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For large molecules, electronically excited states are denser than can be simply judged from the gap between
the ground state and excited states. This is particularly true for large open shell systems, such as peptide
cations. In such systems, short laser pulses can be used to prepare initial electronic states that are not stationary.
These are non BornOppenheimer states, and therefore, the motion of the nuclei is not determined by a
single potential. It is argued that such states could offer the possibility of control of reactivity. They can
impede the usually facile vibrational energy redistribution, which is characteristic for a motion on a potential
surface with a well. After a localized ionization, the dependence of site-selective fragmentation of small
peptide ions on time is discussed with computational results based on a PRaserPople like electronic
Hamiltonian. We predict a strong nonstatistical and site selective reactivity on a short time scale and also a
dependence on the nature of the initial excitation. Results are presented for the fragmentation of Leu-Leu-
Leu-Trp" and Ala-Ala-Ala-Tyr" ions and are compared with nanosecond laser pulse experiments.

1. Introduction ion needs usually to occur onges time scale or faster. This

It is customary to begin discussions of molecular dynamics harrow detection window is the origin of the I_(ineti_c sffifte.,
with the Born—Oppenheimer approximation. The motion of the the appearance of fragments only at energies higher than the

nuclei can then be computed from a potential that is determined threshold dissociation energy. This means that very large ions

by the electrons. This potential is a function only of the positions €VeN at high internal energies should not dissociate in the time

of the nuclei. When the BorrOppenheimer approximation fails, Window of a mass spectrometeThis, however, is contrary to
then as long as the failure is localized, one allows jumps from experiments, where facile fragmentation is observed already at

one electronic state to another, but between such jumps, the?-5 €V internal energy.” Hence there must be a route that
motion of the nuclei is still governed by a potential. In this Circumvents fast energy dissipation. In open shell systems, we
paper we discuss why one may want an alternative point of suggest th{:\t thls_can be an electronic effect, as qualltatl\_/ely
view and what interesting features of the dynamics are broughtdlscussed in section 2 and is clearly seen in the computations
to the fore if such a view is adopted. Specifically we will argue "eported below.
that there can be ‘bypasses’ in phase space which will take an There is currently a rich literature seeking ways to overcome
energy rich polyatomic molecule from one region to another in the fast intramolecular vibrational energy redistribution (IVR),
a manner which is not quite so evident when one proceeds bysee ref 8 and references therein. That there has to be some way
the conventional approach. around facile IVR follows from experiments that show that for
The issue we discuss here is one of electronic control of some molecules the rate of dissociation does not decrease
reactivity. Energy rich large polyatomic molecules are notori- exponentially with increasing size of the molectifdlt indeed
ously poor at being directédBreaking a particular bond requires  appears that on one hand there are bottlenecks, which slow the
that enough energy is available at that site. But usually, any vibrational energy flow and on the other hand that there can be
localized vibrational excitation rapidly dissipates over the extreme motion staté8,!! whose excitation leads to ultrafast
numerous available vibrational states of the large molecule. Thisdissociation. So it is not categorically the case that energy
leads to the well-tested RRKM picture, where it is assumed equilibration must precede dissociation when the nuclear motion
that the excitation energy is first equilibrated and then dissocia- occurs on the ground potential energy surface.
tion takes place by a fluctuatidthat localizes the needed energy  \we have recently explorééa different approach to steering
in the bond that is to break. The larger the molecule, however, the reactivity of large ions, which involves electronic effects.
the rarer are the fluctuations that can concentrate enough energy avoids the issue of fast IVR by not making the energy
in a single bond. Hence large molecules even far above theirayailable to the nuclei until it is needed for dissociation. The
dissociation threshold are expected to have a kinetic stability: assumptions of this model are (i) the electronic state density is
To detect fragment ions, dissociation of the energy rich parent high, as calculated here by the PPP theory; (ii) the electronic
+ Corresponding author, Fax: 9726513742, E-mall: rafi@fh.huji.aci. states that are used to describe the time evolution are diabatic

t Chercheur QualifieFNRS, Belgium. Permanent addresspasement  States with a nonuniform charge distribution; (iii) the (diabatic)
de Chimie, B6b, Universitée Ligge, B4000 Lige, Belgium. interstate coupling is included and this allows charge to migrate,
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(iv) the initial state depends on the pulse duration of the TABLE 1. Parameters of the Hamiltonian (3.4}

g?(cti)tatt_ion,tatnd (v)hprc;]mpt diz;ocitz;\tion taklezI ptlact(; from th%sle energy site a (local IP) | y

d!a al_Ct_Saer? w IT are directly coupied fo the possiole Leu —36.0 inside,—34.0 end 1.0 Leu-Leu: 1.0
Issociation C annels. ) ) Trp —30.0 0.4 Trp-Leu: 1.0
We here discuss the essence of this approach and emphasize Ala —36.8 inside;—34.4 end 4.0 Ala-Ala: 1.0

the key ingredients. To make the discussion concrete we Tyr —32.0 08  TyrAla:1.0

compare the calculations to the observed fragmentation pattern a aj energies are in units ¢8. Time is therefore scaled byA/The
in ns laser excitation experiments on two peptide cations, which values of the local ionization potentials, (thés), shown in Figure 4,
exhibit a very different dissociation pattern. It has been shown which are those proposed by Weinkauf et al., ref 6, correspoficto
previously~7 that in peptide cations the fragmentation patterns 0.25 eV.

can be understood as a charge induced process governed by

local ionization and local dissociation energieghe initially

localized (positive) charge migrates. At the site where the charge

is, the bond is weaker and dissociation is then possible. Hence

the picture is a nonstationary one where “reactivity follows

charge”. The model presented here explicitly takes into account y
the charge migration through the dense manifold of electronic
states. As such it is quite different than a conventional RRKM
picture. We do, however, retain a local version in that the rate
of dissociation from a given electronic state is governed by the

A

locally available energy.

