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The strengths of two-photon transitions from the ground state to excited vibronic states in benzene are calculated by using 

the CNDO/2-U wave functions. The role of vibronic coupling in two-photon absorption process is discussed. The A顼 

two-photon transitions, which are forbidden by the identity-forbidden selection rule in single frequency two-photon absorp

tion, are too weak to be experimentally observed even when two photons of different energies are used. It is because the tran

sitions are forbidden also by the pseudo-parity selection rule which are applicable for alternant hydrocarbons such as ben

zene. It is also shown that the vibronic coupling is not very effective in altering the pseudo-parity property of the electronic 

state. The strength of the vibronically induced two-photon absorption is strongly affected by the presence of an electronic 

state from which two-photon absorption can borrow the intensity. It is pointed out that the pseudo-parity selection rule may 

be violated in such cases.

Introduction

Two-photon absorption (TPA) spectroscopy has been one 

of the powerful nonlinear spectroscopies for probing excited 

molecular states ever since TPA was first observed ex

perimentally in early 1960's.1 By using TPA, it becomes pos

sible to reach those high lying excited states which are not 

usually accessible by the conventional linear one-photon ab

sorption (OPA) spectroscopy. However, much of its advan

tage over OPA arises from the differences in the selection 

rules for TPA and OPA. For example, the parity selection 

rule for TPA is exactly opposite to the parity selection rule 

for OPA. Therefore, it is possible to probe by TPA the ex
cited molecular states which are inaccessible by OPA.2

Two-photon absorption experiments can be carried out 

either with a single laser or with two Efferent lasers. When a 

single laser is used, two photons of the same frequency and 

polarization are absorbed (single frequency two-photon ab

sorption or SFTPA). SFTPA is experimentally easier than 

different frequency two-photon absorption (DFTPA) experi

ment in which two lasers of different frequencies and 

polarizations are used. However, some two-photon transi

tions are allowed only in DFTPA because of the identity-for

bidden selection rule in SFTPA. Furthermore, more ver

satile combinations of polarizations and frequencies of laser 

lights in DFTPA can give more detailed information about 

the molecular excited states.

The strength of TPA can be described in terms of the 

two-photon absorption tensor of rank 2 which has 9 indepen
dent Cartesian elements in the most general case.3 In many 

cases, however, TPA tensor elements are related to one 

another due to molecular symmetry. When TPA tensor is 

traceless and antisymmetric, the TPA transition becomes 

forbidden when the two photons absorbed are identical as in 

SFTPA. This type of selection rule, which is called identity- 

forbidden selection rule3 for obvious reason, are common in 

multiphoton absorption processes in which more than two 
photons of the same kind are absorbed by molecules.4 For 

identity-forbidden transition, each of the absorption tensor 

elements was usually thought as vanishing when the frequen
cies of the photons absorbed are identical.3 However, it has 

been pointed out that the correct tensor elements have non
vanishing values even in SFTPA.5 Nevertheless, the identi

ty-forbidden selection rule is valid because the polarization 

vectors are common to both photons absorbed, resulting in 

vanishing transition probability. The traceless and antisym

metric scattering tensor are also related to the unique inverse 

polarization effect in resonance Raman scattering process,6 

which is useful for identifying certain vibrational modes in 

Raman spectra.

In benzene belonging to the D6h point group, the transi

tion from the ground electronic state (禹)to the lowest ex

cited electronic state (B2„) is group theoretically forbidden 

both in OPA and the TPA, and the lowest electric dip이e 

allowed electronic state is 나le Elu state. In OPA, 나】。transi

tions to the various vibronic states in the B2u electronic 

manifold become allowed by borrowing intensity from the 

nearby Elu state through coupling of the electronic motion 

with the vibration motions of nuclei. Likewise, two-photon 

transitions to the B2u electronic manifold are also possible 

through vibronic coupling. The two-photon transitions from 

the A 姑 ground state to the E海 and A2g states are group

theoretically allowed. Among these two-photon allowed 

transitions, the transitions of the vibronic states are for

bidden in SFTPA by 나le identity-forbidden selection rule. In 

fact, these transitions have been experimentally observed 

neither in SFTPA nor in DFTPA.2,3 The absence of these 

transitions in SFTPA can be understood as a result of the 

identity-forbidden selection rule.3 However, the absence in 

DFTPA has not been clearly understood yet.

