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Vibrational Dynamics of the Neutral Naphthalene Molecule from a Tight-Binding Approach
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The static and dynamical properties of the neutral naphthalene molecule in its ground electronic state have
been investigated using a tight-binding potential. This semiempirical method has allowed us to obtain static
information concerning geometry and normal-mode frequencies. Tight-binding molecular dynamics coupled
with an adiabatic switching procedure has also given information on the anharmonicity of the potential energy
surface of such neutral aromatic molecule. Finally, the absorption spectrum of the neutral naphthalene molecule,
prepared in its ground vibrational state, has been calculated from the Fourier transform of the dipole

autocorrelation function and compared with the experimental data.

I. Introduction From the theoretical point of view, some ab initio calculations

In the middle of the 1980s, two groupg independently ofltlhe GoHsg system have been.performed first by Pauzat et
proposed that polycyclic aromatic hydrocarbons (PAH) mol- &) (Hart_re&Focsk (HF) calculations) and then by LangHiéff
ecules could be responsible for the characteristic infrared @nd Martin et ak* (density functional theory (DFT)). All of
emission spectrum first observed by Russell et’alhese these analyses are developed using the harmonic approximation
infrared bands called “unidentified infrared bands” (UIB), (normal-mode analysis). On the other hand, the molecules are

observed systematically from the different regions of interstellar €xP&cted to be highly vibrationally excited in the astrophysical
space, which are heated by starlight, present a spectroscopi&onteXt- Ther(_afore, we hqve developed_a the_ore_tlcal approach
correspondence with the typicaHC and G-H bands in the able to deal with such excited states. A tight-binding molecular

aromatic molecules (the most intense UIBs appedr=at3.3, dynamics (TBMD) simulation of hybrid covalent carben
6.2, 7.7, 8.6, and 11.3m). hydrogen systems, combined with the semiclassical adiabatic

Free PAH molecules do possess the adequate Iohotopmlsi(:a%witching_technique allowing us to obtain the initial configura-'
propertie 5 to allow for the transient heating mechanism tions at given values of the total energy, can be useql to thaln
proposed by Sellgrérto account for the strength of the short the IR spectra of I_arge_ PAHs as a function of thfs vibrational
wavelength band. In this scheme, a PAH molecule flying freely {€mperature. In this article, we present the technique and then
in space absorbs an UV photon, emitted by the stellar radiation @PPlY it to naphthalene in its ground vibrational stateT(at 0
field, which induces an electronic transition. Because of the K
strong coupling between the electronic and vibrational degrees )
of freedom (fast internal conversion) in such a large molecule, !I- Potential Energy Surface and Methodology

the molecular system is rapidly (subpicosecond time scale) A Tight-Binding Potential. We describe here the tight-
transferred to a lower electronic state with a larger amount of pinging (TB) approach which has been used to build the
vibrational energy. Then, the two only ways for an isolated potential energy surface (PES). The main advantage of this
molecule to be cooled are the radiative vibrational eémission and method is to incorporate electronic effects using a semiempirical
the fragmentation. The evaluation of the relative yields of these tential calculated with a minimal atomic basis. The quantum-
two channels is a difficult task and the understanding of the pechanical nature of the covalent bonds is directly taken into
dynamics of highly vibrationally excited molecules appears as account in the electronic structure evaluated at each time step
a challenge for gxpenmentahsts as well as for theoreticians. qf the propagation of the classical equations. Consequently, the
In the theoretical work presented here, we focus our study mytiatom nature of the interaction in a covalent system is also
of the absorption infrared spectrum on the smallest PAH taren into account. As the dynamics of the electrons are not
molecule, i.e., the ¢Hs neutral naphthalene. Most of the  gypjicitly solved, the time step of the integration of the classical
experimental data have been collected using the matrix isolation yqtions is only imposed by the nuclear motions (about 0.1 fs).
technique, which gives spectroscopic information on the cold Thjs important feature allows us to simulate the dynamics of
neutral naphthalerf® The main difficulty of this technique  |arge systems which cannot be treated by much more sophis-
comes from the fact that the molecules are not isolated and areijcated methods such as the E&arinello methoH in which
interacting with the rare-gas matrix. Spectroscopic data can betne time-step for integration is considerably smaller. The TB
slightly modified by the local environment. Some vibrational = semiempirical approach has been widely used to study anhar-
shifts and homogeneous (coupling between the intramolecularmonic effects in solid$ but also to describe static and dynamical
modes and the phonon modes) and inhomogeneous broadeningsyoperties in liquidt¥ and clusterd?-8
(vibrational shifts can depend on the molecular site inside the * 1 o,r knowledge, two sets of TB parameters for the mixed
matrix) can thus be induced in such experiments. carbon-hydrogen system®2° can be found in the literature.
*To whom correspondence should be addressed. These parameters have been fitted on the static properties
* Laboratoire assotia I'Université Paris-Sud. (geometry of the molecule) and on the normal-mode frequencies
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TABLE 1: Empirical Tight-Binding Parameters for the C —H and H—H Interaction 2

