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We present the first examples of ab initio calculations of electron transition current density (TCD) maps in
molecules. Expressions for TCD, derived previously, are implemented at the ab initio level for theπ-π*
transition in ethylene and theπ-π* and n-π* transitions in formaldehyde, with the CI-singles approximation
for the excited states. The vector field calculations of the TCD were carried out utilizing an adaptation of
Gaussian 92 and displayed with the AVS software program package. The TCDs can be viewed in various
planes to achieve the perspective desired. In the case of theπ-π* transitions, large vector-field components
can be seen along the direction of the allowed electric dipole transition moment. Minor components
perpendicular to the principal direction can also be seen, which integrate to zero over the volume of the
molecule and do not contribute to the electric dipole transition moment. For formaldehyde, distinct contributions
from π-π* and ny - 3px configurations are observed. For the n-π* transition in formaldehyde, the magnetic
dipole character of this transition is apparent from the circulation of TCD about the CdO bond axis at both
the oxygen and the carbon centers. In addition, the electric quadrupole character of this transition is apparent
in thexy-symmetric pattern of the TCD in a region midway along the CdO bond. We conclude that TCDs
of electronic transitions provide new insight into the spatial character and composition of such transitions,
which should prove useful in relating the results of quantum mechanical calculations to molecular electronic
structure and dynamics.

Introduction

The visualization of the flow of electron density brought about
by an electronic transition in a molecule provides new insight
into the nature of electronic excitation. Transitions between
electronic states in molecules are typically characterized by their
symmetry species, the allowed or forbidden character, and the
numerical value of the dipole or rotatory strength for a transition
effected by various operators or perturbations (electric dipole,
magnetic dipole, electric quadrupole, etc.). A sense of the
spatial changes in electron density between initial and final states
can be obtained from electron density difference maps between
the two states, but such maps provide only a static picture, a
scalar field indicating electron density decrease or increase, with
no specific description of the pathways associated with the
motion of the electron density during the transition process. In
contrast, electron transition current density (TCD), derived
earlier1 and in the first paper in this series,2 is a vector field
that provides a detailed map of the flow of electron density
(current density) for the transition. We present here the first
ab initio implementation of the theoretical expressions for TCD
and demonstrate how visualization of TCD maps for simple
molecules can probe the spatial detail and symmetry properties
of electronic transitions. The third paper in this series,3 an
implementation of transition current density expressions for
vibrational transitions, illustrates the use of vibrational TCD
maps to view electron density flow due to nuclear motion.

Implementation of Theory

As derived in paper 1 in this series,2 for an electronic
transition between stationary states e and e′, we can define a
one-particle electron transition probability density (TPD) as

whereψe′
0 (r , r2, ..., rN) is a pure electronic multielectron wave

function with electron 1 unlabeled. The superscript zeros in
eq 1 refer to the equilibrium geometry of one of the states,
typically the ground electronic state. The wave function product
is integrated over all coordinates except those of electron 1 to
yield the one-particle electron density function, as indicated by
the second equality in eq 1. Subsequent density function
expressions below assume implicitly that such integration has
been carried out. A more detailed derivation of this density
function and those below, starting from time-dependent vibronic
wave functions, is given in ref 2.
The TPD represents the time-independent amplitude of the

oscillating probability density arising from the coupling of the
two stationary states owing to a perturbation. The transition
dipole density (TDD), defined as

is a vector field that is the position-weighted TPD and also the
integrand of the position form of the electric dipole transition
moment.2 The one-particle electron transition current density
(TCD), defined as
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is the time-independent amplitude of the current density
oscillation between the two coupled stationary states.2 The TCD
is a vector field that is closely related to the integrand of the
velocity form of the electric dipole transition moment from state
e to e′, namely