The purely electronic state description that we use is I R
oversimplified in that we do not explicitly discuss such important
aspects as the role of Frane€ondon overlap on charge
hopping. Rather, we use the magnitude of the charge-transfer
amplitude as a parameter, which sets our time scale. The
advantage of the model is that it discusses in one framework
charge mobility and reactivity. The following points can be

preparation (7 =0)

energy

derived from this model: (i) prediction of an “electronic
trapping” effect, which circumvents energy dissipation; (ii)
prediction and simulation of site-selective electronic controlled
dissociation in the short-time regime after excitation; and (jii)
converges for larger times to the time-averaged fragmentation
pattern as observed in nanosecond laser excitation mass reaction coordinate
spectrometry. Although these conclusions are based on a modelrigure 1. The potential cut along the reaction coordinate for a system
they show that new ways can exist for large complex systems with a well, here the chromophore cation ground state. The RRKM
to circumvent dissipation of the energy into vibration. picture assumes that the system is delayed in its motion along such a

Specifically. we compare the computation of the model with potential because of intramolecular vibrational energy transfer to other
P Y, p P degrees of freedom (IVR) which are not shown in such a plot. Whereas

the observed fragmentation pattern for ns laser ionization of he total energy is conserved, the IVR reduces the energy along the
Leu-Leu-Leu-Trp and Ala-Ala-Ala-Tyr. Both peptides have a reaction coordinate to such an extent that the motion is confined to
chromophoric amino acid at the C end (tryptophan, Trp, or within the well.
tyrosine, (Tyr) and nonaromatic amino acids (leucine, Leu, or
alanine, Ala) at the N terminal and along the chain. The Weinkauf et al5 one obtains for the Leu-Leu-Leu-Trp cation
experimental results exhibit two features: (i) Even though N and C terminal dissociation thresholds of 9.0 eV with respect
ionization occurs at the C terminal (the chromophore end), to the neutral ground state. Hence, dissociation is expected to
fragments can be formed which stem from the (positive) charge occur at both ends. For the other parent cation, Ala-Ala-Ala-
being on the other side of the peptide (N terminal mass 86 Tyr, the N and C terminal dissociation thresholds are 9.1 and
Dalton for leucine and mass 44 Dalton for alanine). (ii) The 9.5 eV, respectively. Hence, in this zeroth-order picture,
fragmentation pattern can differ depending on the composition fragmentation of the Ala-Ala-Ala-Tyr ion should be favored at
of the peptide. the N terminal. The object of the model computations is to
Result i shows that charge migration is present in such provide a detailed picture. First, we determine the energetics
systems since the N terminal dissociation must occur from a including the (diabatic) electronic sitesite coupling that is
precursor state which has a predominant positive charge necessarily present so as to induce charge migration. The values
distribution at the N terminal. Result ii can be understood on a of the local IPs that we use, Table 1, are those of ref 6. This
basis of a local picture where the energetics are determined bymeans that we use a somewhat higher IP for an amino acid
the local charge state. That is, the dissociation energy of thewhen it is at the N terminal than that when the amino acid is in
bond is lowered when the charge is adjacent and this energythe middle of the chain, see Figure 4 and Table 1. Also, we
can be different for, say, LeulLeu-Leu-Trp and Leu-Leu-Leu-  here compute the bond breaking energies by separately comput-
Trp™. Neglecting any coupling between the adjacent amino acids ing the energies of the fragments. The dynamical computations
and using a local ionization potential (IP) of Leu, Ala, Tyr, and follow the time evolution of the energy rich molecule so as to
Trp a$ 8.5 eV, 8.6, 8.0, and 7.5 eV, one can obtain a zeroth- explore the competition between charge migration and dissocia-
order estimate of the energies of different ions. Using local tion, since dissociation occurs from where the charge is. Finally,
dissociation energies in the presence of the charge of 0.5 eV atthe detailed model explicitly introduces the coupling to the
the N terminal and 1.5 eV at the C terminal, as suggested by dissociation channels.

.
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Figure 4. The relative site IP$ (in eV. In the computations and in

Table 1 we report all energies, and time, in unitspofThe results
shown in this figure correspond = 0.25 eV.) for the two peptide
chains used in the computations. The IP of the N terminal differs slightly
to the IP in the peptide bonds. Note that the chromophore beside the
ground state has also excited states. Further on in a molecular orbital
picture in the peptide bond two degenerate states are present. For
simplification we confine our calculations on four sites (three nonaro-
matic sites and the chromophore ground-state site).

energy

/ many nuclear modes, thereby allowing for prompt dissociation.
Section 3 specifies the key details of the electronic Hamiltonian.
The electronic structure of the products is discussed in section
4 and the bound-continuum coupling in section 5. Computational
> results and their interpretation are given in section 6. The
nanosecond laser pulse experiments on peptide cations, experi-
ments that gave rise to observations i and ii above, are discussed
in section 7.

reaction coordinate

Figure 2. The potentials along the reaction coordinate for a three
electronic state problem. The plot is drawn using the rule of thumb
that barriers along the ground-state potential are correlated (cf. Figure
4) with dips in the excited-state potentials and vice versa. The figure 2. Qualitative Considerations of the Role of Several

is still incomplete in a very essential way; it shows the variation along Electronic States

the reaction coordinate but it does not show the dependence on the

other nuclear modes. Figure 1 is a traditional picture of the potential energy along

the reaction coordinate when there is a deep well in the middle.
This is the kind of energy profile that favors the formation of
a long living intermediate: Coming from the left, one has
enough energy to cross the first barrier and hence one could
proceed directly to cross the other barrier and promptly exit as
products. The reason for any delayed exit is that the figure fails
to note the presence of the many other degrees of freedom that
are coupled to the reaction coordinate. In the region of the deep
well, enough energy can flow into these other modes so that
the energy of the motion along the reaction coordinate is not
sufficient for an exit. The motion is, temporarily, bound in the
well. The delay is finite because energy will eventually flow
back to the reaction coordinate so that dissociation can take
place. The exit will be to the left or to the right depending on
the barrier heights and on the tightness of the respective
transition states, but it will be largely independent of which
side the entrance to the well was madéé?