TB parameters set (1) set (Il) set (I11) TB parameters set (1) set (Il) set (Ill)
C—H interaction H-H interaction
r&H (A) 1.09 1.094 1.047 rH (R) 0.742 0.742
S (ev) —6.9986 —4.81 —6.6989 1 (ev) —6.374 —6.374
t(C B (ev) 7.390 5.32 7.37 Véﬂrﬁ (eV) 8.0 8.0
Vf:f,reH) eV) 10.8647 7.923 11.1294 = for {-H) 1.59 1.59
n&H for &1 1.970 1.949 1.971 - 2.52 2.52
NE for tg,©H) 1.603 1.949 1.603 r* 7 A) 15 15
(CH) 3.100 3.372 3.100 n(H H) 8.0 8.0
r(cfH (A) 2.0 2.0 1.98 n(H H) for ‘[(H H) 1.59 1.59
n(C H) 9.0 22.0 9.0 r(H A (&) 15 15
n(C H) for t(c H) 1.970 1.949 1.970 m((:H H) 8.0 8.0
n(C " for tgfn H) 1.603 1.949 1.603 ) 252 252
rgC*H) A) 1.90 2.0 1.87
& 10.0 22.0 10.0
mc 3.100 3.372 3.100

aSets (1) and (II) are quoted from refs 19 and 20. Set (Ill) is proposed in this work for the aromatic molecules.

TABLE 2: Empirical Tight-Binding Parameters for the C —C Interaction?

TB parameters set (1) set (I1) set (I11)
& (ev) ~10.290 —5.16331 ~10.290
O (ev) 0.0 2.2887 0.0
?H> (eV) ~0.50 0.42583 ~0.50
U (eV) 3.0 0.0 3.0
C—C interaction
10 (&) 1312 1536 1312
€9 (ev) —8.42256 ~4.43338 ~8.77254
€9 (ev) 8.08162 3.78614 8.20162
(€0 (ev) 7.75792 5.65984 7.75792
Fg’ % (eV) ~3.67510 ~1.82861 ~3.87510
/-0 (ev) 22.68939 10.92 2258939
n€70 for (S 1.20827 2.796 1.20827
nC for (£ 0.99055 2.796 0.99055
ne=0 for {0 1.01545 2.796 1.01545
o9 for (6.9 1.82460 2.796 1.82460
o 2.72405 4.455 2.62405
1€ (&) 2.00 2.32 2.02
(C—C) (C—C) 4{(C—C) 4«(C-C) (C-C) 50 220 50
oo o :«? o o t{}ﬁf@, ::3:%" © 1.0 2.796 1.0
(&0 (8) 1.9 232 1.9
He-0) 7.0 22.0 7.0
MO 1.0 4.455 1.0

aSets (1) and (Il) are quoted from refs 19 and 20. Set (lll) is proposed in this work for the aromatic molecules.

but also on the dissociation energy for systems that involve introduced by Goodwin et &L The parametersVore ro, I,

different hybridizations (Sp sg?, and sf). m,, My, andmy) have fixed values for each bond type (see Tables
In the TB formalism, the Hamiltonian is written as 1 and 2). Finally, the third termy+g, corresponds to the TB
potential which is calculated by
Hre = Z— + 5 SV Ve (@) Vie = D MW gl VT U 0, 3

INEL

The first contribution inVrg corresponds to the sum of the
molecular eigenvalues on all of the molecular states (whose
molecular orbitals are labelg®[). The number of electrons

in the Ith molecular state is notem. The eigenstateBP,are
obtained after diagonalization of the matrix whdgg Hamil-
tonian operator is defined by

