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Recent advances in nonlinear optics and strong-field chemistry highlight the need for calculated properties of
organic molecules and their molecular ions for which no experimental values exist. Both static and frequency-
dependent properties are required to understand the optical response of molecules and their ions interacting
with laser fields. It is particularly important to understand the dynamics of the optical response of multielectron
systems in the near-IRL (~ 800 nm) region, where the majority of strong-field experiments are performed.
To this end we used Hartreé-ock (HF) and PBEO density functional theory to calculate ground-state first-
order polarizabilities ) for two series of conjugated organic molecules and their molecular ions: (a) all-
trans linear polyenes ranging in size from ethylengH to octadecanonene {§,0) and (b) polyacenes
ranging in size from benzene {&) to tetracene (GHi2). The major observed trends are: (i) the well-
known nonlinear increase of with molecular size, (ii) a significant increase @fupon ionization for larger
systems, and (iii) for larger ions, the dynamic polarizability at 800 nm is much larger than the static
polarizability. We have also compared the HF and PBEO polarizabilities of the linear polyenes up to octatetraene
calculated with second-order MollePlesset perturbation theory (MP2) and coupled cluster theory with
single and double excitations (CCSD). For neutral molecules the results at the PBEO and HF levels are
very similar and ca. 20% higher than the MP2 and CCSD results. For molecular ions, results at the HF,
PBEO, MP2, and CCSD are all very close. We discuss the size scaling and frequency dependecel of
provide simple models that capture the origin of the change in the static and dynamic polarization upon
ionization.

Introduction izability with increasing molecular size has been examined with

A e inf i bout optical ies of coniugated PPP, semi empirical, and HartreEock methodg®33-%5 Density-
ccurate information about optical properties of conjugated ¢, iona| calculations of the polarizabilities of conjugated

molecules is highly desirable because such molecules are use%ligomers using small basis sets do not compare well with

in a variety of technologically important applications. Opto- known experimental valué More accurate calculations of the

e:ectro;;l_c; I(r)]g;caé C|rcqltét,hthrep%/-mn;ebns:onal lo_ptlca_l _géata polarizability of conjugated systems require larger basis sets as
storage, = pholo dynamic theérapyand biological imagini well as a suitable treatment of electron correlafibn.

are just a few of the key applications. One of the most important ) . N
J y app P The above-mentioned applications of polarizability stem from

optical properties of conjugated molecules is their polarizability. he desi ¢ . d als with ifically desired
The polarizability of conjugated molecules has drawn consider- €, lTSIgn 0 _con!ugate makt?_rl?s wit SpeCklllca y Ieswle
able attention in the past few decades, mostly in the context of OPtical properties in the weak field regime. When molecules
linear (or weak-field) excitation®.14 Polarizabilities of first, are placed in strong electromagnetic fields, such as the electric

second, and higher orders have been calcutatedpolyethyl- field of a laser, they not only undergo electronic excitation and
enele—l’g polyacetylend®20-23 polyacene€425 and poly- internal conversion but also may ionize, which changes their

thiophene¥ as well as for doneracceptor substituted poly- optical properties consic_;lerably._ To control and predict_ the
mers2"-3 Static polarizabilities have been calculated using finite ©UtCOMeS of lasermatter interaction, knowledge of the optical

field, coupled perturbed Hartre@ock (HF), and sum-over- properties of the various transient species involved in the

statés methods. Time-dependent HartrEe(,:k (TDHF) and excitation process is required. For example, recent measurements
. . ; . . 1

coupled electron oscillator approaches have been used for thd? Strong-field laser chemistry of organic molecdfe$! suggest

calculation of dynamic polarizabilities. Investigatons using the that the formation of radical cations plays a major role in the

Pariser-ParrPople (PPP) Hamiltonian yielded scaling laws Iaseﬁmattgr interaction. Itis becoming increasingly (_:Iear that
for polarizability of polyenedl3 The saturation of the polar- ~ PrOCesSes in the manifold of excited states of the ion are as
important as those occurring in the neutral manifold before

hbs@ ionization. These processes are governed by the optical proper-

*To whom correspondence should be addressed. E-mail:

chem.wayne.edu. ties of the nascent species immersed in the laser field. Thus, to
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or solid) are routinely measured by spectrochemical methods,tetracene, gHi2). To aid the understanding of the trends in
much less experimental information exists regarding of ionic these series, we have developed qualitative and semiquantitative
species, due to difficulty of producing significant quantities of relations between the sets of data on static and dynamic
ions in gas phase. polarizabilities.

Recently, a model of nonresonant strong field molecular laser
excitatior#®394243 was shown to agree quantitatively with Computational Method
experiment on a series of large organic molec&#é8in this . . . )
theory, a molecule subjected to a strong oscillating electric field Calculations were carried out with the development version

8 e
undergoes a series of successive nonadiabatic energy absorptioﬂf the GA(lthS SIAN sterlesl Of. pr(t)).gl]'rt'{im.s. lSevedrthIeI\lleIs dOf thfgrty d
stages, resulting ionization, and fragmentation. At each stageWere used to compute polanizabiliies: closed shell and restricte

: : P : hell HartreeFock (HF and ROHF), density functional
of this sequential process, the rate-limiting step is the transfer open S . . . 0
of the electron population from the system’s ground electronic theory (DFT) with the PBEO hybrid funptlorfél (also known
state to the manifold of excited states via a LandBykhne as PBE1PBE), closed shell _and restn;:ted open shell second-
type doorway transitio* The transition probability depends order Moller-Plesset perturbation thebty™ (MP2 and ROMP2),

" . .. and closed shell and spin unrestricted coupled cluster theory
sensitively on a key electronic property of a molecule, its ~. "~ ~. o 9
polarizability, the calculation of which is the main subject of with singles and doubles excitatiGhs>® (CCSD and UCCSD).

