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The Duschinsky effect has been shown to be significant in spectroscopy and dynamics of molecules that
involve ther—ax* transitions. In this paper, we present a derivation of exact expressions for optical absorption
and radiationless transitions in polyatomic molecules with displadéestorted-rotated harmonic potential
surfaces. In the formulation, we take into account the temperature effect exactly. The application of this new
formulation is demonstrated for ethylene and allene, where the Duschinsky effect in the first singlet excited
electronic state is very strong.

I. Introduction each other, which makes the calculations of the vibrational

overlap integrals between the ground and excited-state normal
coordinates nontrivial. Here, normal mode displacement means
a geometry change from the ground to excited state, i.e.,

spectroscopy and photochemistriccurate calculation of the displacement of the po§ition of a local minimum on the poter)tial
excited-state surfaces is a complex task that requires the use ofN€rgy surface, distortion corresponds to a change of vibrational
advanced ab initio methods such as the multiconfigurational frequencies reflecting a change of the surface shape, and normal
complete active space SCF (CASSEZR) the equation-of- mode mixing or rotatl_on is a_tlte_raﬂon of the character of normal
motion coupled cluster (EOM-CCSBjnethods for geometry ~ Modes after electronic excitation.
optimization and vibrational frequency calculations and the  The mode mixing in the excited electronic state with respect
multireference configuration interaction (MRCI) metHoar to the ground state was first descriBdry a Russian scientist
multiconfigurational perturbation theory (CASRTCASMP)® in 1937 and is generally called the Duschinsky effect. This
for refinement of energies. Most theoretical studies of excited phenomenon is recognized as one of the main reasons for
electronic states reported in the literature consider only vertical dissymmetry between absorption and emission spectra. It is also
excitation energies in the FranelCondon region. However, responsible for the appearance in the spectra of combined
behavior of excited states beyond this region is relevant to the transitions due to normal mod&sandY where only modé& is
spectroscopy and dynamics of photochemical reactions. optically active andy is mixed withX in the excited state. In

An ab initio approach for the calculations of vibronic spectra general, the Duschinsky effect scrambles the occupation of the
for polyatomic molecules includes accurate calculations of normal modes, leading to unusual intensity distributions. The
potential energy surfaces for the ground and excited states,phenomenon of mode mixing has been observed in the absorp-
which provide the information about vertical and adiabatic tion and emission spectra of many organic molecules such as
excitation energies, oscillator strengths for various transitions, benzené,naphthalené a- and-methylnaphthalenésphenan-
equilibrium geometries, vibrational frequencies, and normal threne® pyridinel® azulene and azaazulerfés!? styrenel4
coordinates for the ground and excited states, transition matrixbenzyl radical® N,N-dicyanoquinodiimine$® 1,3,5-tritert-
elements, etc. Such information allows us to compute the butylpentalené? 2-phenylindolel® o-difluorobenzené? ethy-
positions and intensities (FranekCondon factors) of various  nylbenzene (phenylacetyler@®?! tetracyanoquinodimethane
peaks in vibronic spectra using the harmonic approximation for anjon (TCNQ') and naphthalene catida,anthracené? blue
nuclear motion. A common feature of most SpeCtral intenSity copper proteir@,‘,1 etc. For symmetry-a”owed electronic transi-
calculations for polyatomic molecules is the use of ad hoc model tions, the Duschinsky effect can be studied from the different
potentials that include one or two degrees of freedom. A more intensity distributions displayed in absorption and emission and
general approach would be to compute the Frar@andon  from the presence of combination bands revealed by single
factors from first principles, i.e., from the potential energy ipronic level excitation spectroscopy. For examiSithe single
surfaces of t.he ground and exc.ited states obtained by ab initio|eye| fluorescence (SVLF) spectrad-2-methoxynaphthalene
MO calculations. The complexity of such an approach owes reyeal strong vibrational mixing in the; State and could be
itself to the fact that in an excited state the normal modes can 5gsjgned on the basis of the Duschinsky rotation. In molecules
often be not only displaced and distorted but also mixed with ,yith 4 symmetry-forbidden electronic transition, such as ben-

T N zene! the amount of mode rotation in this state can be detected

Academia Sinica. L L
* Arizona State University. by examining the two-photon excitation spectra of several
8 National Taiwan University. deuterated isotopomers.

Ab initio molecular orbital (MO) calculations of potential
energy surfaces (PES) for excited electronic states are increas
ingly becoming a powerful tool in studies of molecular
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The Duschinsky effect can play a role not only in the effects in the photofragmentation of triatomic molecules where
absorption, emission, and fluorescence spectra but also in thethe initial vibrational energy content was related to the dis-
resonance Raman speéfra8 (influence on the nonlinear optical ~ sociation cross sections and branching ratios measuring the
susceptibilities and coherent line shapes in large molecules) andcompetition between different isotope fragmentation arrange-
sum frequency generation (SFG) spectra from adsorbed mol-ments. The same approach was applied to the study of the
ecules?® The mode mixing can affect the rates of internal absorption and fluorescence spectra of oZbnehere the
conversion between different electronic states through alterationDuschinsky effect originates from the coupling of bending and
of the Franck-Condon factor (vibrational part of the rate stretching motions in the excited state. Recently, Sthith
constant)3%31The structural and dynamical consequences of analyzed the effect of strong Duschinsky mixing of two normal
the rotational Duschinsky effect on rotationally resolved fluo- coordinate€); andQ. on the intensity in nontotally symmetric
rescence excitation spectra have been also repéirted. vibrations in electronic spectra. He used a Fermi resonance type

A classical example of the Duschinsky effect is found in theory and derived the expressions for the intensity of transitions
interpretation of the absorption spectra fois- and trans- such as 32 and £ 23, which gain significant intensity when
hexatrien€?3*Although the two isomers are very similar, their  mixing of coordinates is strong. The results were applied to the
ultraviolet absorption spectra corresponding to e — *A; electronic spectra of styrene, tropolone, and 1,4-benzodioxan,
and'B, — 'Aq transitions to the Sstate are markedly different.  which provide examples of strong mixing between a pair of
For instance, the intensity of the first intense band is lower for normal coordinates.
cis-hexatriene than for théranshexatriene; the intensity of Sharp and Rosenstdkas well as Smith and Warstp
subsequent vibronic peaks is redistributed in the direction of developed a more general approach in which a generating
larger energies, indicating a larger distortion of the cis isomer function was derived and the Frane€ondon integrals are
after electronic excitation. The total width of the cis isomer obtained as coefficients in the expansion of this function in a
spectrum is larger, the peaks are markedly broader, and severainultiple-power series of dummy variables. In this way they were
shoulders are much more marked in the cis hexatriene spectrumable to determine relative probabilities of transitions starting
Petelenz and Peteleffirst gave a theoretical explanation of from the vibrationless level of the ground electronic state to
this phenomenon based on the Duschinsky effect. They con-overtones and to some low combination levels of an excited
sidered a simple model taking into account three normal modeselectronic state. The method of Sharp and Rosenstock is a direct
corresponding to a double CC bond stretching motion, a single expansion of the method used by Hutchisédior the one-

