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where the first term gives the axial potential and the
second term gives the nonbonded interactions.

The value of barrier height, 2.8 kcal/mole, obtained
thermodynamically, and the value of V1(8) calculated
from Eq. (2) give 2.3 kcal/mole for the value of V.
On assuming that the intrinsic axial potential is the
same for the CH,-CH, axis of n-butane as for the
CH,;-CH; axis of ethane, one can calculate the energy
to internal rotation for the CHy,~CH, axis of n-butane.
The whole potential energy of internal rotation for the
n-butane molecule is given by

V=V (0)+V(6:)+V(6s),
V(O,) = V0<1 — COS30,;) + VI (01)

(1
(12)

and 6y, 6;, and 6; are the angles of internal rotation of

where
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the CH;-CH,, the CH,-CH,, and the CH,—CH; axes,
respectively. The results of calculation are shown in
Fig. 11. The energy of the gauche form is minimum
where 6, and 6; are 2° and 6; is 109°. These values are
reasonable as compared with those obtained from the
electron diffraction experiments.!"'2 The calculated
energy difference, 1.1 kcal/mole between the trans
and the gauche forms, is somewhat larger than the ex-
perimental value, 0.8 kcal/mole® The agreement is
satisfactory, since the attractive potential is not taken
into account in Eq. (2) and the attractive term is more
important for the energy problems than for the force-
constant problems.
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The theory of two-photon transitions is extended to include vibronic-coupling effects. The theory of
symmetry-forbidden two-photon transitions is applied for the theoretical study of excitations in benzene.
The introduction of vibronic-coupling effects implies that the transition probability should be temperature
dependent. A definite assignment of the electronic states of benzene can be obtained from theoretical
predictions of the intensity ratios, the vibrational structure, and the polarization dependence for two-photon

absorption cross sections in this system.

I. INTRODUCTION

ITH the present availability of intense mono-
chromatic sources of radiation utilizing optical
lasers, many types of multipole photon absorption
processes in gases,'~? liquids,* and solids®~? have been
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investigated. In intense radiation fields, Maxwell’s
equations for a dielectric medium are no longer linear,
so that the superposition principle is not applicable,
and thus waves of different frequencies can interact.
From the quantum-mechanical point of view, a non-
linear response to an intense optical radiation field can
be considered as an interaction leading to mixing of
the energy levels of the electronic system by the field,
as distinct interactions with weak fields which cause
transitions between stationary states. The information
obtained from experimental and theoretical studies of
two-photon absorption cross sections in atoms, mole-
cules and solids may, in many cases, prove comple-
mentary to that obtained from single-photon transi-
tions, in view of the different selection rules for the
two processes. In a static system characterized by
inversion symmetry, two-photon dipole transitions will
take place between states of the same parity. Transi-
tions between such states are dipole forbidden in
ordinary single-photon spectroscopy and may be in-
duced only by vibronic-coupling effects. The change
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TWO-PHOTON ABSORPTION PROCESSES. I

in the selection rules may be readily rationalized by
considering the electromagnetic interaction potential
for a charged particle, which is given by®

— (e/mc) (P-A) + (e2/2mc?) A2

where A is the vector potential of the radiation field
and P the momentum operator. When the transition
probability is expanded in terms of a power series in
the electric charge, double-photon transitions, which
are determined by the coefficient of €, can take place
in first order by means of the 42 term™% or in second
order by the (P-A) term.’® We can confirm that the
A? term makes only a minor contribution to the tran-
sition probability so that the contribution of the
absorption of second-harmonic radiation is negligible.
On the other hand, the (P-A) term induces two-photon
excitations via intermediate states so that parity is
conserved in the electronic transition. In molecules and
in solids, these selection rules for two-photon absorp-
tion may be relaxed by considering interactions with
intramolecular vibrations and with lattice modes,
respectively, leading to the admixture of states of
opposite symmetry. Vibronic-coupling effects are of
major importance in determining the transition prob-
ability for symmetry-forbidden two-photon transitions.

It is useful at this stage to summarize the pertinent
experimental data regarding two-photon spectroscopy
of aromatic molecules. The fluorescence of a number of
polycyclic hydrocarbons induced by excitation with a
ruby laser (fiv=1.8 Ev) has been reported.s:9:10.1L.17 The
most extensive data are available for crystalline anthra-
cene where fluorescence can be separated into a rapid
component which varies with the square of the intensity
of exciting light arising from two-photon absorption,
and a delayed fluorescence which follows a rather
complicated pattern and is due to triplet-triplet
annihilation.”? The mechanism of two-photon absorp-
tion in aromatic molecules was clarified by studies of
the relative cross sections for one- and two-photon
absorption in solution'' and by the investigations of
the polarization of the fluorescence of anthracene
induced by two-photon absorption.®® These experi-
mental data indicate that two-photon excitation in
aromatic molecules proceeds via an intermediate virtual
state and that the contribution from the A? interaction
term is negligible. Theoretical calculations have been
performed which indicate that this mechanism for
two-photon absorption is possible.® One should in-
quire whether symmetry-forbidden two-photon absorp-
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tion processes are feasible, and what is the nature of
the physical information to be gained from such
experiments. Theoretical interpretations of two-photon
absorption in anthracene have been contingent upon
the presence of either a 1B, or !4, excited state located
at 3.6 eV, which is just the double frequency of the
laser.11® Theoretical calculations strongly indicate that
these states should be located at higher energies.? An
alternative interpretation is readily available if we
assume that a '4;,—'B;, two-photon transition takes
place. The results presented herein support the hypoth-
esis that a g—wu vibronically induced two-photon
transition takes place via a forbidden pathway, which
will still lead to a substantially larger contribution than
the absorption of second-harmonic radiation induced
by the 42 term in the interaction Hamiltonian.

In the present paper, we present a theoretical study
of a two-photon absorption cross section in benzene
arising from w—r* excitations. The benzene molecule
provides a good example illustrating the nature of the
additional information available from the studies of
two-photon absorption processes. The one-photon
ultraviolet absorption spectrum of benzene reveals
three bands located at 4.9( f=2X107%), 6.2( f=0.1),
and 7.0 eV (f~1). The weak band at 4.9 ¢V and the
strong band at 7.0 eV have been assigned to the
symmetry-forbidden transition to the 'B,, state and to
the allowed transition to the !Ei, state, respectively.?
The 6.2 eV band has been variably assigned to either
the 1By, of the 1F;, state, but up to date no definite
conclusion can be reached on the basis of the vibrational
structure? or from the theoretical analysis of the band
intensity or the calculations of the excitation energy.®
Recent theoretical studies of the benzene molecule? 2
using an extensive configuration interaction treatment
in the framework of the semiempirical Pariser-Parr?-
Pople? scheme yield evidence for the location of the
1F2, below the By, state. In this work we present a
detailed study of the interactions contributing to the
two-photon absorption cross sections in this system.
The calculations are performed by the Herzberg-
Teller® vibronic-coupling theory. The introduction of
vibronic-coupling effects implies that the transition
probability should be temperature dependent, and
this effect is considered in some detail. Qur calculations
indicate that a definite assignment of the electronic
states of benzene can be obtained from the two-photon
absorption spectrum.