Figure 1 is drawn for a bimolecular collision. In a unimo-
lecular reaction one begins with the system which is already in
the well region. Given enough energy it can exit in either
direction but it will be delayed in doing so unless the energy of
excitation is directly made available to the motion along the
reaction coordinate.

For either the unimolecular or the bimolecular access to the
well region, there appears to be no simple way of constraining
the energy to remain in the reaction coordinate. Of course, in
) . . . i _ the bimolecular mode, if the initial collision energy is quite high,
Figure 3. The diabatic potentials (dashed lines) along the reaction o the system crosses the well, draining some energy into
coordlnat_e for_athree electronic state prqblgm. The adiabatic potentlals,the other modes will still not trap the motion in the well. One
same as in Figure 3, are shown as solid lines. . ; o X

therefore expects that at higher energies the collision will

Section 2 is a general qualitative discussion of why diabatic become direct® If one could very suddenly pump lots of energy
electronic states offer a way around energy dissipation into the into a molecule then a prompt unimolecular dissociation is also

energy

o
>

reaction coordinate
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conceivable. The rough estimate ratE — Eg)/E)S! shows accounted for in a manner suggested in Figure 3: Certain

that for a large molecule (af modes), the energl needs to diabatic states are allowed to exit to the continuum, which we

be very much higher than the barrier eneigyfor a prompt mimic by endowing them with a decay width. The precise

process. specification of the width is not trivial because the products
Figure 2 is a more elaborate way of plotting Figure 1. It shows themselves can have more than one electronic state. This is

not only the potential of the ground electronic state but also discussed in section 5.

the potential along the reaction coordinate of two excited states.

It is clear that at a higher energy one can no longer restrict 3. Electronic Problem

attention to a motion confined to the ground electronic state. We use the simplest possible description where each amino

On the other hand, one need not assume that hops to the excited

. - acid is a ‘sité having one orbital. A tetrapeptide is then a chain
state will occur as soon as they are energetically allowed. The - . . . P .
) - . - of four sites. The site energies, which are the ionization energies
motion of the nuclei is subject to the Frarekondon limita-

tions. which exponentially disfavor large chanaes in the of the amino acids, need not be the same, cf. Figure 4 below.
’ P y 9 9 The diabatic states are the suitably antisymmetrized states made
momenta of the nuclép

. . . . . up from these uncoupled site orbitals. The diabatic states are
Figure 3 is an alternative way of plotting Figure 2. Shown

e ! ) ‘ _coupled in a manner that allows charge to move between
as a dashed line is the electronlg energy of the dlabgt!c eIECtrO”'Cadjacent sites. Diagonalizing this coupling leads to molecular
states. It offers a key to a possible route for selectivity. By one giateg that are the BorOppenheimer states, i.e., eigenstates
transition between two different electronically diabatic states it ¢ ihe electronic Hamiltonian. If the site energies are all equal
is possible to transverse the region of the deep well without oy the molecular states will invariably be delocalized, thereby
having energy made available to the nuclear motion. Energy 515ying the charge to coherently migrate along the chain.
is, of course, conserved, but Figure 2 suggests that in the well

; ; L Two factors act against the migration of charge. One is that
region energy could be stored as electrc_)nlc excitation ratherthe site energies are not all equal. This effect can be described
than as energy of the nuclear motion. This requires of course,

. . S . . in a single electron approximatidalt explains why substitution
tbhat the d'?hbat'c. deslcrlpttlon_ IS Ia valid zl_eroth-_lcl)r((j:i_er_pmtture of one amino acid by another can hinder charge migration. In
ecause, otnerwise, electroriouciear coupling will dissipate -y, o present study we also penalize an electron that moves to a
the electronic energy which is the conventional assumption in

th iequilibrium th f a site which is already occupied (by an electron of a different
€ quaslequ! ibrium eor;_/ 0 mass spectra. ) ) spin). In solid state physics this is known as a Coulomb blockade
The diabatic and the adiabatie:Born—Oppenheimer) pic-  and is usually described by a so-called Hubbard Hamilto#%&h.

tures are complementary. A nonadiabatic transition means thatjy molecular physics this is known as a ParisBar—Pople

the system rem_ains on the same diab_atic state while a tra_nsitio_qype Hamiltoniar?2-24 The latter is actually a better approxima-
between two diabatic states is a motion on the same adiabaliGjon, pecause it also allows the polarization of one site by an
state. The suggestion made in Figure 3 can equally well be madegjectron on an adjacent site. Sometimes, the self-and cross terms
by stating that two non adiabatic transitions, one in the vicinity 4y referred to as the capacitance terms. Even this modest model
of each barrier, allow the system to cross the well region with gives, in a four-site problem, 20 different doublet electronic
little energy being available for dissipation. In the diabatic states of the radical ion, eight of which (listed in eq 3.1 below)
picture shown in Figure 3, the well region is crossed by one or ¢orrespond to a removal of an electron from the right end (which
more transitions between diabatic states. we take to be the chromophore end).