} 2) ze">| eIl + 5 S Al T ()

ICYEIN

The first term is the kinetic energy. The second term is the short-
range repulsion between the core atoms. This repulsive term
has been taken simply as a sum of ateastom potentials. The
analytic form of the repulsive potential between two ions is
given by

by = [ o[
[ c

This radial dependence of the repulsive potential had been firstwhere|(pg)liborresponds to the atomic orbitalcentered on the
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orthogonal basis, i.e., thap$ | 0= ;0. ZHIZJ¢I ﬁQ,a Gp 90, (8)
The off-diagonal elements of the TB Hamiltoniass, also o

called the hopping matrix elements, correspond to the interaction The numerical integration of the classical equations has been

ith atom. For carbons, the 2s and 2p orbitals have been taken
into account although only the 1s orbital has been considered F¥=— Zngc(')* | —
]

for hydrogens. Consequently, for gH, system, we have to e
build an (N x N) matrix, withN = 4n + m. It is important to

. . (IJ)( ro)
note that the set of atomic orbltals has been taken as an i

between the atomic orbitals. These elements, ndﬁgd are done using the AdamsaMoulton predictor-corrector algorithm
assumed to follow the same radial dependence as the repulsivavith a time step equal to 0.15 fs.
part of the potential [see eq 2]. Thus, we have Minimum energy structures were found from a quenching

procedure which consists of adding a friction force in order to
r-\ne  [r\n cool the energy of the system. At the end of the quenching
- ]/f)(ru) = t(' 1) ( ) exp{ ny| — (J) + ( O) ]} (5) trajectories, the atomization energy, the permanent dipole
i moment, and the equilibrium geometry of the molecule are
calculated.
The angular part of the hopping matrix elements for th s Finally, at the equilibrium geometry, the normal-mode
and p-p interactions are calculated following the initial work frequencies are obtained using a numerical determination and
of Slater2 The parametersgtj/}, ', Na, Nb, @andne) are quoted in diagonalization of the Hessian matrix. The Cartesian displace-
Tables 1 and 2 for each bond type. ments of the atoms for each normal mode were analyzed in
order to fully characterize the set of modes according to their
symmetries.
C. Spectral Simulation. The absorption cross-sectioifw)
can be expressed as a function of the absorption line d(@ajé
Zc@* ) @V gl T uZénl , (6) by
o]

t Iy

If the Ith molecular state is written 8¥,0= X, « c |(p(1 0
the TB potential energy finally reads

ArPw[l — e "]

o(w) = Shen I(w)

The last term in this expression is an empirical way of taking
into account the electrorelectron interaction. Because of the
positive value of the parameter(see Table 1), a loss of stability ~ In this expressioni is the Planck constant,is the velocity of

is obtained when two electrons are located on the samelight, andn is the refractive index of the dielectric medium.
molecular orbital. In this context, the evaluation of the minimal The line shape is known to be expressed by the Fourier
potential energy at each time step of the propagation of the transform of the classical autocorrelation functiG(t) of the
system implies the search for the electronic population in the dipole moment.

molecular states which minimizes the total energy. Along a given TB microcanonical trajectory, the charge on
The parameters for the-cH and H-H bonds are reported each atom can be calculated, and then the dipole moment vector

in Table 1, and the €C parameters are tabulated in Table 2. #(1) can be easily obtained from

Two sets of parameters, previously proposed by Wang ¥t al. .

[set (1)] and Winn et af° [set (I1)], have been used. Note that, k)= Z@rk(t) ©)
in the parametrization of Wang et &f.there is no parameter
for the H—H interactiqn. A new set of parameters developeql wheree, the charge of théth atom, is defined by
by us, called set (lll), is also presented in Tables 1 and 2. This

new parametrization will be discussed later in the paper. | | i i
p pap g = el - Egc(&* e | ¢ 0