20 R. Pariser, J. Chem. Phys. 24, 250 (1956).
(1231;;/1). Goeppert-Mayer and A. L. Sklar, J. Chem, Phys. 6, 645

2 W, E. Donath, J. Chem. Phys. 40, 77 (1964).

BF. M. Garforth, C. K. Ingold, and H. G. Poole, J. Chem.
Soc. 1948, 555.

# J. Koutecky, J. Cizek, J. Dubsky, and K. Hlavaty, Theoret.
Chim. Acta 2, 462 (1964).

% J. Koutecky, K. Hlavaty, and P. Hochman, Theoret, Chim.
Acta 3, 341 (1965).

% R. Pariser and R. G. Parr, J. Chem. Phys, 21, 466 (1953).

# J. A. Pople, Trans. Faraday Soc. 49, 1375 (1953).

# G. Herzberg and E. Teller, Z. Physik. Chem. B21, 410 (1933).

Downloaded 25 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



2716

II. GENERAL THEORY OF TWO-PHOTON
ABSORPTION

We now present an outline of the theory leading to
the general expression for the two-photon absorption
cross sections as employed in the present work. These
results make a direct comparison possible between the
contributions of first- and second-order terms in € to
the transition probability.

The interaction Hamiltonian between the electronic
system and the electromagnetic field is presented in the
conventional form

H'=—(e/mc) Zk:Pk-A(rk) +(€*/2me?) Ek:[A(rk) I (1)

where P and r; are the momentum operator (expressed
in energy units), and position vector of the kth electron,
and A is the vector potential of the electromagnetic
field. The transition probability per unit time from the
state 0 to the state I is expressed in the general form

2 1—~ COS[(EF—'E(]) t/ﬁ]p(Ep)dEp'
Wor = f | Kor | . .
(Er—Eo)%
p(Er) is the density of states in the energy interval

dEr, and Kor is the compound two-photon interaction
matrix element

Kor= 2 [Ha®Hir®/(Eo—Ep) 1+-Hor®.  (3)
I

(2)

H(I)b'...”)\...|c,...(,.)‘_1)... =— (e/mc) (ZWﬁZGZ/E)\)’}(n)\)’@ ( ZP};' € expim-rk I 6),
k
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Ey, E;, and Ep are the initial, intermediate, and final
energy levels of the composite system consisting of the
electromagnetic field and of the electronic system. The
summation is taken over all the virtual intermediate
states of the composite system. As the intermediate
states [ are characterized by zero lifetime, energy-
conservation rules imply only that Fy=FEpr. As usual,
the perturbation expansion diverges when Ey=FEy, i.e.,
when the energy of one photon matches the energy
difference between the ground state and an inter-
mediate state of the molecular system. When the
system possesses such a channel for direct excitation,
the perturbation treatment should be modified to
include resonance effects. H® and H® represent the
matrix elements for the interaction terms in the
Hamiltonian (1)

Hpe® =~ (e/me) (C | ;Pk'A(Tk) | B),
Hpc® = (2/2me®) (C | FZ:EA(rk) F|1B). @

Each composite state, say | B), is characterized by an
electronic state & and the occupation numbers #, of the
photon states, so that | B)= |8, n1*+-m+++n,). Ex-
panding the vector potential in terms of the creation
and annihilation operators of the radiation field and
factoring out the field coordinates, the matrix elements
(4) take the form

(52)

HQ)J,'...")‘...,,“...|,;,...(n)\_1)...(m,,_.1)... = (e/2mc2) (e)\' e,.) [2#%262/(E)E")*] (nm,‘)i(b I ‘],‘: expi(xﬁ—x,,) LD ¢ l G), (Sb)

where E, corresponds to the photon energy expressed in terms of the frequency (Ey=hw) or of the angular fre-
quency (B =7%n) %, and e, represents the photon wavenumber and its polarization direction, respectively.

The contributions to the matrix elements (3), corresponding to the absorption of the two photons, #im-+fv,,
can be displayed by expanding the exponential terms in Eq. (5) in the form expix+r;= 1 +ix+1;. Furthermore,
the energy levels of the composite system are expressed in terms of the electronic energy levels Ey, Er and Ep,
corresponding to the ground, intermediate and final electronic states, respectively. The compound energy levels
are readily expressed in the form Ey=E,+E\+E,, E;=E:+E, or E;=E;+E,, and finally Ep=E,. The second-
order interaction term in Eq. (3) can then be displayed in the dipole approximation

Hy®@Hpp®  2we?hi(nmam,)t
G= = oV
3 Bt 200K 5 o)

% [(<0| A i)‘ex):fil 2tk | ) e, " (0] 2oare | 9)-e,) (45 Zkrklf)'ex)] . (©)
~Voi TV Vir—W
where #v,i=E;—E, and fiv;y=E;—E;.

The first-order perturbation matrix element in Eq. (3) arising from the contribution of the A2 term, can be
expressed in the form

H(2)0y"'.ﬁ)\"'ﬂ""'l!y"‘-(”)\—1)"‘(”“"‘1)"‘ = (iez/chz) (el‘ e“) [27fﬁ262/(E)‘E,‘) }] (mn,,)‘[(lq-l-x,‘) . (0 l ;rk |f>]~ (7)
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It is useful at this stage to consider the selection rules
for two-photon transitions. One is now faced with the
usual difficulties encountered in the use of perturbation
expansions, and in some cases we shall be able to
proceed with the general analysis only if a smaller
number of terms dominate the behavior of the series.
From the general form of the matrix elements deter-
mining the two-photon transition probability, we con-
clude that:

(a) For the selection rules for the second-order term
large contributions to the sum G arise in the case when
the transitions o—i and i—f are strongly allowed;
hence, parity (or inversion symmetry) is expected to
be conserved in first order for two-photon transitions
when the transition probability is dominated by the
second-order perturbation term.

(b) For the selection rules for the first-order term
the A2 interaction term yields a nonvanishing contri-
bution for two-photon absorption corresponding to the
same selection rules as for the case of a single-photon
absorption.

(c) For the case of polarization dependence the
general form of the H® interaction matrix element
involving the scalar product (ex-e,) implies that in
the case of the absorption of two identical circularly
polarized photons, H® will vanish. This result arises
directly from angular-momentum conservation rules.
The initial and final compound states are eigenfunctions
of angular momentum, since a spin =7 is assigned to a
photon with circular polarization. On the other hand,
the contribution from the second-order sum G is, in
general, different from zero for circularly polarized
radiation. Some experimental work has been reported
claiming that double-photon excitation of anthracene
by circularly polarized light is characterized by a
vanishingly small cross section.’® However, as we now
show, this result is in conflict with general theoretical
considerations.

