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A hole charge created in a molecule, for instance, by ionization, can migrate through the system solely driven
by electron correlation. The migration of a hole charge following ionizatidxrmethyl acetamide (a molecular
system containing a peptide bond) is investigated. The initial hole charge is localized at one specific site of
the molecule. Ab initio calculations show that nearly 90% of the hole migrates to a remote site of the molecule
in 4.2 fs. This migration of charge is highly efficient and ultrafast. The underlying mechanism for this migration
of a hole charge is identified and compared with a simple model.

I. Introduction out at fixed coordinates of the nuclei. Of course, at sufficiently

Charge transfer is a fundamental process in nature. As such,long times, the motion of the nuclei comes into play, but in
it is the topic of various scientific efforts. The term “charge general, charge migration due to electron correlation is much
transfer” describes various phenomena, in general, the flow of faster.
electronic charge along a single extended chain molecule or In the present work, an application of charge migration
between two or more molecules. In most charge transfer following ionization on the moleculdl-methyl acetamide will
processes, an electron (or a hole charge) is transported from &€ discussed. This molecule consists of a peptide bond and two
donor to an acceptor. Biophysics provides classic examples formethyl groups on each end of the molecule; see Figure 1. The
charge transfer, such as photosyntHesisr reactions involving  initial hole charge due to ionization of the I3arbital is
proteins. Within the scope of molecular electronics, the storage localized on one specific site of the molecule. The results
of energy in large molecules is of high interést. Usually, shown in section Il predict an effective, ultrafast migration of
it is assumed that in molecular systems nuclear dynamicsthe hole charge from one “end” of the molecule to the other.
plays an essential role in the course of the charge transferThe time scale of the charge migration process is a few
process. femtoseconds.

Contrary to this assumption, a particular method of analyzing ~ To investigate charge migration following ionization in the
charge transfég demonstrates that efficient mediation of charge molecular systenN-methyl acetamide, any method that takes
transfer solely driven by electron correlation is, in fact, possible. electron correlation correctly into account can be used. We
To distinguish this mechanism from the conventional ones, it applied an ab initio method called charge migration analysis
is referred to agharge migration The method is based on ab  (CMA),#™% which is particularly suitable for this kind of

initio calculations. The analysis of charge migration is carried Problem. The CMA method was developed recently and is based
on a general ab initio approximation scheme (abbreviated
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Figure 1. Molecular geometry ofN-methyl acetamide. Structural
formula (left panel) and 3D structure after Hartrdfeock geometry
optimization (right panel).
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This scheme treats electron reorganization and electron cor-

relation well. ozr 1
The investigation of the charge migration N-methyl

acetamide is motivated by the careful measurements of Weinkauf . I, . . ,|,|| L .

et al.}>1where a peptide chain was ionized. In that experiment, 0 5 10 15 2 » 30 3 “

the initial hole charge was localized on one specific site, say

A, of the molecule which defragmented rapidly at a remote site, Figure 2. Typical ionization spectrum of a molecule (schematic). Each
say B, of the chain. Due to some mechanism, the energy ertical line shown is related to a cationic state and is located at the
necessary to break the bond at B must have been transportedqresponding ionization energy. The outer valence lines appearing at
from A to B. Weinkauf et al. suggested that the hole charge |ow energies in the spectrum are dominated by 1h configurations (cases
migrated to the latter site of the molecule due to a fast electronic a and b). At somewhat higher energisatellite linesappear (case c)

transfer mechanism. The time scale of the process could not bebecause the 1h configuration is spread over several lines, due to
determined experimentally. interaction with 2hlp configurations. At even higher energies (case

In the course of analyzing and explaining our numerical ceiz(,i;the situation becomes more intricate, as the main lines cease to
results of an effective ultrafast charge migrationNmmethyl '

acetamide, two questions 9rise: (i) Can we detgrmine the t!mesystem. Introducing a one-particle orbital bagig,}, of, for
scale of the process, and (i) what is the underlying mechanism nstance, HartreeFock orbitals, the hole density reads
of charge migration? Both questions will be answered in section

I11.B by analyzing the ionization spectrum of the molecule. In T 1) — *E\ o (T
general, an intimate relationship exists between the ionization r.Y ;%(r)%(r)N’)q(t)

spectrum and the mechanisms of charge migration. It should

be pointed out that the general case of charge migration drivenwhere the hermitian hole density matrix(t), with elements
by electron correlation is difficult to understand because many Np(t) was introduced. Diagonalization df(t) leads to the hole
effects contribute. Therefore, it is useful to concentrate on certain density

cases where the charge migration process is dominated by a

single mechanism. Q.= Zlfﬁp(_ﬂ t)Fiy(t) 1)
b

ionization energy [eV]