B. Tight-Binding Molecular Dynamics. In the TB scheme, T 4
it is possible to propagate the classical equations by calculating ® (|
analytically the forces acting on each atom. This is done by = €ore Zn|z|c (10)
using the HellmananFeynman theorem which allows us to
calculate the derivatives of the TB potential with respect to the
Cartesian coordinates. The contribution to the force orkthe
atom coming fromVyg is given by

wheree®  corresponds to the charge of the ionic core of the

kth atom. To simulate the absorption spectrum, we have to build
the autocorrelation functio@(t) of the dipole

d
Y= = o o Wi 0 o = #Q#00

((0) 1 (0)0]
Ohrg
Rl
. The total time of each trajectory is 6.144 ps, and the total
with q=x, yorz number of trajectories allowing us to construct the autocorre-
By using the decomposition of the molecular states on the lation function isN = 4000 (10 sets of 400 trajectories). Finally,
atomic basis and the expression of the elements of the hoppingl(w) was obtained from a fast fourier transform (FFT) of the
matrix, we obtain C(t) function.

1N : )
mp,D @) = p(t)) u(t+ 1) (11)
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TABLE 3: Geometric Parameters for the Neutral Naphthalene Molecule (See Numbering of Atoms in Figure %)
theoretical results

experimental data

set (I)° set (I1P° set (111 Pauzat et al* Ketkar et af? Ponomaret?
C,CY 1.458 1.432 1.441 1.409 1.412 1.421
CiC, 1.471 1.433 1.468 1.421 1.422 1.424
C.Cs 1.406 1.392 1.374 1.358 1.381 1.377
CsCd' 1.447 1.423 1.427 1.417 1.417 1.411
CoH, 1.096 1.087 1.099 1.076 1.092 1.095
CsHs 1.096 1.088 1.099 1.075 1.092 1.098
C.CiCy 118.833 119.632 118.071 118.969 119.5 119.0
C.CiCy 120.777 119.777 121.569 120.778 120.2
CsCCy 120.572 120.774 120.543 120.253 120.5
H,C,Cq 118.835 120.027 118.224 118.838 117.0
H3CsCs 120.473 120.006 120.612 120.253 119.9

a Set (Ill) corresponds to the optimized parameters proposed in this work. Bond distances are expressed in angstroms and angles in degrees.

This classical method allows us to extract spectral information ~ Following the work of Johnsoff,two differentg(t) functions
at a given vibrational energy in the molecule. In particular, some appear as superior; that is, they give a small dispersion of the
spectral features (position and intensity of vibrational bands) final energy for a given adiabatic switching time. These two

as a function of internal energy (or temperature) can be obtained,analytic functions are given by

which appears to be important information in the context of

the emission of the PAH in the interstellar medium, as explained 0,(t) = 27T + sin(2rr) (16)
in the Introduction.
D. Adiabatic Switching Method. In the classical simulations  and
of the vibrational dynamics of molecules, one general difficulty
is the choice of the initial conditions allowing us to mimic the g,(t) = —7{[(20tr — 70)r + 84]r — 35} a7

initial quantum vibrational state. One elegant method, namely,

adiabatic switching (AS), has been proposed by Jolfsdrich
has rediscovered a prior work of Solov’&/This method is, in
fact, linked to the invariance of the classical action vari#ble
J; (= $pidg) in an adiabatic transformation of the Hamiltonian.

The semiclassical states will verify the semiclassical condition

J = (ni + (L/2)}h in which nj is an integer which corresponds

wherer = (t/Tag).

Previous work%-28 have shown thalas has to be equal to
about 100Tmax in which Trmax corresponds to the largest period
of the normal modes.

The numerical integration of the Hamilton’s equations has
been done following the same procedure as explained before,

to the quantum number. As a consequence of the invariance ofj g | by using the AdamsMoulton predictor-corrector algo-

Ji in the adiabatic transformation, the vibrational quantum
numbers will also be conserved.

The initial Hamiltonian, notedHo, has been chosen as the
separable harmonic normal mode Hamiltonian. If we €ll
theith normal mode and; its conjugated momentum, thy
Hamiltonian is written as

P

2\2

1,
Ho +£wi Q (12)

in which w; is the pulsation of théh vibrational normal mode.

For this separable Hamiltonian, the semiclassical quantization

is direct by using the simple relationships

rithm. To transform the normal mode coordinates into Cartesian

coordinates, the orthogonal matrix (calculated at the minimum

energy configuration) that connects normal modes to the mass-
weighted Cartesian coordinates has been used.

It has to be noted that the adiabatic switching method has
been already used to calculate the eigenvalues for triatomic
molecules’29-30six-dimensional systen?§,and also the CHl
molecule3! To our knowledge, it is the first time that this
method is used for such a large polyatomic molecule.