(d) For the relative importance of interactions the
ratio of the two contributions G and H® to the two-
photon excitation cross section can be displayed in the
form

p=(H®/G)*, (8)

where we have neglected cross terms arising from
interference between the two interactions. The general
form of the intensity ratios can be displayed in the form

- { Bntod 1 }
? WZ[%W{/MH// (~vetn)])’

(9)

where ra={a| D_srx |b) and vi;=v;—v;. If a small
number of terms dominate the perturbation expansion,
this ratio can be expressed in the approximate form

o (F/mcroc) . (10)
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Hence, p can be expressed in terms of the ratio between
the Compton wavelength Ag=7#/m¢ and a transition
moment. Taking a typical transition moment to be of
the order 7,,=0.1-1 A, we get p=10"+10-5. Hence,
the relative contributions of the A2 interaction term to
the transition probability is expected to be negligible.

(e) For quadrupole two-photon transitions a small
contribution to the two-photon transition probability
may be due to quadrupole terms arising from the
contribution of the second term in the expansion of
exp(¢k)r to the G sum. The ratio of the quadrupole to
the dipole terms is of the order n="[ (7,2} /7.; * so that
72 (7,i/\)?, where X is the wavelength of the exciting
light. Hence, the relative contribution to the transition
probability is of the order of y=107%, as in the case of
single-photon transitions. The same considerations
apply for the case of two-photon magnetic dipole
transitions. We thus conclude that the contribution
of the quadrupole term is of the same order of magni-
tude as that corresponding to the 4% term, and can be
safely neglected.

(f) The ratio of single- and double-photon transition
probabilities if we assume that only a single inter-
mediate state leads to the dominant contribution to
the two-photon transition probability, then the ratio
of the cross section for single- and double-photon
excitation is given in the form

. ) 2
E: (2_71')_7’,_]‘1_?)‘,: Vi ] ,
a/n —Voi

where « is the fine-structure constant. Hence, the ratio
of single- and double-photon transition probabilities is
determined by the intensity of the radiation field.
Furthermore, this ratio is inversely proportional to
the square of the energy denominator (—»,=4). This
general result indicates that when the energy denomi-
nation decreases, but still being larger than the damping
factor arising from the natural linewidth, £ increases
quite rapidly. For small values of the energy denomi-
nator, one is faced with a quasiresonance two-photon
absorption effect, first proposed by Yatsiv, which has
been applied in case of the potassium laser.? When the
energy denominator in Eq. (11) differs appreciably
from zero, the bracketed ratio is approzimately unity,
and the ratio £ can be expressed by

(11)

£=(2Wfif2/aV)\)F)r’§J’10—'32F). (12)

Typical values of F obtained from a giant-pulse ruby
laser are F)=10%-10® photons/cm?-sec, and thus the
ratio of single- and double-photon transition proba-
bilities obtained from (12) is £=10"2-10"%

The arguments presented above lead to a conclusive
theoretical evidence that the dominant contribution to
the two-photon transition probability arises from the
Goeppert-Mayer second-order term G. We now turn
our attention to the calculation of the transition prob-
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ability for the absorption of a laser photon %, and
another photon %y, Utilizing Egs. (2) and (6) the
transition probability per unit is displayed in the form

wor = (873¢4/Atc?) [Intind, | M |2/ (mwa)%],  (13)

where I,dv, is the intensity of one light beam (expressed
in units of energy per square centimeter-second) and
Fy=ILdn/E) is the flux of the laser beam, while the
interaction matrix element is given in the form

M=Z_(Voﬂ’i/) [(roi'e)\) (r.'f-e,‘) + (roi-e“) (ri/'e)\)] .

—Voito Vi —w

(14)

[Note added in proof: The application of momentum-
coordinate commutation relations leads to the expres-
sion

M=V>J’uZ [(l'orex) (ris-e,) +
i —vgitw

(Toiv€,) (rif'e)\)]
Vif=Vx )
(14a)

Equation (14a) is expected to lead to a better con-
version of the perturbation series. ]

The total transition probability wer can now be ex-
pressed in terms of the transition probability per unit
time per unit frequency, and a line-shape function
g(v,), so that

@ (v) =worg (V) dvy (15)
and
[etnrin=1. (16)
The cross section for two-photon absorption per unit of
angular frequency is given by

U(Vn) =ﬁ"u°~’(”u)/1ﬂ (17)

so that
8r3etg () Fn | M |2
hi2c? (vav,)

Finally, it is convenient to display the cross section for
two-photon absorption per unit frequency (w,=v,/2):

(18)

o(va) =

() = 4r?etg(w,) Py
o\ = 72 (copw,)
X {Z(wmwif) I:(r‘""el) (_*—rif'e“) + (Toiv &) (Tir+€@2) :“2
i —Wei W Wif W\
(19)

oI, VIBRONIC COUPLING IN TWO-PHOTON
TRANSITIONS

A. Vibronic Coupling

Application of group theoretical considerations to
the Goeppert-Mayer sums determines the symmetry
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of the final state in a two-photon transition. However,
as in the case of one-photon excitations, the possibility
of symmetry-forbidden two-photon transitions must be
considered. The principal cause of intensity in spin-
allowed, symmetry-forbidden one-photon transitions
arises from vibronic coupling between electronic
states.®~% Since the two-photon transition probabilities
are determined by the products of transition dipoles,
it is expected that the effects of vibronic coupling
should be similar for the cases of one- and two-photon
transitions.

The vibronic wavefunction of a molecule is expressed
in the Born-Oppenheimer approximation as a product
of an electronic wavefunction ©;(x, ¢) and a vibrational
function &;(q):

(%, 9) =64(x, @) Prj(q), (20)

where x and ¢ refer to a complete set of electronic and
nuclear coordinates, & is an electronic state for fixed ¢,
and j is a vibrational state. The transition probability
between the vibronic states gi and %5 is determined by
the square of the absolute value of the transition
moment.

M= [ Mal) By, (21)

where

Male) = [0, gm()Ou(s, ). (22)
m,(x) represents the electronic-transition dipole opera-
tor. In the Herzberg-Teller theory, the electronic
wavefunction is expanded in terms of the wavefunc-
tions corresponding to zero nuclear displacement:

Ok, q) =6°(x, 0) + 2 M (9)0.2(x, 0),  (23)

where the mixing coefficient Ay, is

1
E,—F;

0(x, 0) is the ground-state electronic wavefunction
for the molecule in its equilibrium nuclear configura-
tion, H'(g) is the perturbation Hamiltonian arising
from nuclear displacements.

The perturbation potential H'(¢) may be derived by
expanding the Hamiltonian in powers of the set of the
normal coordinates ¢a:

H'(q) =2 H'(g.),

Aea(q) = / 0. (x, 0) H'(q) 00(x, 0)dw. (24)

(25)

where
H'(gs) =qa(0H /3¢a)o0- (26)
2 J, N. Murrel and J. A. Pople, Proc. Phys. Soc. (London)
A69, 245 (1956).
% A, C. Albrecht, J. Chem. Phys. 33, 156, 169 (1960).
3L A, D. Liehr, Can. J. Phys. 35, 1123 (1957); 36, 1588 (1957).
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The only term in the electronic Hamiltonian depending
on nuclear coordinates involves the electron~nuclear
Coulomb interactions

H'(gs) = —u(3/8¢a) ;E(GH 1o/ 0%s) 0(915/8¢)0,  (27)
where
H, =Zae2/rl¢. (28)

In Egs. (27) and (28) Z represents the nuclear charges,
1, are the nuclear coordinates, r;, the electron—nucleus
position vectors, and the derivatives (9r,/9¢a)o corre-
spond to the elements of the matrix which transforms
from the normal coordinates ¢, to the Cartesian
displacement coordinates in the ground state.