this paper The 6-31G(d) basis s¥t®*was used for HF, DFT, MP2, and
o . ) CCSD calculations and is a split valence basis augmented with
The majority of molecular physics experiments are performed g get of polarization functions on the carbon atoms. The
in the near-infraredA( ~ 800 nm) Wavelength region, where 6-311+G(2d,2p) basis s 55 was used for the HF and DFT
the energy of the laser photafiy ~ 1.55 eV, is smaller than — c5\cyjations and is a triple split valence basis augmented with
the typical energy gap) ~ 2—3 eV, separating the ground 14 sets of polarization functions on all atoms and one set of
electronic state from the excited-state manifold in a representa- jitfse functions on carbon atoms. Geometries were optimized
tive conjugated polyatomic molecule. In the weak-field regime 4; the MP2/6-31G(d) and PBEO0/6-3t6(2d,2p) levels of

i iti 1BQN-cm-2 g )
(at laser intensities less than‘2QV-cm2), the nonresonant  eory for the neutrals and cations of the linear polyenes and
electronic response of an atom or molecule to this low-frequency polyacenes.

laser field is adiabatit> Under such adiabatic conditions,

knowledge of field-free optical properties, e.g., static polariz-
abilities, is sufficient for a theoretical understanding of the
interaction. However, in the majority of strong-field experiments

involving polyatomic molecules, nonadiabatic processes of mation (GGA) include the gradient of the density and involve

energy dep.o'smon are expecteq to occur. At sufﬂqently high a fit to selected experimental data and fulfillment of a number
laser intensities and/or frequencies where the coupling becomes

highl diabatic. | fields ind lecti of basic physical constraints. Hybrid functionals mixes in a
Ighly nonadiabalic, 1aser Nelds INduce a collective response predefined amount of HF exchange with a GGA functional.
of the electrons that results in irreversible energy deposi-

. o - . A >~ Among the fr ntl hybrid functionals, PBE \Y
tion 38:3942.43The probability of nonadiabatic electronic transi- ong the frequently used hybrid functionals 0 gives

i d d itivel the f fthe driving | remarkably good vertical excitation enerdfeand polarizabili-
lons depends sensilively on the Irequency ot tne arving 1aser g 7274 g recently developed Vignaté&ohn current-density-
field. It is natural then, that frequency-dependent optical

roperties of molecules and their ions should be of reatinterestfum:tional seems 1o _give very promising results for lang
1E)or f)redicting the probability of nonadiabatic procgsses conjugated systenT&.”” Although not available for the present

R ) _ study, it will be worthwhile to consider in future work.

Ga_s-ph_g;e polar|z._ab|l|t|es for molec_:u_lar lons (an_d dynamlc The static first-order polarizabilityy(0), and dynamic first-
polarizabilities in particular) are very d|ff|cu_lt to _o_ptam EXPeri-  order polarizability,o(w), were calculated using an analytical
mentally. I_—|c_>wever, the calculation of pol_arlzabl!ltles of_lons_ IS derivative approadh
no more difficult than for neutrals. Static isotropic polarizabili-
ties of molecular ions have been studied theoretically, although 5
not as extensively as for neutral molecules. For example, the o (w) = — _IW
static polarizabilities of the molecular ions of naphthalene have : 9E,,10Ey
been calculated4’ for charge states of the ion ranging from .
+2 to —2 and varies from 15 to 253AHowever, it is dynamic whereW = [|H — id/at|y |y Os the pseudo energi,i is
polarizabilities (of both neutral molecules and their cations) that the frequency-dependent electric field in ile direction, and
are primarily relevant in the investigations of lasenolecule Eq is the static electric field. The isotropic polarizability is given
interaction. To the best of our knowledge, dynamic polariz- by the average of the diagonal elements of the polarizability
abilities have not received the attention they deserve, eithertensor,
theoretically or experimentally.

In this paper, we describe a theoretical study of the static
and dynamic polarizabilities of two series of polyatomic
molecules and their molecular ions. The trends in polarizability
are investigated as a function of molecular size arelectron The sum-over-states approach yields the same value for both
conjugation. First, the level of theory is validated by comparing «(0) ando(w) as the energy derivative method but involves
calculated results with experiment for a number of neutral the rather difficult task of computing all the singly excited states
molecules and with high level calculations on several of the and their transition dipole moments from the ground state.
smaller neutral molecules and their cations. Then we use theHowever, it is quite useful for analyzing the physical meaning
same level of theory to compute the static and dynamic of the trends in the polarizabilities. In this formalism, the tensor
polarizabilities of polyenes (from butadiene;Hg, to octade- elements of the static and dynamic polarizability are given,
canonene, ¢GHyg) and polyacenes (from benzenegHg, to respectively, by

Density functional methods using the local density approxi-
mation (LDA) have not been considered because they consis-
tently overestimate the polarizability due to the locality of
LDA.78 DFT methods using the generalized gradient approxi-

1)