CC bond stretching mode, and a central bond bending mode.dimensional case, and it provides an expression from which one
They wrote model vibrational Hamiltonians for the ground and can evaluate the individual FranekCondon factors by a finite
excited states of the trans and cis isomers. Because of a steriseries expansion. The generating function technique was also
hindrance ircis-hexatriene, the normal modes are mixed in the used by Karplus and WarsHaféto study vibronic spectra of
excited state of this isomer. This results in intensity redistribution conjugated hydrocarbons. The coherent-state method of Dok-
of vibronic peaks and the broader and more complicated torov et al*’“8gave the same expressions as the method of Sharp
character of the absorption spectrumdisshexatriene compared  and Rosenstoc# however, they additionally provided some

to that for transhexatriene. Hemley et &f. carried out a recurrence relations for the two- and multidimensional Franck
theoretical analysis of the absorption spectra for the two isomersCondon integrals. The coefficients in these recurrence equations
using the semiempirical extended PPP-CI approach. Theywere given explicitly forN = 2 only. Doktorov et al. applied
analyzed in detail for both isomers the vibrational structure in their method to analyzing the intensity distribution of single
the excited state, including frequency shifts from the ground mode progressions in th®,, < A4 electronic transition in
state and Duschinsky mixing. Indeed, the mixing appeared to benzene. Kupka and Crifsbcontinued the development of the
be heavier in thecis-structure than in thdrans-hexatriene. generating function method and derived the multidimensional
Hemley et af® have also concluded that the differences in the integrals by means of a multivariable generating function that
spectra are related to the differences in the excited-stateincorporates both the transformation of the normal coordinates
geometries: planar configuration for trans and a geometry that between two electronic states and their frequency changes. With
is slightly twisted about the central bond for cis. Zerbetto and the help of this generating functionN2recurrence equations
Zgiersky’ returned to the analysis of the spectra éis- and (i.e., one recurrence equation for each of the excited and ground
trans-hexatriene using the ab initio CIS method. The Duschinsky state occupation numbers) were derived. The solution of these
rotational matrices computed at this level are in qualitative equations for three vibrational degrees of freedom was given
agreement with the findings of Hemley et®lalthough ab initio and applied to resonance Raman scattering. The results dem-
values tend to provide a picture of more drastic rotations. In onstrated that the corresponding cross section is strongly affected
general, ab initio calculations give the calculated spectra in by mode mixing.

satisfactory agreement with experimental absorption spectra of Another approach to compute polyatomic Franr€ondon

the two isomers of hexatriene. integrals has been suggested by Faulkner and Richatti$oey

The calculations of vibronic peak intensities taking into used contact transformation perturbation theory to construct the
account the Duschinsky effect require computations of multi- vibrational wave functions of an excited state in terms of the
dimensional vibrational overlap integrals, which are of formi- vibrational wave functions of the ground state. Then the
dable analytical complexity and cannot be represented as simplecalculation of multidimensional vibrational overlap integrals is
products of one-dimensional integrals. One of the first attempts reduced to the evaluation of vibrational matrix elements
of a quantitative analysis of this problem was made by Coon, exclusively within the ground-state vibrational manifold. How-
DeWames, and Loyd who suggested an approximate method ever, this method is unsuccessful because of the slow conver-
for calculating two-dimensional integrals specifically for non- gence of the perturbation expansfdt! Another method
linear triatomic systems. Atabek, Bourgeois, and Jacon com- developed by the same auth®rased a linear transformation
puted FranckCondon factors taking into account two-mode of the normal coordinates to remove the Duschinsky rotation.
mixing for a special case of symmetric triatomic molecules, The multidimensional FranekCondon integrals are then ex-
ABA.3 The calculations were applied to the studies of isotope pressed as sums of factorizable integrals in the new intermediate
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nuclear coordinates. This method has better computationalbetween 5.6 and 11 eV (underlying continuum). The role of
efficiency than the perturbation method but is restricted to the Duschinsky mixing is crucial; it makes the spectrum broad and
zero-temperature limit.” 2karf? has employed the operator dense.
technique to calculate matrix elements between shifted and We used a similar ab initio approach to calculate vibronic
distorted harmonic oscillator functions (which can be associated spectra of various polyatomic molecules and radicals such as
with one or two distinct electronic states) and derived some CHj,55 CH3,%6 CoHs,57 C3H»,%89 and (CH;),CO.° Our studies
recurrence relations for one, two, and three oscillators. More show that the normal mode rotation is significant in methane
recently, Chen et & have transformed the two-dimensional and vinyl radical. All nine normal coordinates are mixed in the
Franck-Condon integrals into a separable form, but the resulting S, — S, electronic transition of Ckj and the absorption
expression contains infinite expansions over the associatedspectrum consists of a broad and almost featureless band
Laguerre polynomials, and integration over the normal coordi- between 8.3 and 11.3 é¥.In the A" — 12A’ transition of
nates remains unevaluated. A new approximate method forthe vinyl radical the mode mixing is not so heavy and the
indirect calculations of the superposition integrals of the vibronic spectrum reveals distinct featufésthe Duschinsky
vibrational wave functions of the combined electronic states effect leads to a redistribution of intensities for various vibronic
based on the variational solution of the vibrational problem in peaks. For all the molecules we studied, the ab initio calculated
the excited state was proposed in 1995 by Baranov and vibronic spectra are in good agreement with experimental data.
Zelentso\p* The normal mode rotation also plays a role in radiationless
Most of the practical applications to the studies of vibronic transitions between different electronic states, since the expres-
spectra for polyatomic molecules taking into account the sions for the rate constants of internal conversion (IC) and
Duschinsky effect are based on the semiempirical or molecular intersystem crossing (ISC) contain a vibrational part (Franck
mechanics calculations of the normal coordinates in the ground Condon factory1-74 We considere the case when several
and excited electronic states and on the method of Sharp andaccepting normal modes are mixed with each other and derived
Rosenstock to compute the FranekCondon factors. For  explicit expressions for the IC rates, taking into account the
instance, Hemley et af. carried out theoretical vibrational  displacements, distortions of normal modes, and the Duschinsky
analysis of the UV spectrum of styrene using the extended PPP-effect for the case of the vibrationless initial electronic state (
CI method, which computes the ground and lowest excited = 0). We demonstrated the effect of rotated normal modes on
singlet states of this molecule. As mentioned above, the samethe IC rate constants on the basis of a model consisting of one
group used a similar approach to study the vibronic spectra of promoting and two mixed accepting modes. The technique was
cis- andtrans-hexatriené’® Zerbetto and Zgiersky are particu-  applied to calculate the rate of internal conversion between the
larly active in this field; they employed the QCFF-PI and excited singletr—s* and ground electronic states in ethylefe.
CNDO/S+CISD method to investigate the spectroscopic be-  |n combination with accurate ab initio potential energy
havior of various polyenes such as anthracene, nystatin, andsurfaces, precise calculations of Fran€kondon factors for the
butadiené>">" More recent applications based on semiempirical general case of displaced, distorted, and rotated normal modes
potential energy surfaces include the calculation of the Duschin- and nonzero temperature would be an invaluable tool for
sky effect in phenol by Venuti and Marcéhiand the study of  theoretical studies of vibronic spectra, electronic relaxation, and
1,3,5-tritert-butylpentalene by Falchi et &.Studies based on  photodissociation dynamics. Recenfyin this group a new
ab initio potential energy surfaces have appeared only recentlyclosed-form expression for the FraneRondon integrals for
and are still rare. Chau et #studied the vibrational structure  overlap between arbitrary multidimensional harmonic oscillators
of the He | photoelectron spectrum ob$ based on the high-  was exactly derived. Some simple rules were deduced whereby
level CCSD(T) geometry optimization and harmonic vibrational an arbitrary multidimensional FraneiCondon integralis...vy|
frequency computation and used Chen’s meth¢a compute ;' /Ocan be expressed as a sum of products of Hermite
the Franck-Condon factors. Crane et &l.carried out the polynomials.
vibrational assignment of the Buorescence excitation spectrum  |n this article, we present a derivation of exact expressions
of formyl fluoride also using high-level ab initio potential energy  for optical absorption and radiationless transitions in polyatomic
surfaces. The FranekCondon factors were calculated with  molecules with displaceedistorted-rotated harmonic potential
account of the Duschinsky rotation using the computer program s rfaces. The application of this new theory is demonstrated
of Chen®which implements the method of Sharp and Rosen- for ethylene, where the Duschinsky effect in the first singlet

stock?? excited electronic state is ver
. . y strong. It can be expected that
Recently?*** we derived a closed-form expression for the the Duschinsky effect would be very significant for the z*

four-dimensional vibrational overlap integral that is evaluated .. <itions of polyatomic molecules. It should be emphasized

in terms of products of Hermite polynomials. The expression w,» e calculations of absorption spectra and radiationless