The general expression for the mixing coefficients
becomes

Meao(@) =[1/(Ee—Er) 1250 (Wis)a, (29)
where
, [O1:\ T
(Wks)a Z/Pkl(?)zve ( > ;;}dxp (30)
and
pu() =n / 0.(x, 0)0,8(x, 0)da (31)

represents the one-electron transition density (or the
rearrangement density) of the n-electron system. The
integration in Eq. (30) is taken over #—1 electronic
coordinates, excluding the coordinates of the pth
electron. We now invoke the usual assumption that
the ground-state mixing is negligible in view of the
relatively large energy denominators arising in Eq.
(23). Introducing Eq. (23) into Eq. (22), we obtain

Mak(Q) =Mako+z)‘ka(9)quo- (32)

For a symmetry-forbidden transition M ;4%=0.

The condition for the appearance of a symmetry-
“forbidden” band is that for some s, both M,? and
Ai:(g) will be nonvanishing. Thus, M,,° must correspond
to some spin- and symmetry-allowed electronic transi-
tion. In order that A« (g) not vanish, the integrand in
Eq. (24) must form the basis for a totally symmetric
representation. This requirement essentially specifies
the symmetry of the vibrations participating in the
vibronic coupling. The transition moment (21) for the
the case of a symmetry-forbidden transition between
the vibronic states g7 and %5 can now be displayed in
the form

Mai’.kJ':Z[Mwo/(Ec‘Ek) ]Z(Wka)a<¢ai I Ga l q’kj)-
(33)

It is useful at this stage to consider the total transition
probability P, for the electronic transition g—k.
Application of an approximate quantum-mechanical
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sum rule leads to the result

Pnk=ZBi<q’ai l Myl I Pyi), (34)
where B; is the Boltzman weighting factor for the level
gi. The matrix element (33) can be displayed in the
form

0k [ EZ

EE;c

X [oulP) L2 (a ) (@2 2y (39)

where (g.%)« is the root-square dlsplacement of the
normal coordinate of the ath normal mode in the ith
vibrational state of the ground electronic state. In the
harmonic-oscillator approximation, {g.?):; is found to
be (v;+3)(h/4n’w,), where w, is the characteristic
frequency of the ath mode.

Finally, the transition probability for a one-photon
transition can be displayed in the form

Py= ZZ[Moao/(Es—Ek):l
XL (Wia)a{ga oo J? coth(hw,/2RT). (36)

The temperature dependence of the transition prob-
ability arises from the (ga?)is terms in Eq. (35).

The integrals arising from Eq. (35) have been
evaluated by both semiempirical® and more rigorous
methods.® Useful simplifications arising from symmetry
considerations have been introduced by Albrecht.® In
the present work, we employ both Murrel-Pople semi-
empirical method and the Liehr-Albrecht® non-
empirical scheme. In the Murrel-Pople method, the
perturbation energy is approximated by the introduc-
tion of the one-electron transition density px(p) and
the set of dipoles representing the nuclear displacements
in the various normal modes. The integral in Eq. (35)
is then represented by the classical interaction energy
of the set of dipoles Z,e*(91,/¢.)0 and the transition
density epy ().

B. Symmetry-Forbidden Two-Photon Transitions

The two-photon transition probability between the
vibronic states g¢ and fj is proportional to the square
of the Goeppert-Mayer sum:

ut Ji= ZI‘W fakl[<Mat ki Mklf /Am kl )

F (Mot M s/ Brig) T, (37)
where
Myt =Mgire), (38)
Agi g = vyt (39)
and
i i =vgi kWkt, 1/ Ve (40)

Excluding the case of resonance effects, it is possible
without serious error to replace Ay and Ty % by
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their electronic mean values A,;* and T, * For a symmetry-allowed two-photon transition, the transition
moment is proportional to

Koizi= | Seisi P = | zkl:ra,fk[(Ma,k“Mk.f""‘(gi | REYRL] f7)/ Do) 4 (M, 20+ My Mg | REYEL| 17)/ 80 0*) 117 (41)
where we have introduced
Mg =M, > gi | k) (42)

and a simplified notation is applied for the integration over nuclear coordinates. The total transition probability
for a two-photon absorption process is displayed in the form

Py = Zi)Bi;Kg;,j. (43)
Application of the quantum-mechanical sum rules
;(gi | RD) (kL] fi)=(ei | 7D,
2B G =1, (44)

lead to the result
Poy=| 2 To LM a® MM 24/ Dy i) + (Mg #My 22/ Ay ) ] 2. (45)
k

Thus, symmetry-allowed two-photon transitions exhibit no temperature dependence of the transition probability,

as might be expected.
We now turn our attention to the case of two-photon symmetry forbidden transitions. In general, the transition

moments can be expanded in a Taylor series of nuclear displacements:

Moopu=Mo2(gi | D)+ 2 M (B E) 30 (W) olgi | g | kl)—l—ZMk,ﬂ(E.,—E,)-‘E(W,,,,)a(gi | ga| k1). (46a)

In a similar way, we write

My, sy=M, kL lﬁ>+ZMk.p°(Ep—Ef)‘lza:(Wf.p)a(kl! Ga [fj>+Z,M,,,,I°(Ep—E,,)-1Z(Wk,,f)a(kl | o | f7)- (46D)

The inclusion of the second sum in Eq. (46a) is equivalent to the introduction of ground-state vibronic coupling
in the case of one-photon symmetry-forbidden transitions. The inclusion of the second sum on the right-hand side
of Eq. (46b) is necessary in view of the importance of vibronic coupling between the intermediate state and other

excited states.
The matrix elements (37) can now be represented to the first order in g, in the form

Sui,n=a‘;<gi | &1) (kD lﬁ)—l-;za:ﬂa(kl | g | f)ei | kl>+.z;:z.,:7“(gi | ga | K1) (L] £7), (47)

where
a= D Ty AL (M, 0 My, 0/ By ) + (M 8+ M YA, ) ], (48)
k

M O,XM 0, M O,uM 0,\
pu=r | X (R Do) (), o
k ? Aa,k)‘ Ag,k“

M , O,XM' , 0,u M , 0,nM : 0,
+ ( 9.k )‘f P + 9.k Iip
Ay Ag,k“

) (Ep—Ea—l(Wkp)a], (49)

and
M 'O,XM ) 0,u M '.O'MM oN
‘Ya=zra.!k[z< e b e Y )<E.—Ek)-l<w,,.>a
) . JAVY Ag x*
M‘k"o,le.:fO,u Mk,lo"‘Mk,fo')‘
+ ( Ag,k)‘ + A,_k“

) (& ,,)—1<W,,>,,]. (50)
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The appropriate quantum-mechanical sum rules are
now introdiiced to give

;(gi | ga | DL f5)=gi | @ | 13},
;(gi LRI (L] g0 | £7)= (81 ] g0 | f5).