Ill. Results and Discussion

A. Bond Lengths and Harmonic Normal-Mode Frequen-
cies at Equilibrium Geometry. We present first the results
obtained on the equilibrium geometry for the neutrabH

_ [@n + Da|H2 sin (13) naphthalene molecule with the two sets of TB parameters that
i o, N, were found in the literature. These results, reported in Table 3,
have been compared with those of the ab initio calculation
P, = — [(2n, + Lhw]* cosg; (14) (UHF, 6-31G* basis) done by Pauzat etBSome experimental

In these relationsy; corresponds to the phase (randomly chosen
between 0 and ) andn; is the vibrational quantum number
associated to thigh mode.

A slow (adiabatic) transformation is thus initiated between
the separable Hamiltoniady and the “real” TB Hamiltonian

values are also given in the two last columns of this Table. The
labels used for numbering the C and H atoms follow the paper
of Pauzat et alt! and they are recalled in Figure 1. Set (ll)
clearly gives a better agreement with the ab initio valtbst

also with the experimental values. Set () tends to overestimate
all of the C-C bond lengths. This tendency can also be seen in

Hre. This adiabatic evolution is governed by the time-dependent the initial work of Wang et at? in which the C-C bond length

HamiltonianH(t), expressed as
H(t) = g(OHw + [1 — g(D]H,

If we call Tas the total time of the adiabatic switching, tgé)
function is equal to 0 at = 0 and is equal to 1 &t= Tas.

(15)

for the benzene molecule was also overestimated. It is remark-
able that the two sets of parameters perfectly reproduce-tté C
experimental equilibrium distances.

The results for harmonic normal-mode frequency analyses
obtained from the two sets of parameters are given in Table 4

for comparison with the ab initio values of Pauzat etlal.
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Figure 1. Definition of geometric parameters of the naphthalene Time /ps
molecule.
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TABLE 4: Normal Mode Harmonic Frequencies for the IR -9032 - i
Active Modes of the Neutral Naphthalene Molecul@ ’
Pauzat et al. Langhoff 5 0T o 0009&%8 i@ © ° 1
[ref 11] [ref 12] 2 -9036 | o ]
without with  without with ~0038 - (b) i
set(l) set(ll) set(lll) scaling scaling scaling scaling ’
Don [ref19] [ref20] thiswork factor factor factor factor -90.4 L L " .
-90.8 -90.6 -90.4 -90.2 -90 -89.8
bsu 177 133 186 188 172 179 172 E. eV
bay 477 363 507 535 485 501 480 NMS

bsy 858 573 862 887 791 823 788 Figure 2. Adiabatic Switching procedure wittp(t) andT = 6 ps in

bz, 1086 918 1119 1098 977 1006 964 the case of set (I): (a) Energy as a function of time during a typical
b, 386 297 386 389 364 376 361 adiabatic switching trajectory and (b) zero-point energy of the
by, 861 714 892 859 781 832 797 naphthalene obtained from the normal mode sampling proceBiwie)(

by, 1271 1035 1258 1245 1130 1182 1132  and from the adiabatic switching proceduBgd).

b 1447 1199 1413 1390 1261 1326 1270

by, 1620 1373 1603 1543 1364 1461 1400 (1) by using both functions [see eqgs 16 and 17] transforming
by, 1749 1719 1707 1806 1654 1663 1593  the normal mode separable Hamiltonian into the TB Hamilto-
by, 3313 3047 3125 3353 3047 3177 3044 iap The comparison of the dispersion of the final energy has
b, 3314 3067 3140 3374 3071 3197 3063 . - .

bp, 645 523 683 674 506 660 632 shown that theg,(t) function gives sllghtly better results than
by, 1196 1011 1164 1075 988 1054 1010 thegi(t) one, as reported by Johngbin the case of a model
b, 1317 1039 1200 1193 1091 1221 1170 calculation of two coupled harmonic oscillators. Consequently,
b, 1365 1218 1338 1311 1165 1262 1209  only thegy(t) function has been used further in this work.