Qigp = %(axx + ayy + azz) (2)
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gnﬂ,ng TABLE 1: Static Polarizabilities of Neutral and +1 Cations
0)=2 I 3 of Ethylene, Butadiene, Hexatriene, and Octatetraene
a;(0) P (3)  Calcuiated at the HF, PBEO, MP2, and CCSD Levels of
m NWgn Theory with the 6-31G(d) Basis Set
ﬂ?nﬂjng ﬂjgnﬂing molecule level Olxx Olyy Ozz Qliso
a; (w) = z + = ethylene HF 295 124 4.84 3.01
I o, —ho  ho, +ho PBEO 299 1.27 4.57 2.94
gn gan MP2 297 121 4.29 2.83
.9”#.“9 CCSD 2.95 1.21 4.31 2.82
2 o ) ethyleng? ROHF 245 114 4.83 2.81
A hod)/ UPBEO 2.46 1.19 3.92 2.52
T \hog, — (o), ROMP2 245 114 371  2.43
. UCCSD 2.44 1.14 4.14 2.57
wheree is the unit vector in the electric field direction, so that ~ Putadiene P"B”EO 556%4 225227 11126019 66520
18" = Y| S eda [pPlis the transition dipole moment from MP2 551 2922 1034 603
the ground state to statein theith direction,iwg, = En — Eg CCSD 548 222  10.26 5.98
is the transition energy, arfdy is the photon energy. butadiené! ROHF 278 215 1291 5.95
The excited-state energids,;, were computed at the PBEO/ gg?/:%oz iég gig iggg 2'2411
6-311+G(2d,2p) level of theory using time-dependent density UCCSD 529 212 1379 707
functional theory (TDDFT$""* In the framework of the sum- hexatriene HE 788 328 2304 1140
over-states approach, these were used to determine whether the PBEO 820 335 2299 1151
polarizabilities are dominated by nonresonant collective mul- MP2 802 321 1936 10.20
tielectron response or by resonant state-specific response. The A CCSD 794 321 1878  9.98
excitation energies were also employed to reveal the scaling "€xatren ESBH'E:O g'gg g%‘;’ %3'22 g‘gg
relations betwee.n the static and dynamic polarizabilities of the ROMP2 864 309 2802 1324
neutrals and cations. UCCSD 7.85 3.09 29.69 1354
octatetraene HF 10.31 4.29 37.74 17.44
MP2 10.45 4.20 31.32 15.32
To establish an appropriate computational method for study- CCsD 10.38 419  29.67 14.75

ing the dynamic polarizabilities of the polyene and polyacene Octatetraeng  ROHF 1258 414 4995  22.22
neutrals and cations, we compared the HF, PBEO, MP2, and ES?AEPOz 12'35 g‘gé gg'i'f fsl)'gg
CCSD levels of theory for ethylene, butadiene, hexatriene, UCCSD 1046 407 5249 2234
octatetraene, and their respective molecutdr cations. The o o
PBEO functional was selected because it yields better static and_° Polarizabilties were calculated at the MP24l(d) optimized
dynamic polarizabilities and excitation energies for small geometries for both neutral molecules and molecular ions.
molecules than B3LYP and other frequently used functioffalé.

As noted above, other new functionals may also give similar
results. The 6-31G(d) basis set was chosen to make the CCS
polarizabilities computationally affordable for octatetraene.
Table 1 lists the components of the calculated polarizability
tensors, and Figure 1 shows the axial components of the
polarizabilities. For the neutral systems, the polarizabilities
obtained at the Hartreg~ock and PBEO levels are very similar.

The polarizabilities calculated at MP2 and CCSD levels agree 3 . ; .
well with each other and are lower than the HF and DFT results. 8.10 Afortuitously agrees perfectly with the experimental value

This concurs very well with previous results for linear polyenes of 810 A obtained fgosr? an extrapolation .Of refractivity data

at the HF and MP2 levels with similar basis séts8 The PBEO to infinite wavelengtti>**These re;ults_ ponﬂrm once more that

polarizability of octatetraene is 4% greater than the HF to accurately calculatfa the polarizability of smaller polyenes,

polarizability and 18-23% greater than the MP2 and CCSD °"¢ needs larger basis set (cf. Hufgt).

polarizabilities. For the cations, the ROMP2 and UCCSD values ~ Calculations for benzene, naphthalene, anthracene, and tet-

also agree well with each other. In contrast to the neutrals, thefacene agree well with experimental results. Specifically, the

ROHF and UPBEQ polarizabilities are very close to the MP2 calculated values differ from experimental ones by-18%

and CCSD results. Overall, among the applied levels of theory, at the HF/6-313+G(2d,2p) level of theory and 1-815% at the

the polarizabilities vary by 9% for ethylene, 16% of butadiene, PBE0/6-311%G(2d,2p) level of theory. For a variety of small

4% for hexatriene, and 10% for octatetraene relative to the meanmolecules, calculations with a more flexible basisSevel-

value. These results are quite encouraging, because much largepped by Sadlej specifically for molecular properties such as

systems can be studied with HF and DFT approaches than withpolarizabilities) yield results that are closer to experimént.

conventional correlated methods. However, this basis set is not practical for the larger members
Table 2 compares the experimental values of static isotropic Of either series.

polarizabilities for a number of polyenes and polyacenes with  When the same method is used for the ions, the calculated

our calculations at the HF/6-3315(2d,2p) and PBE0/6-311G- values are expected to be of similar quality and can be used

(2d,2p) levels of theory. Previous calculations for various small with confidence in the absence of experimental data for these

molecules indicate that two sets of polarization functions and a systems. Table 2 also shows calculated and experimental single

set of diffuse functions are generally needed to obtain satisfac-excitation energies of three of the neutral linear polyenes and

tory agreement with experimental polarizabilitt@d-However, four of the polyacenes. For the lowest energy dipole-allowed

for the axial polarizability of larger polyenes, there is less
I:{1eed for large basis set§Butadiene is the only polyene for
which experimental polarizability has been reported, and it
has also been studied with a variety of theoretical methods and
a wide range of basis set$8084 The polarizabilities of
butadiene calculated in the present work are 6.52, 8.10, and
8.13 A% at the PBE0/6-31G(d), PBE0/6-3t6G(2d,2p), and HF/
6-311+G(2d,2p) levels of theory, respectively. The value of
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Figure 1. Static and dynamic axial polarizabilities of the linear
polyenes and their cations as a function of carbon chain length,

calculated using HF, PBEO, MP2, and CCSD with the /6-31G(d) basis
set.

transitions, the differences range from 0.02 to 0.3 e¥&%),
which is typical for the PBEQ/6-3HG(2d,2p) level of theory?

Smith et al.

