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ABSTRACT: Ionization of 2-phenylethyl-N,N-dimethylamine (PENNA) may lead to charge
migration between the amine group and the phenyl group. The angular dependence of strong
field ionization of PENNA has been modeled by time-dependent configuration interaction
with an absorbing potential. The total ionization rate can be partitioned into contributions
from the amine group and the phenyl group, and these components have very distinct shapes.
Ionization from the amine is primarily from the side opposite to the lone pair and is dominated
by the CH2 and CH3 groups. Similarly, trimethylamine (N(CH3)3), dimethyl ether
(CH3OCH3), and methyl fluoride (CH3F) are also found to ionize primarily from the
methyl groups. The predominance of ionization from the methyl groups can be attributed to
the fact that the orbital energies of individual lone pairs of N, O, and F are lower than the CH3
groups. Because the angular dependence of ionization of the two groups is quite different,
alignment of PENNA could be used to control the ratio of the amine and phenyl cations and potentially probe charge migration in
PENNA cation.

■ INTRODUCTION

PENNA is a bifunctional molecule consisting of a phenyl
group and an amine separated by an ethyl spacer. The highest
occupied molecular orbitals (HOMO, HOMO−1, and
HOMO−2) are localized on these two functional groups in
neutrals while the charge density is delocalized in cations. Due
to this unique electronic structure, a local ionization from
either group can lead to a coherent superposition of two cation
states which initially localizes charge density on one side of the
molecule. As an example of a coherent electronic process in the
first few femtoseconds, the ensuing charge oscillation (charge
migration) between phenyl and amine groups has attracted
much attention in the past two decades.1−11 Theoretical
studies typically start with a superposition of cation states,
approximated by a sudden ionization, and then track charge
migration by monitoring the charge or spin density. Whether
this approximation is realistic for PENNA has not been
assessed experimentally and there have been no reports of
charge migration in PENNA so far. This could be due to
competition between charge migration and decoherence when
nuclear motion is included in the theoretical simulations.8,9,11

In the present study, we have modeled the initial ionization
process of PENNA driven by a strong laser field, which is a
major method for producing and probing electronic coherence.
Specifically, we have examined the molecular frame angular
dependence of this ionization process.
For sufficiently strong fields, ionization can occur by

tunneling through the Coulomb barrier or by barrier

suppression. In previous studies we have used time-dependent
configuration interaction with a complex absorbing potential
(TDCI-CAP) to simulate strong field ionization.12−22 This has
revealed a strong angular dependence for the ionization rate.
For small, high symmetry molecules, the shape of the frontier
orbitals dictates the angular dependence of ionization. In the
present study, we have used the TDCI-CAP approach to study
the strong field ionization of PENNA and examine the orbital
contributions to the angular dependence of the ionization
yield.

■ METHODS
To simulate ionization in a strong field, the electronic wave
function was propagated with the time-dependent Schrödinger
equation:
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where Ĥel is the field-free electronic Hamiltonian (atomic units
are used throughout the paper). The Hartree−Fock ground
state and all singly excited states of the field-free and time-
independent Hamiltonian were used as a basis for the time-
dependent wave function. The interaction with the intense
electric field was treated in the semiclassical dipole
approximation, where μ̂⃗ is the dipole operator and E⃗ is the
electric field. As described in our previous papers,12−20