Strictly speaking, the sequence of events is two nonadiabatic  \jthout the Coulomb blocking there is no energy penalty to
transitions, one in the V|C|n|ty of each barrier, and an adiabatic having more than one electron per site. The result is that such
behavior in the well region. We would all agree with an states (called “ionic”) are degenerate with other states where
adiabatic behavior in the well region but this is eqUiValent toa the Charge is more uniform|y distributed. Because of this
transition between two diabatic states, as shown in Figure 3. degeneracy, ionic and covalent states can have the same weight.
What one is less likely to have agreement on are the two This is a long know#f fault of molecular orbital theory, a fault
nonadiabatic transitions in the region of the two barriers. Such that is not fatal unless one needs to allow for dissociation, which
transitions are not likely to be effective unless the gap between e do. Without the Coulomb blocking one cannot correctly
the two Born-Oppenheimer states is not large. Hence, for the describe the dissociation channels. In a molecular orbital
proposed mechanism to be truly ef‘feCtive, one must initiate the description, H for example, will dissociate with equal prob_
dynamics in an electronically diabatic state. ability to H + H and to H + H~. Including the Coulomb

The diabatic state picture suggests not only that one canrepulsion is necessary for a qualitatively correct description of
coherently cross the well region but also that energy is available the possible fragments. In the;lexample, the repulsion makes
for barrier crossing. This is because the diabatic state is repulsivethe threshold for dissociation into the ionic states higher by the
in the exit region and so the motion toward products should be energyl. For this reason, the Coulomb repulsion energy, which
quite prompt. is a property of a site, can be estima&feak the energy threshold

The proposed mechanism relies on more than one stationaryfor charge disproportionation, site site— site” + site”. For
electronic state taking part in the dynamics. A linear combination our model it means that different amino acids can differ quite
of electronic states is a nonstationary state. Such a state does bit by their value ol. Another way of understandinigis to
not have a sharp value for the electronic energy and, as timethink of it as the “charging energy” of a site, namely, the
evolves, the different components acquire a different phase. Socapacity of a site to accommodate an extra electron.
after a while the motion on the different states will decohere  Technically, the set of diabatic states that we use is a set of
and eventually one will reach the, so-called, quasi-equilibrium, orthogonal electronic states that are spin adapted antisymme-
limit of mass spectromet#§18 or its RRKM equivalent for trized products of the single electron site orbitals. We call it
neutral molecule®? In this paper we examine the earliest time the site basis. In a very technical language, this basis diago-
period and drastically simplify the picture by centering attention nalizes the weight generatc?®?’ which specify the electronic
only on the electronic aspects of the problem. Dissociation is charge on any one of the different sites. The further advantage
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is that this basis also diagonalizes the repulsion between twoFor the four-site cation there are twenty possible site states.
electrons on the same site. This basis does not diagonalize theEight are shown in (3.1). These are the eight states with no
coupling of the sites by the charge transfer so that the basischarge at the C end. By symmetry, there are eight states with
states are not the familiar stationary electronic stafés? no charge at the N end. These are the mirror image of the states
The site electronic basis is the technical expression of the shown in (3.1). The careful reader will note that of these eight,
“local” description of the experiments of Weinkauf and Schlag. two (which are those shown in the bottom row in (3.1)) are
As an example, we write down symbolically the eight different common to both sets. So there are 14 states that can correlate
site basis doublet states that are possible for a radical cation ofwith states of ionic products for dissociation at either the C or
four sites with there not being an electron on the rightmost site the N end. More on this in section 4 below. Six site states have
charges at both ends. They are shown in (3.3)

DOOO.QDO0-  DOOD.DODOD.,

DOMO.DODO  DDOD.DODD...
OOO0, D000 DOOD. D000,

(18)

Q @ @ O 3 O ® @ Q ® Of these six site states, four, shown in the top two rows, are

covalent. The rest are ionic in that one site has two electrons.

Note that we represent the electrons by a rod and not by an 1he electronic Hamiltonian is given by

arrow. This is because we do not specify the spins of individual 4 4 14

electrons but only the total spin of the state (a doublet) and the H = aifg” + 8 Eij + = Ei i(fgii -1+
occupancy (as shown in (3.1)). The explicit construction of this = ’ = 0 o2& T

basis is given elsewheféThe numbering of the states shown i=j+1

in (3.1) is arbitrary.
The (zeroth-order) energies of the eight states shown in (3.1)
are easy to compute even when Coulomb blocking is included

N =

4
> EiE; (34
iZ]=1

i=j+1

E= Zi4=2 n(IP); + (1/2)zi4=2 n?-n)l, (32 whereE;; is the operator that determines the charge onisite
andp is the amplitude for charge transfer between adjacent sites.

Herei is an index of the orbitals, IP is the local ionization The operator that moves the chargé&is Unlike Ej, E;j is not
potential, and is the repulsion between two electrons when diagonal in the site basis. It represents the coupling of the
they are on the same site. Note that the zero of energy for thediabatic states. Explicitly, the operatdts are defined in terms
electronic Hamiltonian is different from the threshold energies of the creation (annihilation) operat , (@) of the ortho-
used in the experiment, which is the ground state of the neutral. normal site spir-orbitals |ix0= |i(uL] i'=1,..n andu =
In (3.2) and (3.4), the zero of energy is the four ionized and +1/2
noninteracting sites. This means that the electronic energies will
be negative. A 2 + .

Not included in (3.2) is another effect namely the cross ;= Z &8, =1 ..n (3.5)
polarization. Thinking ofl as a capacitance term, the missing #
contribution in (3.2) is that of an electron on a given site They are spin independent and obey the commutation rules
polarizing the adjacent sites. In electrostatic terminology, this A R .
is a repulsion between electrons on adjacent sites. This coupling, [Eij Eql = B0« — Eqoiy, LikI=1,...,n (3.6)
which is allowed for in the ParisetPar—Pople type Hamil-
tonian, (3.4) below, is diagonal in the site basis and so including ™ - S - . o
it requires no additional computational effort. In conclusion, Wh'le th? off d|agon_al gengratc_)E-,j are divided into raising
the site basis, which we regard as the set of diabatic states offor | <.J) and '°We”'?9 (fori > }) generators. .
the problem, diagonalizes the electrostatic effects. The only Th? f“St two terms in (3.4) are the usual one electroichkél
nondiagonal term of the electronic Hamiltonian is the transfer Hamiltonian:
of charge between adjacent sites. n 2