TABLE 2: Calculated and Experimental Static Isotropic
Polarizabilities and Excited-State Energies for Selected
Neutral Molecules

polarizability (A3) excited-state energy (eV)

molecule level ocad Olexp Sicaid Stexp
Linear Polyenes
butadiene PBEO 8.10 8.10° 5.75 5.788
HF 8.13
hexatriene PBEO 13.77 4.75 4%3
HF 13.59
octatetraene PBEO 21.07 4.09 £41
HF 20.32
Polyacenes
benzene PBEO 9.89 10.38
HF 9.77
naphthalene PBEO 17.29 1703 4.37 4.45
HF 16.88
anthracene  PBEO 26.33 2555 3.29 3.84°
HF 25.47 3.48
tetracene PBEO 37.02 3227 2.50 2.60%2
HF 35.53 2,78

a Calculated at the PBE0/6-3115(2d,2p) geometries. Average of
experimental values quoted in ref 94.
same charge state, polarizabilities generally increase linearly
with increasing number of charged particles. However, for
conjugated systems composed of strongly interacting subunits,
such as the polyenes and polyacenes considered in the present
work, model calculations have shown thatincreases supra-
linearly for small oligomerd®-19.26.32.8689 Eyentually, the rate
of increase per subunit saturat@g1.2526.86.88.9%t this occurs
for systems significantly larger than those in the current study.
Theajso Of the polyenes, polyacenes, and their cations are plotted
in Figures 2 and 3 as a function of system size. Both series
clearly show the expected supralinear increase with size. A
closer look at the polarizability tensor reveals that this nonlin-
earity is almost exclusively due to the component along the long
molecular axis, as expected. By contrast, the two components
perpendicular to the long axis increase approximately linearly
with the increasing chain length, i.e., proportionally to the
number of charged particles. This linear increase in the two
components perpendicular to the long axis is also observed for
polythiophened® For both series, the along the long axis rises
much faster than linearly as a result of increasinglectron
conjugation as the molecule becomes longer. In this case, in

The results shown in Tables 1 and 2 serve to validate the accordance with a simple coupled oscillator picfiae energy

computational methodology, which is used to calculate the difference between the ground state and the first excited state
polarizabilities for the neutrals and singly charged cations of decreases with increasing chain length. Furthermore, the transi-
polyenes and polyacenes. Tables 3 and 4 list the principal tion dipole matrix elements increase with the system size. Both
components of the polarizability tensors, as well as the isotropic effects can be seen in Tables 5 and 6, which list the energies
polarizabilities. There is good agreement between the HF andand transition dipoles for the lowest excited states with large
PBEO calculations. As was found previously for other func- contributions to the axial polarizabilities. Thus, in the sum-over-
tionals3® the differences increase with system size, rising to states picture, eqs 3 and 4, the denominators become smaller
21% for GgH2o. Notably, the polarizabilities of the cations are  and the numerators become larger, thereby increasing tinere
generally larger than that of the corresponding neutrals, and thisrapidly than linearly with increasing chain length.

difference increases with the size of the system. Tables 3 and These results contribute to the ongoing discussion of influence
4 also present the dynamic polarizabilities calculated at 800 nm of electronic system’s anisotropy on the mechanisms of its

(equal to 1234.7 crit or 1.55 eV). As expected, the near-IR
o(w) are larger than they(0) but, unexpectedly, the effect is

coupling with linearly polarized laser field3%3The supralinear
increase in the longitudinal component of the polarizability with

much greater for the cations than for the neutrals. The static increasing molecular size should significantly affect the orien-

and frequency-dependemt, for the linear polyenes series and
the polycyclic aromatics series are plotted in Figures 2 and 3,

tational selectivity of the coupling of these molecules with the
laser field. Indeed, an increasing anisotropy of an electronic

respectively. In all cases, the polarizabilities show a supralinear system’s response is expected to result in more efficient coupling
increase with system size. In the next subsections, we will with the laser of the subset of molecules aligned with the

examine these trends more closely.
Size Dependence of the Polarizabilitiedt is well-known

direction of polarization of the electric field. This premise is
implicit in models of molecular interaction with strong laser

that for a homologous series of nonconjugated molecules in thefields, e.g., the structure-based field ionization mddé¥ the



Polarizabilities of Conjugated Molecules J. Phys. Chem. A, Vol. 108, No. 50, 20041067

TABLE 3: Static and Dynamic Polarizabilities® (A3) of Neutral Polyenes and Polyacenes Calculated at the PBEO/
6-3114+G(2d,2p) and HF/6-311-G(2d,2p) Levels of Theory

w=0cm? w =1234.7 cm?
molecule level Olxx Oy 0Ozz Qliso Olxx Oyy Ozz Qiso
Linear Polyenes

butadiene PBEO 6.34 5.12 12.82 8.10 6.41 5.21 13.39 8.34
HF 6.02 5.23 13.12 8.13

hexatriene PBEO 9.21 7.11 24.98 13.77 8.32 7.22 26.90 14.14
HF 8.73 7.26 24.78 13.59

Octatetraene PBEO 12.30 9.06 41.85 21.07 12.48 9.19 46.75 22.81
HF 11.40 9.26 40.29 20.32

decapentene PBEO 15.16 11.01 64.19 30.12 15.40 11.16 74.82 33.79
HF 14.09 11.33 60.51 28.64

dodecahexene PBEO 18.00 12.95 92.07 41.01 18.30 13.12 112.57 48.00
HF 16.69 13.24 82.21 37.38

tetradecaheptene PBEO 20.85 14.88 125.55 53.76 21.22 15.03 161.78 66.03
HF 19.32 15.22 108.11 47.55

hexadecaoctene PBEO 23.68 16.82 164.77 68.42 24.14 17.03 224.99 88.72
HF 21.95 17.20 137.03 58.73

octadecanonene PBEO 26.53 18.75 209.10 84.79 27.08 18.99 303.68 116.58
HF 24.57 19.18 167.12 70.29

Polyacenes

benzene PBEO 11.67 6.32 11.67 9.89 11.94 6.40 11.94 10.09
HF 11.41 6.49 11.41 9.77

naphthalene PBEO 17.86 9.34 24.67 17.29 18.33 9.45 25.63 17.80
HF 17.31 9.59 23.73 16.88

anthracene PBEO 24.15 12.31 42.54 26.33 25.05 12.45 44.97 27.49
HF 23.61 12.63 40.17 25.47

tetracene PBEO 30.66 15.26 65.13 37.02 32.68 15.44 70.17 39.43
HF 30.50 15.66 60.44 35.53

2 0w Is the polarizability along the short axis in the plane of the moleaylgs the polarizability perpendicular to the plawe; is the polarizability
along the long molecular axis, amck, is the isotropic polarizability®? Polarizabilities were calculated at the PBE0/6-3G(2d, 2p) geometries.