ionization was modeled with a complex absorbing potential
(CAP), −iV̂absorb. The total absorbing potential for the
molecule is equal to the minimum of the values of spherical
absorbing potentials centered on each atom. Each spherical
potential begins at 3.5 times the van der Waals radius of each
element (RH = 9.544 bohr, RC = 12.735 bohr, and RN = 12.104
bohr), rises quadratically to 5 hartree at approximately R + 14
bohr and turns over quadratically to 10 hartree at
approximately R + 28 bohr. To obtain directional information
for ionization, a static field was used instead of an oscillating
field.18,20,21 To prevent nonadiabatic excitations, the electric
field was ramped up slowly to a constant value:
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where Emax is the maximum field strength and tmax = 800 au =
19.35 fs is the total propagation time. The ionization rate was
calculated by taking average of the instantaneous rates from t =
12.88 to 19.35 fs. Trotter factorization of the exponential of the
Hamiltonian is used to propagate the time-dependent wave
function:
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Since Ψ is expanded in terms of the states of the field-free
Hamiltonian, Hel is a diagonal matrix and exp(−iHelΔt/2) is
easy to obtain and needs to be calculated only once at the
beginning of the propagation. Because the absorbing potential
is independent of time, exp(−VabsorbΔt/2) also needs to be
calculated only once and is obtained by using the eigenvalues
and eigenvectors of the full matrix Vabsorb. For a given linearly
polarized pulse, the field amplitude E(t) varies in time but the
field direction is constant. To calculate the interaction with the
laser field, D, the dipole moment matrix for the given field
direction is diagonalized, WDWT = d, in order to calculate the
exponential exp(iE(t + Δt/2)DΔt) = WT exp(iE(t + Δt/2)
dΔt)W. The diagonal matrix exp(iE(t + Δt/2)dΔt) is the only
component of the Trotter factorization that varies with time
and easily calculated at each time step. The numerical work
can be reduced further by forming the product U =
exp(−VabsorbΔt/2) WT at the beginning of the propagation.
Thus, each propagation step requires two full matrix-vector
products (involving U and UT) and three diagonal matrix-
vector products (involving exp(−iHelΔt/2) and exp(iE(t + Δt/
2)dΔt)). Because the propagation uses the exponential of the
Hamiltonian, a fairly large time step of Δt = 0.05 au (1.2 as)
can used. In similar simulations,18 reducing the time step by a

factor of 2 changed the norm at the end of the propagation by
less than 0.01%.
A locally modified version of the Gaussian software

package23 was used to calculate the integrals needed for the
TDCIS-CAP simulation. The Dunning aug-cc-pVTZ basis
set24 was augmented with a set of additional diffuse functions
placed on each atom (three s functions with exponents of
0.0256, 0.0128, and 0.0064; three p functions with exponents
of 0.0256, 0.0128, and 0.0064; three d functions with
exponents of 0.0512, 0.0256, and 0.0128; and one f function
with an exponent of 0.0256)12,18 for adequate interaction with
the CAP. The TDCIS-CAP simulations included all singly
excited configurations with an excitation energy of less than
10.00 hartree for a total of 22741 states. The TDCIS
simulations were carried out with an external Fortran95
code. The angle-dependent ionization rates were calculated for
62 directions (steps of 30° in spherical angles θ and φ) and
fitted to polynomials in cos(θ)n cos(mφ) and cos(θ)n sin(mφ),
n = 0−7, m = 0−6 to obtain smooth surfaces for plotting.
Mulliken population analysis of the normalized one electron

density of the absorbed wave function, tV ( )absorb
el

̂ Ψ was used
to partition the total ionization rate into contributions from
individual orbitals.

■ RESULTS AND DISCUSSION

The angle dependent strong field ionization rate for PENNA is
shown in Figure 1 for a field strength of 0.04 au, which
corresponds to 2.1 V/Å. The loss of norm ranges from 8% to
46% and the rates range from 0.01−0.09 e/fs. The large lobe is

Figure 1. Ionization rate for PENNA in a static field of 0.04 au (2.1
V/Å). Distance from the center is proportional to the ionization rate
and the direction corresponds to the direction the electron is ejected
(i.e., minus the electric field).
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primarily due to ionization of the amine group. The node
parallel to the plane of phenyl ring corresponds to the node in
the highest occupied π orbitals of the benzene ring.
More specific information about the orbital contributions

can be obtained by using the population analysis of the
absorbed wave function to partition the total ionization rate.
Figure 2 shows the angular dependence of the contributions

from HOMO, HOMO−1, and HOMO−2. For Hartree−Fock
calculations, energies of π orbitals centered on phenyl group
are ε = −0.321, −0.330 hartree, and energies for orbital
centered on the amine group is ε = −0.355 hartree. For density
functional calculations with ωB97XD,25 the energies for the
highest occupied orbitals are ε = −0.294 hartree for the amine
group and ε = −0.321, −0.330 hartree for the phenyl group.
Nodal structure of orbitals is reflected in the shape of the
ionization yield from these orbitals. The regions of PENNA
contributing to the ionization can be deduced from the
molecular orbitals and the magnitudes of their contributions to
the angular dependence of the total ionization are shown in the
same orientation next to each orbital. The contributions from
phenyl π orbitals are similar to angular dependence of
ionization for the two highest occupied orbitals in benzene
showing a node in the plane of the ring and a node
perpendicular to the ring. The orbital on the amine group
consists of a nitrogen lone pair antibonding with neighboring
alkyl groups. This orbital makes the largest contribution to the
total ionization rate. The remaining lower energy orbitals do
not contribute significantly to ionization.
Curiously, the contribution of the amine group to the total