As shown previously,2 the TCD and TPD satisfy the continu-
ity relationship for the conservation of probability and current
density

whereωe′e
0 ) ωe′

0 - ωe
0 is the transition frequency given by the

frequency difference between the two stationary electronic states.
Plots of TCD were first presented for simple cases involving

combinations of atomic s and p orbitals.1 We have now
implemented calculations of TCD using eq 3 through ab initio
computation of the TCD vector field and visualization of the
TCD maps for theπ-π* transition in ethylene andπ-π* and

n-π* electronic transitions in formaldehyde. For this initial
presentation of such transition current density plots and for
comparison to previous examination of these transitions with
charge density distribution difference plots,4,5 we have utilized
the configuration interaction with the all single excitations (CIS)6

method and employed a basis set denoted 6-311(2+,2+)G**,
which augments 6-311G with two diffuse sp shells on carbon
and one diffuse s shell on hydrogen. This basis set produced
the best agreement with experimental vertical transition energies
in the earlier work.4,5 With this method and basis set, theπ-π*
valence state of ethylene (B1u symmetry) is a mixture of three
predominant single excitations, whereas the valence 2A1 state
of formaldehyde is predominantlyπ-π* (three predominant
single excitations) with an admixture of some ny - 3px
configurations (four predominant single excitations). The
vertical n-π* single excitation (A2) in formaldehyde is a linear
combination of three predominant single excitations. Imple-
mentation of eq 3 with the CIS method reduces to substitution
of the molecular orbitalφ(occupied) forψe

0 and the appropriate
linear combination of molecular orbitalsφ(virtual) for ψe′

0.
The nuclear positions are identical in both states and have been
calculated at the MP2/6-31G* level, which gives good agree-
ment with the experimental geometries.
The calculations of the TCD with eq 3 have been carried out

by adaptation of the routine (Link 604) in Gaussian 927 that
calculates orbitals, density, density gradient, and density diver-
gence over a three-dimensional grid of points. Input for this

Figure 1. Transition current density plots for theπ-π* transitions in ethylene (upper diagrams) and formaldehyde (lower diagrams). Color map
[red (largest)f blue (smallest)] and contours denote the magnitudes of the TCD vectors, which are projected in a 2D-plane. (a, d)yz-projections
0.5 Å above molecular plane; (b, e)xz-projections in plane containing double bond and perpendicular to molecular plane; (c)xy-projection at the
lower carbon atom in ethylene; (f)xy-projection at oxygen atom in formaldehyde. Phase of the TCD for the formaldehyde transition has been
selected to coincide with the arbitrary phase depicted for the ethylene transition.
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calculation was obtained from the Gaussian 92 or Gaussian 948

checkpoint file for a single-point calculation at a previously
optimized geometry of each molecule. The resulting three-
dimensional TCD vector field has been projected onto selected
two-dimensional planes for a practical mode of presentation.
The AVS visualization software (Advanced Visual Systems,
Inc., Waltham, MA), running on an HP-700 workstation, was
employed for display. AVS networks were constructed to plot
TCD vectors over the selected grid, superimposed on contoured
color maps to further delineate the magnitudes of the projected
vectors. These plots have also been superimposed on stick or
ball-and-wire representations of the molecular geometry. The
AVS Chemistry Viewer (Molecular Simulations, Inc., Burling-
ton, MA) was employed to plot the molecular orbitals and the
ball-and-wire or stick models of the molecule from the formatted
Gaussian 92/94 checkpoint file for the calculation.

Results

The orientations of ethylene and formaldehyde employed in
these calculations are shown in Scheme 1.

Contours of several of the occupied and virtual molecular
orbitals involved in the transitions have been previously depicted
in the work of Wiberg and co-workers4,5 and have been
reproduced in our study. We note that, in formaldehyde, the
nonbonding ny orbital encompasses both the oxygen and carbon
atoms and theπ* orbitals have a larger contribution at the
carbon. Many of the virtual orbitals for both molecules are
quite diffuse, with those contributing to Rydberg states con-
siderably more diffuse than those for valence states. For these
TCD calculations on valence transitions we have considered
only the region of large overlap with theπ or ny orbital.

Comparison of theπ-π* transition current density in ethylene
and formaldehyde is shown in Figure 1 for three perpendicular
projection planes. The n-π* transition current density in
formaldehyde is examined in a series of slices along the CdO
bond (Figure 2) and in planes 0.5 Å above and below the
molecular plane (Figure 3). Further decomposition of two
formaldehyde TCD projections into contributions from single
excitations is shown in Figure 4. In Figures 1-4, the relative
scales for the sizes of the displayed TCD vectors have been
chosen for clarity of presentation of each projection, with relative
scales indicated in each figure. In comparing calculated TCD
in various planes, we find that the largestxy-vector projections
in Figure 1c,f are in fact approximately 10 times smaller in
magnitude than those in thexz- and xz-planes. Similarly, in
Figure 3, the relative magnitudes of the largest TCD vectors in
Figure 2a-f are in the approximate ratios 2:10:1:0.1:1:80. An
appreciation of the range of TCD magnitudes in Figure 2a-f

Figure 2. Transition current density plots for the n-π* transition in formaldehyde. (a)xy-projection at the hydrogen atoms; (b-f) xy-projections
viewed along the CdO bond at the carbon atom (b),1/4 the bond length from the carbon atom (c), at bond midpoint (d),5/12 the bond length from
the oxygen atom (e), and at the oxygen atom (f). Grid spacing in (d) has been decreased to reveal detail.