Is valid for the case of the wbrayonle;s ground electronic state transitions are based on the potential surfaces obtained from ab
and takes into account distortion, displacement, and normal initio calculations

mode mixing (up to four modes). We applied this approach to
compute ther—s* vibronic spectrum of ethylene based on the
ab initio potential energy surfaces for this molecule in the ground
A4 and excited'B,, electronic states. The geometry ofHG Spectroscopy.The absorption coefficient for the electronic
changes significantly in the—xa* state by twisting the CH transition a— b in the Condon approximation can be expressed
groups by 90. This leads to heavy mixing of four normal modes as

of “a” symmetry within theD, point group common for the

ground D) and excited D,q) state geometries. The ab initio 20

calculations of FranckCondon factors taking into accountthe  a(w) =
Duschinsky effect allowed us to interpret major features of the 3hc
experimental spectrum of ethylene and showed thatrthe*

transition is responsible for the broad continuous distribution which can be rewritten as

II. Theory

Fivd”Y D Pal 04,1 O(@p, 0~@) (1)
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Here, G(t) denotes the correlation function and is given by
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Let us consider the general case; that is, a molecular system

consists ofNg modes exhibiting the Duschinsky effect aNd
modes without mode-mixing. In this cagg(t) can be written
as
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where Gi2 ny(t) and Gi(t) denote the correlation functions
defined by
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That is, Gi2..ny(t) represents the correlation function of the
mixing modes (i.e., the Duschinsky effect).

and
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Making use of the Slater sum (see eq A4 in Appendix A),
we obtain
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for a = ay, ..., an,. It follows that

21 0
w=TR 005 Py [ Bu

J. Phys. Chem. A, Vol. 103, No. 50, 1990677

ho;
24/ 3 sSinh——
g 2kT

N 21 sinh&i
|‘l{ S5 dQ [ dQ} x

Ng

il

Gy Nd(t)

&Nd

Ba
C‘L_‘lll A 27 sinhg [ !

Ng Ng
exp[ ZA”(Q] + Q] ZZAIk(Q] + Q])(Qk + Qk)] X
Ng Ng
eXp[—ZA(QﬁQJ)] exp[— ZB”(Q' Q) -
Ng Ng
where ;g]Bjk(Qj - Qj)(Qk - Qk)] 9)
ﬁjt hlj+ S5 ﬁ:lt hﬂ:l C.)? 10
. = — tanh— —tanh— (C,
Ay = tanh- 24 SC 10)
My M
Ay = Z — tanh— CQJCQK (12)
llNd Ny
Zﬁ“ tanh c o CaxAQy (12)
B—ﬁ th/1+aNdﬂ' th,C 13
._4co . azal co (aj) (13)
Ang 'a /l'
Bjk=a;1? coth— c Cox (14)
and
Ang ' Ny
D= zﬂ tanh (an]AQ] (15)

Some of the particular cases are given in Appendix A.
Next we shall calculat&;(t) given by eq 5 for the displaced
and distorted harmonic oscillator case. It is given by

L hhwl
2Bp; sinhz =

G = X
A4 U A H
\/ (ﬁ| tanhE + 06 tanhE)(ﬁ, coth— + 06 cothE)

- ﬁﬁ.AQ ] o

B coth L+ B coth—

Dynamics. The rate of internal conversion (IC) for the
electronic transition b~ a in the Condon approximation can
be expressed &

‘%mz 8(Ep,—Es)
' (7)
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where only distorted and rotated harmonic potential surfaces. This
feature can easily be seen from eqs B3, B4, B6, and B7. We
R (ba)= |,

i‘q)aD (18) find that the signs of Duschinsky matrix elements depend only
3Qp on eq B4. In the case &fQ1 = AQ, = 0, eq B4 becomes 0 so
Here, for simplicity it is assumed that only one promoting mode

Qp is responsible for IC. Note that

that no sign dependence can be observed.

The absorption spectra will exhibit a strong sign dependence
in the case in whiclAQ; = 0 andQ; = 0, that is, once the
1 2 (% o ity _ potential is displaced. Figure 2 demonstrates the absorption
W= %'Rp(ba)i f_wdt e K(t) G(t) (19) spectra of a system consisting of displaceistorted-rotated
harmonic potentials. For these calculations, we use the same
where parameters except for the displacemetQ; = 0.449 A ami?
andAQ, = 1.321 A am&2. From Figure 2, one can see a strong
d ) sign dependence of the calculated absorption spectra. We should
Kp(D) = ZZPbUF'J @bz{)(Q;)) T‘pr(Qp)mz ex;{n{ (Up + note here that compared with tke= 0 case, in the negative
v Q sign case the calculated absorption spectra become broader
})w _ (U, + })w’}] (20) toward the high-energy region but there is no significant change
P P p in the lower energy region. On the other hand, the positive sign
_ case shows drastic broadening toward both lower and higher
Here,G(t) in eq 19 is equivalent tG(t) without the promoting energy regions.
mode contribution. The other difference betwé() andG(t)
is that the initial and final vibronic states should be reversed.
It should be noted tha,(t) can be expressed as

B. Real Molecular Systemsz—s* electronic transitions in
small organic molecules represent an important example of the
systems where the Duschinsky rotation between the ground and

1 ﬂ;ﬁ excited electronic states is extremely large. In this paper, we

K (t) = =G (t) y p — consider two molecules, ethylenexf) and allene (GH,4), but
P 27° tanh=P + ' t h@ a similar behavior can be also expected for their substituted
B pan 2 p pfan 2 analogues and for other linear unsaturated hydrocarbons with

ﬁ;ﬁ 28! 2ﬁ Z(AQ )2 st bonds. Vibronic spectra of ethylene in the region efS6eV
p + p Pp P )2 (21) have been a subject of numerous experimét&@ and

A, Hp ( . A p theoreticel6479-87 studies. The traditional assignment attributes
ﬁp coth 2 +ﬂp coth 2 ﬁp coth 2 +ﬁp coth 2 the broad featureless underlying continuum in the spectra to
L . ) the m—x* excitation to alBy, state. This continuum spreads
Where,Gp(t) IS given by exchanging, 4, £, andfjin eq 16 from the energies below 50 000 cito at least 70 000 crit.
with 4, pp, B, andpp, respectively. The absorption bands corresponding to #her* transition in
allene have a similar weak, broad, and featureless chafétef.
A weak absorption starts at38 000 cnt! and spreads to 52 000
A. Model System In the previous section, we have derived cm™! with eventual increase of intensity. For allene, two
an expression for the absorption spectra of a molecular systemsymmetry-forbiddedA, — 1A; and'B; — 1A, 7—xa* transitions
consisting ofNg modes exhibiting the Duschinsky effect. Itis  can contribute through an intensity-borrowing mechanism from
instructive to investigate the role of mode mixing for a model the allowed'E — !A; (7—3s) and!B, — A; (w—x*) transitions.

system with two mixing modes. We set a model for the |nterestingly, recent [2+ 1] REMPI measurements of two-