In this study, we have calculated the two-photon absorp

tion strengths of benzene by using wave functions obtained 

from the semi-empirical CNDO 2-U method. The role of the 

vibronic coupling in two-photon absorption process will be 

studied in detail. Also, the reason for the experimental 

absence of the transitions to the vibronic states will be 

discussed.

Two-Photon Absorption. The possibility of two-photon 

absorption, in which molecules absorb two photons simultan

eously to make a transition to an excited state, was first pre
dicted theoretically in 1930'sJ Two-photon absorption rate is 

proportional to the square of the incident light intensity, 

unlike conventional one-photon absorption in which the ab

sorption rate increases linearly with the incident intensity. 

However, since TPA rate is too small to be observed under 

normal conditions, the experimental verification of TPA was 
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achieved only after laser, a powerful tunable light source, 

became available in 1960's」Since then, TPA has been wide

ly used as a powerful spectroscopic tool for probing mole

cular excited states.

Two-photon absorption rate is usually described by the 

two-photon absorption cross section, a tp血l炒)，which is 
typically on the order of IO-50 cm4 sec/(photon molecule).2,4 

In SFTPA,(wi andcu2 are the same, while they are different 

in DFTPA. The cross section for the transition from the in

itial (ground) state i to a final state /, in turn, can be express

ed in terms of the two-photon absorption tensor of rank 2, 

32),3

숴据 (s,= (8九，寸ss/c*) I (a)i, ct)z) , pl2

g(tl山；⑴

Here, a and 2 are the polarization unit vectors of the incident 

lights of the frequencies &)t and a>2, respectively. And,

o)2)is the Lorentzian line shape function with the dimen

sion of sec.

The density matrix approach has been proved as the most 

accurate way of finding quantum mechanical expression for 
the TPA tensor.8 Within the electric dipole approximation, a 

Cartesian DFTPA tensor element takes on the following 

form:

yr<，|히如〉〈끼0|/>s)—K En_
I <101 如〉〈 끼히/'〉〕 ⑵

En~ 五

In Eq. (2), a and 0 are the Cartesian components (x, y, orz) of 

the polarization unit vectors of the incident lights, En repre

sents the energy of the intermediate state measured from the 

ground state. The transition dipole matrix elements in the 

numerator represent the coupling of molecular states 

through the electric dipole operator. The summation in Eq. 

(2) is over the complete set of molecular eigenstates in

cluding the continuum. The first term in Eq. (2) represents 

the process in which molecule makes a virtual transition first 

from the initial state i to the intermediate state n by absorb

ing a photon of o)】and then to the final state /by absorbing a 

photon of <u2. For the second term, the sequence is reversed. 

The energy conservation condition is not required for the vir

tual transitions to the intermediate states. However, the sum 

of two photon energies corresponds to the energy gap be

tween the initial and final states, i.e. £^=^(d>1 + <l)2)-

For SFTPA, in whch o)1 = aj2==wf the tensor takes on a 
slightly different form from the DFTPA tensor.5 Unlike the 

DFTPA tensor in Eq. (2), the SFTPA has a single term in the 

summation as a following:

G = e〔이히*龙 끼 w二〕 ⑶
n Cm WCU

The difference between Eqs. (2) and (3) arises from the fact 

that photon옹 of the same energy are indistinguishable. 

Therefore, the two terms in Eq. (2) cannot be distinguished 

from each other. It has been pointed out that the correct form 

in Eq. (3) shoud be used to calculated absolute two-photon 
transition rate and the polarization ratio for SFTPA.5

The difference between Eqs. (2) and (3) arises from the fact 

that photons of the same energy are indistinguishable. 