The eight states shown in (3.1) form two bands. Two H = Z h; z ai’f#a]."u,

The diagonal generatols ; are called the weight generators

degenerate states of lower energy (states 13 and 17 above) in T m
which each electron is on a different site so that there is no 0, ifi=j
repulsion contribution in (3.2) and six ionic states at a higher hy = ;=0 between near neighbors onlg/3'7)

energy. The six ionic states are not all degenerate because the
terminal amino acid at the N end has a slightly higher IP, cf. The other two terms in the full electronic Hamiltonian (3.4)
Figure 4. The energy gap, due to the repulsion, between theare the Coulomb repulsion between two electrons, of opposite
covalent and ionic states, will turn out to be an important spins, which are on the same site and on adjacent sites,
consideration in what follows. respectively. (The repulsion between different sites decreases

The adiabatic states are obtained by diagonalizing the with distance between thefA3° hence we only include the
electronic Hamiltonian, including the charge-transfer coupling. repulsion between near neighbors).
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as a linear combination of diabatic states and the coefficients
of this expansion are determined when we diagonalize the
electronic Hamiltonian matrix (which is most readily computed
in the diabatic basis, in which it is not diagonal). Conversely,
each diabatic state can be expressed as a linear combination of
adiabatic states. In other words, the diabatic states are not
eigenstates of the electronic Hamiltonian and so are not
stationary. As a diabatic state evolves in time one can think of
it either in terms of transitions to other diabatic states or,
1/ 8 equivalently, as a change in the weights of the adiabatic states.
The former description is more useful for the picture where the
problem plotted vs the dimensionless ratiof the Coulomb repulsion !ocatlon N char_ge det_ermlnes the rea.CtIVItY' The des_crlptlon
energyl to the transfer amplitudg. The energy is shown in units of in terms of cha_nglng weights of the adiabatic _states_ IS more
B and the plot is for the set of site energieslgcal ionization potentials) ~ Useful for showing that eventually the electronic motion will
of the radical cation Ala-Ala-Ala-Tyr, see Table 1 with the same value ~ decohere.
of | for all the sites. On the left, as— 0 is the molecular orbital limit There are two contributions to the decoherence of the initial
where covalent and ionic states are degenerate. Toward the right, wherestate. One is inherently electronic. The unequal energies of the
x> 1, is the site (or atomic) limit. The energetic role of the Coulomb gitfarent adiabatic states means that each acquires, in time, a
repulsion is very evident in this regime. Note that the ground state is different phase. This effect is taken into account in the present

degenerate in this limit, being made up of states (13) and (17) of (3.1). - . . . - .
These are the two states with a positive charge on the chromophoreCOMPputations. The more do the adiabatic states differ in their

energy/f3

Figure 5. The energy of the twenty adiabatic states of a four-site

site, which is the site of lowest IP. energy, the faster is this decoherence. It is for this reason that
_ _ L we emphasize in Figure 5 that excited electronic states are closer
Computing the matrix elements of the generatgysin the in energy than one might have thought. There is an additional

site basis is straightforward:* But the diagonalization of the  contribution to the decoherence due to the nuclear motion and
20 x 20 Hamiltonian matrix needs to be done numerically. The the internal structure of each site. These two effects are not

results are shown in Figure 5 as a function of the ratio of the included and are the subject of computations that are in progress.
Coulomb repulsion to the charge-transfer coupling The

parameters of the Hamiltonian that are needed to generate Figurét- Electronic States of the Dissociation Channels
5 are given in Table 1 in units ¢f. This section shows that for peptides with a chromophore at
We emphasize that the eigenstates we discuss and the resultthe C end, there are four dissociation channels with relatively
shown in Figure 5 are the many electron states. Figure 5 is notlow threshold, two at the C end and two at the N end. The
the energies of the molecular orbitals. The Hamiltonian (3.4) lowermost threshold for dissociation from the ground state of
explicitly includes electrortelectron repulsion terms and so one the cation is at the C end. The reasoning is straightforward.
cannot assign electrons to independent orbitals. We even doTake (Leu-Leu-Leu-Trp) as an example. There are eight site
not have self-consistent orbitals because we exactly diagonalizestates, shown in (3.1), with a charge missing at the C end. A
the Hamiltonian rather than use a self-consistent procedure.dissociation channel leading to Leu-Leu-Leu and*Tmust be
What we generate is a many electron wave function which is made up from these eight basis states. But as discussed following
expressed as a linear combination of the site many electron state$3.2), of the eight states shown in (3.1), there are only two
(which are our diabatic basis). From the wave function one can (degenerate) states of low energy. Next consider dissociation
compute expectation values but one cannot think of the electronsat the N end leading to Léuand Leu-Leu-Trp. There are eight
independently of one another. This is the price for including site states with a charge missing at the N end. These states are
Coulomb effects and we cannot ensure a correct dissociationthe mirror image of the states shown in (3.1). Again, only two
without them. (degenerate) states have a low energy. The two lowest energy
The essential point in the plot of the adiabatic states in Figure channels for dissociation at the N end, leading to'Land Leu-
5 is that while the ground state of the molecular ion is well Leu-Trp, have a somewhat higher threshold than the two lowest
below the excited states, once there is some excess energy, manfreshold product channels at the C end. If the local IPs were
excited electronic states are accessible. Textbooks usually shovequal, all these channels would have the same threshold. (Since
energies in the molecular orbital scheme, where covalent andour sites have no internal structure, our bond energies are equal).
ionic states are degenerate and thereby one forms the impressioBut the local IPs are not all the same. Trp has a lower IP than
that there are fewer states than there really are. In reality, FigureLeu. For the same reason, dissociation channels leading to Leu-
5 is still an underestimate of the number of states. This is Leu-Leu" and Trp or to Leu and Leu-Leu-Ttghave a higher
because we allowed only one orbital per site. Each amino acid threshold than when the charge is on the smaller fragment.
has excited states and so the number of possible electronic states There are other open channels. In particular, note the two
of the peptidic ion is even higher than shown in Figure 5. states in the bottom row of (3.1). These two states can dissociate
To conclude this section, we have discussed two alternative to both Led and Leu-Leu-Trp and to Leu-Leu-Leu and Trp
sets of many electron states. The first is the site (or diabatic) These two states are ionic. Depending on the value of the
states. These states tell on which site the charge is localizedCoulomb repulsior, these states can be at a higher energy.
and so are suitable for describing the charge migration. These In summary, of the 20 possible site states of the radical cation,
states do not diagonalize the full electronic Hamiltonian and two site states can dissociate at the C end and two different
are coupled by the charge-transfer ter,ﬁzf;j:lléi,j, of the states can dissociate at the N end. The threshold for dissociation
Hamiltonian. This transfer converts one state into another so at the N end is somewhat higher than at the C end but it too
the diabatic states are nonstationary. The members of the othecan be reached with three photons of 4.5 eV. Leu-Leu-Leu-
set of states that we use are the adiabatic or B@ppenheimer Trp* is observed, Figure 6 and section 7, to dissociate about
states. These diagonalize the electronic Hamiltonian and areequally from both ends. All other channels will have higher
stationary electronic states. Each adiabatic state can be expressetiresholds and require a four-photon absorption.
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energies of the states. This section discusses the determination
of the matrix elements of the rate operalorThe general issue
is clear. The rate operator has the generic form