Il. General Aspects of Charge Migration introducing the so-calledatural charge orbitals (T, t), and

The starting point of our investigations is a neutral molecule hole occupation numberSg(t). It should be noted that the hole
in its ground state| W[l After ionization of the molecule, we  occupation numbersy(t), and natural charge orbitalgp(T, t),
trace the hole charge in space and time; that is, we are interestedlepend explicitly on time. This is due to the explicit time
in the time-dependent hole density of the cation. To be dependence of the hole density matriXt). The hole occupation
independent from experimental conditions, the initial cationic number,iy(t), tells us which part of the created hole charge is
state is created by the sudden remévaf an electron. The in the natural charge orbitady,(T, t), at timet.
terms “cationic” and “neutral” are used for simplicity of speech;  To illustrate several mechanisms of charge migration, we
the following formalism remains valid if the system is not briefly describe the appearance of a typical ionization spectrum;
neutral, for example, if the target molecule is an anion. Then, see Figure 2.
the charge migration would be analyzed in the neutral molecule. The spectrum shown consists of vertical lines, where each

If the migration of the hole charge idtrafast as found in line represents an eigenstatt, of the cation. The energetic
previous calculationé® the motion of the nuclei can be position of each line is given by the ionization energy.
neglected. Consequently, the following analysis will be carried ~ For the following discussion, we expand the exact cationic
out at fixed coordinates of the nuclei. The idea of neglecting state,|I[]in a series of electronic configurations, as traditionally
the coupling of electronic and nuclear motions in order to done in configuration interaction (Cl) calculatiots:*
describe intramolecular charge transfer can be found in earlier
approache&19We investigate here the dynamics of intramo- [10= ch(')ajKIJOD-I— Z cValaa|dH ... 2
lecular charge transfer on the basis of ab initio calculations. ] ak=l

The hole density of the ionized molecule reads ] o
where|®g[is a reasonable approximation to the exact ground

Q(T, t) == [W,|p(T, t)|W,O— [d;|p(T, t)|D;T state of the neutral molecule, are coefficients, and anda'
represent the annihilation and creation operators, respectively;
wherep is the charge density operator afiJdescribes the  thus, & annihilates one electron in the occupied orbita|,
cationic initial state. The first term on the right-hand sidgEy|p- Throughout this work, the following usual convention is used:
(7, 1)|WolJ is time-independent, whereas the second term is Indicesi, |, k, ... indicate occupied orbitals, whereas indiegs
explicitly time-dependent agb;llis not an eigenstate of the b, c, ... indicate virtual (unoccupied) orbitals. Thus, the exact
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cationic state consists of this picture of one-hole (1h) excitations, ()
a|®ol) two-hole-one-particle (2h1p) excitationalaa| o)

and so on. A 2hlp excitation means that one electron has beer
removed accompanied by an excitation of another electron into
an unoccupied orbital dfbe[] Without correlation effects, there :
would be a line in the spectrum for each occupied orbital, t—0
with the spectral intensity equal to 1. If Koopmans’ theoteém

is valid, the energy of each line then is given by its orbital
energy ;. If correlation effects are weak, the ionization spectrum
is dominated bymain linestypically when ionizing the outer
valence part of the spectruiMain linesare dominated by 1h
configurations; see the lines marked with “a” and “b” in Figure
2. In this case, the molecular orbital picture remains valid. At
somewhat higher energies in the ionization spectrsatellite
linesappear; see “c” in Figure 2. Satellites are weaker than the
main lines, are dominated by 2h1p excitations, and have only
small or moderate overlap with 1h configurations. At even
higher energies, see “d” in Figure 2, the situation becomes more
intricate as the main lines cease to eXiStHowever, this region

is not of concern in this work.

We now discuss a special case, charge migration dhel®
mixing others can be found in the literatut€onsider the two
lines marked with “b” in Figure 2, which belong to the ionization
out of the outer valence and assume that the corresponding twc
states of the cation are combinations of two 1h configurations.
In other words, each of these two cationic configurations is
“spread” over two lines in the spectrum. These two lines in the
spectrum are superpositions of two 1h configuratiagsbql]
= |®;0anday| o= | Pl In a Cl expansion, these states read

1=3.61Is =84 fs

Figure 3. Migration of charge inN-methyl acetamide. Shown is the
relevant natural charge orbital at different times. The spatial orientation
of the molecule is as depicted in Figure 1. (a)tAt 0, the natural
charge orbital is identical to the 1'3arbital. The hole charge is mainly
localized at the oxygen atom and around the acetyl-C atoms. (b and ¢)

|1y [~ alg;LH bl [

|14 blg - alg 0 Att= 3.6 fs andt = 4.8 fs, respectively, the natural charge orbital is
essentially the 14aorbital. Now, the hole charge is mainly localized
wherea and b are real coefficients and?2 + b2 = 1. The on the other side (the “right”-hand side) of the molecule, near the

calculation of the hole density matrix and subsequent diago- \-methyl atoms. (d) At = 8.4 fs, the hole charge has migrated back
nalization leads to the hole occupation numbers into the 13&orbitat—to the “left”-hand side of the molecule.