by 1464 1489 1428 1476 1321 1418 1358 ; ; ; ;
by 1706 1617 1664 1683 1539 1574 1508 The typical evolution of the zero point energy in one AS

b, 3312 3037 3126 3355 3052 3179 3045 trajectory is shown in Figure 2a. It appears thz_at the energy of
b, 3318 3063 3136 3385 3083 3211 3077 the system evolves very smoothly as a function of the time.
However, as the final energy can be slightly dependent on the
initial phasesg; (because of the finite time of the adiabatic

(Hartree-Fock with a 6-31G* basis) and Langh&¥(DFT switghing trajectory), we have run 25_AS trajectories_to obtain
calculation using the 4-31G basis and the B3LYP functional). confident results for the final zero point energy. In Figure 2b,
Some strong differences between the values issued from set (I)the AS final energies are compared with the energy obtained
and from set (1I) are evidenced, with the frequencies obtained from a normal mode sampling (NMS), which consists of taking
with set (II) being systematically smaller than those obtained the semiclassical initial conditions for ti& separable Hamil-
with set (I). It is important to note that, in the ab inito tonianas the |_n|t|al condlltlons for the TB Hamiltonian [see eqs
calculations, a scaling factor has been applied in order to 13 and 14]. Figure 2b directly shows that the NMS procedure
improve the agreement with the experimental data. In Table 4, induces a strong dispersion of the zero-point energy because of
the unscaled and the scaled frequencies are reported. Lakghoff the anharmonicity of the potential energy surface in the energy
applied a constant scaling factor@.958), whereas different ~ range around the grpund vibrational state. On.the ot.her hand,
scaling factors have been applied by Pauzat &t @kpending the AS procedure gives a very smalllenerg'y d|sper5|on of the
on the nature of the vibrational modes (stretching, in-plane final energy (about 0.005 eV). This dispersion gives an upper
bending or out-plane bending). The values of the TB normal- limit for the uncertainty on the final energy. In summary, the
mode frequencies obtained from set (1) and the unscaled ab initio@verage value of the zero-point energy with respect to the bottom
frequencies of Pauzat et.dl and of Langhoff2 are ap- of the potential well is nOVE(ZaFTEarm')= 4.2064+ 0.005 eV to be
proximately in the same range with an average relative differ- compared with the harmonic val h;ém')= 4.280 eV.
ence of 3.9% and 5.8%, respectively, whereas set () tends to Following the same scheme, it has been possible to calculate
give values lower than the theoretical unscaled frequencies. the energies of specific vibrational states within set (I). The

As the anharmonicity of the PES is sometimes invoked to anharmonic vibrational frequencies are thus derived by subtract-
explain the scaling factors, the anharmonicity within the two ing the above ZPE value. As an illustration, we consider the
TB parametrizations [sets (I) and (I1)] has been analyzed first. frequencies for modes 1 and 9 (the modes are numbered from
This is done by using the AS method to evaluate the energiesthe largest to the smallest frequencies). The anharmonic values
of the classical system corresponding to well-defined states of were found atw; = 3178 cnT! and wg = 1702 cn1? to be
the quantum system. compared with the harmonic frequencies foundvat= 3318

B. Analysis of the Anharmonicity and Optimization of the cm ! andwg = 1749 cnrl(see first column of Table 4). This
Potential. In a first step, we prepared the system at the zero- relatively strong anharmonicity was also observed using set (Il).
point energy (ZPE). The AS procedure has been tested for setAs a consequence, because the normal modes extracted from

2 Frequencies are expressed iném
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TABLE 5: Comparison of the Anharmonic Frequencies of 0.1 |
IR Active Modes with the Experimental Frequencies L o
Measured in Rare Gas Matrices for the Neutral