The Goeppert-Mayer sum can now be presented in
the form

Sgisi=clgi lfj>+§;aa(gi | ga | £7,

(51)

(52)
where ‘
8z =Ba+"Ya- (53)

For the case of a symmetry-forbidden two-photon
transition when either M,,0 or M/ vanishes, we
obtain the result

Soivgs= D388 | ga | £5)- (52
The total transition probability is then given by
Py=2B2 (2 8 [ g 1 fiN2  (43)
L i a

Invoking the sum rule again, we obtain
Pyy=282(gi | g2 | gi) coth(hws/2kT).  (54)

A discussion of the selection rules for symmetry-
forbidden two-photon transitions is of interest. Implicit
in what follows, practical validity is assumed of the
Herzberg-Teller expansion and of the approximate
quantum-mechanical sum rules employed in the deri-
vation of Eqs. (52) and {54). Furthermore, the non-
resonance case is considered and the transition prob-
ability is expanded up to the first order in the
nuclear-displacement coordinate. From the results
obtained herein, we conclude that:

{a) Two pure electronic states, i.e., the intermediate
state & and the vibronically coupled state p, contribute
to the intensity of the symmetry forbidden g—f
two-photon transition.

(b) When the dipole transition between the ground
state and the intermediate state is allowed (i.e., M, %0
and M2=0) it is required that either My, and (W,,),
are nonvanishing for some values for p and @, or
alternatively, that a pair of the matrix elements M,,°
and (W3,), are nonvanishing. On the other hand, when
the dipole transition between the intermediate and final
electronic states is symmetry allowed (i.e., M0 and
Ma®=0) it is required that at least one pair of the
matrix elements M,,® and (W4,)as or the pair M;,° and
(W gp)a should be nonvanishing.

{c) Mixing of two electronic states, say ¢ and %,
under a vibrational perturbation is determined by the
integrals (Wy,)a. It is required that the states ¢ and #
should differ in the occupancy of a single MO and that
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the direct product of the symmetry species T's and T,
corresponding to the electronic states and the symmetry
species I'; corresponding to the ath normal mode, must
contain the totally symmetric representation. Thus T,
must correspond to at least one of the species contained
in the direct product I';XT,.

(d) The vibrational structure is determined by the
vibrational integrals {(gi| ¢, | fj} characterized by the
normal modes ¢ for which the electronic terms 8, do
not vanish. Thus, it is expected that for the case of
symmetry-forbidden two-photon transitions, the 0-0
line will be missing and vibrational progressions based
on a non-totally-symmetric vibration will be observed.

{e) The total intensity of a symmetry-forbidden
two-photon transition is expected to exhibit a
temperature dependence determined by the factor
coth{hw,/2kT), which is of the same form as for
single-photon symmetry-forbidden transitions.

IV. CALCULATION OF ABSORPTION CROSS
SECTIONS IN BENZENE

A, Evaluation of Electronic Integrals

In order to evaluate the electronic integrals appearing
in the expression defining the mixing coefficient A, it
is first necessary to obtain the one-electron transition
density pn. The molecular orbitals that are used to
define the lowest excited states of benzene are given
in the LCAQ approxzimation®:

6:=0.3238 (w1 Fwstwstwit-ws+ws) ,
0:=0.2637 (2w1+ws—ws— 2ws—ws—ws)
0;=0.4567 (wyt-wy—ws—ws),

0s=0.5855 ( —cwows—wstws),
05=0.3381 (201 — w3 — s+ 204 — w5 —e5),

06 =0.5485 (wl—w2+w3—w4+ws*ws); (55)

where wy* * *ws are 2pz atomic orbitals for carbon atoms,
the MO’s are normalized to include overlap. The
ground state of benzene is written as a determinental
wavefunction:

o= (6t)~ | 6:0:0:0:0.0, |. (56)

The excited-state wavefunctions are written as a sum
of the configurations xi! corresponding to the one-
electron excitations 8y—#8;. The appropriate functions,
symmetries, and observed and calculated energies are
presented in Table 1.

By carrying out the integration indicated in Eq.
(34), and then expanding over atomic orbitals, the
transition density can be represented by a set of point
charges —ew,? located on atoms o, and point charges
—eSs 041 at a point midway between atom o and atom
o+1.2 S, 41 is the overlap integral between the two
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TasLE 1. Excited-state benzene wavefunctions.
Energy
(eV)
Function Symmetry (exptl) Iv IIe
8o =27Hx5—xs") B, 5.9 5.2t 3.68
6,=2" (x5} B 6.32 5.76
0, =27 (505 —x2%) Eapa 6.2 8.30 5.93
2 = 27 (Xi‘ _Xzs) E?ob
8 =2"b+xf) Esps 9
5 = 27 (et +-2) Eay,
93"—‘ 2% (X35+X24) Elu, 7.0 7.48 6.98
g = 2 (xat—x) Ey,

& As yet undetermined.

b Pariser, Parr4-Cl, six excited configurations.®

s Theoretical result of a CI calculation with six excited configurations.®
d This is an approximate value, not calculated in Ref. 25.

adjacent atom orbitals. The integrals (W},). may then
be evaluated empirically.® Liehr® has shown how the
corresponding integrals may be evaluated non-empiri-
cally. He defined the integrals I./(s, &, a) related to
the matrix element (W3s), in the following way:

Waom 31705, b, a).

¢ f=1

(57

The superscript f denotes the Cartesian components of
the radius vector r,. Only in-plane components of the
vibrations denoted f=R, U are considered in the
calculation; R and U indicating radial and perpendicu-
lar displacements of the carbon atoms, respectively.

A complete calculation of forbidden intensities in
benzene was presented by Albrecht,® who illustrated
how the integrals 1,7 (s, &, ¢) may be used, and derived
relationships between them so that only a minimum
number of integrals need be calculated, the rest im-
mediately obtainable from symmetry considerations.
In our case, only Ii# and 1Y, corresponding to the
radial and perpendicular contributions of Atoms 1 and
2 in the ring, are needed. We have adjusted the for-
malism of Murrel and Pople so that direct comparison
of the semiempirical and nonempirical method of
calculating the electronic integrals may be made. In
Table II, we present the values of the integrals given
by Albrecht for the different transition densities and
the corresponding results derived from the Murrel-
Pople method. Table 1II contains the calculated single-
photon oscillator strengths for benzene, using both
methods, In addition, we have reported results obtained
by including ground-state mixing in the calculation.
This seems to have a marked effect on the B,, state
oscillator strength. This is to be expected since the
energy denominator Eg,,—FEas,,=6.2 eV corresponds to
about 349 of the energy denominator involved in
mixing the Ba, state, i.e., Eg,~Ep,,=2.1 eV. The
effect of ground-state mixing on other transitions is
much smaller; in the two-photon case, the contribution
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of ground-state mixing is not expected to be more than
10%. Both the empirical and nonempirical electronic
integrals appearing in Table II were used for the
calculations of the two-photon absorption cross sections.

The general expression for two-photon cross sections
involving vibronically induced transitions requires the
calculation of transition moments between excited
states. These have been calculated with the MO’s
given above for benzene in the usual way,® applying
the dipole approximation.