Therefore, the two terms in Eq. (2) cannot be distinguished 

from each other. It has been pointed out that the correct form 

in Eq. (3) should be used to calculate absolute two-photon 
transition rate and the polarization ratio for SFTPA.5

The Cartesian form of TPA tensor has 9 independent ele
ments in the most general case.3 The patterns of the TPA 

tensor, which can be derived by using group theory, play an 

important role in interpreting TPA spectra. As a special 

case, when TPA tensor is traceless (Sg=0) and antisym

metric (Sas = -Sea), the two-photon transition becomes for

bidden when two frequencies are identical as in SFTPA. It is 

known as the identity forbidden selection rule.3

The electronic of molecule are usually classified to their 

group theoretical properties. However, the electronic states 

of alternant hydrocarbons such as benzene can also be classi
fied by the pseudo-parity property.9 Alternant hydrocarbon 

is a group of conjugated hydrocarbons in which two groups 

of carbon atoms, "staiTed'' and ,iunstarred,,( are alternating 

each other. For these molecules, the energies of Hiickel 

molecular orbitals are always symmetric with respect to the 

nonbonding orbital. In this case, the excited electronic states 

are always degenerated, resulting in the "plus" and "minus'' 

pseudo-parity property. The non-degenerate ground elec

tronic state is usually classified as a minus state, It has been 

shown that the electric dipole operator can couple the states 

with different pseudo-parity.9 Therefore, the transitions to 

the plus states are allowed in OPA, while the transitions to 

the minus states are allowed in TPA. Although the pseudo

parity selection rule is not so powerful as the group 

theoretical selection rule, it is quite useful in identifying 
vibronic spectra of alternant hydrocarbons.10 The pseudo

parity of an electronic state can be altered by coupling with 

the vibrational modes. For example, among the in-plane 

vibrational modes of cyclic polyenes, those modes with tan

gential nuclear motions conserve the pseudo-parity of the 

electronic state. On the other hand, those modes with radial 
vibrational nuclear motions alter the pseudo-parity,10 In 

benzene, the b2u vibrational modes (y9 and v 10) belong to the 

former case and the 知(y and are the example of the lat

ter case.

Calculation of Two>Photon Absorption Strength.

Two-photon absorption strengths for n -electron systems 

have been successfully calculated by using the wave func

tions from the semi-empirical CNDO method. In this work, 

we have used the empirical parameters for the CNDO 
method employed by Del Ben et al.11

In order to calculate the TPA tensor in Eq. (2) or Eq. (3), it 

is necessary to calculate the transition dipole moments bet

ween the electronic states. The CNDO wave function for an 

excited electronic state is represented as a linear combina

tion of the Slater determinants (V^n-n1)}. The antisym

metrized Slater determinant V^n-nf) represents the elec

tronic configuration in which an electron is excited from an 

occupied one-electron molecular orbital „ to an unoccupied 

orbital Thus, the electric dipole transition moment be
tween the electronic states j and k is given as9

〈刃 히。= 以q')| 히 】* 如力')〉(4) 
I m

Here, Dkl is the coefficient of the /-th configuration in the ^-th 

electronic state. The integral in the right hand side of Eq. (4) 

can be simplified in terms of the one-electron transition 
dipole moments as following,9
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幅
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for p=q and D' = q'

for 护"and f)' = q' 

for p—q and 力 

otherwise

(5)

Within the zero differential overlap approximation, in which 

the contributions from the basis functions centered at dif

ferent nuclei are entirely neglected, the one■이ectron transi

tion moment, between the m시ecular orbitals @ and g 

can be written as following,

여—⑹
a b

Here,(蓦 is the a component of the coordinate of the center of 

the basis function. In the case of benzene with the center of 

inversion, there is no contribution to the transition dipole mo

ment from nuclear motions.

The transition dipole moment from the ground electronic 
state Vi is given as9

히*(£1">=姪也陽 (7)

The extra factor of 42 is introduced because of the dif

ferent normalization constants between 峪 and 匕(W). In 

the CNDO method, the ground electronic state which has 

closed shell configuration is represented by a single Slater 

determinant. On the other hand, the excited states with open 

shell configuration are represented by sets of two Slater de

terminants.