Ill. Applications

Duschinsky matrix elements, photon absorption spectra of all@hshow the presence of the
i underlying continuum band at energies as high as 66@6000
(Qal): (COS_’(P Sing )(Ql + AQl) (22) cmL Let us consider now what can make thes* absorption
Qaz/ \=sing cosp/\Q. + AQ, spectra in ethylene and allene so broad and continuous and what

By using the fast Fourier transform algorithm for numerical the role of the Duschinsky effect is.

calculation, we can study the Duschinsky effect and temperature 1 heoretical ‘Bi, <= *Aq (7—*) Absorption Spectra of
effect on the two-mode mixing system. Ethylene.. Itis ngl-known that thelBlu (”_J.T*) excited state

Figure 1 shows the effect of mode mixing on the absorption ©f C2Ha is stabilized by D torsion according to the Walsh
spectra of a distorted and rotated system. The right and left rules?? As a result, geometry optimization of this .state .at the
panels show the calculated absorption spectra at 0 and 500 K C1S/6-311(2)G* and CASSCF/6-311(2)G* levels with active
respectively. In each panel, the top, middle, and bottom panelssPaces from (2,11) to (10,15)gives a 90 twisted structure of
demonstrate the absorption spectra as a functign 6br these ~ D2d Symmetry (see Figure 3). This result is in agreement with
calculations, we use several parametdis;; = 3001 cnt?, previous findings by other authof$?384Thus, the geometry
hw, = 850 cnTl, Away = 3027 cnTl, Awae = 977 cnml, AQ; change from the ground to excited state is very large. According
= AQ, = 0 A amuW2. For simplicity, we translate the-@ to our calculations at the MRCI/ANO{) level 84 the difference

transition energy to 5000 crh. We use the fast Fourier between the adiabatic (5.45 eV) and vertical (8.13 eV) excitation
transform algorithm with 262 144 points to generate the energies reaches2.7 eV. Vibrational frequencies calculated
correlation function eq 4. The frequency resolution is set to be at the CASSCF and CIS levélg*for the ground and excited
2 cm1, and we employ 2 crit as a convergence factor. This states, respectively, are shown in Table 1. Within e
factor does not influence the results, since its value is only 0.26% symmetry group common for all the states, the normal modes
of the lowest vibrational frequency of this system. include four modes of “a” symmetryw{ — v4), two modes of
One can see from Figure 1 that the absorption spectra do noths symmetry ¢s, v¢), three modes of psymmetry ¢, — vq),
depend on the sign af in the case in which the system has and three modes of;tsymmetry {10 — v12). Table 2 shows
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Figure 1. Effect of mode mixing on the absorption spectra of a distorted and rotated system. The right and left panels show the calculated absorption
spectra at 0 and 500 K, respectively. In each panel, the top, middle, and bottom panels demonstrate the absorption spectra as gfunction of

mass-weighted normal coordinatdg for the ground state.
Graphical presentation of all normal modes was given e&fier.
In the 7—x* state, several modes change frequencies signifi-
cantly compared to the ground state, for instance;CC
stretching coupled with HCH scissoringr»( 1580 — 1398
cm™1), CH, twisting (v4, 977— 855 cn1t), CCH bending ¥,
1205 — 912 cnt?l), CH, wagging {9, 860 — 661 cnt?),
asymmetric CH stretching/{o, 3059— 2841 cm't), and CCH

bending ¢12, 795— 661 cntl). Only symmetric “a” modes
are displacedAQ values are large and the largest of them, 1.27
A amu!? is calculated for Chl twisting, v4, because in the
s—m* state the molecule is twisted by 90The calculation of

the Huang-Rhys factorsS, S= (¥2)(“/x)(AQ)?, for thev; — vy
modes gives values of 7.45, 4.94, 1.55, and 22.49, respectively.
Additionally, the normal coordinates are mixed, as seen from
the rotational Duschinsky matri)C| (Table 3). The rotated
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Figure 2. Calculated absorption spectra for a model system consisting of two displdistdrted-rotated harmonic potentials.

normal modes of “a” symmetry (i,) for the ground and that only these two modes are mixed and that the rest are not
excited states are illustrated in Figure 4. mixed. In this case, the rotational Duschinsky matfX can
Now we use these data to compute the temperature depenbe approximated by a 2 2 matrix

dence of the absorption spectrum f@y, — Ag (7—7*) of
ethylene using our newly developed formalism. For this purpose,
we develop an analytic expression for the computation of eq 9
for a two-mode mixing case (see Appendixes A and B). From
Table 3, one can see that tila and Qs modes are strongly
mixed with theQ; and Q, modes. For simplicity, we assume

0.7937 0.608
—0.6083 0.793

For computation, we use the fast Fourier transform algorithm
with 262 144 points to generate the correlation function eq 4.
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ground state, Day, 'A1g n—T* excited state, Dq, 'B;

C3Hy (allene)

. 1
ground state, Dag, 1Ay n—w* excited state, Dop, Agg

Figure 3. Optimized geometries of ethylene (ref 63) and allene (ref
68) in the ground and—n* excited electronic states.

TABLE 1: Vibrational Frequencies (cm~1) of C,H, in the
Ground and Excited State$

symmetry
assignment A4 (D2n) 1B (D2n) in D2
v1 CH stretch a 2979 a 2828 a
v2 CC stretch a 1580 a 1398 a
v3 CH; scissors @ 1286 a 1227 a
v4 CH, twisting a 977 b 855 a
vs CH stretch By 2960 b 2798 h
ve CHy scissors by 1435 b 1274 h
v7 CH stretch By 3032 e 2841 b
vg CCH bend By 1205 e 912 b
ve CHywagging By 860 e 661 b
v10CH stretch by 3059 e 2841 b
v11 CH2 wagging By 813 e 912 b
v12CCH bend by 795 e 661 b

a Calculated at the RHF/6-3113G* and CIS/6-311(2)G* levels,
respectively, and scaled by 0.9 (from ref 63).

The frequency resolution is set to be 1 ¢hand we employ 1
cm~! as a convergence factor. This factor does not influence
the results, since its value is only 0.15% of the lowest vibrational
frequency of this system.

The upper and lower panels in Figure 5 show an overview

J. Phys. Chem. A, Vol. 103, No. 50, 19980681

1Byg —— Aq (m—3p,) transition. Also, the band is assigned in
terms of four normal mode®; — Qq of “a” symmetry (in the

D, group), which is against the hypothesis of Siebrand & al.
who additionally invoked for the assignment a nonsymmetric
bog normal mode (CHwagging) active in intensity borrowing
from the B3, (7—3s) state. Our calculations demonstrate that
only a small fraction{9.1%) of the total intensity for the—s*
transition corresponds to the—8 eV energy region. This
explains an apparent contradiction between the calculated
oscillator strengths far—s* (0.36 at the EOM-CCSD level)
andsr—3s (0.08) and experimental absorption spectra where the
distinct peaks due te—3s are more intense than the underlying
continuum.

Theoretical !By, — Ayq Internal Conversion Rate Con-
stant of Ethylene Now we calculate the internal conversion
(IC) rate constant of the nonradiative transitiBi, — A4 of
ethylene. In this case, there exist two promoting mo@esnd
Qe, and the electronic coupling constants associated with these
modes are given by 0.0038 AamuY2and 0.072 AL amu 2,
respectively?® To calculate the internal conversion rate, we use
egs 19, B3, C1, and D1 with the 2 2 rotational Duschinsky
matrix

0.7937 —0.6083
0.6083 0.7937

Figure 8 shows the calculated temperature dependence of the
internal conversion rate constants of the nonradiative transition
1By, — 'Aq of ethylene. One can see in Figure 8 that the IC
rate constants show a moderate temperature dependence in the
temperature range-01500 K.