B. Angular Dependence

The expression”® for the absorption cross sections
involves the scalar products between the polarization
vector of the light ey and the polarization of the
transitions r,; and 1. The angular dependence must be
included in the summation and its square, and then be
summed over all possible molecular orientations to
yield a mean two-photon capture cross section. When
photons of different polarization and frequency are
involved, the angular dependence of each summation
must be evaluated separately because of the different
energy denominators that appear. Evleth and Peticolas®
have derived the orientation factors when the two
photons are taken to have the same polarizations. Con-
sidering the case when the two photons have different
energies and polarizations, we present only the angular
dependence of the various scalar products, Assume the
z axis to be defined by the direction of polarization of
one of the beams e;, the transition moments r,; and ry;
are either parallel or perpendicular to each other as is
the case in molecules of Dgy or Dy symmetry. The
second photon may have any polarization direction in
space with respect to the first, but will define the yz

roi lf rit

Fr6. 1. Coordinate system
for the calculation of the
polarization dependence of
the two-photon transition,

rfoi L Fif

# R. Daudel, R. Lefebvre, and C. Moser, Quantum Chemistry
(Interscience Publishers, Inc., New York, 1959), pp. 216-220.
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TasLE II. Electronic integrals.

Empirical Nonempirical
Transition Sak Symmetry
IR v L= Iv
(eV/X) (eV/4)
0-Ba. 0.0 €204 —1.94 1.18 —1.18 2.28
0-Bi, 6,05 €20, 2.36 5.97 1.10 3.17
0-Ey, V20,95 1y —1.43 3.65 —0.13 3.51
0-E,, V26,0 lug 400 3.00 1.70 1.22

plane; that is, its direction of polarization will be along
the y axis when it is perpendicular to e.. In fact, we
assume it to be either parallel or perpendicular to the
first photon, all other possibilities being expressible in
terms of these special cases. The usual polar angles 6
and ¢ refer to the orientation of r,;. If r,; is perpen-
dicular to r,;, B is the angle between the molecular plane
and the plane defined by r,; and the s axis (Fig. 1).
The following scalar products arise:

(Toir€;) = | Toi | coSH,

(Toive,) = | 1,: | sinf cosé. (58)

The same relationships hold for r;; if it is parallel to 1.
If 1, is perpendicular to r,., we write

(ris-€;) = | 17 | sind cosB,

(ri-€,) = | iy | (cosf sing- sing sing cosg). (59)

The angular terms are integrated over the volume
element sinfdfdBdé and divided by the appropriate
normalization factor, 8x2

If the second beam is at an angle a with respect to
the first, then the angular dependence along the y and
z axes are first calculated, the former then multiplied
by sin’x and the latter by cos’a. The squares arise
because the entire summation over intermediate states
is squared. Terms in sina cosa turn out to be zero.

C. Two-Photon Absorption in Benzene

The evaluation of two-photon cross sections in
benzene can be accomplished with the use of Tables

Tasre III Oscillator strengths.

Murrel and Pople Albrecht
a b a b sg'&;,d
/By, 0.005  0.009 0.006 0.011 0.0014
/By, 0.185  0.208 0.052 0.069 0.094
on 0.019  0.025 0.033 0.040 0.094
TE;y 0.112 0.112 0.019  0.019 0.094

8 Reported in reference—Murrel and Pople values corrected for a slight error
normalization in Whiffen's normal-coordinate analysis of benzene.s!
b Method *“a” with ground-state mixing included in calculation.

I-IV and Eq. (19). [Note added in proof: The transi-
tion matrix elements presented herein were calculated
from Eq. (14). The same conclusions concerning the
relative magnitude of the two-photon absorption cross
section are obtained by the application of Eq. (14a).]
The summation is taken over all singlet excited states
arising from w—r* excitations, but intermediate states
involving two forbidden transitions are considered. In
Table 1V, we list the pathways of two-photon absorp-
tion to the four lowest singlet excited states in benzene
and the vibrations mixing the forbidden transitions
involved.

The energies of the B,, and FE,, states were taken
from the experimental data as reported in Table I. The
E,,” state (as indicated in various theoretical calcula-
tions) is assumed to be the lower of the two E,, states.
The upper E, state was located at 9 eV%; the calcu-
lations are quite insensitive to its exact energy. The
energies of the By, and E,,* states were treated as
parameters in the calculation; that is, one state is
located at the experimental value of 6.2 eV, and its
cross section evaluated for different energy values of
the other. When the E;” is located at 6.2 eV, the By,
state energy is varied in the range 6.9 to 7.5; when the
By, state is located at 6.2 eV, the Ey," state energy is
varied in the range 6.9 to 7.9. This range of variation
is indicated by theoretical calculations, though in no
case does the B, state have a higher energy than the
calculated £, state.

Laser energies of both 1.8 eV (which can be obtained
from the ruby laser) and 3.6 eV (which can be obtained
by second-harmonic generation) are used in the calcu-
lations. Absorption measurements can be, in principle,
carried out with a second light source whose frequency
matches the energy difference between the laser fre-
quency and that of the final molecular state.” Experi-
ments can be performed in the range where the energy
of the secondary source does not overlap the range of
single-photon absorption, starting at about 4.4 eV.
Thus, for the 1.8-eV laser beam, only regions corre-
sponding to total energies of up to 4.4+4+1.8=6.2 eV
may be scanned. It will be possible to reach energies of
up to 8.0 eV if the second-harmonic 3.6-eV laser beam
is used.

Tables V and VI contain the calculated values of a
parameter §=o(w)/F) used to characterize the cross
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TasLE IV. Pathways of two-photon transitions.

Transition Pathways Mixing vibration

* »
A 1g'—>B2u A lg—’Elu, Elu_’B2u+ A lﬂ_)EZ[]b) E?nﬁ—’Bau Clu

* *
A1;— By, A1~ Eyyy Evi— B+ Ayy— By, Eyy'—Br, 1y

*
Alp"’Elu Alu_)Ew‘y, E207_)Elu Clu
*

A 10_>E2g A 10> Elm Elu_’E207+A lp_"Blu, Blu'_)EIg‘7 €29

8 An asterisk indicates a symmetry-forbidden transition.

TaBLE V. Calculated two-photon absorption cross sections—benzene. [g{w) =10"*sec.]

Parallel beams Perpendicular beams
Energies (eV) X 108 (cm#-sec atom™-photon™) 8X 10® (cmi-sec atom™!-photon™!)