Eqs. (4) through (7) can be sued to calculate the TPA ten

sor elements in Eqs. (2) and (3). In our calculations for 

benzene, we have used only the molecular orbitals of the ie* 
type with the zero differential overlap approximation. Fur

thermore, the summations in Eqs. (2) and (3) are limited to 

those n states obtained in the CNDO method. These have 

been typical approximations used in many successful calcula

tions of two-photon absorption strengths for aromatic com

pounds.12

When molecules are randomly oriented, the TPA 

strength is better represented by taking an average of the 

TPA corss-section over all possible molecular orientations. 
According to Monson and McClain3, the orientation averag

ed TPA strength can be written as

沪=< | 如S侦勺f+GBg+H^ (8) 

where

心=ZESgS毒 (9a)
a fi

"=£話“阻 (9b)
a 8

"=EESsS爲 (9c)
a fl

and F, G, and H are the parameters representing the polari

zation unit vectors. For TPA with parallel linear polari

zations (京),F~G~H=2. For perpendicular polarizations 

(#j), F=H= -1 and G = 4. For the transitions forbidden by 

the identity forbidden selection rule,膈 vanishes because 

#*= 0 and 魅=~
The TPA strengths for the transitions to various vibronic

Table 1. Vibronically Induced TwoPh아on Absorption Strengths 

for

Final State 号(eV)
舞t (10"lcm아

20« 30° 50°

B兄混2“（旳） 4.866 3.57 3.11 0.700

8*乂站（vio） 4.971 6.98 6.03 1.35

如“Uy) 5.787 0.0174 0.0127 0.0102

8握上g） 5.785 0.0616 0.0452 0.00900

。血버/，辱%）.

a 卤co】/球％) 'This is forbidden by the identity-forbidden selection 

rule.

Table 2. Vibronically Induced Two+hot이】 Absorption Strengths 

for Aj-A%

Final State E&V)
$'(10-45 cm6)

2。 3驴 5(对

B^x62«(V9) 5.837 0.111 0.234 0.0

xd2M(Vio) 5.888 0.454 0.635 0.0

B五 xdiw(V5) 4.760 4.71 1.78 0.0

B五 x （卩6） 4.753 16.5 6.23 0.0

Table 3. Vibronically Induced Two-Photon Absorption Strengths 

for and 由侦*&

Final State &(eV)
品，(10-41 cm6)

20" 3(* 50"

E"b& (灼) 【E弱 7.321 0.655 0.326 0.0530

或饥（町0） ［蚀］ 7.333 1.04 0.512 0.0831

7.310 0.0264 0.0102 0.00540

【％】 7.300 0.0941 0.03f)5 0.00483

叫糾/与（殉.

states of benzene are calculated by using the wave functions 

obtained from benzene distorted according to the given nor

mal modes of vibration, The nuclei of benzene are placed at 

the positions which are displaced by the root-mean-square 

displacements from the undistorted positions. The electronic 

wave functions calculated in this fashion should include the 

effect of vibronic motions in an average way.

Results and Discussions

The calculated orientation averaged two-photon absorp

tion strengths in Eq. (8) are listed in Tables 1-3. The final 

vibronic states are identified by the irreducible represen

tations for the undistorted benzene. The photon energy 知*八 

is given as a fraction of the energy difference Ef between 

the ground and final states, and thus ha)2=Ef-'ha)x-

In undistorted benzene, the state, the super응cript re

presenting the pseudo-parity property, is the lowest elec

tronic state to which TPA transition from the ground 

state is allowed by the group theoretical selection rule a옹 well 

as by the pseudo-parity selection rule. The E案 state is located 

8.213eV above the ground state in the CNDO calculation.
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The orientation averaged TPA strengths in Eq. (8) are on the 

order of IO-39 cm6 which can be regarded as the typical order 

of magnitude of the allowed TPA strength for benzene. The 

TPA strength is weaker in general in SFTPA than in 

DFTPA. However, the weakness in SFTPA can be easily 

compensated by long path length of laser light in experiment.

On the other hand, the strengths for vibronically induced 

two-photon absorptions are at least 100 times smaller than 

the allowed TPA strengths as can be seen in Tables 1-3. 