SCHEME 1
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can be obtained from the views above and below the bond plane
in Figure 3, where it can be seen that the most intense region
is at the oxygen atom and the next most intense region is at the
carbon atom.
In Figure 4a-c, the n-π* TCD at the midpoint of the CdO

bond from Figure 2d is decomposed into contributions from
the three major contributing single excitations. For comparison
to ethylene, thexy-projection of theπ-π* TCD at the carbon
in formaldehyde is shown in Figure 4d and decomposed into
contributions fromπ-π* configurations (Figure 4e) and ny -
3px configurations (Figure 4f).
The overall TCD patterns calculated here are repeated in

calculations carried out with the single-transition approximation
(a transition between a single occupied and single virtual orbital)
with smaller basis sets that do not include extra diffuse orbitals
or heavy atom d orbitals (6-31G*, 6-31G, 3-21G, STO-3G basis
sets), but the more subtle details of flow patterns and the
positions along the CdO bond of the patterns depicted in Figure
2 vary with basis set. In particular, less detail in the TCD
patterns is observed in the smaller basis set calculations, and
the ny - 3px configuration does not contribute to theπ-π*
transition in formaldehyde.

Discussion

Visualization of transition current density is a new theoretical
tool for probing electronic structure. The electron transition
current density plots in Figures 1-4 convey a clear spatial
representation of the flow of electron density for an electronic
transition. We emphasize that this is an oscillating current, only
one arbitrary phase of which is shown in the diagrams.
Utilization of the momentum operatorp (or equivalently the

velocity operatorr3 ) in the formulation of TCD (which leads to
the vector gradient operator for the electrons) results in a unique,
well-defined current vector at each point in space. In contrast,
the corresponding vector field representing the transition dipole
density (TDD) from eq 2,rθee′

0 (r ), which utilizes the position
operatorr , is dependent on the choice of origin, and all vectors
point radially away from or toward this origin. Although the
integrated form of the TDD (the dipole strength) is origin-
independent, there is no unique vector presentation of the TDD
itself. Similarly, transition densities derived with the angular
momentum operatorr × p would yield transition angular current
density, which is equivalent to magnetic dipole transition current,
and electric quadrupole transition densities could be formulated
in a corresponding fashion by utilizing the electric quadrupole
operator. Both the magnetic dipole and electric quadrupole
transition densities (the integrands of the corresponding transi-
tion moments) depend on the choice of molecular origin (as do
their integrated forms), and neither would define unique values
at each point in space. Thus, the electron transition current
density (TCD) is the only form of these transition densities that
results in a unique vector field.
The TCD plots for ethylene and formaldehyde presented here

reveal clear patterns of electron flow with linear and angular
characteristics. For theπ-π* transitions, thez-allowed char-
acter of the transition (B1u for ethylene and A1 for formaldehyde)
is apparent from the overall direction of TCD current flow in
the+z-direction both above and below the molecular plane for
the phase of oscillating current shown. Current is zero in the
molecular plane, a node for both types of molecular orbital
involved in the transition, and the TCD extends outward from
the double bond to the greatest extent at the bond midpoint.
The maximum TCD magnitude lies closer to the oxygen atom
in formaldehyde. The deviations from strictly linear flow are
quite apparent in thexz-planar projection (Figure 1b,c), with
larger angular variation in the formaldehyde transition. In the
xy-plane (Figure 1c,f), the current vector projections are a factor
of 10 smaller than thez-components. Distinct differences are
observed between the ethylene and formaldehyde transitions in
thexy-projections. In ethylene, for this phase of TCD, we find
that the current in thexy-plane flows away from the upper
carbon nucleus for one of the contributing single excitations
and radially toward the nucleus for a second excitation (Figure
1c), and in the opposite respective directions for the lower
carbon (not shown). For formaldehyde, the flow at the oxygen
(Figure 1f) is radially toward the nucleus primarily along the
x-direction, opposite to the flow at the lower carbon in the
ethylene transition, for theπ-π* contribution, but radially away
from the nucleus primarily along they-direction for the ny -
3px contribution. At the carbon in formaldehyde (Figure 4d),
the overall TCD is generated by aπ-π* contribution (Figure
4e) quite similar to the overallπ-π* TCD at the upper carbon
in ethylene (Figure 1c), and a ny - 3px contribution (Figure 4f)
flowing toward the carbon along they-direction. In all cases,
the minorx- or y-components of the TCD vectors integrate to
zero over the plane, as required by symmetry.
The vertical ny-π* transition in formaldehyde has A2

