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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 forttte
transition in ethylene and the—s* and n—z* transitions in formaldehyde, with the Cl-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 afth# 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 z—x* and n, — 3p, configurations are observed. For theat transition in formaldehyde, the magnetic
dipole character of this transition is apparent from the circulation of TCD about#@ Bond axis at both

the oxygen and the carbon centers. In addition, the electric quadrupole character of this transition is apparent
in the xy-symmetric pattern of the TCD in a region midway along the@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.
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The visualization of the flow of electron density brought about — wo(r) wo(r) 1)
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,

e s s 1 ne-paricle lcon sty ncon, o e by
P 9 Y the second equality in eq 1. Subsequent density function

fﬁ; tli\?oogttggsedg{ﬁrgueclﬁcr:gnse?gsi)ég'f;irlengigsfs E: f&‘:veeegexpressions below assume implicitly that such integration has
y Ps b y P ' ~been carried out. A more detailed derivation of this density

ﬁcalar f'ei:c? n dd'catr'in% erllethrotE denstlﬁ]y\/Ndecrease oir '?C(;e\?vii’ mthfunction and those below, starting from time-dependent vibronic
O Specilic description of the pathways associate € wave functions, is given in ref 2.

rcr:)(;]t{;);;f :erllgcf:grﬁtrggnds?t?s:yc%l::(Ienrﬁ tgg;;ins?ffgémgif;elg The TPD represents the time-independent amplitude of the
! y ’ oscillating probability density arising from the coupling of the

earlief and in the f”?t paper in this seriéss a vector field .. two stationary states owing to a perturbation. The transition
that provides a detailed map of the flow of electron density dipole density (TDD), defined as

(current density) for the transition. We present here the first
ab initio implementation of the theoretical expressions for TCD 0y —ra® (r) — 4,0 0

and demonstrate how visualization of TCD maps for simple Mee(r) = 1@eq(r) = we(r)rpe(r) 2)
molecules can probe the spatial detail and symmetry properties

.Of electronlc_ transitions. _The third paper in this se?!em integrand of the position form of the electric dipole transition
"T‘p'eme”ta“on .O.f transition current density expressions for moment? The one-particle electron transition current density
vibrational transitions, illustrates the use of vibrational TCD (TCD), defined as

maps to view electron density flow due to nuclear motion.

whereng (r,ro, ...,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

is a vector field that is the position-weighted TPD and also the

h
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Figure 1. Transition current density plots for the-z* transitions in ethylene (upper diagrams) and formaldehyde (lower diagrams). Color map
[red (largest)— blue (smallest)] and contours denote the magnitudes of the TCD vectors, which are projected in a 2D-playep@jehtions

0.5 A above molecular plane; (b, g}-projections in plane containing double bond and perpendicular to molecular plamg:p@jection at the

lower carbon atom in ethylene; (Ry-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.