. 1 1 > and &. To describe the orbitals, the basis DZP (a douhib&sis
=5+ é«/ 1 — 4(ab)’ sirf(wt) (3) with additional polarization functions) was used. The config-
uration of the HartreeFock ground state df-methyl acetamide
wherew = E, — Ey; is given by the energetic distance of the is

two lines considered in the spectrum. The upper equation shows

that the initial hole charge at time= 0 oscillates with the  (core)(64)%(7d)%(8d)%(9a)%(10d)%(11d)%(124)%(1d’)?
frequency,w, between the two natural charge orbitélgr, t) N2 2 2 2/m41\2 20 1 412
and ¢(T, t). This behavior is due to electron correlation and (2a)7(13d)"(148) (158)"(3a") (16)"(4a)

cannot be explained in a HartreBock picture. Then, the molecule gets ionized by the sudden removal of an

S . electron. At fixed geometry of the ionized molecule, the ab initio
]llrlc;rrL]Jlg?]féisén%hg%ﬁeMc')%?r'on in - N-Methyl Acetamide charge migration analysis (CMA) method was apptiéflin
order to calculate the hole occupation numbers and the natural

A. Tracing the Charge in Time and Space.Consider a charge orbitals. The CMA method was developed recently by
neutral molecule in its ground state. Assume there is a valencethe authors, yielding to the analysis of charge migration in larger
orbital localized at a specific site of the molecular system, say, molecular systems.
at one end of the molecule. Is it possible that after ionization In fact, we found that the molecular orbital 138 mainly
out of this orbital the initial hole charge migrates through the concentrated at a specific site of the molecule. After ionization
system, say, to the other end of the molecule? We now considerout of the 13& orbital, the relevant time-dependent natural
the migration of a hole charge in the moleculemethyl charge orbital is depicted in Figure 3. Shown is that natural
acetamide. charge orbital @;(r, t), with a hole occupation numbefi(t),

Our calculations consist of several steps. The first step is aclose to 1 at all timed. The hole charge will be with high
geometry optimizatiolf of the neutral molecule (e.g., via the probability in this natural charge orbital at all timesAs can
Hartree-Fock method); see Figure 1. The molecule is of plane be seen from Figure 3a, at tirhe= 0, the hole in the 13arbital
geometry, except for the protons of the two methyl groups which is located mostly near the oxygen atom and around the acetyl-C
reach out of the plane. These protons are ordered such that th@toms, which is in Figure 1 the left-hand side of the molecule.
whole molecule has a mirror plane; accordingly, it belongs to Parts b and ¢ of Figure 3 show that, at 3.6 and 4.8 fs,
the Cs symmetry group with the irreducible representations a respectively, the initial hole charge is localized mainly around
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Figure 4. Hole density,Q(x, t), plotted against the molecular axiss a function of time. The atoms along the molecular aase indicated. An

ultrafast charge migration over the peptide bondNaiethyl acetamide can be seen.
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Figure 5. Cuts through Figure 4 at times 0, 1, ,.4 fs. The hole density is plotted against the molecular ®xsfixed times. The hole charge
migrates in~4 fs from the left-hand side to the right-hand side of the molecule. Note that the hole density remains very small at all times in the
vicinity of the peptide bond.

the N-methyl group-on the opposite side of the acetyl group plane perpendicular to the axisThe axis through the molecule

of the molecule. At these times, the natural charge orbital in Figure 4 was chosen along the longest spatial extension of
matches essentially the I4arbital. This molecular orbital  the molecule in its ground state and is called the “molecular
overlaps by nearly 90% with the hole charget at 4.2 fs. In axis” in the following. For convenience, the positions of the
other words, the hole charge has migrated in 4.2 fs from the atoms along the molecular axis are indicated in Figure 4. That
“left”-hand side of the peptide bond to the “right”-hand side of figure shows the bold maxima of the hole density at tirnes

the peptide bond. After 8.4 fs, the hole charge has mainly 0,t ~ 4.2 fs, andt ~ 8.4 fs. These maxima are situated on
returned to the oxygen atom and the acetyl-C atoms. At that different sides of the molecule. Figure 5 shows cuts through
time, the natural charge orbital matches essentially thé 13a the 3D presentation at different times. These cuts make it more
orbital again. This is a very effective and ultrafast mechanism obvious that the hole occupation numbers in the region of the

of charge migration over a peptide bond. peptide bond remain very small at all times. Thus, the hole
To illustrate this ultrafast migration of charge Mrmethyl charge in a way “jumps” from one side of the molecule to the

acetamide, the hole densit®(x, t), is shown in Figure 4. The  other.