— t
I'= Zvcpcvc
T

Leu—Leu—Leu—"l"rp+

Nend
86 Dalton

N

Chromophore end
130 Dalton

/

M (5.2)

whereV, is the coupling between the bound states and channel
c of the continuum ando. is the density of states in that
continuum channel. In particular, when a channel has a higher
threshold, it will have a lower density of states.

The identity of electronic channels in the continuum follows
from the considerations of section 3. In the basis that we use,
of one orbital per site, there are eight channels that correspond
to dissociation at the C end, with the charge remaining on the
larger fragment. The set of states is that shown in (3.1). The
electronic Hamiltonian for these eight product channels is like
that of the parent cation, as given in (3.4), except that there is
. no transfer coupling between sites 1 and 2 nor is there a

Coulombic interaction between these sites:
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0 100 200 300 400 500 Similarly, there are eight channels that correspond to dissociation

at the N end. The basis is the mirror image of that shown in
(3.1). That is, the basis of states that have no charge at the N
end. The electronic Hamiltonian for these eight product channels
is like that given in (5.3), except that for products at the N
terminal there is no transfer coupling between sites 3 and 4 nor

mass in Dalton
Figure 6. Experimental, see section 7, fragmentation pattern of the
tetrapeptides (a) Leu-Leu-Leu-Trp and (b) Ala-Ala-Ala-Tyr following
a resonant UV(%1) ionization and a subsequent UV laser excitation

(The laser wavelength for ionization and excitation is 266 nm with a ; . : ;
pulse width of 5 ns and intensity of about®1@/cn?). The fragment 'S there a Coulombic interaction between these sites.

ions of mass 86 and 44 dalton are identified as the N terminal Note that two channels correspond to dissociation at both
immonium cation of Leu and Ala, respectively. The fragment ion of the C and the N ends. The two states are ShOW_n at the bottom
mass 130 is from the C terminal fragmentation of Trp (In the fragment row in (3.1). These two channels can have a higher threshold
cation, the indole five membered ring presumably isomerizes to a six because they are ionic states (which are penalized by the
member one). In (a) dissociation at the N end and at the chromophore Coulomb repulsion). At low values dfthese states can offer a
(the CI e’}d) are both pr.Obabb'e' AL dmughhhlgher laser '”telns't'es "I““E lower energy route where dissociation is possible at both ends.
complex fragmentation is observed and the mass spectral pattern looks : . . :
more statistical. As discussed in section 4, of the 14 electronlp prqdqct
channels, four have a low threshold, two each for dissociation

The same considerations apply also to our other example,at a given e_nd. We retai_n only these four cha_nnels so that the
Ala-Ala-Ala-Tyr. On the other hand, the observed, Figure 6, bound-continuum coupling/ is a 20x4 matrix. A la the
fragmentation patterns of the two peptides are different. Unlike Wolfsberg-Helmholz approximatioff we take this electronic

Leu-Leu-Leu-Trg, Ala-Ala-Ala-Tyr* dissociates quite prefer-
entially at the N-end.

5. Coupling to the Dissociation Channels

coupling to be proportional to the overlap of the bound and
product state electronic wave functions. We have used two
different choices for the product wave functions. One choice is
what we call the adiabatic choice. The states of the products,

say at the C end, are obtained by diagonalizing the product’s

To aIIo_vv for dissociation a_nd yetto ke_ep the prob!em d|§cref[e Hamiltonian, (5.3) above, in the basis of the eight states given
one can introduce an effective electronic Hamiltonian which is . .
in (3.1). For the N end we use an equivalent procedure. The

defined in the same basis of electronic states that describe the

. . ) . o other choice is the diabatic one. The continuum states are the
bound radical cation. The coupling to the dissociation channels . . . : o .
o . " . diabatic states of the products. The diabatic choice is appropriate
is introduced using a Hermitian rate operalorThe effective

. D9 i . when the dissociation is so very prompt so that there is not

electronic HamiltoniarH is then given by . . L
enough time for the electronic reorganization of the products

during dissociation. Since the experimental results are that
dissociation competes with charge migration, one cannot rule
whereH is the electronic Hamiltonian of the bound cation, here out the diabatic choice. The results in section 6 below show
given by (3.4). The effective electronic Hamiltonian needs to that given that the initial ionization was localized then the next
be diagonalized using a biorthogonal basis and its eigenvaluesmost important aspect governing the fragmentation pattern is
are compleX! In general the rate operatbris not diagonal so the specification of the electronic states of the products.
that the real part of the eigenvalues lgfis not equal to the We draw special attention to the possibility raised in the
energies oM. In other words, the coupling to the continuum paragraph above, that upon a very fast ionization, the fragmen-
not only endows states with a decay width but also shifts the tation pattern can differ as compared to a slower laser pulse

H=H-il (5.1)
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which allows the electrons to reorganize while the pulse is still 1 ‘

on. We intend to examine this in detail in view of the Y (t)‘
experimental results reported in ref 33. The pulse duration in ¢
these early experiments is short (500 fs) but not ultrashort. It is 0.8 T/—/— -

clearly of considerable interest to repeat the experiment with ;
even shorter pulses. 0.6+ -

part during the laser pulse and thereafter. If the laser acts for a
longer time, it prepares states with ever-narrower spread in

energy. If the ion was stable then a cw laser will prepare a state

with a sharp energy. But the states can decay and this requires
a more detailed theor”f:3> Here we forego the complete 0 -"

treatment and instead examine two limiting cases: a nonsta-
tionary and a stationary initial states.

