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Time-dependent Hartred-ock theory has been used to study of the electronic optical response of a series of
linear polyenes in strong laser fields. Ethylene, butadiene, and hexatriene have been calculated with 6-31G(d,p)
in the presence of a field corresponding to 8-73.0'® W/cn? and 760 nm. Time evolution of the electron
population indicates not only theelectrons, but also lower lying valence electrons are involved in electronic
response. When the field is aligned with the long axis of the moleculediropopulation analysis shows

large charges at each end of the molecule. For ethylene, the instantaneous dipole moment followed the field
adiabatically, but for hexatriene, nonadiabatic effects were very pronounced. For constant intensity, the
nonadiabatic effects in the charge distribution, instantaneous dipole, and orbital populations increased
nonlinearly with the length of the polyene. These calculations elucidate the mechanism of the strong field
nonadiabatic electron excitation of polyatomic molecules leading to their eventual ionization and fragmentation.
The described computational methods are a viable tool for studying the complex processes in multielectron
atomic and molecular systems in strong laser fields.

I. Introduction should exhibit larger oscillator strength than the shorter polyenes.

) At high intensities, electrons can be excited nonadiabatically
Intense femtosecond and picosecond lasers are able to prOdUCFhrough multiphoton and nonadiabatic multielectron dynamic

electric f|elds_ that are comp_arable to the potentials of valence processe® 28 In the present work we use time-dependent
glectrons. This leads to a variety of phenomena.known as strong-py 4 rtree-Fock theory to probe these multielectron and non-
field effects. They include Coulomb explosiohs, above  jiapatic processes in linear conjugated hydrocarbons.
threshold ionizatioh® and dissociatior, 13 generation of higher- In a high-intensity laser field, the electronic dynamics can
order harmonic emissior§, 2 bo_nd _softemng and hardemﬁ‘g?z_ no longer be described by periurbative calculatiting® For
charge-resonance-enhanced ionizatiettnonadiabatic multi- one- and two-electron systems, it is feasible to perform
i —28 i i !
elect_ron_ di/namlcs (NMED% and nonadiabatic charge numerical integrations of the full time-dependent Sclimger
localization? Understanding the response of the electronic wave equation (TDSE§®-52 However, for many electron systems

function to strong fields is essential for description of these some approximations must be made. The time-dependent
phenomena, partlcularly_ln polyatomic molecules. L Hartree-Fock (TDHF) method is widely used to treat the

When the above-mentioned processes are studied in strongnieraction of a molecule and light-58 Because it avoids the
fields with an emphasis on polyatomic molecules, conjugated gy pjicit computation of the excited states, TDHF is much less
hydrocarbons are frequently used as models. Specifically, INteNS&jemanding than multiple configuration self-consistent field
field dissociation and ionization processes have been reported(MCSCF) based algorithms.

for conjugated polyatomic molecules such as benzene, naph- Charge redistribution and bond softening and hardening have

thalene, anthracene, hexatriene, decatetraene, octatetraene, apd .\ st died computationally by using time-dependent Hartree
Co** % A number of analytical models have been proposed, £y with the ParsefParr—Pople (PPP) Hamiltonian in the

in which various molecular properties can help predict the nonionizing® regime while ionization saturation intensitiés

outcome of the laser molecule interaction. In the adiabatic | ..o paen studied by using time-dependent HartFeek in
regime, the coupling of the molecules to the laser field is mainly one-dimensional potentials. As expected, for octatetraene sub-
determined by transition dipole matrix elements and first-order . Lo - ' -
polarizabilit yHigher orderpcontributions are governed by the Jeqted to nonionizing electric field pulses of approxmately 50
ty. N9 . v fs in duration, there is charge transfer between nearest neighbor
hypgrpolarlzapllltles. These properties haye been extenswelyatoms_ It is found that the charge fluctuation no longer follows
St.Ud'ed for qonqugted systems, partu.:ular'ly'llne'ar polyéfes. . the field adiabatically as the field strength is systematically
Since p_ola_r|zab|l|t|_es and hyperpolarl_zablll_tles increase nonlin- increased. The bond order oscillates with the field, indicating a
early with increasing length and conjugation, longer polyenes periodic variation in the bond length associated with the bond

length alternation models for octatetraene and decatetraene

i‘\’(\’a"’l‘é’“gnisvt::;t‘j”'vers'ty- subjected to a high-intensity field, and exhibits ionization
s Department of Chemistry, Center for Advanced Photonics Research. D€havior similar to experimental resuts.The ionization