hole density,Q(x, t), at a point along an axi, through the B. Analysis of Results.We described an ultrafast charge

molecule is obtained by integrating the hole occupations in the migration following ionization inN-methyl acetamide in the
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Figure 6. Hole occupation numbers (black curve®(}), of the two involved natural charge orbitals. At tirnes 0, the 13aorbital of the molecule
N-methyl acetamide was ionized. The red curves result from the analytical expressions in eq 3, where only two 1h states are considered.
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Figure 7. lonization spectrum belonging to the irreducible representatioof &-methyl acetamide. The red colored lines correspond to the
ionization out of the 13aorbital. The blue lines correspond to the ionization out of the bdaital. Note that the intensities of the two lines just
below 15 eV are essentially a sum of two contributions, which are the intensities belonging to the ionization out of #rel 113k molecular

orbitals.

previous section. To explain the time scale of the process andshows the hole occupation numbeiift), of the two involved
determine the underlying mechanism of the charge migration, natural charge orbitals as a function of time (black curves). The

we now consider the hole occupation numbés). Figure 6

natural charge orbitgl where the initial hole charge has been
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created is at timé = 0 identical to the 13amolecular orbital,
and the natural charge orbitakt timet = 0 is identical to the
144 molecular orbital. As can be seen, the hole occupation
numbers oscillate in time arfg(t) is always substantially larger
than fg(t). The natural charge orbitals themselves also vary
strongly in time. At timet = 4.2 fs when the hole occupation,
fij(t), reaches a maximum of nearly 0.9, the role of the original
orbitals in the natural charge orbitals is swapped: Npvg,
mainly the 14&orbital and the natural charge orbitalooks
very much similar to the 13amolecular orbital. That means,
nearly 90% of the hole charge has migrated out of the 13a
orbital and into the 14arbital in just 4.2 fs. The 13anolecular

Hennig et al.

run at the investigation of charge migration in larger molecular
systems such as oligopeptides. This represents a first step toward
the analysis of charge migration in biophysically relevant
systems.

After ionization out of the molecular orbital 13#he results
of the CMA presented here predict an effective, ultrafast charge
migration from one end, say A, of the molecule to the other,
say B. Within ~4.2 fs, nearly 90% of the hole charge has
migrated from one end of the molecule to the other. Within
this process, the hole density in the vicinity of the peptide bond
remains very small at all times.

We found that an efficient ultrafast charge migration due to

orbital is situated at one end of the molecule. Since the spatial electron correlation is involved. The mechanism of charge

distribution of the other involved molecular orbital, 14a such
that it is situated on the other side of the molecule, a migration
of the charge in 4.2 fs from one end of the molecule to the
other has taken place.

The black curves in Figure 6 resemble strongly the analytical
plot (red curves) derived for a hole mixing situation, according
to eq 3. The main difference between the ab initio numerical
result and the analytical plot is that the former shows an
extremely fast response on an attosecond{&6) time scale;
see Breidbach et &f.for details. To see whether a mixing of
two 1h states indeed occurs in the full ab initio calculations,
we look at the ionization spectrum, Figure 7, which belongs to
the irreducible representation. aLines resulting from the
ionization out of the 13aorbital are marked red in the spectrum.
More precisely, the weights of the (I3a 1h configuration in

migration is due to the mixing of two 1h states. These results
could inspire future charge transfer analyses to figure out
conditions under which efficient charge migration occurs.

Considering the dynamics of the nuclei could in this case
additionally lead to the hole charge not oscillating back to A

but possibly remaining at site B. Furthermore, the efficient

ultrafast migration of charge over one or more peptide bonds
might also occur in larger molecules such as oligopeptides.

It would be of high interest to compare our results of charge
migration following ionization with experiments. On one hand,
efforts could be made to augment experiments in relatively large
molecules such as those of Weinkauf et>df by aiming at a
time resolution on a femtosecond scale. On the other hand, the
experimental investigation of the explicit charge migration in
smaller molecules, such &methyl acetamide, for instance,

each cationic state are marked red in Figure 7. The blue lineswould also be very attractive.

correspond to the ionization out of the 14mbital. There are
two lines with strong spectral intensity around 14 eV in Figure
7. The spectral intensities of these two lines belong to the 1h
configurations (1331 and (144 1. Both 1h configurations are
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