In a previous study, we reported the IC rate constants for
these two modest® K using only displaced potential surfaces
for the promoting modes, and they were 7.8910° s71(Qs)
and 1.26x 10° s1 (Qg).20 In this present work, displaced
distorted potential surfaces for the promoting modes have been
used.

Theoretical 'B; < 1A; (z—a*) Absorption Spectra of
Allene. Earliert8 we carried out ab initio calculations of the
ground and excited states of allene, where the geometries were
optimized at the CASSCF/6-3+G** and density func-

of the absorption spectra of ethylene at 0 and 500 K calculatedtionaP3?*B3LYP/6-311G** levels and the energies were refined
using eqs B3 and C1. The upper and lower panels on the leftusing the MRCI/ANO(2-) approach. In allene, the ground
side of Figure 6 show the calculated absorption spectra of electronic state haB,y symmetry (see Figure 3); so two GH

ethylene at 0 and 500 K in the spectral region of 46690000

groups are twisted with respect to each other 5y $fie excited

cmL. In the upper panel, one can see obvious vibronic structure z—z* 1B; (D) State is stabilized by, torsion according to

with energy spacing of 855 cm. This structure arises from
the CH twisting mode. One can also see that the vibronic
structure starts from about 47 300 thn New peaks appear at
energy lower than 47 300 crhin the case of 500 K. These

the Walsh rule§2959The doubly occupied 2e and virtual 3e*
MOs in Doy symmetry split into in-plane and out-of-planer
components, with the energies and symmetries such that)b
< bzg(i'[) < sz(O‘*) < b3u(.77,'*) for the Dyg — Dy — Doy

peaks are due to the thermal populations of the vibrational levelstransformation. On the basis of Walsh’s rules, tteA , state

of the ground electronic state.

(b2g(m)bau(0™)) is the stabilized form of the BFranck-Condon

For comparison, we also demonstrate absorption spectrastate. However, as shown by MRCI calculatiéffecause B

without the Duschinsky effect and they are shown in the upper
and lower panels on the right side of Figure 6. From Figure 6,

collapses to the totally symmetric representation (A) at inter-
mediate D, geometries, the ground statelAl) ultimately

one can see that the vibronic structure and the temperature effectorrelates with the open-shéh, state and the excité®, state

are very different from transitions with the Duschinsky effect.

with the closed-shell excited state §1f3(1byg)? *Ag. Thus,'Aq

Figure 7 shows a comparison of the calculated spectrum with is the first excited state at thB,, geometr§®°7 (Figure 3).

the observed spectrum &, *Aq (7—7*) absorption spectra
of ethylene’”” One can see a good agreement in the vibronic

Except for the CHtwisting, the other geometric changes from
A1 (D2g) to *Ag (D2n) are minor. According to MRCI calcula-

structures between the calculated and observed spectra. Thugjons, the adiabatic excitation energy for iS only 3.02 eV
our study supports the assignment of the underlying continuum (24 342 cnml), about 3 eV lower than the vertical excitation

in the ethylene absorption spectra to #iBa, < Aq (7—7*)
electronic transition and does not confirm the suggestion by
Ryu and Hudsd¥ that the continuum band also involves the

energies fotA, (6.10 eV) andB; (6.55 eV) atD,g Symmetrye8
Scaled? vibrational frequencies for the grourd; (Do) and
excitedAq (D2n) electronic states calculated at the B3LYP/6-
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TABLE 2: Normal Modes of C5H4 in the Ground State?

mode Q12 Qo Qu Qu Qs Qs Qs Q2 Qs Q Q7 Q1o
sym boy bay bog au bag g b1y ag b1y &g bag boy
(e23 X 0.00 0.27 0.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y -0.13 0.00 0.00 0.00 0.43 0.00 0.00 0.00 0.00 0.00 —0.23 0.23
z 0.00 0.00 0.00 0.00 0.00 0.33 0.23 0.59 0.14 —0.19 0.00 0.00
(o3 X 0.00 0.27 —0.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y -0.13 0.00 0.00 0.00 -0.43 0.00 0.00 0.00 0.00 0.00 0.23 0.23
z 0.00 0.00 0.00 0.00 0.00 -0.33 0.23 —-0.59 0.14 0.19 0.00 0.00
Hi, X 0.00 —0.46 —0.40 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y 0.23 0.00 0.00 0.00 -0.11 —-0.17 0.27 0.23 —0.42 0.41 0.40 —0.40
z —-0.43 0.00 0.00 0.00 0.38 0.41 -0.39 -0.15 -0.25 0.25 0.25 -0.25
H2, X 0.00 —0.46 —0.40 —0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y 0.23 0.00 0.00 0.00 -0.11 0.17 —-0.27 —-0.23 0.42 —-0.41 0.40 —0.40
z 0.43 0.00 0.00 0.00 -0.38 0.41 -0.39 -0.15 -0.25 0.25 -0.25 0.25
H3, X 0.00 —0.46 0.40 —0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y 0.23 0.00 0.00 0.00 0.11 -0.17 -0.27 0.23 0.42 041 -0.40 —0.40
z 0.43 0.00 0.00 0.00 0.38 —-0.41 —-0.39 0.15 —-0.25 —-0.25 0.25 0.25
H4, X 0.00 —0.46 0.40 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y 0.23 0.00 0.00 0.00 0.11 0.17 0.27 —0.23 —-0.42 —-0.41 —0.40 —0.40
z —-0.43 0.00 0.00 0.00 -0.38 —-0.41 —-0.39 0.15 —-0.25 —-0.25 —0.25 —0.25
aFrom ref 63.
TABLE 3: Duschinsky Matrix and Normal Mode T=0K
DisplacementsAQ (in'A amu/?) for the 1B,—A4 Transition b.004
in CoHy4 -~
2 0.003
Q1 Q2 Qs Q4 o |
Q' 07977  —0.1467  —0.0027 0.5780 5 0002 4 i
Q) 0.0887 ~0.8622 —0.3802 —0.3153 g v i
Qs —0.1024 0.2951 —0.9156 0.2364 S [kt
Q4 —0.5850 —0.3823 0.1259 0.7195 3 0.001 (h I
AQ 0.416 0.469 0.286 1.273 3 ‘f ‘}H‘ ‘ il
" 0.000 Lk ‘H\M\““‘H‘,M\ME ‘
1 T
CyHy, Doy, Ay 40000 50000 120000
wavenumber / cm
T = 500K
0.004
% 0.003 -
A
§ o0.002
P
e
o
o 0.001 -
e} i
L |
0.000 .

v3',ay

Figure 4. Normal modes of ethylene in the grounB,*Ag) and
excited D2q,'B2) electronic states participating in the Duschinsky
rotation.

T
120000

-1
wavenumber / cm

Figure 5. Overview of the absorption spectra calculated B, —
!Ag (r—7*). The upper and lower panels show the calculated absorption
spectra at 0 and 500 K, respectively.

Our density functional calculation shows a significant distor-
tion of normal modes (frequency change) from the ground to
the excited state. The frequencies andv,3 corresponding to
out-of-plane CHwagging decrease #if\g from 833 to 148 and
102 cntt. While the b component of the Ckin-plane wagging
frequencyvip-11 remains almost unchanged, the corresponding
bs frequency decreases from 978 to 4907érm the excited
state. For the CCH bending frequengy-1s, the ks component
increases from 357 to 502 crhand the b component decreases
by about 60 cm!. The CH symmetric scissoring,, CC
asymmetric stretchvg, and CH asymmetric scissoring-
decrease their frequencies iy by ~150 cnmr. The normal
mode displacement occurs only for the modas-Qa, which

311G** level are presented in Table 4, and a numerical belong to the totally symmetric irreducible representation “a”
presentation of the normal modes in terms of displacements of of the symmetry group,, common for the ground and excited-
Cartesian coordinates is given in Table 5. All normal modes state geometries. In general, the displacements are similar to
for the ground electronic state are shown in Figure 9a and thethose found in ethylene (see Table 3 for comparison). The mode

rotated normal modes of “a” symmetry (within tie group)
for the excited state are illustrated in Figure 9b.