D Department of Physics, Center for Advanced Photonics Research. ~ saturation intensity for decatetraene is similar to the experi-
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mentally reported valu& This method successfully captures In general, the atomic orbital (AO) basis functions are not
some of the experimental results; however, the model Hamil- orthonormal; hence, the overlap matrix

tonian treats only ther electrons. Previous calculati®fs

indicate that Coulombic interactions between electrons, electron S;W = %JXVD )
correlation, and excitation of valence electrons may also . ) . . )

contribute to the experimentally observed nonadiabatic processedS ot the identity. However, this basis can always be ortho-

The full ime-dependent Hartredock methoBf has recently ~ normalized by means of ‘wedin or Cholesky transformation
been used for all electron simulations of some diatomics in Methods. The density matrix and the Fock matrix are trans-

intense laser fields. For a short pulse of ca. 7 fs in the formed fromthe AO basisy andF') into an orthonormal basis

nonionizing regime, the dipole moment and charge distribution (P @ndF) by a transformation matrix’:

of H, and N, do not always follow the field adiabatically. For . ST R

a continuous wave (CW) excitation with a maximum field P=VP'V andF=V FV (6)
intensity of 1.72x 10'* W/cn¥, population of the Bstate is | the present work, we use the\udin orthonormalization
observed for Heven though theS— S; transition is forbidden. method,V = SU2. Alternatively, an upper triangular can be
The population of the Sstate appears to come from sequential piained by the Cholesky decompositi@i= VTV,

S~ S1and § — S, transitions. The time evolution of the The Fock matrix depends on the density and the external field.

orbital energies, orbital occupations numbers, and instantaneous=or molecules interacting with linearly polarized light, to a good
dipole moments can be readily determined by TDHF calcula- apnroximation, the electric field is given by

tions and help to describe electron dynamics in polyatomic
molecules. e(t;) ~ E(t) sin(t; + ¢) (7

The goal of this paper is to follow the electron dynamics for
ethylene, butadiene, and hexatriene in intense laser fields priorThe time dependent Fock matrix can then be written in terms
to ionization. These simple linear polyenes comprise a seriesof the field-free Fock matrixFo(t), and the dipole moment
in which the number of active electrons, the electron delocal- integrals,Dj = [¢i|r|¢;0]
ization, and the polarizability increase systematically with
molecular size. For suitably chosen laser field conditions, the F(t) = Fo(t) + D-e(t) 8
nonresonant electronic response of these molecules should range ! . i
from adiabatic to nonadiabatic. The conditions selected for this VOt thaF the f|e_|d-_fre(_e Fock matrix depends on time because
study areEmax = 0.05 au and» = 0.06 au, corresponding to "€ density matrix is time dependent. ,
an intensity of 8.75< 10'3 W/cn?. The experimental values of Two temporal field profiles were used for this study. For a
saturation intensity vary for the hexatriene range from 503 continuous wave (CW) profile, the field envel@(t)| is ramped
(ref 26) to 8.9x 108 W/cn? (refs 60 and 61) for ca. 800 nm up linearly from_zero tdEmax at the end of the first cycle and
electric fields. These saturation intensities were measured bytNeréafter remains aEmay.