B, Esy By, B Ey, By Bs. Biu By, By,
A. Nonempiricals

6.2 6.9 0.75 1.50 0.79 0.35

6.2 7.1 0.94 0.04 0.10 0.01

6.2 7.3 1.14 0.20 1.18 0.04

6.2 7.5 1.30 0.71 1.34 0.20

6.2 7.7 1.46 1.30 1.50 0.32

6.2 7.9 1.62 1.85 1.62 0.47

6.9 6.2 0.05 353 0.08 209

7.1 6.2 0.05 472 0.08 299

7.3 6.2 0.05 176 0.08 78

7.5 6.2 0.05 147 0.08 56
B. Semiempirical*

6.2 6.9 3.98 0.87 4.50 0.24

6.2 7.1 5.48 0.03 5.64 0.01

6.2 7.3 6.55 0.12 6.70 0.04

6.2 7.5 7.53 0.43 7.69 0.12

6.2 7.7 8.44 0.75 8.60 0.20

6.2 7.9 9.23 1.06 9.39 0.28

6.9 6.2 0.28 935 646

7.1 6.2 0.28 1360 966

7.3 6.2 0.28 313 181

7.5 6.2 0.28 212 105
C. Nonempiricalb

6.2 6.9 0.87 0.79 3.31 3.82 0.99 0.20 2.48 2.25

6.2 7.1 1.10 0.02 3.12 5.52 1.22 0.01 2.33 3.55

6.2 7.3 1.34 0.32 2.96 17.6 1.46 0.08 2.31 7.65

6.2 7.5 1.58 0.83 2.80 40.2 1.70 0.20 2.13 14.9

6.2 7.7 1.77 1.38 2.68 75.0 1.89 0.35 2.01 25.6

6.2 7.9 1.93 1.85 2.60 123 2.05 0.47 1.93 41.0

6.9 6.2 0.04 20.7 4.2 227 ’ 0.16 5.2 3.16 129

7.1 6.2 0.04 14.4 4.2 312 0.16 3.59 3.16 190

7.3 6.2 0.04 11.7 4.2 170 0.16 2.92 3.16 48.5

7.5 6.2 0.04 10.6 4.2 101 0.16 2.64 3.16 34.5
D. Semiempiricalb

6.2 6.9 4.73 0.43 1.93 10.4 5.72 0.10 1.42 7.18

6.2 7.1 6.47 0.01 1.81 16.5 7.14 0.00 1.34 11.8

6.2 7.3 7.81 0.20 1.74 34.3 8.48 0.04 1.30 20.2

6.2 7.5 9.03 0.47 1.66 64.7 9.70 0.11 1.22 33.1

6.2 7.7 10.1 0.79 1.58 109 10.8 0.20 1.18 51.3

6.2 7.9 11.2 1.06 1.50 171 11.8 0.28 1.14 76.5

6.9 6.2 0.24 12.1 2.44 591 0.91 3.00 1.85 401

7.1 6.2 0.24 8.40 2.44 880 0.91 2.09 1.85 618

7.3 6.2 0.24 6.78 2.4 211 0.91 1.70 1.85 116

7.5 6.2 0.24 6.15 2.44 145 0.91 1.54 1.85 67.0

 fivjager=18 ¢V. b hvtaser=3.6 eV,
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sections of a two-photon absorption. Both semi-
empirical and nonempirical results are tabulated. In
each case, results are reported for both mutually
parallel (e, || e,) and perpendicular (e, L e,) polariza-
tion of the two beams. Blanks in Table V correspond
to energies where single-photon absorption of the sec-
ondary beam is expected.

The Bsgu, B, and Ej, two-photon transitions all
proceed via forbidden pathways, each mixed by vibra-
tions of ey, symmetry. Their vibrational structure is
determined by the relative displacements of each of
the ey, vibrations, and by the electronic integrals
IE(s, k, e1,) and L,Y(s, %, €,). The vibrational struc-
tures of the Bs,, By, and E, bands are independent of
any energy parameters in the approximation we have
been using, i.e., no terms of higher order than ¢, appear
in the calculation of the cross sections. Table VII
contains relative contributions of each vibration to the
total intensity of each band mixed by e, vibrations.

The vibrational structure of the E,, band should be
strongly dependent on energy patrameters. The two-
photon transition involves both forbidden and allowed
pathways; the allowed going via the FE,, intermediate,
and the forbidden via the By, vibronically coupled with
the E, by ey, vibrations. Since the intensity of the
allowed transition is generally an order of magnitude
greater than that of the vibronically induced transition,
the e;, vibrations will probably not be observed. If,
however, By, state is close to the E,, state in energy,
vibrational structure should appear, corresponding to a
large increase of the contribution of the forbidden path-
way. Table VII contains the relative contributions of
the ey, vibrations to the intensity of the vibronically
induced E,, transition.

V. DISCUSSION

The theoretical results obtained herein strongly indi-
cate that a good deal of information may be obtained
from two-photon absorption experiments in benzene
and other aromatic molecules. The question of choosing
between the (P-A) and A? terms in the interaction
Hamiltonian presents no problem except in extreme

TaBLE VI. Relative vibrational contributions of the ey, vibration
for two-photon transitions in benzene.

Nonempirical Semiempirical
e1y Vibrations in cm™ e1s Vibrations in cm™
Transition
078 1480 1035 3078 1480 1035
0-Ba, 0.02 0.42 0.56 0.02 0.42 0.56
0-B1. 0.00 0.35 0.65 0.02 0.78 0.20
0-Ei 0.00 0.35 0.65 0.02 0.78 0.20
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TaBLE VII. Relative vibrational contributions of the ¢y, vibration
for two-photon transitions in benzene,

Nonempirical Semiempirical
54 Vibrations in cm™! 5, Vibrations in ¢cm™!
Transi-
tion 606 1177 1595 3047 606 1177 1595 3047
0-E, 0.16 0.06 0.77 0.01 0.12 0.06 0.81 0.01

cases. The A? term was shown to contribute about
0.1% of the intensity in allowed two-photon transi-
tions. Most of the forbidden transitions tabulated in
Tables V and VI have cross sections of 19,-109%, of the
allowed transition. All the cross sections vary con-
siderably with the energy assignments of the various
states. The mean value of & for the E,, state is about
5X10~% cm* sec™. Thus, the A2 term might be expected
to make contributions to transitions with § values of
about 107% cm*-sec. Extremely weak forbidden transi-
tions may probably include an intensity contribution
of the order of 109 from the A2 term. The 42 term will
not contribute if the two beams are mutually perpen-
dicular, a fact which enables its role to be effectively
determined. Our results indicate a strong possibility of
deciding between the By, and the E,, assighments of
the 2000-A one-photon absorption band of benzene.
The major conclusions may be drawn from intensity
comparisons, though vibrational structure, tempera-
ture dependence, and, to an extent, polarization de-
pendence, may also provide useful information.

Tables V and VI provide a reasonable picture of the
general band structure of two-photon absorption in
benzene. The essential differences between the semi-
empirical and nonempirical methods involve absolute
values, and not the relative intensities in which we are
interested. As mentioned above, two possible energy
assignments are predicted by theory.? In the first, the
By, state is located at 6.2 eV, the E,, being somewhere
above the Ey,, between 7.0 and 8.0 eV. In the other,
the Ej, state is at 6.2 eV, the By, state being located
near the FEi, state, somewhere around 7.0 eV. The
essential criterion in determining between the two
possibilities is that Case (1) and Case (2) give decidely
different pictures of the predicted spectrum.