TABLE 4: Static and Dynamic Polarizabilities2 (A) of Polyene and Polyacene Cations Calculated at the PBE0/6-3t6G(2d,2p)
and HF/6-311+G(2d,2p) Levels of Theory

w=0cnm? o =1234.7 cm?
molecular ion level Ol Oy Ozz Qliso Olxx Qyy Ozz Qiso
Linear Polyenes

butadieng?! UPBEO 5.62 3.78 12.99 7.46 7.14 4.01 12.87 8.01
ROHF 3.70 3.94 13.17 6.93

hexatrien&* UPBEO 8.44 5.69 28.58 14.24 8.68 5.75 32.78 15.74
ROHF 8.79 5.94 30.19 14.98

octatetraené UPBEO 11.29 7.61 52.16 23.69 11.77 7.69 64.30 27.92
ROHF 13.21 7.93 52.98 24.71

decapenten@ UPBEO 14.13 9.54 84.93 36.20 15.37 9.64 114.70 46.57
ROHF 15.46 9.92 84.33 36.57

dodecahexerié UPBEO 16.99 11.47 128.11 52.19 44.01 11.59 238.35 97.98
ROHF 19.49 11.92 124.36 51.92

tetradecaheptent UPBEO 19.86 13.40 183.05 72.11 17.70 13.54 301.89 111.04
ROHF 22.65 13.91 174.18 70.25

hexadecaocterié UPBEO 22.74 15.33 251.12 96.40 21.50 15.50 492.80 176.60
ROHF 26.73 15.91 234.16 92.26

octadecanonerié UPBEO 25.64 17.27 333.68 125.53 24.71 17.45 818.45 286.87
ROHF 30.46 17.90 305.11 117.82

Polyacenes

benzené! UPBEO 10.08 5.00 11.21 8.76 10.31 5.05 11.70 9.02
ROHF 9.68 5.17 12.33 9.06

naphthaleng* UPBEO 17.31 7.98 26.45 17.24 18.00 8.06 31.58 19.21
ROHF 17.25 8.28 33.59 19.71

anthracent! UPBEO 23.38 10.94 49.25 27.85 24.61 11.04 65.63 33.76
ROHF 22.85 11.29 50.67 28.27

tetraceng! UPBEO 29.70 13.88 80.90 41.49 36.22 14.00 147.15 65.79
ROHF 30.52 14.34 82.07 42.31

2 o Is the polarizability along the short axis in the plane of the moleeylgs the polarizability perpendicular to the plawe; is the polarizability
along the long molecular axis, amck, is the isotropic polarizability®? Polarizabilities were calculated at the PBE0/6-3G(2d, 2p) geometries.

nonadiabatic multielectron excitation mod&®4243and the interpreted by Hankin et &% as evidence for isotropic
nonadiabatic charge localization mo&&Though the predictions  ionization yield from molecules of varying shapes. These
of these models are well supported by experimental data, somequantitative results on the spatial dependence of the polariz-
other data on the strong-field ionization of polyatomic molecules ability of conjugatedz-electron systems suggest that the
(including some molecules used in this work) has been controversy is due to other factors, such as dark states or widely
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300+ As the sum-over-states analysis shows, for the polyenes, the
{—o— Cation Dynamic PBEO increase in gxial pola.riza.lbility on ipnization i; pr?marily due tq
2504 —o— Cation Static PBEO a decrease in the excitation energies appearing in the denomina-
|—a— cation Static HF tor of the sum-over-states formulas. Table 5 shows that lowest
e— Neutral Dynamic PBEO excitation energies are dominated by transitions from the highest
|—=— Neutral Static PBEO occupied molecular orbital (HOMO) to the lowest unoccupied
1—a— Neutral Static HF molecular orbital (LUMO); they decrease by -185% on
ionization. The transition dipole matrix elements that appear in
the numerator of the sum-over-states formulas remain nearly
constant on ionization. For the polyacenes, the situation is more
complicated, as indicated in Table 6. In the neutral systems,
the configurations arising from the HOMO to LUMEL
excitation and the HOMO1 to LUMO excitation are nearly
equal in energy. However, these configurations interact strongly
o——7F7T—T—T—T7T7T 1 forming symmetric and antisymmetric combinations and lift the
2 4 6 8 10 12 14 16 18 20 near degernerad. The symmetric combination is lower in
Number of Carbons energy, but it has only a very small dipole matrix element in
Figure 2. Static and dynamic isotropic polarizabilities of the linear the longitudinal direction and therefore does not contribute much
polyenes and their cations as a function of carbon chain length, in the corresponding polarizability. The higher energy, anti-

N
o
o

N

[$)]

o
1

100

Polarizability (A%

50

calculated using PBE0/6-3315(2d,2p). symmetric combination has a larger transition dipole and by
) this virtue accounts for a substantial fraction of the axial
g5~ Cation Dynamic PBEO COMO 11 transition and the. HOMOL o LUMG are ap-
60:+Cat!°n Static PBEO reciably different. As a result the linear combination oﬁ‘) the
55 ]~ Cation Static HF E’ y . _
]—e— Neutral Dynamic PBEO wo excited states that corresponds to the higher energy state
< ig‘__._ Neutral Static PBEO has a larger coefficient for the HOMO to LUMEL transition
N 40_.+ Neutral Static HF and a sllght_ly smaller transition dipole moment along the
£ "7 molecular axis, compared to the neutral. The lower energy state
ﬁ gg‘. has a larger coefficient for the HOM€EL to LUMO transition.
= 252 This latter st.ate has also a Iarger. transitiqn dipole along the
o 20 .rn.olecular axis than the corresponding state in .the. neutral. Thus,
151 it is the lower energy state that accounts for a significant fraction
10 of the increase in the polarizability for the cation.