Q4 corresponding to Chis displaced to the greatest extenty,
= 1.321 A amd?. It is followed by symmetric CH stretching
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of the nonradiative transitiotB1, — A4 of ethylene. The dotted and

the solid lines depict the IC rate constants for the promoting mQdes
and Qs, respectively.

metries b and iy, the CH asymmetric stretdQs—o mixes with
CH, out-of-plane waggingl:»>-13 and, to a lesser extent, with
CH, in-plane waggind@i0-11. The CCH bending mode314-15

Figure 7. Comparison of the calculated spectrum with the observed remain essentially unmixed with other normal coordinates. The

1B,, — A, (m—7*) absorption spectrum of ethylene. The calculated DUSchinsky matrices for symmetries &, and k (parts a, c,
and the observed spectra are shown in the lower and upper panelsgnd d of Table 6, respectively) as well as that for ethylene (Table
respectively. The observed spectrum is taken from ref 77.

Q1 (AQ1 = 0.449 A amd?) and symmetric ChiscissoringQ.

(AQ; = 0.267 A amd?).

Significant mode mixing is also found (Table 6). The
Duschinsky matrix for th&);—Q4 normal modes is similar to

that for ethylene, except th

e mixing @, and especiallyQs

3) are unitary; the sum of squares for each row and column is
equal to unity. On the other hand, the Duschinsky matrix for b
is not unitary; the sum of squares for the first row and the first
column is substantially less than 1. At this point, we do not
completely understand this result. A reason for it can be a mixing
of vibrational normal coordinates in the ground state with
rotational normal coordinates of the excited state. For instance,

with the other normal coordinates is less pronounced. Only the mode corresponding to rotation around khexis (CCC)

modesQ; (CH stretch) and), (CH, twisting) are heavily mixed

with each other. In symmetry;lihere is some rotation ds
(CH stretch) and); (CH, asymmetric scissoring), whil@s (CC
asymmetric stretch) is not mixed with other modes. In sym- modes of b symmetry in the other electronic state. To our-

has symmetry 13 in the excited stateln) and a in the ground
state Dag), which correspond to jbin the commonD, point
group. This rotational mode can mix with vibrational normal
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TABLE 4: Vibrational Frequencies (cm™) of Allene in the mentioned in the previous section. Note that only the modes in
gglulng*fnl_d E’ig'ted States Calculated at the B3LYP/ group a have displacements and the rest do not and that the 2
- eve x 2 matrix for group a has the opposite sign compared with

) . . 1 symmetry the ethylene case. It should be noted that one must be careful
assignment A1 (D) Ag(Oa) _ inD> in determining the sign of Duschinsky matrix elements.
V1 g: sym stretch a fgg% (iggg) Y ig% a Theoretical 1B; — A Internal Conversion Rate Constant
Zg CCzSSyyg sstft'jgh g 1066 E107lg g 1009 g of Allene. It is ingtructive to invgstigate the temperature
v4 CH, twisting bk 850(820) a 879 a dependence of the internal conversion rate of the nonradiative
Vs E(H: Zfsferfﬁf;tretch 3058573‘71 ggggg & iggg E transition!B; — A; of allene. For this calculation, we shall
V, . .
V2 CHy asyym Sciss b 1368 (1389) b, 1210 & adopt the CC asymmetric stretch mag@gas a promoting mode.
vg—9 CH asym stretch e 3069 (3061)y,b 3096 b The rotational Duschinsky matri)C| for this calculation can
_ _ bsy 3094 B be given by a 2«x 2 matrices
110-11 CHzin-plane wagging e 978(1031)b 966 o)
bsg 490 by
v12-13CH; out-of-plane wagging e 833 (838) efb 148 y 0.75075 0.5924
g 102 b —0.5924 0.7507

—15CCH bend e 357(353) sb 502 by
e (353) b 508 @ (0.8582 0.139§

aScaled by 0.9614 (ref 98). In parentheses are the experimental —0.1398 0.858
frequencies from ref 89.This value is calculated at the CASSCF/6- 0.7489 0.601
SLLG™ level —0.6011 0.748
knowledge, such an interesting vibrationabtational Duschin- and
sky effect was not reported before, although the rotational
Duschinsky effect is knowf? and requires further investigation. (0-7407 0-5993

At this stage we use the calculated normal mode displace- —0.5994 0.740

ments, distortions, and rotations to compute the absorption for groups a, b, c, and d, respectively.

spectra for allene. Although at the B3LYP level we find alarge  Figure 11 shows the calculated temperature dependence of
distortion effect in the frequenay, this distortion effectisnot  the internal conversion rate constants for the nonradiative
reasonable. This is due to the fact that the DFT method failed transition 18, — 1A; of allene. These rate constants are
for this particular vibrational mode. ThUS, we recalculated this normalized to the IC rate constant for the no_mixing caseé at
vibrational frequency numerically at the ab initioc CASSCF/6- = g K. Although our ab initio calculations show (see Table 4)
311+G** level and obtained the value of 879 ciused for  that allene has large frequency changes in groups ¢ and d, these
the calculation of the absorption spectraBf < Ay (7—7*). modes are only distorteetotated. As already seen in the model
We are now in a position to compute the temperature cajculations, the distortion effect alone cannot broaden the
dependence of the absorption spectrum for'se— *Ay (7— Franck-Condon factor distribution.
mr*) transition of allene. From Table 6, one can see that the
QiandQ4 modes are strongly mixed with ttigh andQj modes I1l. Conclusion
in group a, theQs and Q7 modes are strongly mixed with the
Qs andQy modes in group b, th@g andQ13 modes are strongly
mixed with theQs and Q13 modes in group c, and th@s and
Q12 modes are strongly mixed with tH@y and Q1> modes in
group d. For simplicity, we assume that only these modes are
mixed and that the rest are not mixed. In this case, the rotational
Duschinsky matri¥C| can be approximated by 2 matrices

In this paper, we have described the important role of the
Duschinsky effect for absorption spectra and radiationless
transitions in polyatomic molecules. We demonstrated that this
role can be analyzed through ab initio calculations of potential
energy surfaces for the ground and excited electronic states.
We have presented analytical expressions for calculating
absorption coefficients and radiationless transitions that involve

0.75075 —0.5924 the Duschinsky effect. This effect is expected to be important
(O 5024 0 7507; for m—a* transitions for small and intermediate size molecules.
' ' In this paper, to demonstrate the importance of this effect, we

and have chosen ethylene and allene as examples. We have shown
that in absorption spectroscopy the Duschinsky effect will, under
(0.8582 0.139§ certain conditions, introduce a significant broadening of the
—0.1398 0.858 electronic spectra. The Duschinsky effect will also increase the
rate of radiationless transitions.
(0'7489 _0'6011) It should be noted that intramolecular vibrational redistribu-
0.6011 0.7489 tion (IVR) can also cause broadening of FC bright states. This

0.7407 —0.5994 broadening is usually involved in the transient absorption or
(O 5994 0.7407 ) spontaneous and stimulated emission spectra of isolated (i.e.,

