass spectra
with the laser polarization orthogonal to the TOF axis. When the precursor ion has a longer lifetime than

the rotational periods (89, 193, and 281 ps for aniline), energetic fragments released by Coulomb explosion
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are ejected isotropically. In contrast, when fragmentation occurs faster than the timescale of rotation,
energetic fragments are ejected preferentially along the laser polarization direction. Therefore, suppression
of Coulomb explosion peaks with orthogonal laser polarization indicates fast precursor breakup within a
rotational period, whereas Coulomb explosion peaks observed under both polarization conditions indicate
slow precursor breakup.®® Figure 14 shows magnification of the m/z 14-17 region of the mass spectra
taken at 100 (bottom) and 200 (top) TW c¢m? with parallel (red) and orthogonal (blue) laser polarization.
At 200 TW cm2, five pairs of Coulomb explosion peaks, labeled A through E, are visible. The peaks A
(N), B (NH"), D (NH2"), and E (NH>") are either absent or significantly suppressed under orthogonal
polarization as compared to parallel polarization, indicating they arise from fast precursor breakup. In
contrast, peaks C (NH") are still present under orthogonal polarization, even at intensities as low as 100
TW cm. This result indicates that there exists a slow (i.e., longer than several hundred ps) dissociation
pathway from a multiply charged aniline ion that forms NH*. The calculated kinetic energy released from
each dissociation pathway based on the difference in flight time between the two peaks®® are given in
Table 2, with further details about the methods and estimated error given in the Supporting Information,
Table S6. The pairs A, B, and D corresponding to fast processes release significantly more kinetic energy
(~9-11 eV) than the slow process from pair C that releases only ~3 eV.

TABLE 2. Calculated kinetic energy release (Ex) of Coulomb explosion for peaks identified in Fig. 14

fragment label Ex (eV) | timescale®
N* (m/z 14) A 9.7+0.6 fast
B 8.8+0.6 fast

NH* (m/z 1
(m/z 15) C 3.0:03 | slow

D 10.9+0.6 fast
E 4.8+0.4 fast
2denotes timescale relative to rotational period of aniline (~90—300 ps)

NH," (m/z 16)
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Fig. 14. Magnified mass spectra of the m/z 14 — 17 region taken with the laser polarization parallel (red)
and orthogonal (blue) to the TOF axis. The labels A through E denote distinct pairs of Coulomb explosion
peaks with computed kinetic energies listed in Table 2.

The integrated ion yields of the three parent ion charge states and major fragments as a function
of peak intensity are shown in Fig. 15. All yields are normalized to that of the singly charged parent ion
at the highest intensity of ~300 TW cm. The yields of all three parent ion charge states saturate at
sufficiently high intensities of ~100 TW cm for An*, ~180 TW c¢m for An**, and ~300 TW cm for
An’" (Fig. 15, top). The yields of An?" and An*" saturate respectively at ~83% and ~12% of the saturated

An* yield at 300 TW c¢m according to Fig. 15. To account for the increased detector sensitivity of fast

ions that can artificially enhance the relative An** and An’" yields, we used the method of Krems et al.%’
y y
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to compute the relative detection efficiencies of An*, An?**, and An®" (details given in Supporting
Information, Table S7). Including this correction, the relative An** and An®* yields are ~70% and ~9%,
respectively. From Fig. 15, it is evident that the fragment ions CsHe¢" (m/z 65, magenta) and C3Hs™ (m/z
39, violet) appear at ~40 TW cm™, in between the appearance energies of the dication and trication
(denoted by the green and blue dotted lines at ~24 and ~50 TW cm™, respectively). In contrast, the
remaining fragments do not appear until ~70 TW c¢m™ or higher intensities. At intensities above 200 TW
cm2, the yields of small fragments (NH,*, NH", and H") show no signs of saturation, in contrast to the

slowing growth of the CsHs*, C¢Hs", and C3Hs"/CsHe>" signals.
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Fig. 15. Integrated ion yield of aniline: (a) aniline cation, dication, and trication; (b) fragment ions. All
yields normalized to the aniline cation yield at 200 TW ¢cm™.
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4. DISCUSSION
Our computational results on multiply charged aniline cations can explain the high yields observed

in mass spectra both in Fig. 13 and in previous investigations.326!

Due to the high interconversion barriers
between the neutral C¢Hs—NH> geometry and optimal dication and trication geometries of 5.85 eV and
5.15 eV, respectively (Figs. 4 and 6), these multiply charged cations retain the neutral geometry under
experimental conditions. At the neutral geometry, both the dication and trication exhibit dissociation
barriers of 3 eV or higher to the loss of NH*, NH,*, and H* (Figs. 3, 5, 7, 8), making the intact multiply
charged cations sufficiently stable to be detected with TOF mass spectrometry. This high stability of
aniline up to the trication state makes it an ideal system for future investigations into the chemistry of
highly charged organic molecular ions.