5] For short polyene neutrals and cations, the longitudinal

o 15 20 25 30 35 a0 component of the polarizabilityaf,), can be modeled quite well

i i : ) : ’ : by o, = aNP, whereN is the number of carbori8.The values
Number of Rings of b calculated for the neutral linear polyenes in Table 1 are

Figure 3. Static and dynamic isotropic polarizabilities of the polyacenes 1.47. 1.54, 1.43, and 1.39 for the HF, PBEO, MP2, and CCSD

and their cations as a function of carbon chain length, calculated usinglevels of theory with the 6-31G(d) basis set. For the polyene

PBE0/6-313+G(2d.2p). cations in Table 1p = 1.86. 1.82, 1.63, and 1.83 for the ROHF,

) ) ) ) ) UPBEO, ROMP2, and UCCSD levels of theory, respectively.
varying chemical functionality. Thus, the present work is of Using the data in Table 3y = 1.71 and 1.91 for the neutral
current interest to the strong-field laser chemistry community. polyene polarizabilities computed at the HF/6-313(2d,2p)

Charge-State Dependence of the Polarizabilitiedvhen a and PBEO0/6-311+G(2d,2p) levels of theory. The values bf
molecule is ionized, one of the electrons contributing to the calculated for the polyene cations in Table 4, 2.08 by ROHF,
polarizability is removed. Therefore, one might expect the and 2.21 by UPBEQO, are ¥&2% higher than for the neutrals.
polarizability of the cation to be smaller than that of the All of these calculations indicate that experimental polarizabili-
corresponding neutral. This is indeed the case for atoms andties should also show a larger scaling factor for the cations than
small molecules. For neutral Ne, the experimental polarizability for the neutrals.
is 0.392 A&, whereas for the cation it is 0.1923A" Similar Frequency Dependence of the PolarizabilitiesFor both
behavior is found in the case of butadiene (8.10cAlculated series of molecules, the near-tw) are larger than the(0)
for the neutral and 7.46 ®or the cation) and benzene (9.89 by as much as a factor of 2.3. Again, this can be readily
and 8.76 &, respectively). However, for larger molecules, such understood when bott(w) and a(0) are expressed using the
as the extended conjugated systems examined in this study, thgum-over-states picture. The transition dipoles appearing in the
situation is more complicated. As can be seen from the data innumerators of both equations are the same, because the
Tables 3 and 4, the components of the polarizability perpen- summation occurs over the same states. However, for each state,
dicular to the long molecular axis generally decrease upon the contribution in eq 4 is smaller than in eq 3 because the
ionization, showing behavior typical of small and weakly excitation energies appearing in the denominator are reduced
coupled systems. However, polarizabilities along the long axis by the photon energiiw. The increase is far more dramatic
of these molecules increase upon ionization for all members of for the corresponding cations. Because the excitation energies
the two series of molecules (except for benzene at the PBEO/for the polyene cations are smaller than for the neutrals, the
6-311+G(2d,2p) level). Other than for butadiene and benzene, reduction in the denominator of eq 4 due to the photon energy
this increase more than offsets for the loss of polarizability in is proportionately greater. For the polyacenes, the lower energy
the other two directions. state of the cation has a much larger transition dipole than the
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TABLE 5: Excited-State Energies and Transition Dipole Moments of Neutral and+1 Cations of Linear Polyenes Calculated
Using TDDFT at the PBE0/6-31H1-G(2d,2p) Level of Theory

transition electric dipole

electron transitions moment components
molecule excited-state energy (eV) (TDDFT coefficients) X Y z oscillator strength

butadiene 5.7453 HOM®©- LUMO (0.61) —0.4851 0.0000 2.1024 0.4851

butadiene-1 4.7828 HOMO— LUMO (0.80) —0.4832 0.0000 1.9114 0.4832
HOMO-1— LUMO+1 (0.17)

hexatriene 4.7484 HOM®©- LUMO (0.60) —1.0706  0.0000  2.8495 1.0779

hexatriene-1 3.8849 HOMO— LUMO (0.73) —0.1157 0.0000  3.0482 0.8856
HOMO—-1— LUMO+1 (—0.13)

octatetraene 4.0878 HOME& LUMO (0.60) —1.6054 0.0000 3.5280 1.5047

octatetraenel 3.3047 HOMO— LUMO (0.70) —1.8459 0.0000 3.5824 1.3149
HOMO—-1— LUMO+1 (—0.14)

decapentene 3.3248 HOM®O LUMO (0.57) —0.3397 0.0000  4.9389 1.9963

decapentenel 2.8898 HOMO— LUMO (0.66) —0.1270 0.0000  4.9727 1.7519
HOMO-1— LUMO++1 (—0.15)

dodecahexene 3.2629 HOM® LUMO (0.60) —0.3247  0.0000  5.4099 2.3480

dodecahexenel 2.5728 HOMO— LUMO (0.64) —0.1320 0.0000 5.8876 2.1860
HOMO-1— LUMO++1 (-0.17)

tetradecaheptene 2.9864 HOM®LUMO (0.60) —0.3297 0.0000 6.1337 2.7606

tetradecahepterel 2.3209 HOMO— LUMO (0.62) —0.1312 0.0000  6.7790 2.6140
HOMO—1— LUMO+1 (—0.18)

hexadecaoctene 2.7632 HOM®LUMO (0.60) —0.3362 0.0000 6.8299 3.1655

hexadecaocterel 2.1146 HOMO— LUMO (0.60) —0.1112  0.0000  7.6542 3.0357
HOMO—1— LUMO+1 (—0.20)

octadecanonene 2.5815 HOM®LUMO (0.60) —0.3439 0.0000  7.4967 3.5619

octadecanonerel 1.9418 HOMO— LUMO (0.54) —0.1291 0.0000 8.5151 3.4501

HOMO—-1— LUMO+1 (—0.21)
HOMO—-2— LUMO+2 (0.11)