Naphathalene Moleculé 0.08 {
. | o) |
anharmonic 0.06 } ]
D, frequencies Hudginset#l. Szczepanski et dl. Krainov®* . 0{
b 169 176 L ° o @ °
3u 0.04 - o © 1
[ 484 472-483 (0.15) 476 oo c o
bsy 823 780-790 (1.0) 783, 788 (1.00) 782 0.02 [ ]
bss 1057 956-963 (0.02) 958, 960 (0.03) 958 o i
bry 379 359 ‘ 1
b1y 863 753 0 . . |
b 1202 11271142 (0.07) 1129,1131(0.05) 1125 0 800 1600 2400 3200
b, 1355  1267-1275(0.07) 1269, 1272 (0.05) 1265 Normal-mode energy /cm
b1y 1532 1388-1395 (0.06) 1391, 1394 (0.05) 1389 Figure 3. Analysis of the anharmonicity for all the IR active modes
by, 1645 1599-1604 (0.04) 1601 (0.05) 1595 from the value of the parametgr(see text).
b1y 2960 3058
by 2976 3056-3071 (0.21) 30283112 (0.37) 3065
[ 653 617-622 (0.04) 618 0.35 |
bou 1108 1009-1018 (0.07) 1012, 1016 (0.06) 1008
bou 1145 1138
bou 1250 1209-1216 (0.03) 1212,1214 (0.02) 1209 2
bou 1371 1366-1363 (0.02) 1361 (0.02) 1361 z
b, 1589  1506-1520(0.12) 1513, 1515(0.07) 1506 g
by 2976 3027 2 s
bou 2984 30713083 (0.09) 3090 B '
Q
aOnly frequencies given by our parametrization [set (lll)] are w
reported here. The numbers in parentheses correspond to relative U)J
intensities normalized to the most intense band near 800.cm L
set (Il) are quasi systematically lower than the scaled ab initio 005 0 1300 1800 2300 2800 3300
and the experimental values and because the situation is made Frequency (cm™)
worse due to th? anharmonllcr[yz It appears thgt set (1) gives aFigure 4. IR absorption spectrum calculated for the naphthalene
better reproduction of the vibrational frequencies. molecule in its ground vibrational state.

However, as discussed previously, the equilibrium geometry

(especially the € C distances) suffers from some defects when naphthalene trapped in a cold, solid rare gas matrix, obtained
calculated using the set (1) [see Table 3]. For that reason, wepy g;czepanski et dland Hudgins et a9 For the G-H
have built a new parametrization, called set (lIl), which we stretching modes (around 3050 thy the calculation under-

consider to be optimally adapted for the aromatic molecules. estimated the experimental values by about 80 nwhich

These new parameters are tabulated in Tables 1 and 2. Sgt (”I)corresponds to about 3% error. For the C stretching modes
is very close to set (l) in order not to alter much the physical

I .
significance of the parameters. It has to be noted that thelH also (around 15081600 cnt), the calculated frequencies are

interaction parameters of set (II) have been conserved becaus?i“grltrl]y Iga:igcer tha}n the e;pg:lmer:talf vzlaluesbby O?bOﬂS%d'
the H—H interaction was not considered in set (I). This-H or the In-p argle an ' out-o-plane bending modes
interaction has no effect on the properties extracted from the (1200 and 800 crm, respectively), the energy differences

low energy behavior of the PAH molecules. In fact, this "€main smaller than 50 crh. Consequently, an overall quite
interaction has been included in order to allow future simulations 900d agreement is now obtained.

of the dissociation of the PAH molecules in which the H To summarize the importance of the anharmonicity of the
molecule may be a fragmentation product. PES, we have reported in Figure 3 the valueg ¢& (EMam™)

The geometry is now in better agreement with the experi- — E(@nharmjg(ham)) for all of these modes. The order of
mental data as it can be seen in Table 3, especially forth€ C  magnitude of3 is 0.04, and no mode-specific anharmonic effects
bond length. The major discrepancy is always th€istance,  can be demonstrated. It is interesting to note that the anharmo-

but the other €C bonds have been shrunk with respect to set nicity coefficient (1— f8) is almost equal to the scaling factor

to be in very good agreement with the experimental data. The gxperimental frequencies from the DFT calculation.
new harmonic normal-mode frequencies are reported in Table

4. The C-C stretching frequencies (around 1600 @jnand
the in-plane G-H bending frequencies (around 1200 ¢nare

C. Vibrational Spectrum. The values of the normal-mode
frequencies derived from set (Ill), taking into account the
now slightly lower than in set (I), as expected. To make a anharmonic character of the PES thanks to the AS procedure,

valuable comparison between the experimental frequencies and'@Ve Peen given in section Ill.B. In this part, we present the
the frequencies obtained with this new parametrization, we haveull infrared spectrum generated from the dipole autocorrelation
run systematically AS trajectories in order to get the exact function. Classical trajectories were run in the microcanonical
anharmonic frequencies of all of the IR active modes using set €nsemble with the initial conditions corresponding to the neutral
(. naphthalene molecule in its ground vibrational state. The
The zero-point energy is now equal to 4.18@.003 eV (to calculated vibrational spectrum is displayed in Figure 4. The
be compared with the harmonic value of 4.174 eV). The calculated relative integrated intensities have also been plotted
anharmonic IR active frequencies are reported in Table 5 andin Figure 5a for comparison with the experimental results
can be directly compared to the experimental data for the neutralreported by Hudgins et al.(Figure 5b). The mean frequencies
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IV. Conclusion and Perspectives