Here, the b2u (v9 and y 10) and bYu (v5 and 丄侑)vibrational mo

des, which are known to conserve and alter, respectively, 

the pseudo-parity of the electronic state, are considered. It is 

found that the TPA strengths are not so sensitive to th으 
amount of nuclear displacements. Furthermore, the TPA 

cross-section is the largest when the incident lights are 

linearly polarized to the same direction.

Among the in-plene vibrational modes considered in this 

work, the b2u modes, in which the nuclei are displaced to the 

tangential directions to the benzene ring, are found as to be 

more effective in shifting electronic energy levels as can 

be seen in Table 1-3. In undistorted benzene, the B卽, 

Blu, and Elu states are located 4.762, 5.788, and 7.314 eV 

above the ground state, respectively. The result appear동 to 

be due to the fact that all of these excited electronic states 

have the electronic configurations obtained from m* transi

tions and that the n orbital energy is more sensitive to the dis

tance between two adjacent carbon atoms.

Tables 1 and 2 show that the vibrational coupling is not 

very effective in modifying the pseudo-parity character of the 

electronic state. In other words, the TPA strength for a tran

sition to vibronic state is dominated mostly by the pseudo

parity property of the unperturbed from the pseudo-parity 

allowed 8五 electronic state are stronger than the transitions 

to the vibronic states of the pseudo-parity forbidden 

state. This is interesting because the Elu electronic state, 

which serves as the most important intermediate state, lies 

closer to the Blu state. And, in group theoretically allowed 

two-photon transitions, it is normally expected that the tran

sition to the state close to the important intermediate state 

becomes stronger because of the small energy denominator 

in Eq. (2) or Eq. (3). This, if the energy denominator is the 

dominant factor for determining the TPA strength, the tran

sitions to the BL manifold are expected to be stronger than 

those to the manifold.

The TPA strengths in Table 2 are much smaller than 버e 
other vibronically induced TPA strengths in Tables 1 and 3 

by a factor of 1(广七 The TPA tensor for A transitions in

Table 2 is traceless and antisymmetric as di옹cussed in Sec
tion 2. Thus, the two-photon transition is forbidden by the 

identity-forbidden selection rule when two photon energies 

are identical as in SFTPA. The two-photon transiti이t응 are 
also forbidden when photons of the parallel linear polariza

tion are used in DFTPA since F=G = H=2 and dF — 0 and 

%= 5 诅 Eq. (8). Thus, these transitions can only be de
tected experimentally when the polarizations of the photons 

aic perpendicular to each other. However, these transitions 

are too weak to be observed experimentally even in DFTPA 

because they are forbidden by the pseudo-parity selection 

rule.
In Table 3, 나此 TPA strengths for the transitions to the vi

bronic states in the E^u state are listed. Here, the pseudo 

parity forbidden A話％ transitions are stronger than the 

pseudo-parity allowed AyE鼠 transitions. And, the pseudo

parity selection rule does not seem to work for these transi

tions. Although it can be regarded as an indication that the 

radial nuclear displacements are less effective in modifying 

the pseudo-parity property of the electronic state, the more 

important reason is the presence of the two-photon allowed 
E^g electrionic state within 1 eV range from the E^u state.

The two-photon transition to a vibronic state in a forbid

den electronic manifold can be regarded as borrowing the in

tensity from the transition to nearby allowed state through 

vibronic coupling. According to the Herzberg-Teller for
malism for the vibronic coupling,13 the degree of mixing of 

nearby electronic state due to the vibronic coupling depends 

invers이y on the energy gap between the two electronic 

states. Thus, the presence of the % state has little effect on 

the transitions to the B五 and manifold which are located 

more than 2.4 eV below the E品 state. However, it can bring 

significant amount of the allowed character into the close

lying E, state through vibronic coupling.

In fact, the E^u wave function has about 10% of the E板 

character when it is copied with the b2u vibrational modes. 