The observation that the NH" fragment (orange in Fig. 15) appears at a considerably lower intensity
(~85 TW cm) than the NH," fragment (light green in Fig. 15, ~120 TW c¢m?) motivated computational
investigations into the dissociation mechanisms of aniline dication and trication leading to these fragments
(Sections 3.2 and 3.3). In particular, the observation of a distinct NH" signal with no NH," signal at 100
TW cm? (Fig. 14, bottom) would suggest that NH* loss is more favorable than NH," loss. For the aniline
dication, the total energy barrier required for NH" loss is 7.03 eV (TS2 in Fig. 3), whereas the total energy
barrier for NH>" loss is 5.55 eV (Fig. 7). For the trication, the NH* barrier is 6.00 ¢V (TS2 in Fig. 5),
whereas the NH>" barrier is 4.65 eV (Fig. 7). The computed barriers ~1.5 eV higher for NH" as compared
to NH," abstraction is unexpected given the lower appearance intensity of NH" in the experiments. This
apparent discrepancy could be due to one or more of the following causes: (1) both the NH* and NH,"
observed in the experiments originate from a higher initial charge state than aniline trication; (2) the
effective barriers to NH" loss 0f 4.63 eV in the dication and 3.99 eV in the trication from the local minima
in Figs. 3 and 5, respectively, are lower than for the corresponding NH>" loss channels; and (3) direct loss

of NH;" could be accompanied by a H atom loss from the NH," fragment. However, it is unlikely that the
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H atom dissociates following NH," formation because the dissociation energy for NH>" > NH" + H is
4.76 eV according to our computations. Therefore, we expect that the observed higher yield of NH" is
mostly due to some combination of explanations (1) and (2). The predominant slow Coulomb explosion
process that forms NH" (Fig. 14 and Table 2) could be consistent with the multistep mechanisms in Figs.
3 and 5 that would be expected to result in slow dissociation.

Finally, we note that the data in Figs. 13 and 15 taken with 1300 nm, 20 fs pulses display several
differences from previously reported mass spectral data on aniline taken with 800 nm, 50 fs pulses.3>!
First, we observe significantly higher detector-corrected yields of 70% and 9% for An*" and An®* relative
to An" at ~300 TW c¢cm™, compared to the (uncorrected) yields of 20% and 0.2% reported by Scarborough
et al. using 800 nm fs pulse excitation.’? Second, we observe less fragmentation, as evident in comparing
the mass spectra in Fig. 13a with those in previous work.3>¢! The suppressed fragmentation and increased
yields of intact singly and multiply charged cations observed in our measurements are consistent with
previous measurements of polyatomic cations using strong-field excitation in the near-IR region of ~1150-

36-40.63 These results indicate that intense near-infrared excitation can

1600 nm as compared to 800 nm.
effectively prepare intact highly charged molecular cations that may be subsequently probed with optical
excitation to elucidate their dissociation pathways.
5. CONCLUSION

Our systematic study of the structure and properties of neutral, singly, doubly and triply positively
charged aniline and their isomers was performed using the all-electron density functional theory with the
generalized gradient approximation (DFT-GGA) and a basis set of triple-C quality. We first identified a
large number of low-energy geometrical structures in the cations and then computed the mechanisms for
NH/NH" and NH2/NH" loss from these structures. The dissociation energies of NH from the neutral and
cation are 3.57 ¢V and 5.15 eV, respectively, while the dissociation energies of NH* from the dication and

trication are 5.24 eV, and 0.96 eV, respectively. The dissociation energies with respect to the abstraction

of NH: in the neutral and cation and to NH»" in the dication and trication are 4.29 €V, 4.93 eV, 4.11 eV

29



and 0.18 eV, respectively. The pathways resulting in the yield of NH and NH" contain multiple local
minima and transition states, whereas the abstraction of NH> and NH»" proceeds via stretching the C-N
bond until it breaks. We identified high interconversion barriers for forming the ground-state geometrical
structures in CsHsNH2** and C¢HsNH2** of 5.85 eV and 5.15 eV, respectively, indicating that these cations
possess the CsHs—NH> geometry under experimental conditions. For the trication, barriers to H atom loss
were found to be weakly dependent on the position of the H atom in the trication geometrical structure
and are around 4.0 eV. That is, the trication has quite a large barrier toward dissociation to H", NH", and
NH>". These high computed dissociation barriers are supported by the photoionization mass spectrometry
measurements that obtained saturation of the aniline dication and trication yields at high intensity with
negligible associated fragmentation. Collectively, the results from this study indicate that aniline exhibits
multiple stable cationic charge states, making it a suitable molecule for studying the dissociation dynamics
of highly charged molecular cations.

SUPPORTING INFORMATION

The Supporting Information is available free of charge on the ACS Publications website: Tabulated
computed energies for isomers of aniline and its cations; additional discussion and tabulated NBO results;
tabulated values for kinetic energy release from Coulomb explosion obtained from mass spectral data;
discussion of MCP detector efficiency calculation; geometric coordinates (Z-matrices) for computed
aniline structures.
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