ionization is primarily from the back side of the nitrogen lone
pair. The strong field ionization of two simple molecules with
nitrogen lone pair orbitals shown in Figure 3 provide some

understanding of this directionality. For ammonia, the HOMO
is a nitrogen lone pair orbital interacting with the NH bonding
orbitals in an out-of-phase manner. The angular dependence of
ionization shows nearly equal parts from the nitrogen lone pair
and from the NH bonds. Trimethylamine, N(CH3)3, is a better
model for the amine group in PENNA. The HOMO consists
of nitrogen lone pair in an out-of-phase combination with the
CH bonds of the three methyl groups. Because frontier orbitals
for the methyl group are higher in energy than the energies of
isolated nitrogen lone pair, the methyl groups form the larger
component of the HOMO and contribute strongly to the
ionization. Since the ionization potential for a methyl group
(e.g., propane IP = 10.94 eV, isobutane IP = 10.68 eV) is
considerably lower than the ionization potential for nitrogen
(14.53 eV for nitrogen atom), most of the ionization in
trimethylamine comes from the methyl groups. As a result, the
highest ionization rate is in the direction opposite to the
nitrogen lone pair.
Similar angular dependence of strong field ionization can be

seen in CH3OCH3 and CH3F shown in Figure 4. The effect is
somewhat more extreme than in N(CH3)3 because the greater
electronegativity of O and F. Even though HOMO’s of
CH3OCH3 and CH3F have sizable contributions from the O
and F lone pairs, the angular dependence of ionization yield is
dominated by ionization from the methyl group. Like for
N(CH3)3, this can be attributed to the fact that the frontier
orbitals for the methyl group are higher in energy than the
energies of isolated O and F lone pair orbitals.
The strong field ionization of PENNA can lead to the

coherent superposition of cation states and possibly charge
migration. Figure 2 shows that ionization from the amine
orbital has a much different angular dependence than

Figure 2. Highest occupied molecular orbitals for PENNA and their
contributions to the angular dependence of the strong field ionization
rate shown in Figure 1.

Figure 3. Highest occupied molecular orbitals for NH3 and N(CH3)3
and the angular dependence of the ionization rates in static fields of
0.05 au (2.6 V/Å) and 0.04 au (2.1 V/Å), respectively. The maximum
losses of norm are 41% and 69%, respectively.
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ionization from the phenyl orbitals. Consequently, the ratio of
amine to phenyl cations has a very pronounced angular
dependence, as shown in Figure 5. This in turn could affect the

nature of the charge migration. However, the current study
does not calculate the coherence among different cation states
and therefore it is not straightforward to study the charge
migration process. This will be addressed in future work.

■ SUMMARY
Time-dependent configuration interaction with single excita-
tions and a complex absorbing potential has been used to
simulate strong field ionization of PENNA. A static field was
slowly ramped up and held constant at 0.04 au (2.1 V/Å) to

obtain ionization rates as a function of the direction of the
applied field. Population analysis of the absorbed/ionized wave
function was used to partition the total ionization rate into
contributions from individual orbitals. The contributions from
the phenyl and amine groups have very distinct shapes that
correspond qualitatively to the shapes of the highest occupied
orbitals of these groups. For the amine group, ionization occurs
mainly from the side opposite to the nitrogen lone pair.
Trimethylamine is a very close model of the amine group in
PENNA and was also found to ionize primarily from the side
opposite to the lone pair. Similarly, dimethyl ether and methyl
fluoride ionize from the methyl groups rather than from the
lone pairs of the electronegative atoms. Because the energies of
the CH3 group orbitals are higher than the energies of the lone
pair orbitals of N, O and F, the ionization rate is higher for the
methyl groups. If PENNA can be aligned, then the direction of
a strong field ionizing pulse can be used to control the ratio of
amine to phenyl cations and possibly probe charge migration
in PENNA cation.
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