The need to specify the details has both advantages and not 0.8F B
so good aspects. It is good because it means that one has the 3
option for control over and above the control implied by the
ability to synthesize a peptide with a particular sequence of
amino acids. Weinkauf et dlhave shown that the sequence
very much determines the reactivity and the theory is quite
consistent with this observation. Here intuition and theory agree
in that the role of the sequence is to determine the ease of charge
migration. This effect can be accounted for even at the level of
a one-electron pictutéalthough the role of Coulomb blocking

6. Computational Results and Discussion 0.4l R

The technical message of the computations is that the
specification of the initial state and of the product channels do 0.2k C (1) -
matter. Not all bound states of the four-site cation will dissociate o N Y (0
in the same way nor is it the same to use a diabatic or an T N
adiabatic description of the products. This is over and above 0 A '
the inherent bias that the experiments study the dissociation of CN(t) ‘
peptides with an amino acid of a low ionization potential at the 0.8 %+ -
C end. By itself this means that the initial state accessed by the ’ B ; 3 ,
laser can only be one of the eight states with no charge at the \c'n/ 0.6L 5% Siom .
C terminal, states shown in (3.1). However, these states evolve =5 Vool S :
under the action of the full Hamiltonian and this evolution takes '6‘ 0.4

>

S
[\

is nonnegligible so that the more realistic Hamiltonian we use 0 5 10 15 20 25
here is preferable. The theory further suggests that even for a |
given sequence, the details of the initial state of the ion do matter Tlme/( B' )

and particularly so at higher energies. That the fragmentation

pattern at higher energies can be different is not inconsistentFigure 7. Computed yields of the dissociation at the two ends of Leu-
with the available experimental results. The computations show Leu-Leu-Trg as a function of time. (We scale energy in unitssafo
that even at lower energies there can be differences. ThesethhaatIr 155 'zttt?z {ﬁg“gfgs%g(t gt:tgr:;()eﬁ)Vg:ﬁgésgf?wnlegf;)hsonaesgtaotlve
differences are not extreme because, as dlscussed in S.e ction zghovs that “reactivity followsFihe (positive) cr;'arge". The three panels
few product channels are open at low energies. Still, the gpqy the effect of the electronic states of the continuum and of the
computational evidence does not allow one to categorically stateinitial state, with more details provided in the text. (a) Diabatic product
that a given sequence will, say, preferentially dissociate at the states and a diabatic initial state as is expected to be the case for a fast
N end irrespective of the precise initial state. This makes the ionization. (b) Adiabatic products states and the same initial state as in
presentato of the computatona esus e pedanic becaudt) L% e STarene e e sty ) A poce
one has to specify t.he p".mlcmar m.mal ‘?’tate ‘h‘?‘t 1S e_mployed he diabatic state used in (a) and (b). Note that the selectivity is not
and also whether a diabatic or an adiabatic description is adopted,,, gitferent from that in ().

for the products.

Computations were carried out by propagating in time, under higher. Above any electronic factors we therefore make dis-
the full Hamiltonian (5.1) an initial state and computing the sociation at the C end more favorable by a factor of 1/0.64.
fraction of products of dissociation at either the C or the N end. Other things being equal, dissociation will have a higher yield
The location of the charge in the undissociated parent ion wasform the C end. We emphasize this point because the surprising
also monitored. The results are shown in Figure 7 for Leu-Leu- result is that one can have dissociation predominately at the N
Leu-Trp" and in Figure 8 for Ala-Ala-Ala-Tyr. The most end, both experimentally and computationally. Specifically we
noticeable aspect of the computations is that the nature of thetake the partial widths to have the form, cf. (5.B),= V;prx
coupling to the continuum, as discussed in section 5, does mattefwhere pc = 1/8 and py = 0.64f3. The electronic coupling to
and we therefore specify it in detalil. the continuum is different for the diabatic and adiabatic cases.

For both peptides, and using our Hamiltonian to compute The two low energy diabatic channels for dissociation are the
energy levels, dissociation at the C end has a somewhat lowerstates 13 and 17, shown as the top row in (3.1), at the C end
threshold. The corresponding density of states is thereforeand states 4 and 6, shown as the top row in (3.3), for the N
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t and Schlag initial state on one of the twenty different states of

0.8 (/_”_—’YN(W_ the radical cation in the site basis. Twelve componentsart
identically zero because the initial state produced in the

0.6¢ - experiment of Weinkauf and Schlag has the charge localized at

04t _ the chromophore end and only eight basis states answer to that
description.

Letdc be a low energy state that dissociates promptly at the
C terminal where the subscript is a reminder of which end it
dissociates fromdc is a vector of 20 components, but sirdg
is one of the low threshold states, then only two of its
components will be nonzero. Will the initial statethe initial
state of relevance to the experiment, dissociate promptly at the
chromophore end? Yes, if it has a high overlap wigand no,
otherwise. So the measure of prompt dissociation at the
chromophore end is™-dc. Let dy be a low energy state that
dissociates promptly at the N terminal. Then the magnitude of
the overlapc'dy determines if the experiment shows prompt
dissociation at the N terminal. This scalar product vanishes if
is one of the eight states with no electron at the C terminal,
because ifdy has no electron on the N terminal, it is a low
energy state having an electron at the C terminal.