is the time-independent amplitude of the current density n—a* electronic transitions in formaldehyde. For this initial
oscillation between the two coupled stationary statdhe TCD presentation of such transition current density plots and for
is a vector field that is closely related to the integrand of the comparison to previous examination of these transitions with
velocity form of the electric dipole transition moment from state charge density distribution difference pldtsywe have utilized
e to é, namely the configuration interaction with the all single excitations (€IS)
- method and employed a basis set denoted 6-31,PR2)G**,
= — [ ° 0 — — [0 =€), 0 which augments 6-311G with two diffuse sp shells on carbon
e I%(r)erwd(r) or fll)e(r)( m V)wé(r) ar and one diffuse s shell on hydrogen. This basis set produced
(4) the best agreement with experimental vertical transition energies
o in the earlier work:> With this method and basis set, the-z*
== 0 0y — ° 0 valence state of ethylene {Bsymmetry) is a mixture of three
2mf[we(r)vwe(r) veVye(nldr predominant single excitations, whereas the valences2dte
= —iefJeé(r) dr (5) of formaldehyde is predominantly—xz* (three predominant
single excitations) with an admixture of somg r 3px
As shown previously,the TCD and TPD satisfy the continu- ~ configurations (four predominant single excitations). The
ity relationship for the conservation of probability and current Vvertical n—z* single excitation (A) in formaldehyde is a linear
density combination of three predominant single excitations. Imple-
mentation of eq 3 with the CIS method reduces to substitution
—V-32,(r) = 03,02(r) (6) of the molecular orbitap(occupied) fory? and the appropriate
linear combination of molecular orbitaks(virtual) for 3.
wherend, = 0% — w?is the transition frequency given by the  The nuclear positions are identical in both states and have been
frequency difference between the two stationary electronic states.calculated at the MP2/6-31G* level, which gives good agree-
Plots of TCD were first presented for simple cases involving ment with the experimental geometries.
combinations of atomic s and p orbitdlsWe have now The calculations of the TCD with eq 3 have been carried out
implemented calculations of TCD using eq 3 through ab initio by adaptation of the routine (Link 604) in Gaussiar’ #2at
computation of the TCD vector field and visualization of the calculates orbitals, density, density gradient, and density diver-
TCD maps for ther—x* transition in ethylene and—s* and gence over a three-dimensional grid of points. Input for this
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Figure 2. Transition current density plots for the-m* transition in formaldehyde. (ajy-projection at the hydrogen atoms;«f) xy-projections
viewed along the &0 bond at the carbon atom (B), the bond length from the carbon atom (c), at bond midpoint(g)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 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-worket8 and have been
reproduced in our study. We note that, in formaldehyde, the
nonbonding porbital encompasses both the oxygen and carbon
atoms and ther* 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-
calculation was obtained from the Gaussian 92 or Gaussian 94 Siderably more diffuse than those for valence states. For these
checkpoint file for a single-point calculation at a previously TCD calculations on valence transitions we have considered
optimized geometry of each molecule. The resulting three- only the region of large overlap with the or n, orbital.
dimensional TCD vector field has been projected onto selected Comparison of ther—z* transition current density in ethylene
two-dimensional planes for a practical mode of presentation. and formaldehyde is shown in Figure 1 for three perpendicular
The AVS visualization software (Advanced Visual Systems, projection planes. The -fr* transition current density in
Inc., Waltham, MA), running on an HP-700 workstation, was formaldehyde is examined in a series of slices along t©C
employed for display. AVS networks were constructed to plot bond (Figure 2) and in planes 0.5 A above and below the
TCD vectors over the selected grid, superimposed on contouredmolecular plane (Figure 3). Further decomposition of two
color maps to further delineate the magnitudes of the projectedformaldehyde TCD projections into contributions from single
vectors. These plots have also been superimposed on stick oexcitations is shown in Figure 4. In Figures-4, the relative
ball-and-wire representations of the molecular geometry. The scales for the sizes of the displayed TCD vectors have been
AVS Chemistry Viewer (Molecular Simulations, Inc., Burling-  chosen for clarity of presentation of each projection, with relative
ton, MA) was employed to plot the molecular orbitals and the scales indicated in each figure. In comparing calculated TCD
Gaussian 92/94 checkpoint file for the calculation. in Figure 1c,f are in fact approximately 10 times smaller in
magnitude than those in thez and xzplanes. Similarly, in
Figure 3, the relative magnitudes of the largest TCD vectors in
The orientations of ethylene and formaldehyde employed in Figure 2a-f are in the approximate ratios 2:10:1:0.1:1:80. An
these calculations are shown in Scheme 1. appreciation of the range of TCD magnitudes in Figure-Ra

Results
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velocity operator) 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 2r92e(r), which utilizes the position
operator, 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 operatar x 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 the—z* transitions, thez-allowed char-
acter of the transition (B for ethylene and Afor 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
can be obtained from the views above and below the bond planequite apparent in thezplanar projection (Figure 1b,c), with