TABLE 6: Excited-State Energies and Transition Dipole Moments of Neutral and+1 Cations of Linear Polyacenes Calculated
Using TDDFT at the PBE0/6-31H#-G(2d,2p) Level of Theory

transition electric dipole

electron transitions moment components
molecule excited-state energy (eV) (TDDFT coefficients) X Y z oscillator strength
benzene 5.5157 HOMO1 — LUMO (—0.49) —0.0001 0.0000 —0.0005 0.0000

HOMO—1— LUMO 1 (0.15)
HOMO — LUMO (0.15)
HOMO — LUMO +1 (0.49)
7.0785 HOMO-1— LUMO (—0.24) 0.5963  0.0000 1.7714 0.6058
HOMO—1— LUMO 1 (0.34)
HOMO — LUMO (—0.34)
HOMO — LUMO +1 (—0.24)

benzenet-1 4.6085 HOMO— LUMO (0.92) 0.0045  0.0000 —0.4592 0.0274
HOMO—1— LUMO +1 (0.09)
7.1045 HOMO— LUMO (0.27) 0.0061  0.0000 1.4856 0.3841
HOMO—1— LUMO +1 (0.67)
naphthalene 4.5523 HOM@L — LUMO (0.51) 0.0000  0.0000 —0.0144 0.0000
HOMO — LUMO +1 (0.52)
5.9742 HOMG-1— LUMO (0.43) 0.0000  0.0000 2.9633 1.2852
HOMO — LUMO +1 (~0.42)
naphthalene-1 2.0052 HOMG-1— LUMO (0.98) 0.0000  0.0000 1.0958 0.0590
HOMO — LUMO +1 (0.12)
5.9867 HOMG-1— LUMO (0.57) 0.0000  0.0000 2.6420 1.0238
HOMO — LUMO +1 (~0.34)
anthracene 3.9469 HOMEL — LUMO (0.50) 0.0000  0.0000 —0.0385 0.0001
HOMO — LUMO +1 (0.51)
5.2529 HOMG-1— LUMO (0.43) 0.0000  0.0000 3.9833 2.0419
HOMO — LUMO +1 (~0.42)
anthracene-1 5.1736 HOMG-1— LUMO (0.99) 0.0000  0.0000 3.6192 1.6603
HOMO — LUMO +1 (0.11)
5.1736 HOMG-1— LUMO (0.58) 0.0000  0.0000 3.6192 1.6603
HOMO — LUMO +1 (~0.33)
tetracene 3.5544 HOMGL — LUMO (0.52) 0.0000  0.0000 —0.1202 0.0013
HOMO — LUMO +1 (0.50)
4.7333 HOMG-1— LUMO (0.43) 0.0000  0.0000 4.8989 2.7830
HOMO — LUMO +1 (=0.41)
tetracenet-1 1.6624 HOMG-1— LUMO (0.97) 0.0000  0.0000 —2.1314 0.1850
HOMO — LUMO +1 (0.13)
4.6861 HOMG-1— LUMO (0.58) 0.0000  0.0000 4.4360 2.2592

HOMO — LUMO +1 (—0.32)

neutral. This change in the numerator of eq 4 results in a larger this irregularity is that the frequency of the applied field, 800
difference between the static and dynamic polarizability for the nm (1.55 eV), is nearly resonant with the first excited state of
cation than for the neutral. the dodecahexene cation, 1.5352 eV (calculated by TDDFT with
The o(w) of dodecahexene cation is noticeably larger than PBEO0/6-311#G(2d,2p)). Figure 4 shows the response of the
that expected from the trends shown in Figure 2. The cause ofpolarizability for dodecahexene 1,4, as the frequency of the
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200] vidual state. Hence, there may exist simple scaling relations

J that take into account the changes in energy denominators of
1501 eg 3 and 4. The scaling factor can be estimated from the lowest
1004 energy excitation making significant contributions to the polar-
— ; izability in the sum-over-states formalism. For example, the
< 504 static polarizabilities of ions may be estimated from the static
2 o] __dlﬁ,/ polarizabilities of the neutral by eq 5. The dynamic polariz-
e ] abilities of ions may be estimated from the static polarizabilities
% -501 of ions by eq 6 or using the dynamic polarizabilities of neutrals
& -100- by eq 7:
-150 - 0
] _ hawgg
-200 4 a(o)cation_ (X'(())neutra*,1 +1 (5)
r 1+ *r +rr~r~1r 1 1~ T1° wgs
06 08 10 12 14 16 18 20 22 24
Frequency (eV) Aot
Figure 4. Isotropic polarizability of the ground state of positively (@) cation = (O)cation, 7 r PN (6)
charged ion of dodecahexenegy,*, calculated in the range of laser nﬁwgs — (ho) wgg
frequencies including the resonance with the first excited state.
1 ; ; ; - ho’. — (hodlw?
field is varied, revealing a discontinuity at the resonance energy, — gs gs
9 ty ay a(w)cation_ a(w)neutrah (7)

thus yielding an enhanced polarizability for the near-resonant
case. This is an example of polarizability significantly affected
by a resonance, i.e., state-specific response, in contrast t 0 _ =0 0 1 _ 1 1

yl ability arising from th FI)I _ P fthe el Qwhere hol, = E2 — EC and hw)l = ES* — E!? refer to
polarizability arising from the collective response of the electron oo 4t excitation energies for the neutral and cation, respec-
density to the external field. For all other molecules and ions '

ined in thi K th llecti fthe elect tively. Equation 6 is obtained from the ratio of eqs 3 and 4.
examined In this work, the Collective reSponse ol the electrons g6 giscretion is needed in selecting the excited states for
is the dominant mechanism affecting polarizability.