symmetry and is a magnetic dipole allowed transition with Rz-
character (rotation about thez-axis). Theyz-projection in Figure
3a of the TCD in a plane 0.5 Å above the molecular plane
reveals a flow generally in the positivey-direction at the carbon
and oxygen nuclei, but with circulation in the(z-direction along
the bond midpoint. In the plane 0.5 Å below the molecular
plane (Figure 3b), all the projected TCD arrows reverse
direction, in contrast to those for theπ-π* transition, since

Figure 3. Transition current density plots for the n-π* transition in
formaldehyde. (a)yz-projection 0.5 Å above molecular plane; (b)yz-
projection 0.5 Å below molecular plane.
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the translational character of any charge flow must integrate to
zero for an A2 transition. The TCD vectors for this transition
have no components in the plane of the molecule (i.e., vectors
at x ) 0 have onlyx-components). In two-dimensionalxy-
planar projection slices along the double bond (Figure 2), the
symmetry of this transition becomes clear. At planes cutting
through either the carbon or oxygen nuclei, the current has a
distinct angular pattern that the human eye integrates into
rotation about thez-axis. That is, when one views the pattern
in Figure 2b or f, the resulting transitionangularcurrent density,
arising from anr × p angular momentum operator with origin
at the atomic center, is inferred. This is precisely the magnetic
dipole allowed, Rz, character of the transition. The current
vectors at the oxygen atom are an order of magnitude larger
than those at the carbon atom, consistent with the view of this
type of n-π* transition as involving primarily rotation from
the nonbonding to antibonding oxygen orbitals via an angular
momentum operator at the oxygen.
As the projection plane is moved along the CdO bond away

from either terminal atom, the circular motion becomes more
elliptical and then begins to take on quadrupolar character
(Figure 2c,e), while the relative magnitudes of the TCD vectors
projected in these planes decrease by another order of magnitude
compared to those at the carbon atom. At the bond midpoint
(Figure 2d), a striking pattern is calculated, which upon closer
inspection is found to havexy-symmetry, the same symmetry
pattern as a dxyorbital. The overall projected vector magnitudes
have decreased at this point by a factor of∼10 from those in

Figure 2c,e. At this position, where local angular momentum
(leading to magnetic dipole) effects from the atomic centers
are minimal, the electric quadrupole allowed character of this
transition is revealed. Of course, the division of TCD into
magnetic-dipole and electric-quadrupole contributions is heavily
dependent on the choice of gauge, and for this purpose we are
assuming the natural of choice of the carbonyl bond axis, for
planes of TCD perpendicular to it, as a local origin of reference.
Decomposition of the TCD at this midpoint position (Figure

2d) into contributions from single electron transitions, shown
in Figure 4a-c, reveals an even more striking quadupolar
contribution from one virtual molecular orbital (Figure 4a), a
predominantly magnetic-dipolar contribution from a second
(Figure 4b), and a combination of magnetic-dipolar and qua-
drupolar character in the TCD for the third contribution (Figure
4c). We again note that, whereas ap-operator property, electron
transition current density, is calculated and plotted over a grid
of points encompassing the molecule, visual integrations of the
overall patterns reveal symmetry properties that are characteristic
of all orders of the electromagnetic interaction.
For both types of transition investigated here, the transition

current density vectors are largest in the vicinity of the carbons
or oxygen and along the double bond. From symmetry, the
hydrogen atomic orbitals do not contribute to either theπ or
π* orbitals, and TCD near the hydrogens is quite small in the
π-π* transitions. The hydrogen orbitals do contribute to the
ny orbital in formaldehyde, and, for the ny-π* transition, the
TCD extends along the CH bonds to the hydrogen nuclei, where

Figure 4. Transition current density plots for formaldehyde. (a-c) Contributions from single excitations to the TCD for the n-π* transition,
xy-projection at the CdO bond midpoint. Grid spacing in (a) has been decreased to reveal detail. (d-f) xy-projection of the transition to the 2A1
state at the carbon atom, showing the total TCD (d), the contribution from theπ-π* configuration (e), and the contribution from the ny - 3px
configuration (f).