using laser pulses of ca. 44 fs duration. In our calculations we E(t) = E for0<t<
apply the electric field for a much shorter time-e¥ fs. Thus, () = (@U27)E or0 = t= 2w ©)
significant ionization is not expected to occur during the laser E fort > 27lw
pulse, and the chosen conditions allow us to discuss the observed max
trends as occurring prior to ionization. To simulate a short puls¢E(t)| is increased linearly t¢Emax
at the end of the first cycle and remains Bf,.4 for one cycle
II. Methodology then decreases linearly to zero by the end of the next cycle.
In the time-dependent Hartre€&ock (TDHFP8 method, the _
wave function is represented by a single Slater determinant of E(t) = (0V27)E oy for0 =t = 27/o
one-electron orbitals that are a function of time.
E(t) = Ejax for 2nlw < t < 4nlw
P(t) = Alp,(D(1)...¢(1)] (1)
E(t) = (3 — wti2n)E,,, fordnlw <t =< 6nlw
The molecular orbitals can be expanded in terms of basis
functionsy,, and time dependent molecular orbital coefficients Et)=0 fort < 0 andt > 67r/a)(10)
C/A,i(t)v
_ For a constant Fock matrix, the TDHF equations can be
$i() = ;Cﬂ"(t)xﬂ ) integrated analytically by using a unitary transformation,

The one-electron density matrix is given by the product of the  P(t; + At) = UP(t)U" = exp(AtF)P(t) exp(-iAtF) (11)

molecular orbital coefficients ] ) ) )
The unitary transform matri¥) can be written in terms of the

oce eigenvector< and the eigenvaluesof the Fock matrix:
Plﬂv(t) = zni C*;t,i(t) 'Cv,i(t) (3) + +
| C' FC=¢; U=-exp(AtF) = C exp(Ate) C' (12)

wheren; are the pccupation number§. In an orthonormal bas@s, Since the matrixU is unitary, the idempotency constraint is
the TDHF equations can be written in terms of the Fock matrix preserved automatically for any size of time step. However, the

and the density matrix, Fock matrix changes during the time step both because of the
external field and because of the time dependence of the density
dP(t) = [F(t),P(t)] (4) matrix. To take into account linear changes in the Fock matrix,
dt RO the unitary transformation is computed by usiRf) at the
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1323 Figure 2. Time evolution of the electric field, instantaneous dipole,
J i ) and charge distribution of ethylene in CW and pulsed fields (TDHF/

6-31G(d,p) Emax= 0.05 au (3.5x 10 W/cnm?) andw = 0.06 au (760
Figure 1. Ground state of ethylene, butadiene, and hextriene computed nm)).
at HF/6-31G(d,p), showing optimized bond lengths in the absence of . . .
afield and Lavdin charges on the CH and Glgroups in the presence  JABLE 1: Lowest Four Excited States of Ethylene with
of a 0.05 au field applied along theaxis. Oscillator Strength Greater than 0.01 Computed with

Linearized TDHF/6-31G(d,p)

midpoint of the time step. This corresponds to a modified excitation
midpoint algorithm along with the unitary transform method excited electron transitions energy ineV  oscillator
for integrating the TDHF equations (MMUT-TDHF). states (coefficients) (wavelength in nm) strength
1'By, HOMO — LUMO (0.65) 8.2511 (150.26)  0.4506
U = exp(2AtF(t)) andP(t) = U P(t_,) u' (13) 2B, HOMO—-3—LUMO+4 (-0.12) 14.4996 (85.51)  0.7338

HOMO—-1— LUMO+2 (0.67)

This approach was developed and tested in our previous Faper, $Bu HOMO—-3—LUMO+1(025)  14.7670(83.96)  1.0704
and is comparz_able to Micha_’s “relax and dri\_/e" m_etf?é@? _ 4B, :8mg:§_,::3mgii ggﬁ; 15.8627 (78.16)  0.1022
To characterize the behavior of a molecule in an intense field, HOMO—2 — LUMO+2 (0.66)
several properties are useful. The effective charge on atom HOMO-1— LUMO+5 (—0.13)
can be computed by using thé \idin population analysis,
the purpose of analysis, it is also useful to write the components
O, =2, — ZP“(t) (14) of the dipole in terms of the polarizability and the hyperpolar-
ica izabilities:

where Z, is the charge on the nucleuB; are the diagonal 1 1
elements of the density matrix in the orthonormal basis, and 1, = u,° + Zaij E + —ZﬁijkEjEk + _;yijklEjEkEl + ...