in Figure 3, where it can be seen that the most intense region|arger angular variation in the formaldehyde transition. In the
is at the oxygen atom and the next most intense region is at thexprIane (Figure 1c,f), the current vector projections are a factor
carbor_l atom. . ] ) of 10 smaller than the-components. Distinct differences are
In Figure 4a-c, the n-7* TCD at the midpoint of the €0 observed between the ethylene and formaldehyde transitions in
bond from Figure 2d is decomposed into contributions from tyexy-projections. In ethylene, for this phase of TCD, we find
the three major contributing single excitations. For comparison iyt the current in they-plane flows away from the upper
to ethylene, they-projection of ther—x* TCD at the carbon  carhon nucleus for one of the contributing single excitations
in formaldehyde is shc;wn in Figure 4d and decomposed into anq radially toward the nucleus for a second excitation (Figure
contnbufuons from—;r configurations (Figure 4e) and, - 1c), and in the opposite respective directions for the lower
3px configurations (Figure 4f). ~ carbon (not shown). For formaldehyde, the flow at the oxygen
The overall TCD patterns calculated here are repeated in(rigyre 1f) is radially toward the nucleus primarily along the
calculations carried out with the single-transition approximation y_girection, opposite to the flow at the lower carbon in the
(a_ transition betv\_/een asingle occupled and single _\/lrtual orb_ltal) ethylene transition, for the—z* contribution, but radially away
with smaller basis sets that do not include extra diffuse orbitals fom the nucleus primarily along thedirection for the p —
or heavy atom d orbitals (6-31G*, 6-31G, 3-21G, STO-3G basis 3;, contribution. At the carbon in formaldehyde (Figure 4d),
sets), but the more subtle details of flow patterns and the the gyerall TCD is generated byzax* contribution (Figure
positions _along the €0 bond of t_he patterns deplc_:tgd in Figure 4e) quite similar to the overaft—z* TCD at the upper carbon
2 vary W.Ith basis set. In particular, Iegs detail in th_e TCD ethylene (Figure 1c), and g i 3py contribution (Figure 4f)
patterns is observed in the smaller basis set calculations, anq‘lowing toward the carbon along thedirection. In all cases
the ry — 3p« configuration does not contribute to the-z* the minorx- or y-components of the TCD vectors integrate to
transition in formaldehyde. zero over the plane, as required by symmetry.

The vertical p—s* transition in formaldehyde has A
symmetry and is a magnetic dipole allowed transition with R

Figure 3. Transition current density plots for the-tx* transition in
formaldehyde. (ayzprojection 0.5 A above molecular plane; (2
projection 0.5 A below molecular plane.

Discussion

Visualization of transition current density is a new theoretical
tool for probing electronic structure. The electron transition
current density plots in Figures—# convey a clear spatial
representation of the flow of electron density for an electronic

character (rotation about tlzeaxis). Theyzprojection in Figure
3a of the TCD in a plane 0.5 A above the molecular plane
reveals a flow generally in the positiyedirection at the carbon
and oxygen nuclei, but with circulation in tHez-direction along

transition. We emphasize that this is an oscillating current, only the bond midpoint. In the plane 0.5 A below the molecular
one arbitrary phase of which is shown in the diagrams. plane (Figure 3b), all the projected TCD arrows reverse
Utilization of the momentum operatqr (or equivalently the direction, in contrast to those for the—x* transition, since
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Figure 4. Transition current density plots for formaldehyde— Contributions from single excitations to the TCD for thest transition,
Xy-projection at the &0 bond midpoint. Grid spacing in (a) has been decreased to reveal detdijl.X@projection of the transition to the 2A
state at the carbon atom, showing the total TCD (d), the contribution fromrtye* configuration (e), and the contribution from theg # 3py
configuration (f).