2 The prompt fragmentation pattern of an initial statds
Time/(B by determined by its overlep wiFh the eite basis states. There are
four site states that dissociate with a low threshold. Two
Figure 8. Computed yields of the dissociation at the two ends of Ala-  dissociate preferentially at the C end and two at the N end. An
Ala-Ala-Tyr * as a function of time. (We scale energy in unitgico initial state with no charge at the C end will not overlap with

that 1§ is the reduced unit of time.) Also shown are the negative . .
charges at the two ends, as in Figure 7. The three parts show the effec{he low threshold states that dissociate promptly at the N end.

of the electronic states of the continuum and of the initial state, with A |OW energy initial state with no charge at the C end will
more details provided in the text. (a) Diabatic product states and a preferentially dissociate at the N end only if charge migration
diabatic initial state as is expected to be the case for a fast ionization. does take place prior to dissociation.
(b) Adiabatic products states and the same initial state as in (a). (c) ; ; P :
Adiabatic product states and an adiabatic initial state which is the state We emphasize that it can be _that a_n initial state with no ch_arge
correlated with the diabatic state used in (a) and (b). Note the dramatic at th,e C end can promptly dissociate at the N end.. T,h's IS
change in selectivity: the dissociation occurs now preferentially from POSsible at such energies where one can access the ionic states
the N end. (bottom row in (3.1)) where the electrons are localized in the

_ _ ) middle so that negative charge is absent at both ends. The point
end. The low energy adiabatic channels are obtained by of the experiment is that dissociation at the N end is observed

diagonalizing the fragments Hamiltonian, e.g., (5.3) for dis- even at low levels of excitation and so the fragmentation pattern
sociation at the C end, and taking the lowest channels for eachcan pe used as a signature of charge migration.

end.

Yields(t)

At lower energies, dissociation at the N end is possible only

For Leu-Leu-Leu-Trp dissociation is very much favored at during or after the laser pulse the initial state with a charge
the C end when diabatic product channels are used. When__." " . .
missing at the C end evolves under the full Hamiltonian. That

adiabatic product channels are used, dissociation occurs roughly L ! . .
; . ._’reactivity follows the charge is evident from Figures 7 and 8.
equally from both ends. As discussed below, we attribute this . - . "

) S . ...~ Very prompt dissociation occurs only while the positive charge
difference to the role of the ionic states which reflects the ability remains localized on its initial site. Thereafter one sees
of Leu, as compared fo Ala, to better accommodate two dissociation at that end where the cher e is, as can be seen in
electrons. For Ala-Ala-Ala-Ty¥, too, dissociation is very much rticular from the almost steplike in rg ’in the vield when
favored at the C end when diabatic product channels are used{c’h"jl cu "?It. 0 h € aimost s eApt Ie c eese th N _y_(:‘_ | st ?
But when adiabatic product channels and an adiabatic initial q € pr?s' lve cda}[[]ge ?m\l{ﬁs'b h onger |mes,th %'mt'a state
state are used, dissociation occurs preferentially from the N end. econheres and the steplike behavior IS smoothed out.

This is because of the higher charging energy of Ala so that After the charge has had the time to swing to the other end
charge does not accumulate in the middle and is rapidly and back a few times, it becomes about equally distributed over

transferred to the other end. both ends and dissociation can occur from both. It is however

In Figures 7 and 8 we show computational results corre- often the case that by that time many or even most of the parent
sponding to propagating an initial state in time, using the full molecules have already dissociated. This is because the strength
Hamiltonian which includes the electronic Hamiltonian and the of coupling to the continuum that we use is of the order of
coupling to the dissociation channels. Here we provide a magnitude of the charge-transfer integbal(I" is of the order
qualitative discussion. of V 2p). Dissociation can therefore compete with charge

Consider first the very prompt dissociation. An initial state transfer. It is because of this competition that details do matter.
accessed in the experiment of Weinkauf and Schlag has thelf charge transfer was very much faster one will see dissociation
charge localized at the chromophore end. Such an initial statefrom both ends, while if the charge remained largely localized,
is either one of the eight states shown in (3.1) or a linear dissociation will occur very preferentially at the C end. At higher
combination of these states. In quantitative terms the initial state energies of excitation, where ionic states can very effectively
is a vectorc of twenty components. Each component of move charge from one end to the other, a statistical behavior is
specifies the amplitude (weighkt |amplitude?) of the Weinkauf expected.
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7. Experimental Aspects theory and allows for a proper description of the dissociation
For a test of the model, nanosecond laser pulse fragmentationchannglsf' The competition between charge migration and
spectra have been recorded. The experimental setup is describeﬁ'ssocm'or.1 has been demc.)nstrat.eq by computatlonal resultg gnd
in detail elsewher& In short, neutral peptides were laser- as been discussed. In particular it is argued that this competition
desorbed in a channel (1 mm diameter) and by a pulse of Ar allows f_or a bypass of the RRKM scenarlo. The dlabatlc_
electronic states do not make the energy available for a rapid

carrier gas transported into the ion source of a reflectron time- intramolecular transfer amona the vibrational modes. Compari-
of-flight mass spectrometer. A pulsed nozzle forms the pulse nong . : P
son has been made with the experimental results for the

of Ar carrier gas. The nozzle backing pressure is typically 3 7. o . :

bar. During the transport and the expansion into vacuum illsszclzlaz?n_?f tfe tetra peptide cations Leu-Leu-Let*Tapd

collisions between probe molecules and carrier gas provide & Ma-Ald-Iyre.

efficient cooling of internal degrees of freedom. The ion source

is set to a high extraction voltage to allow admittance of neutral

molecules only. lonization is performed by resonant U¥{}

ionization via the chromophore, States of tyrosine (Tyr) and

tryptophan (Trp). The laser pulse width is 5 ns. lonization is

local at the chromophore and ysually_fragment-free ionization References and Notes
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