the sum is over basis functions on atemOrbital occupation ] 29 64 17
numbers are obtained by projecting the time-dependent density a7

matrix onto the initial, field-free orbitals Note that by symmetry th&'s do not contribute for the polyenes

in the present study.
Electronic dynamics in a field are simulated by using the
development version of the Gaussian series of progiawith
the addition of the modified midpoint unitary transform time-
dependent Hartreg~ock algorithm (MMUT-TDHF)8 Calcula-
N — _ Dt tions have been performed at the HF/6-31G(d,p) level of theory
“() ZZ“R“ tr(DP' () (16) with a step size of 0.0012 fs. For each of the molecules, the
integrations are carried out for 10 fs for CW fields and for 16
whereD' are the dipole moment integrals in the AO basis. For fs for pulsed fields. Field parameters @g,.{ = 0.05 au (8.75

n(t) = C,'(0) P(t;) C,(0) (15)

whereCy(0) is thekth eigenvector of the converged Fock matrix
att = 0. The instantaneous dipole moment is given by



Numerical Simulation of Nonadiabatic Electron Excitation J. Phys. Chem. A, Vol. 109, No. 23, 2005179

0064
0054
004
0034
0024
0014

0.00

0016
00144
00124
0010

LUMO+2
LUMO+3

0.008-{

n(au)

0.006 -

0.004 -

19884 —— HOMO-2 0002
1ess.] ~HOMO-3 000]
19044 —y t : : t o2

00030 LUMO+4
LUMO+5
0.0025 4
0.0020 <
0.00154
0.00104

0.0005 -

199754 0.0000]

-0.0005

Time (fs) Time (fs)

--------- HOMO-1 004+
198
0034
197
002
196
001
195
0004
194 y ' y s 4 ' ' 4 ' ' 4 |
28] +—t t t t t t 0016.] t t t t t t
1998 00144 —— LUMO+2
—— HOMO-2 oo (Vv e LUMO+3
R A A O e — HOMO-3
1904 00104
= =5 oo
3 192 32
c < 0.006
150 0004
1588 00024
1986 0000
1984 L : | L L : L s L L 0002 L L . L L L L L L L
t t t t t t t t t t t t t t + t + + t +
20000 00035
LUMO+4
190965 HOMO-4 ooso4 RN e LUMO+5
1000 ] - HOMO-5 00025
0.00204
1.99854
000154
1.99804
00010
199754 00005
1.8970 000004
19965 00005
T T T T T T T T T T T T T T T T T T T T
-2 0 2 4 6 8 10 12 14 16 18 -2 0 2 4 6 8 10 12 14 16 18
Time (fs) Time (fs)

Figure 3. Time evolution of the electron population of the frontier orbitals of ethylene in CW and pulsed fields (TDHF/6-31G(d.} 0.05
au (3.5x 10" W/cn?) andw = 0.06 au (760 nm)).

x 108 W/cn?) andw = 0.06 au (760 nm). The initial conditions  commonly employed Ti:sapphire laser. The response for each
were equilibrium geometries and the converged ground elec- of these properties is analyzed for a CW and a pulsed laser (the
tronic state. The phase of the fiejdis chosen to be zero and laser pulse lasts ca. 7 fs). Three linear polyersthylene,

the nuclei are not permitted to move. butadiene, and hexatrierrare investigated to determine how
. _ 7 delocalization and conjugation effect nonadiabatic interactions
lll. Results and Discussion with strong fields as molecular size increases. The ground-state