On the other hand, the blu vibrational modes bring only a few 

percent of the allowed character into the EJ state. Accor

ding to the Herzberg-Teller theory, the magnitude of the 

allowed character reflects the steepness of the electronic po
tential surface with respect to the vibrational coordinate.13 In 

other words, the potential energy surface in benzene is more 

sensitive to the b2u normal modes of vibration than to the blu 

modes. The more steepness of the electronic potential 

energy surface with respect to the b2u vibrational modes can 

be also seen from the fact that the b2u modes are more effec

tive in shifting energy levels as discussed above. Thus, the 

TPA strengths depends significantly on the nature of the 

electronic potential energy surface with respect to the nor

mal mode of vibration when there is a nearby electronic state 

from which the two-photon transition can borrow the intensi

ty.
In this work, the role of vibronic coupling in two-photon 

absorption is studied by using CNDO wave functions. In ben

zene, the TPA strengths for vibronically induced transitions 

are at least 100 times smaller than the allowed transitions. 

The pseudo-parity property of the vibronic state is an impor

tant factor for the TPA strengths. However, the dependence 

of the electronic energy surface on the vibrational modes is 

also important when an electronic state from which the two- 

photon transition can borrow the intensity is located very 

close to the final state.
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Species Selective Spectroelectrochemistry Employing 
Derivative Absorbance Signals
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Species selective spectroelectrochemistry (SSSE) is described by relating the derivative absorbance (dA/dt) signals with 

electrochemical currents for conventional transient electrochemical experiments. Expressions relating the currents with the 

dA/dt signals were obtained. From these expressions, physical constants such as diffusion coefficients and molar absorp- 

tivities of electrogenerated species can be determined. By obtaining both derivative absorbance and current signals concur

rently and comparing them, one can perform the SSSE experiments. The utility of the SSSE in sorting out electrochemical 

information is demonstrated.

Introduction

Although the concept of the species selective electroche

mistry (SSSE) has been recognized in the 은arlier literature1'5 
on spectroelectrochemical techniques, the general com

parison of absorbance and current signals has not been made 

explicitly so that the SSSE may be implemented in conven

tional transient electrochemical experiments. Bancroft et al.6 

reported a spectroelectrochemical experiment equivalent to 

cyclic voltammetry by obtaining the dA/dE signal, where A 

and E represent the absorbance and the potential, respective

ly. The dA/dE signal has the identical shape to the cyclic 

voltammetric current, but the two showed different scan rate 

dependencies. These authors also demonstrated that the 

double layer charging current can be eliminated by running 

chronoabsorptometry instead of chronocoulometry,7 if the 

electrogenerated species absorbs photons.

We have recently developed near normal incidence reflec

tance spectroelectrochemical (NNIRS) techniques using a bi
furcated optical fiber probe.8 This system is a modified ver

sion of the experimental arrangement reported by McCreery 
etal.9 such that the angle of the probing beam would be near

ly normal to the reflective working electrode. The NNIRS 

technique offers simplicity at the expense of sensitivity,

十 Department od Chemical Engineering, Texas A & M University, 

College Station, TX 77843, U.S.A. * Department of Chemistry, 

Pohang Institute of Science and Technology, Pohang 79()-(iOO, Korea 

when compared to the system described by McCreery et 이. 으 

Its fully supported microcomputer controlled data acquisi

tion system allows easy treatment of the data. Due to the fast 

and undistorted electrochemical responses owing to its fa

vorable cell geometries, this system is suitable for making 

nonequilibrium spectroelectrochemical measurements. Its 

utility for studying electrochemically generated intermedia

tes, both solution and surface bound species such as oxide 

and polymer films formed on electrode surfaces, has been de
monstrated.10-13

In our current communication, we describe equations 

r이ating dA/dt signals with currents for transient electroche

mical experiments, and discuss the concept of the SSSE from 

the results obtained using the NNIRS system. Thus, the con

current measurement of optical and electrochemical signals 

allows us to carry out the SSSE for traditional transient elec

trochemical experiments such as cyclic voltammetry, chro

noamperometry/chronocoulometry, and chronopotentio- 

nietry. The SSSE can be a powerful tool for studying com

plex electrochemical reaction옹.

Experimental

The chemicals were all ACS reagent grade or better, and 

were used as received without further purification. Doubly 

distilled, deionized water was used for preparing solutions. 

Solutions were deaerated by bubbling with nitrogen gas, and 

the nitrogen atmosphere was maintained throughout the ex-