the translational character of any charge flow must integrate to Figure 2c,e. At this position, where local angular momentum
zero for an A transition. The TCD vectors for this transition  (leading to magnetic dipole) effects from the atomic centers
have no components in the plane of the molecule (i.e., vectorsare minimal, the electric quadrupole allowed character of this
at x = 0 have onlyx-components). In two-dimensionay- transition is revealed. Of course, the division of TCD into
planar projection slices along the double bond (Figure 2), the magnetic-dipole and electric-quadrupole contributions is heavily
symmetry of this transition becomes clear. At planes cutting dependent on the choice of gauge, and for this purpose we are
through either the carbon or oxygen nuclei, the current has aassuming the natural of choice of the carbonyl bond axis, for
distinct angular pattern that the human eye integrates into planes of TCD perpendicular to it, as a local origin of reference.
rotation about the-axis. That is, when one views the pattern Decomposition of the TCD at this midpoint position (Figure
in Figure 2b or f, the resulting transiti@ngularcurrent density, 2d) into contributions from single electron transitions, shown
arising from arr x p angular momentum operator with origin  in Figure 4a-c, reveals an even more striking quadupolar
at the atomic center, is inferred. This is precisely the magnetic contribution from one virtual molecular orbital (Figure 4a), a
dipole allowed, R character of the transition. The current predominantly magnetic-dipolar contribution from a second
vectors at the oxygen atom are an order of magnitude larger(Figure 4b), and a combination of magnetic-dipolar and qua-
than those at the carbon atom, consistent with the view of this drupolar character in the TCD for the third contribution (Figure
type of n—z* transition as involving primarily rotation from  4c). We again note that, whereap-aperator property, electron
the nonbonding to antibonding oxygen orbitals via an angular transition current density, is calculated and plotted over a grid
momentum operator at the oxygen. of points encompassing the molecule, visual integrations of the
As the projection plane is moved along the=O bond away overall patterns reveal symmetry properties that are characteristic
from either terminal atom, the circular motion becomes more of all orders of the electromagnetic interaction.
elliptical and then begins to take on quadrupolar character For both types of transition investigated here, the transition
(Figure 2c,e), while the relative magnitudes of the TCD vectors current density vectors are largest in the vicinity of the carbons
projected in these planes decrease by another order of magnituder oxygen and along the double bond. From symmetry, the
compared to those at the carbon atom. At the bond midpoint hydrogen atomic orbitals do not contribute to either ther
(Figure 2d), a striking pattern is calculated, which upon closer z* orbitals, and TCD near the hydrogens is quite small in the
inspection is found to havey-symmetry, the same symmetry sz—x* transitions. The hydrogen orbitals do contribute to the
pattern as a,gorbital. The overall projected vector magnitudes ny orbital in formaldehyde, and, for thg-Az* transition, the
have decreased at this point by a factor~dfO from those in TCD extends along the CH bonds to the hydrogen nuclei, where
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there continues to be angular circulation of electron current and may point to regions of the molecule where further
around the molecule, with increased current flow emanating mathematical enhancement, such as basis function extension,
from the vicinity of the CH bonds, as shown in Figure 2a. would lead most effectively to improved descriptions.

The previous investigation of these transitions with charge )
density difference plot$ focused in part on use of these plots Conclusions
to classify the Rydberg and valence nature of the excited states. \ye have presented here the first ab initio calculations and
In particular, the form of the density depletion region of the ot of transition current density for electronic transitions. It
plots was characteristic of the type of transition, with more s ¢jear that visualization of electron transition current density
complex structure observed for the valence transitions. In this yroyides insight into the character of electronic transitions and
!n|t|al presentation of transition current densﬂy.plots, we have {he symmetry properties of such transitions that amplifies the
included only the lowest energy valence transitions. The TCD e numerical information obtained from the integrated value
plots clearly provide an additional dimension of insight into  f 4 transition moment or the static view of density difference
the nature of these transitions. plots. In fact, we find that visualization of TCD also conveys

The approach based on TCD presented in this paper can benformation on higher orders of electromagnetic interaction
related, in a more general sense, to previous work with one- (electric quadrupole and magnetic dipole) present in the
electron densities to understand the contributions of local transitions. We have extended these calculations to longer
chromophoric groups to electronic transitidnslere, two scalar  polyenes such as butadiene, acrolein, and fragments of the retinal
functions were defined in the context of the random phase side chain, which will be reported separat&lgnd to vibrational
approximation (RPA), the charge rearrangement density and thetransitions® Future applications of calculations of electron
transition density. The former corresponds to the difference in transition current density in electronic transitions include
the one-electron probability density and the latter to our consideration of various kinds of chemical reactions, conducting
definition in eq 1 of the transition probability density (TPD). polymerst~13 and transitions that involve long-range electron
An advantage of these densities is the ease with which theytransfert4.15
can be combined with operators, such as the electric-dipole
moment operator, to visualize whether a particular transition is ~ Acknowledgment. The authors acknowledge support of this
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