' ' collision-free) molecules. For example, IVR can be observed

respectively. in an isolated molecule by optical excitation using a UV laser

Figure 10 compares the calculated absorption spectra withto a high vibronic state (or states); IVR will take place by

and without mode mixing ofB; < 1A; (z—=*) of allene. For anharmonic coupling (and/or Coriolis coupling) in the excited
the allene case, we cannot see the drastic change in the loweelectronic state. In this case, if the transient absorption (or
energy region of the absorption spectra, as can be seen in themission) experiment is performed, then one can observe the
ethylene case, but the spectrum becomes broader toward theransient spectral broadening due to IVR. On the other hand,
higher energy region because of the Duschinsky effect. This when the excited molecule goes through internal conversion to

feature can be explained by referring to the model calculation the ground electronic state, the molecule will be highly
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TABLE 5: Normal Modes of Allene in the Ground State

J. Phys. Chem. A, Vol. 103, No. 50, 19980685

mode Q1 Q2 Qs Qs Qs Qs Q7 Qs Qo Q1o Qu Q12 Q13 Qu4 Q15
sym a EY a by b, b, b, e e e e e e e e
ct, X 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.16-0.20 —-0.26 —0.24 0.27 0.07 —0.24

y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.16-0.26 —0.20 0.27 -0.24 -0.24 0.07

z -0.17 0.40 0.56 0.00 0.17 —0.39 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cc?, X 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.09 0.00 0.00 0.73

y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.00 0.09 0.73 0.00

z 0.00 0.00 0.00 0.00 —0.03 0.82 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C3  x 0.00 0.00 0.00 0.00 0.00 0.00 0.00—-0.16 0.16 0.20 —0.26 —0.24 -0.27 -0.07 -0.24

y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16-0.16 —0.26 0.20 —-0.27 -0.24 -0.24 -0.07

z 0.17 -0.40 -0.56 0.00 0.17 -0.39 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HL, X 0.30 0.18 —0.05 0.35 —-0.30 -—0.05 0.18 —0.28 —0.28 0.11 0.09 0.30 —0.30 —0.02 -0.21
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Figure 9. (a) Normal modes of allene in the ground electronic state

(D2g,*A1). (b) Normal modes of @and @ symmetries in the excited
electronic state of allenégn,'A1g) mixing with the a and k normal

modes in the ground state.

TABLE 6: Duschinsky Matrices and Normal Mode
DisplacementsAQ (in'A amu®?) for the 1A;—1A; Transition
in Allene

(a) Normal Modes of Symmetry “a'ly)

Q Q2 Qs Q4
Q! 0.7944 —0.1382 0.0250 —0.5936
QY —0.1333 0.9184 0.1084 —0.3644
Qs 0.0365 —0.0642 0.9878 0.1309
7 0.5912 0.3673 0.0906 0.7071
AQ 0.449 0.267 0.085 1.321
(b) Normal Modes of Symmetry,l{D>)
Qs Qs Q7
Qs 0.7947 —0.0440 0.1379
Qs —0.0397 0.9944 0.0225
Q7 0.1417 0.0127 0.9217
(c) Normal Modes of Symmetry,i{D,)
Qs Q1o Q13 Q15
Qs 0.7831 0.1166 —0.6001 0.0145
Quo —0.0711 —0.8623 —0.3068 —0.3913
Qs 0.6021 —0.3419 0.7147 0.0809
Qs —0.1063 —0.3346 —0.1866 0.9130
(d) Normal Modes of Symmetrysl{D>)
Qo Qu1 Q12 Q14
Qd —0.7831 —0.1036 —0.5961 0.1476
Qur —0.1077 —0.8134 0.4038 0.3889
Qi 0.6027 —0.3708 —0.6983 0.1294
Qs 0.0815 0.4343 0.0287 0.8966

spectra originating from the ground electronic state. Since the
Boltzmann average is included in the absorption coefficient [see
eq 11], it means that collisions do exist to maintain vibrational
equilibrium, and the spectral broadening due to IVR does not
have any contribution in this case.

A main purpose of this paper is to show how the experimental
results of spectroscopy and dynamics of molecules can be
analyzed by ab initio calculations. It should be emphasized that
the performance of ab initio methods in producing detailed
features of potential energy surfaces can be checked from the
measurements of high-resolution spectroscopy and single-
vibronic-level lifetimes. In other words, rapid progress in the
understanding of photophysical properties and photophysical
processes can be made when ab initio calculations of photo-
physical properties and processes are carried out in the analysis
of the experimental results. In particular, one of the most

vibrationally excited; IVR can also take place in the ground important physical properties of the molecule is its degrees of
electronic state, and again, the transient spectral broadening cafreedom of nuclear motion. Because of this property, the
be observed. In this paper, we are concerned with the absorptiorabsorption spectra of molecules exhibit structures. Radiationless
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Figure 10. Calculated absorption spectra with and without mode mixingBaf— *A; (z—=*) of allene. The upper and lower panels show the
calculated spectra with and without mode mixing. The spectra shown in the left and right panels are calculate@ fordT = 500 K, respectively.
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Appendix A

w/0 mixing
In this appendix, we shall derive expressions for the correla-

tion functionG(t) for several cases. First, let us consider a two-

- - ; ' mixing-mode case in which only modes 1 and 2 exhibit the

0 500 1000 1500 Duschinsky effect. In this case,

Temperature / K

Relative IC rate constants

o
!

Figure 11. Temperature dependence of internal conversion rate I=1,2

constants of the nonradiative transiti, — 1A, of allene. The dashed G(t) = G,(1) n G(t) (A1)
and solid lines denote the calculated IC rate constants for mixing and =

no-mixing cases, respectively. The IC rate constants are normalized

with the IC rate constant for the no-mixing caseTat 0 K.
where

transitions can take place also because of the coupling between 1
electronic and nuclear motions. We emphasize here that the _ . . , ,
vibrational information provided by ab initio calculations is as G(t) = zzpwllQb%(Q')anl(Q')mz EX[{It{ (V' + E)w' B
important as electronic information. For example, as already o 1

seen in this work, a few large displacements and rotations of (V| + ‘)w|}] (A2)
the relevant potential surfaces become extremely important for 2

the absorption spectra and the rate constants of radiationless

transitions. With vibrational information, to analyze the observed znqg

results, one can theoretically construct the structure of absorption

spectra and/or calculate the rate constants of radiationless ' ,

transitions as a function of energy. This, in turn, encourages Gpt) = ZzZprm'@bv&l(Qal)Xb%z(Q uz)|Xw1(Q1) X
theoreticians to fine-tune ab initio calculation methods for the "2 Yo Yo L L

potential energy surfaces and thus for the molecular structures . , , , ,

of electronically excited states or even cations and anions. Xa"z(QZ)mz EX[{It{ (V% + E)w% + (V“z + E)waz B (Vl +
Furthermore, ab initio calculations can also help us understand 1 1

the photodissociation of molecules, especially for the case in —lw, — v, + —|w,p| (A3)
which the electronically excited molecule (due to, say, optical 2 2
absorption) goes through radiationless transitions to the ground

electronic state where the hot molecule decomposes. Applying the Slater sum to eq A3 leads to
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2sinh—2 smh—
kT 2kT ﬂlﬂZﬁalﬁ a2

Gyt) = X
\/ 27" sinhA, sinh, sinh' ; sinhu'

SO dQ, [T dQ, [7 dQ, /7 dQ, x

B

exp{— ﬁzl{ (Q,+Q)° tanh% +(Q, — Q)° coth%}] X
p{ —{ L Q)P tanh 2+ (Q,— Q) thé}]
2 (Q, + Qy“tan > (Q,— Q) co >f| *

ex

exp[— ﬂT“l{ (Qu+ @ tanh™2 +
(Qus ~ Vo) coth%ﬂ}] x

exp[— ﬂTZ{ (Quz+ Q) tanh’%“z +
(Q o2 0.2) COth_}] (A4)

where 11 = itw1 + Aw/(KT), 12 = itwz + hwl(KT), ua, =
—itwa,, ta, = —itwg,, and

Qy, = Con(Qr T AQ) + Gy x(Q; + AQ)) (5a)
and

Q, = Capn(Q + AQ) + C 5(Q, + AQ,)  (ASD)