As a first step to understanding the interaction of conjugated 980metries, orientations with respect to the applied field, and
molecules with strong fields, we have carried out TDHF charge distributions in a static field are shown in Figure 1.
simulations under the nonionizing conditions. Subsequent studies A. Ethylene. The top panels of Figure 2a,b show the time
of processes such as fragmentation and ionization will require evolution of the CW and pulsed laser fields applied along the
more sophisticated methods. In the nonionizing regime, there C=C axis of ethylene. The middle and bottom panels of Figure
are a number of properties that can be used to probe the2a,b show the time evolution of the dipole moment afid/tio
interaction of strong fields with small molecules. In particular, charges in response to these fields. While the external field is
we have examined the dynamic response of the instantaneougpresent, the instantaneous dipole and the charges follow the field
dipole, the charge distribution, and orbital occupations with adiabatically. For the CW field, the maximum in the instanta-
respect to the electric field at a frequency corresponding to the neous dipole moment is 1.613 au. The dynamic polarizability
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calculated at the HF/6-31G(d,p) level of theory is 32.127 au at a 0%
o = 0.06 au. With a field of 0.05 au, this yields a dipole of 0,02
1.606 au via eq 17. The excellent agreement with the TDHF 3 503
simulations indicates that higher order, nonlinear processes are  -0.044

not important for ethylene at this field strength. B+ttt

The CW field induces charges #0.361 electron on the GH = 23
groups. This is slightly larger that the charges produced by a & 93
static field of the same magnitude (0.353 electron for a field of -4 ‘ _ . . ‘

0.05 au, Figure 1). The CW and pulsed fields of the same 083
intensity induce almost identical dipole and charge separation. 5 0.2
This confirms that the response of the electrons to the applied & 533
field is almost adiabatic under the conditions studied. 044
For the pulsed field, however, there are some minor residual o 2 4 & 8 1
oscillations in the instantaneous dipole moment and the charges Time (fs)
after the field has returned to zero. This indicates that the pulseb 0.06-
has produced a small degree of electronic excitation. Table 1 9%
shows that the energy of the lowest excited state is 8.75 eV,3 0.0

g(au)

calculated at the linearized TDHF/6-31G(d,p) level of theory = %3
(also known as the random phase approximation, RFA. 008 L b ey
Since the frequency of the electric field corresponds to an energy 4

of 1.55 eV, this excitation must correspond to a nonadiabatic 3 o
process. 5
The orbitals most susceptible to perturbation by an external &3
field are the highest occupied and lowest unoccupied molecular 0.4
orbitals (HOMO and LUMO). For ethylene, these are the
bonding and ther* antibonding orbitals. However, the-€H :
and C-C ¢ and o* orbitals are also affected by the field. A 06
qualitative indication of the most important orbitals can be
obtained by looking at the lowest excited state that has
significant transition dipoles aligned with the field. Table 1 lists Figure 4. Time evolution of the electric field, instantaneous dipole,
the four excited states whose oscillator strengths are greater tharz[‘glg‘zrgeg'sm_blétgg of bgtgf T \I,r\}/cn\?zl ar:jd pule %do%elds (7T6|8HF/
0.01 calculated at TDHF/6-31G(d,p). The TDHF coefficients > (dp) Emax = 0.05 au (3. cn) ande = 0.06 au (
show that the field may affect not only the HOMO and LUMO
but also HOMG-1 and—2 and LUMO+1, +2, and+3. TABLE 2: Lowest Four Excited States of Butadiene with
Panels a and b of Figure 3 show the time evolution of the OScillator Strength Greater than 0.01 Computed with
electron distribution in terms of the occupation numbers of the Linearized TDHF/6-31G(d,p)

q(au)

Time (fs)