In summary, a new theoretical approach to investigate the
vibrational dynamics of highly excited polycyclic aromatic
hydrocarbon derivatives has been coined, which is reported in
this paper. It combines a tight-binding potential to evaluate the
electronic energy and wave functions at any particular config-
uration of the hydrocarbonated system of interest, classical
trajectories to analyze the vibrational motion, and an adiabatic
switching procedure to prepare the classical system in initial
conditions that mimic any vibrational quantum state of interest.
An optimized parametrization of the tight-binding potential for
aromatic systems has been proposed. This tool has allowed a
detailed study of the normal-mode frequencies and the anhar-
monic effects in the neutral naphthalene molecule, taken as a
model system of larger PAHs and derivatives containing about
10 eV of internal energy, supposed to be present in interstellar
space and responsible for the observed strong IR emission
fingerprints.

The IR absorption spectrum of the naphthalene molecule in
its ground quantum state has been simulated thanks to a spectral
density approach and found to be in good agreement with the

have been integrated by the features which are apparent in Figureexperimental spectrum in low-temperature rare gas matrixes.

4, which may include contributions from several vibrational
modes.

We can first note that the overall pattern of the experimental
spectrum is well reproduced. Indeed, our theoretical spectrum
is dominated by one strong peakat= 846 cnt! (C—H out-

In particular, the relative intensities of the various bands are
well reproduced.

The same tool can be used to investigate the sensitivity of
the IR band positions and intensities to astrophysically important
parameters. These include internal energy (or photon energy of

intense peak is observed at= 783 cm~1). Moreover, the
C—H stretch band is the second most intense band in the
experimental spectruthas well as in our result. Two vibrational
bands were experimentally found @t = 3065 cm* and "

= 3078 cn1?, with relative integrated intensities (with respect
to the most intense band) respectively equal to 0.21 (integrated
between 3050 and 3071 cA) and 0.09 (integrated between
3071 and 3083 cmi). Hudgins et al. also quoted an overall
integrated intensity of two these bands equal to 0.44, in good
agreement with the value given by Szczepanski et al.: the
integrated intensity (between 3028 and 3112 ¥nis equal to
0.37. These values are in good agreement with the relative
integrated intensity obtained from our theoretical spectrum,
which is equal to 0.50. It can also be compared with the value
0.66 measured by Joblin et®&lin the gas phase (at about 400
K). Finally, it can to be noted that the HF and DFT calculations
largely overestimate the integrated intensities of theHC
stretching modes when compared to the experiment. Langhoff
has found a value as large as 1.44 and invoked a matrix
perturbation to explain such a discrepancy.

Following the experimental work of Hudgins et H#the next
most intense peak is observed.at= 474 cnt (with a relative
intensity equal to 0.15). In our theoretical spectrum, this peak
is found atw = 505 cnT! with a relative integrated intensity
equal to 0.37. This band corresponds to a@out-of-plane
bending mode. It was out of the accessible frequency window
in the work of Szczepanski et &l.

Smaller peaks are also present in our spectrum within the
spectral range 13601600 cnt! (C—C stretching modes). Their
relative integrated intensities are larger than the experimental
results. Others peaks, in the 1600200 cnt! energy range
(C—H in-plane bending modes), show a satisfactory agreement
with experimental intensities (in the order of-3%). Hence,
the global features of the experimental data appear to be quite
well reproduced by our model as can be clearly seen by
comparing parts a and b of Figure 5.

as their evolution with the PAH size and/or structure (catacon-
densed/pericondensed), up to large sizes for which present ab
initio methods become very difficult. Such work is presently
in progress: it has already been shown that the main effects
revealed by costly theoretical means are reproduced. It will be
the subject of forthcoming publications. Results will ultimately
be included in astrophysical models of the emission from
specific objects in space.
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