o ; . eqs 5-7. Most importantly, the excited states chosen for both
The dramatic increase, rather than decrease in the polariz- d b Y

bility al the | t directi onizati hould h the neutral molecule and the corresponding cation must be
abriity along the longest direction upon 1onization should have 4, inataq by the same orbital transitions. Table 5 shows that
significant implications for the coupling of the cations with the

) L : the lowest excited state for a neutral polyene and the corre-
laser field. The large polarizability of the ground electronic state sponding state for the cation are both dominated by a HOMO
results in a_Iarge dynamic S_tark_ Sh'fgén the applied electr_lc field. to LUMO transition and have transition dipoles oriented along
As shown in our othgr publicatior?$; ¥ the Iarge. Star.k shift of the long axis. Figure 5a shows that the simple scaling relations
the ground electronic state should exponentially increase thegiven by eqs 57 work remarkably well. On the other hand
probability of nonadiabatic electronic transitions to the excited- 1 |0 st excited states of polyacene involve a strong interac-
state n_naryfolq. Thus, when a system .becomes more pqlanzabletion between two transitions, and the weighting changes when
upon ionization, the probability of its further nonadiabatic

o . L -~ the molecule is ionized. In this case, a simple scaling procedure
excitation will exponentially increase. Conversely, when a cation does not work
is I_ess polarizable than the corresponding neutral (whlch__ls Even though eqs-57 give quite good results, excited-state
typically the case for.ato.ms and small .molequles), the proba_lblllty calculations are costly for the larger molecules. Alternatively,
of nonadiabatic excitation of_ the cation will be exponer_wtlally it may be possible to estimate the scaling factor more cheaply
[)educed. Tﬁ.r sorge [i_olyqtomllc molg_(l:_ltjles, suc_h as t;_utadleneltan sing the orbital energies. Because the excitation energies for
penzene, this reduction in po.ar'zﬁ)o'_' y upon 1onization resuits, -, polyenes are dominated by the HOMO to LUMO transitions,
in accordance with observatiofs%in increased probability

S : ) .. the trends in the excitation energies employed in egg ban
of detecting intact molecular ions following nonresonant excita- be approximated by using the HOM@UMO orbital energy
tion. The search for a universal ionization method producing

+1 2y, +1
wgs — (Aw?)lwgg

. . . > differences:
intact molecular ions has been a long-standing problem in
molecular laser physics. Understanding of the evolution of a 0 0
system'’s polarizability during the coupling with a laser pulse o(0)..i0r = 0(0) €Lumo ~ €Homo 8)
will allow for more accurate predictions of the intact molecular cation "e””a'E:&M 0= €nevo
ion yield following strong-field excitation.

Models for Predicting the Polarizabilities of the Cations. _

a(w)cation_

In the discussion so far, we have described qualitatively some

of the competing factors that play an important role in € oMo — €Homo
determining the polarizability as a function of the size, shape, O)cation Ll _ (hw)Z/(EJrl — L ©)
and charge state of a molecule. The systematic changes in the LUMO  “HOMOC LUMO  “HOMO

excitation spectra suggest that the changes in the polarizability
of neutral polyenes and their cations may be predicted semi- @) cation=

itati - ifi 0 0 2, 0 0
quantitatively. Except for state spec!flc cases, such asthe (umo — €romo) — A0) (€m0 — €Xomo)
(800 nm) of dodecahexene described above, many states o(w)neytra =7 " E) " (10)
contribute to the polarizability when computed using the sum- (€Lumo — €nomo) — (hw) (e gmo — €romo

over-states formalism. In nonresonant cases, systematic changes
in the entire spectrum of excited states have a greater effect onrwheree® ande™ are thea orbital energies of the neutral and
the calculated polarizability than specific changes in an indi- the cation, respectively. Figure 5b shows that the static and
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(a) 350_- .p o . _ these systems in near-IR laser fields. We find _thatf except in
ynamic Cation, estimated with Eq. () the case of dodecahexene, the dynamic polarizabilities show
E —o—Dynam!c Cat!on, oal(_:ulated _ nonresonant response.
300 4 —&— Dynamic Cation, estimated with Eq. (7)
] —o— static Cation, calculated Except for the smallest member in each series (benzene and
__ 250 —®— Static Cation, estimated with Eq. (5) butadiene), polarizability increases upon ionization (electron
< 1 removal), and this increase becomes more pronounced with
2 200 larger molecular size, particularly in the case of dynamic
% 150_' polarizabilities. For example, for octadecanonene and tetracene
N cations, the relative increases in polarizability along the long
< 100 axis of the molecule are~245%. Such behavior of the
o 1 polarizabilities of large molecules is qualitatively different from
501 that of small molecules (or atoms), for which polarizabilities
o-. decrease upon ionization. This again has significant implications
—— —— for the mechanism of coupling of such molecules and their

r —
2 4 6 8 10 12 14 16 18 20

Number of Carbons

nascent ions with the strong near-IR laser field.
For the polyenes, the increase of polarizability upon ionization
can be explained in terms of a decrease in the excitation energy

(b) 1 o Dynamic lon. calculated when the molecule is ionized. The qualitative trends can be
300 e Dznamic lon. eatimated using E. (9) turned into semiquantitative relations between the polarizabilities
—a&— Dynamic lon, estimated using Eq. (10) of the ions and neutrals. By scaling the polarizability of the
2501 —o— static lon, calculated neutral with the ratio of the first excitation energy of the neutral
1 —®— Static lon, estimated using Eq. (8) and the corresponding excitation energy of the ion, we can
i 2004 obtain a very good agreement for the polarizabilities of the
; l polyene cations. Good agreement can also be obtained using
3 150 the HOMO-LUMO orbital energies. In the polyacenes, the
N ] lowest energy states that contribute to the axial polarizability
% 100+ result from a strong interaction between two configurations.
o ] Because the weighting of these configurations changes on
501 ionization, it is not possible to use the same scaling relation for
0 ] the polyacenes.
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