3356 J. Phys. Chem. A, Vol. 102, No. 19, 1998 Freedman et al.



there continues to be angular circulation of electron current
around the molecule, with increased current flow emanating
from the vicinity of the CH bonds, as shown in Figure 2a.
The previous investigation of these transitions with charge

density difference plots4,5 focused in part on use of these plots
to classify the Rydberg and valence nature of the excited states.
In particular, the form of the density depletion region of the
plots was characteristic of the type of transition, with more
complex structure observed for the valence transitions. In this
initial presentation of transition current density plots, we have
included only the lowest energy valence transitions. The TCD
plots clearly provide an additional dimension of insight into
the nature of these transitions.
The approach based on TCD presented in this paper can be

related, in a more general sense, to previous work with one-
electron densities to understand the contributions of local
chromophoric groups to electronic transitions.9 Here, two scalar
functions were defined in the context of the random phase
approximation (RPA), the charge rearrangement density and the
transition density. The former corresponds to the difference in
the one-electron probability density and the latter to our
definition in eq 1 of the transition probability density (TPD).
An advantage of these densities is the ease with which they
can be combined with operators, such as the electric-dipole
moment operator, to visualize whether a particular transition is
allowed with this operator or not. In the present paper we have
not developed the analogous methodology.
For the TCD, all orders of electron interaction are present,

as we illustrated in the case of the n-π* transition in
formaldehyde where both magnetic-dipole and electric-quad-
rupole activity could be visually identified. Nevertheless, it is
straightforward to project out, using group theoretical methods,
the allowedness of the TCD for any particular transition by
dividing the space of the molecule into the appropriate number
and location of sectors and relating the TCDs in each of the
sectors by group theoretical operations. For the n-π* transition
of a carbonyl group, there would be no surviving TCD for
electric dipole transitions and the magnetic-dipole component
of the TCD could be projected and displayed (utilizingC4

symmetry). Similarly, the electric-quadrupole component of the
TCD could be also obtained. Remaining TCD, not yet
projected, would be ascribed to higher-order multipole interac-
tions and numerical noise. We leave such group theoretical
decompositions of TCD to a future publication.
The principal goal of this paper is to present the first detailed

examples of the calculation and display of TCD in molecules
for electronic transitions. For this purpose, we chose two simple
molecules and two different types of transitions, one of which
was common to both molecules and for which suitable
comparisons could be made. We also used electronic wave
functions of reasonable accuracy, one that had been used
recently in the literature for the purpose of studying the nature
of electronic transitions in these kinds of molecules.4,5 In this
way, the essential features of TCDs could be visualized at a
reasonable level of accuracy for the purpose of illustration. We
are not seeking to extend the quality of the quantum description
of these molecules or to use the most sophisticated wave
functions that might be applied. We do note that TCDs are a
potentially valuable tool for the comparative study of quantum
mechanical descriptions of molecular transitions, at any level
of sophistication, in that differences in calculated properties can
be visualized directly in terms of the electronic oscillatory
motion that occurs during such transitions. Regions displaying
the largest differences are those most sensitive in the comparison

and may point to regions of the molecule where further
mathematical enhancement, such as basis function extension,
would lead most effectively to improved descriptions.

Conclusions

We have presented here the first ab initio calculations and
plots of transition current density for electronic transitions. It
is clear that visualization of electron transition current density
provides insight into the character of electronic transitions and
the symmetry properties of such transitions that amplifies the
pure numerical information obtained from the integrated value
of a transition moment or the static view of density difference
plots. In fact, we find that visualization of TCD also conveys
information on higher orders of electromagnetic interaction
(electric quadrupole and magnetic dipole) present in the
transitions. We have extended these calculations to longer
polyenes such as butadiene, acrolein, and fragments of the retinal
side chain, which will be reported separately,10 and to vibrational
transitions.3 Future applications of calculations of electron
transition current density in electronic transitions include
consideration of various kinds of chemical reactions, conducting
polymers,11-13 and transitions that involve long-range electron
transfer.14,15
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