MOs of the field-free ground state for the CW and pulsed fields, excitation

respectively. The changes in the HOMO and LUM® gnd excited electron transitions energy ineV  oscillator
7*) are the largest and correspond t8A} <-1!B, excitation states (coefficients) (wavelength in nm) strength
and relaxation. The next three excited states with significant 11Au HOMO — LUMO (0.65) 6.6040 (187.74)  0.8879
intensity are 6-7 eV higher than ther — * transition and 8Ay ngmgflzjkﬁ%'\"(gﬁ)(om) 12.3736 (100.20)  0.1194
involve ¢ and o* orbnals_HO_MO—;, HOMO-2, .LUMO+2, 10'A, HOMO—-5—LUMO+2 (—0.11) 13.6713 (89.27) 01774
and LUMO+3. The oscillations in the populations of these HOMO—3 — LUMO+3 (~0.33)

orbitals are a factor of-510 smaller than those for the HOMO HOMO—2 — LUMO+2 (—0.29)

and LUMO. As in the case with the instantaneous dipole and HOMO—-2— LUMO+4 (0.47)

the charge separation, the pulsed and CW fields of the same ngmgigitgmgig (9-351)6 142660 (86.90) 10448
intensity produce the same amount of population/depopulation ! HOMO—3 — LUMO-5 EO 1'7) ) : (86.90) )

of the frontier orbitals. The observed effects for thdype HOMO—2 — LUMO+2 (0.59)

orbitals are not seen in simulations with the PPP Hamiltofian, HOMO—-2— LUMO+4 (0.21)

which treats only ther electrons. C., respectively (charges on the hydrogens are summed into

B. Butadiene. The orientation of butadiene in the field is  the carbons). This can be understood in terms of two effects:
shown in Figure 1 and the response of the charge distribution polarization of the individualr bonds and charge transfer
is presented in Figure 4. As in the case of ethylene, the dipole petween ther bonds. Alternatively, a simple Hkel model
and the charges appear to follow the field adiabatically. yields the same trend. The maximum charge separation in the
However, closer inspection of the charges on the central atomsdynamic field follows the same pattern: 0.484).127, 0.154,
reveals a bit of nonadiabatic behavior. The maximum magnitude and —0.511 on G, C,, Cs, and G, respectively. As can be
of the instantaneous dipole is 4.187 au in the TDHF simulations anticipated from the difference between the dynamic and the
with the CW field. This can be compared to 4.085 au calculated static polarizability along the long axis (81.69 au vs 78.31 au
from the dynamic polarizability under the same conditions. The at the HF/6-31(d,p) level), the dynamic field produces a larger
somewhat larger difference (2.1% vs 0.43% in ethylene) effect both for the polarization of individual bonds (0.665 vs
indicates that contributions from in eq 17 are starting to  0.637 and 0.611 vs 0.577 electron) and for the charge transfer
become noticeable. (0.357 vs 0.321 electron).

A static field of 0.05 au directed along the long axis induces  For the pulsed field, the nonadiabatic behavior after the field
charges 0.449:-0.128, 0.158, ana-0.479 on G, C,, C3, and is turned off is more noticeable for butadiene than for ethylene
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Figure 5. Time evolution of the electron population of the frontier orbitals of butadiene in CW and pulsed fields (TDHF/6-316dp3},0.05
au (3.5x 10" W/cn?) andw = 0.06 au (760 nm)).

after the field is turned off (compare the magnitudes of the the field-free ground state for the CW and pulsed fields,
ripples in Figures 2b and 4b). The frequency of the major respectively. Although the occupation number follows the field
mostly adiabatically, some nonadiabatic behavior is noticeable

component of the oscillation is ca. 16 10> s™1 or ca. 6.6

eV. Table 2 lists the lowest excited states of butadiene. It is for the HOMO and the LUMO after the first two cycles. This
apparent that the oscillations in the instantaneous dipole aftersuggests that at the present field strength the coupling is still
close to the perturbative regime. As anticipated, the changes in

the field returns to zero correspond to the lowast— z*

transition at 6.60 eV.