We rewrite eq A4 as

Got) = 4Ky, f:onl L/i,dél f :onz f:,déz exp[—Ay;
~ (Ql + Ql)z - AQz(_Qz + Qz)z - AlE(Ql + QI)(QZ +
Q)] exp[—A(Q; + Q) — AX(Q, + Q)] exp[—By4(Q; —

Ql)z — By (Q, — Qz)z — B(Q) — Ql)(QZ - Qz)] exp[—D]
(A6)
where
B A Pe o, Ma Ba, o, M,
Aii = Z tanhE + T(Cali) tanh7 + T(Cazi) tanhT,

fori=1,2 (A7a)

r r ] ]

o Mo, Ba He,
A12 = 7Ca1 Cu 2 tanh— + C Ca 2 tanh7
(ATb)

i /li ﬁ,al 2 ‘uzh ﬂ:lz 2 #;12

cothE + T(Cali) coth7 + T(Cuzi) coth7,
fori=1,2 (A8a)

ﬂl I ﬁl I

03

o e, u
812=7Callc 2coth—+ C C 2coth7 (A8b)
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hw,

|B PP, smhh smh2k_r

Ky, = (A9)
4 4 . . . .
\/2 7" sinh, sinhZ, sinhyg, sinhug,

l

D=4, tanh (ca 1AQ; + C,AQ)  +
B, tanh (Ca 1AQy + Gy, AQ,)* (AL0)
= f,, tan hfcall(C%lAQl +C,pAQy) +

1

K,
B, tanhfcuzl(cazlAQl +C,2AQ) (Alla)

and

A2 ﬂ tanh (1 Z(Ca 1AQ1 + Ca ZAQZ) +

I

0.
Bo, tanh—"C, o(Co 1AQ; + C, ,AQ,) (AL1b)

It follows that

.7'[4

Gpt) =Ky, X
(A11A22 -~ A122/ 4)(511822 - B122/ 4)

A1A12 2
A’ (A2 A )

ex + 1i) - D| (A12)

TR
27 ap,

For the three-mixing-mode case, we find

Gpdt) =

7 7
Kizs > CYPRES
a33(A11A22 — A 14)\ bag(By 1By + BlZ 14)

(A2 A1A12/(2A11))
-D Al13
& + 4A11 4(A,, — ALT(AAY) 4a33 (A13)
where
A12A13 2
A132 (A23 2A11 )
833 = |Ags 4A, A2 (A14)
4 Ay — A,
. A . A3
_ A13A1 (A2 2A11)(A23 2A11 )
a3_ AS_ 2'A‘ll B
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(B ) Blzslg)z
2
Bl3‘) _ 2By

by = (833— 2B, S 7 (A16)
2By~ 45 -
1

and

Kios=
hw, hw,

ho

VB BBBBop, smhm sinhz, 7 sinh—
\/2%6 sinhA, sinh2, sinh, sinhu;,_sinhg;, sinhu;,
(A17)

Similarly, for the four mixing-mode case, we have

Giaadt) = Kipas NE a2 X
12 34
(A11A22 - T) (333344 - T)
4 2
7 1
5 5\ €X D+ A +
12 34 11
BllBZZ 4 b33b44 4
A — AcA o B349)°
2 2A, a32 t 2a
| (A18)
A 4a a,,’
alA,— 2 % el
2 4A, 4 dag,
where
AA14)?
A (A24 C2A
a,=|A 4 1 (A19)
. “ 47 4(A22 - A122/ 4A11)
AA AAL
A A AZ - 2A A24 -
a _( 14 1) B 11 11 (A20)
! 2A; 2(A22 - A122/ (4A11))

(A2 _ A12A13)( _ A12A14)
A13Al4) _ ° 2'All ‘ 2All

Al 22
o2 ga,

2

(A21)

and

Kizza=

hwg haw,

h hw,
BBBBLBPupu L, sinh= =~ smh KT sthT sinh=+

\/28318 sinh, sinhA, sinhA; sinh A, sinhy;ll sinhu;, sinhg, sinhu;,
(A24)

Appendix B

In this appendix, we shall briefly derive an alternative
expression of eq A12 convenient for the numerical computation.

By defining
gi(n'ja) = (1 + n’ju) e_/l& + n'ja e“& (Bl)
and
. 1
n joo T eij'h“& -1 (BZ)
we find®®

Gpt) = 2 ﬁlﬂzﬁ&lﬁ&zn'l%nrzaz(eﬁwﬂ(kﬂ _ 1)((;'(@2/(@ _

explit(w, + w, — W, wa2)/2] _ Gmix
_ _ ex i (B3)
where
_ ' 2 , ' AQ‘M ;2 2
gmix - ﬁlﬁul ﬂZAQal {1 + g—(nZaz)} + ﬂaZ AQaz Co.22
{1- g_(n'za)}]gdisp(naa) + BB FAQH1+ g
C. 1 AQ
(N )} + B4, Cop AQ,, {1 (N1 )} | Guisp(Noe,) (B4)
Qaisp(M'jo) = 1 + 2"}, — 9,.(N'},) (B5)

FI™ = [BBA1 + g_ (M )HL1 + g_(ns,)} + B fs,

(Co2Ca1 — Co1Co) A1- g-(ny )H1 - g—(n2a2)} +
BB (Co)H L+ g (Mg DH L = g_(My )} + B (Co )’
{1 g (Mo JH L+ g(oy)} +{(L+ Ny, ) expl—(u,, —

#a )] = Mo H(L+ M) expleg, — ) = M, }BoBy,

(Co ¥ 1+ g (M )H1 = g (M )} + BB (C )1 — g
(Mo JH L+ g_(n5, )}] (B6)

and
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FY = (3,01~ 0_(h )}~ 0_(0,)} + A, 0= &0

(Ca2Cayt — CaCup){ 1+ g (M JH 1+ g (M)} + o {g+(n,') + Mg_(n;)(l + zn;)]
' y ' . 1D ) T W)
ﬁlﬁaz(cazz)z{ 1 - g—(nlal)}{ 1 + g—(anxz)} + 62ﬂa1(ca11)2 h(w, + wll) f+f_ +

{1+ g (Mo )H1— g (M)} + {(1+ i) expl—(u, —
)] = Mg L+ Ny, ) explel, — ) — M, } (Bl
(Cu(1— 0 (M DHL+ 0 ()} + BBl (Co ) L+

g (M )H1— g ()} (B7)

w|(AQ)? [1+ 2nf — g, (m)]?
A(w, + v)) Ao, + )

ool

XN (D1)

whereg-(nj) andg+(n{) are given by eq B1 anf} andf- are
given by eq C2. In the case in which the promoting mode is

Appendix C not displacee-distorted, eq D1 becomes

In this appendix, we shall show an alternative expression of o
eq 16 convenient for the numerical computation. Applying eqs Ku(®) = o Go(D) 94(m)
B1, B2, and B5 to eq 16 leads®fo

- % Gy(0) {(1+n) e +n, & (D2)

eit(w|—(q’)/2

ZW ni( oD _ 4

SO~ 5+5

i In the low-temperature limit, i.efw, > KT or nf = 0, we have
+ —

ox] — ﬁ|ﬁf(AQ|)2 s
G+8) f

) Kyl) = 51 G0 € (03)
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