A. Intensity Comparisons

1. Case (1)

For the 3.6-eV beam, weak lines of approximately
equal intensity should appear at 4.9, 6.2, and 7.0 eV
corresponding to the By, By, and Ey, transitions. The
Bi, band appears to be slightly weaker than the other
two, particularly when the E,, is assumed to be at
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Fi16. 2. Theoretically predicted two photon absorption spectra
of benzene for the absorption of one photon %»=3.6 eV and a
second photon /w,. The two-photon energy is E=/hn-+hv,. (a)
Case 1: By, state located at 6.2 eV. Es, state located at 7.5 eV.
(b) Case 2: Eq, state located at 6.2 eV. B, state located at 6.9 eV.

about 7.0 eV, near the Ey, state. The cross sections are
otherwise essentially insensitive to the exact location
of the E, state. There should also appear a strong
band at above 7.0 eV corresponding to the Ej, absorp-
tion. The 1.8-eV beam only allows comparison between
the B,, and By, bands, the picture being essentially the
same as before.

2. Case (2)

The B,, band at 4.9 €V should be particularly weak.
The E., absorption at 6.2 eV will be quite intense, at
least a factor of 10 greater than the E,, absorption at
7.0 eV. The picture is essentially the same when the
1.8-eV laser is used, though the Es, should be even
more intense, the Ej, state will, of course, not be
observed.

The intensity of the B, absorption becomes quite
small when the Es, state is located near but above the
E, state. This is a result of cancellation of the different
terms contributing to the intensity, arising from energy
denominators with opposite signs, but has no other
apparent significance. Figure 2 contains the predicted
two-photon absorption intensities for benzene for Cases
(1) and (2) with the theoretically calculated excited-
state energies taken from Table I. The laser beam is
taken as 3.6 €V so that the entire spectrum may be
scanned. The spectrum was calculated by assuming
triangular absorption bands characterized by half-
widths of 0.4 eV. The resultant spectrum obtained by
summing the contribution of each state contains two
peaks for Case (1) and one peak for Case (2). In each
case, the strong E,, absorption tends to mask both the
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E4, and By, bands. In Case (1) a shoulder appears on
the low-energy side of the band, and in Case (2), on
the high-energy side. The Bj, intensity is small in both
cases, but negligible in Case (2). The following dis-
cussion on vibrational structure applies for individual
bands which might be detected under conditions of
relatively high resolution.

B. Vibrational Structure

Two-photon absorption bands resulting from
vibronically induced mechanisms should exhibit vibra-
tional states corresponding to the vibrations causing
the mixing. If only one electronic state acts as an
intermediate, the vibrational structure should be de-
termined by the vibronic structure of the single-photon
transitions to and from that state. If, further, the
forbidden transition originates from the ground state,
or is mixed by the same electronic integrals as some
symmetry-forbidden one-photon transition, then its
vibration structure will be known from the observed
electronic spectra of benzene. These criteria are ful-
filled for all the transitions considered in this work.
Both pathways of the By, transition are mixed by the
ey, vibrations and involve the electronic integrals of
the single-photon Ay,—E,, transition. The By, and E;,
two-photon transition are both mixed by ey, vibrations,
and the A;—FE;, electronic integrals. The forbidden
pathway of the E,, two-photon transition is mixed up
by ey, vibrations and the Ay B. electronic integrals.
In this case, the vibrational structure will probably be
obscure because the forbidden pathway will, in general,
contribute only a small fraction of the total intensity.
The vibrational structure of each two-photon absorp-
tion band can be correlated with a given one-photon
band with the aid of Table IV. Thus, for example, the
two-photon By, transition has the same vibrational
structure as the one-photon Ej, transition. This is only
true because the forbidden E;,—B,, transition contains
the same vibrational contributions as the A, —F,,
transition originating from the ground state. The same
behavior holds true for the By, transition as well, but
should not be taken as a general rule.

Case (1) and Case (2) may now be discussed in
terms of vibrational structure.

For Case (1) the By, band at 6.2 eV should have the
same structure as the L, band at 7.0 eV. This should
differ from the one-photon By, envelope at 6.2 eV.

For Case (2) the Ej, band should have the same
vibrational structure as the one-photon Es, transition
at 6.2 eV. The two-photon transition to the X, state
should exhibit vibrational structure only if the for-
bidden pathway via the By, makes a sizable contri-
bution to the total intensity. This will be the case if
the By, is very close to the Ey,. Otherwise, the Ej,
should have no structure resulting from vibronically
mixed transitions.
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C. Temperature Dependence

The information obtainable from temperature de-
pendence is essentially the same as that from the
vibrational structure. The E;, band should exhibit
little or no temperature dependence, depending on the
relative contribution of the symmetry-forbidden path-
way. The By, state should exhibit the same tempera-
ture dependence as the Fy, state.

D. Polarization Dependence

The polarization dependence is tabulated in terms
of two extreme cases, mutually parallel or perpendicu-
lar electric-field vectors of the incident beams. The
ratio 8/6+ for the By, By, and Ey, transitions is
approximately 1:1, 4:1, and 4:3, respectively, and all
are energy independent. The corresponding value is not
constant for the E,, transition since the allowed and
forbidden pathways have different angular dependence.
The ratio is seen from the table to vary from about 4:1
to 2:1 depending on the energy-level assignments.
When the By, is close to the Ei,, the forbidden pathway
makes a sizeable contribution and its angular depend-
ence must also be considered. Unfortunately, the
changes in intensity do not seem to be enough to enable
definite conclusions to be drawn.

The approximations involved in the present theo-
retical treatment should be now considered. As men-
tioned above, we have not considered pathways
involving two forbidden transitions. A rough analysis
of these mechanisms showed that their contribution
is negligibly small, and in no case will be greater than
a few percent. In addition, we have neglected Rydberg
states involved in mixing since their transition moments
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are quite small.® The analysis presented above indi-
cates that definite assignments may be made for two-
photon absorption in benzene. In particular, the
assignment of the electronic state of benzene located
in the 2000-A region should be possible on the basis
of experimental results. Our calculations indicate that
vibronic coupling should be considered as the main
explanation of the presence of symmetry forbidden
two photon absorption bands.

Some implications of our data for other aromatic
molecules are of interest. Two-photon excitation of
anthracene may be understood on the basis of vibronic
coupling. Instead of assuming the presence of a final
A, or B, state that satisfies the symmetry requirements
for two-photon absorption, it is possible to postulate
a direct 41~ By, symmetry-forbidden absorption pro-
cess. The experimental value for & reported for anthra-
cene by Hall ef al.® is 3XX107% cm*-sec which is of the
order of magnitude of the largest value of a forbidden-
transition cross section we calculate for benzene.
Assuming the vibronic-coupling integrals to be about
the same for both molecules, this result is reasonable.
A two-photon transition to the first singlet B, state
of anthracene may proceed via the intermediate state
B, with the Bg—B,, transition being vibronically
induced. There are other possible pathways but the
large oscillator strength of the Bj, transition ( fa2.3)
indicate its contribution to be significant. Comparing
Hall’s® result with the data we present in Tables V
and VI, and noting that anthracene should have larger
cross sections than benzene, we may reasonably assume
that a full theoretical treatment of anthracene will
yield suitable agreement with experiment.

3 P. G. Wilkinson, Can. J. Phys. 34, 596 (1956).
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