In addition to the two low-lyingt — * transitions (HOMO
— LUMO at 6.60 eV and HOMG1 — LUMO+1 at 12.37
eV), butadiene has a number of low-lyimg— o* transitions
with significant intensity. As indicated in Table 2, these
transitions involve HOMG-2 to —5 and LUMO+2 to +6,
which are various combinations of€H ¢ and o* orbitals,

the HOMO and LUMO populations are the largest and cor-
respond to the g < 1A, excitation and relaxation. The
intensity of the HOMG-1 < LUMO+1 transition is con-
siderably weaker than the HOM® LUMO transition and,
hence, the changes in the populations of HOMO and
LUMO-+1 are significantly smaller. The responses of some of
the ¢ and o* orbitals are comparable to that of HOMC
respectively. Panels a and b in Figure 5 show the evolution of and LUMO+1, since some of these transitions betweendhe
the electronic distribution in terms of the occupation numbers orbitals have intensities comparable to the HOMOLUMO

of the six highest occupied and six lowest unoccupied MOs of transition.
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Figure 6. Time evolution of the electric field, instantaneous dipole, and charge distribution of hexatriene in CW and pulsed fields (TDHF/6-
31G(d,p),Emax = 0.05 au (3.5x 10" W/cn?) andw = 0.06 au (760 nm)).

. . . . TABLE 3: Lowest Four Excited States of Hexatriene with
As seen in Figure 4b, the instantaneous dipole moment Oscillator Strength Greater than 0.01 Computed with

continues to oscillate after the pulsed field returns to zero. The | jnearized TDHF/6-31G(d,p)
insets in Figure 5b provide a closer look at the populations of

excitation
the HO.MO and LUMO after the pulse has passed. The excited electron transitions energyineV  oscillator
population pf the HOMO has dec_reased by a smgll amount and giates (coefficients) (wavelength in nm) strength
the population _of the LU_MO has increased by a similar amount A HOMO — LUMO (0.68) 5.6464 (219.58) 13611
(the small oscillations in the HOMO and LUMO population HOMO—1— LUMO+1 (0.12)
are out-of-phase with each other). This corresponds to a non- 7.4 HOMO—2 — LUMO (0.46) 8.9922 (137.88)  0.0533
adiabatic HOMO— LUMO excitation. Changes in the popula- HOMO-1— LUMO+1 (—0.28)
tions of the other orbitals are smaller by an order of magnitude o HSMS—;LUMO+05 ((—8-4513; 000 (107.72) 01632
sndinating [ ot ; 18'A HOMO—2— LUMO (—0.1 11.5 107.7 1

r mor .
or more, |nd|_cat|ng little or no excitation to .hlgher states HOMO—2— LUMO-5 (0.33)

C. Hexatriene. The response of the dipole and charge HOMO—1— LUMO+1 (0.54)
distribution of hexatriene to the CW and pulsed fields is shown HOMO — LUMO (—0.14)
in Figure 6, panels a and b, respectively. The nonadiabatic HOMO — LUMO+5 (—0.16)

behavior of the instantaneous dipole and the charges is readily 29'A HOMO—7—LUMO+4(0.10)  13.7274(90.32) 0.2924

apparent. In the TDHF simulations with the CW field in Figure :gmg:g: tgmgig Egig

6a, the instantaneous dipole has a maximum magnitude of ca. HOMO—4— LUMO+4 (—0.33)
9.0 au. Using only the dynamic polarizability, the dipole moment HOMO—4— LUMO+7 (0.13)
calculated by eq 17 is 8.167 au. This is 9.3% low, compared to HOMO—-3— LUMO+1 (0.36)
only 2.1% low for butadiene and 0.43% low for ethylene. This HOMO-3— LUMO+2 (0.36)

indicates that the contributions froprand higher polarizabilities

in eq 17 are much more important for hexatriene than for  The static external field of 0.05 au directed along the long
butadiene and ethylene. Thus, as expected, higher orderaxis of hexatriene induces charges of 0.581@,0593, 0.1813,
contributions increase nonlinearly as the length and conjugation —0.1596, 0.0685, anet0.6123 on Gto G, respectively (Figure
increase. For the pulsed field shown in Figure 6b, the instan- 1). As in butadiene, this can be understood in terms of
taneous dipole continues to oscillate after the field is turned polarization within localizedz bonds and charge transfer
off. As will be seen below, this corresponds to excitation of betweenr bonds. While the polarization within the terminal

the lowestr — z* transition. bonds is similar to that of butadiene, the charge transfer between



Numerical Simulation of Nonadiabatic Electron Excitation J. Phys. Chem. A, Vol. 109, No. 23, 2005183

a 214

-001

0 2 4 6 8 10 0 2 4 6 8 10
Time (fs) Time (fs)

n(au)

0014

Time (fs) Time (fs)

Figure 7. Time evolution of the electron population of the frontier orbitals of hexatriene in CW and pulsed fields (TDHF/6-3164gxp},0.05
au (3.5x 10" W/cn?) andw = 0.06 au (760 nm)).

theserr bonds is considerably larger than that in butadiene (ca. molecule behaves somewhat more smoothly than the individual
0.66 vs 0.32 electron). A simple'tdikel model gives the same  charges. In the static case, the maximum charge transfer between
trend in charges and reproduces the smaller polarization seerthe halves of the molecule is 0.703 electron. In the dynamic
in the centralr bond. case, the charge transfer is considerably larger, 0.790 electron,
For hexatriene with a CW field in the longitudinal direction, indicating that dynamic effects significantly enhance the charge
the time evolution of the charge distribution becomes rather separation. The difference in the charge separation due to static
complicated. The charges oni; @nd G follow the field and dynamic fields is 0.008, 0.036, and 0.087 electron for
nonadiabatically, but their average response is still comparableethylene, butadiene, and hexatriene, respectively. Here, again,
to the field. Charges on £ Cs, C4, and G change sign at the  we observe the nonlinear trend in the strength of the dynamic
expected points where the field changes sign but exhibit severalfield coupling with a molecule as the molecular size and
nonperiodic oscillations before the next change in field sign. conjugation increase. Similar trends have been observed for
In keeping with the response to the static field, the charges ondynamic polarizability of linear polyenes with increasing
Cs and G experience larger amplitude oscillations than those molecular length and conjugatigfr,38:40.41,43,44
on G and G. The maximum charge separation in this case is  The electron distribution in terms of the occupation numbers
0.633,—0.01585, 0.173;-0.139, 0.0103, and-0.661 au. The of the six highest occupied and six lowest unoccupied MOs of
charge transferred between the right and left halves of the the field-free ground state is shown in Figure 7a,b for the CW
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and pulsed fields, respectively. HOMQ to LUMO+1 and is possible. For all three molecules studied, the greatest
LUMO+5 are ther orbitals and show the largest changes in nonresonant electronic excitation was the lowgst— z*
population and the greatest nonadiabatic behavior. The change®xcitation that involves the HOMO to LUMO transition and
in the populations of the HOMO and LUMO are more than this response was greatest for hexatriene.
twice as large as those in butadiene and follow the field  There are numerous questions that can be addressed by using
adiabatically only for the first cycle and a half. The populations the computational methodology presented here. With the addi-
of the otherr orbitals, HOMGO-2, HOMO-1, LUMO+1, and tion of nuclear motion it may be possible to interpret the
LUMO-5, show a particularly complex time evolution after outcomes of shaped laser pulse molecule interactions in terms
the first cycle. The second and third— z* transitions both of the underlying energy partitioning. This publication is one
involve a combination of these orbitals (see Table 3) and could step in an ongoing effort to create a reliable methodology that
account for the complex behavior. The changes in the popula-will help advance the understanding of lasetolecule interac-
tions of theo ando* orbitals are more nearly adiabatic. Thus, tions.
the present field strength produces markedly nonadiabatic
behavior in hexatriene while it leads to slight nonadiabatic =~ Acknowledgment. This work was supported by the National
character for butadiene and no nonadiabatic character forScience Foundation (CHE 0131157, H.B.S.; and CHE 313967,
ethylene. As expected, the nonadiabatic character increases witiR.J.L.) and Gaussian Inc.
molecular length and increasing conjugation.
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