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Vibrational Properties and Vibrational First-Hyperpolarizability of an Octupolar Molecule
Based on a Valence-Bond Three Charge-Transfer (VB-3CT) Model
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Various vibrational characteristics and vibrational first-hyperpolarizability of the octupolar molecule are
theoretically described by using a simple four-state (valence-bond and three charge-transfer) model. As the
equilibrium value of the bond length alternation coordinate increases by introducing stronger donor and acceptor
in the octupolar molecule, (i) the vibrational force constant of the symmetric stretching mode exhibits a
nonmonotonic behavior, (ii) that of the asymmetric stretching mode decreases, (iii) IR and Raman intensities
of the asymmetric modes increase, and (iv) Raman intensity of the symmetric mode shows a honmonotonic
pattern. Furthermore, it is found that the vibrational hyperpolarizabifijyificreases with respect to the
equilibrium BLA, and this pattern is qualitatively identical to that of the electrghic

I. Introduction Most of the salient features were found to be qualitatively
described by this simple four-state model. Further extension of
he model Hamiltonian including three BLA coordinates (see
igure 1) was achieved in ref 34, and the NLO properties of
the donor-substituted triphenylmethane dyes were investigated

vibration coupling, this type of molecule typically exhibits a by using the semiempirical calculation method. There, the trend

strong IR transition associated with the concurrent stretching pred|ct§d by the VB-3CT modgl was conﬁrmgd._ .
motion of carbon atoms, so-called effective conjugation coor- N this paper, both the vibrational characteristics and vibra-
dinaté8 or dimerization coordinat®® that is defined as the in- tional NLO properties of the octupolar molecul_e are investigated
phase stretching of all€C bonds and simultaneous shrinking PY using the extended VB-3CT model with proper BLA
of all C—C single bonds of the chain. A similar trend can be coordinates. The goal of this paper is thus to show that various
found in the Schiff bases, charged polyenes, and peptidepropertle_s, such as IR_ and _ Raman |nten_s,|t|e§_,Awbratlonal
bond2-27 By considering a single effective bond length frequencies, and vibrational first-hyperpolarizabilif§') are
alternation (BLA) coordinate, the valence-bond charge-transfer closely related to the r_nolec_ular structure dictated by the donor
(VB-CT) model? for the linear puskpull polyene was used ~ ©OF acceptor strengths in a given octupolar molecule. The results
to study various vibrational characteristissuch as IR and ~ Obtained here can be used in designing a new type of octupolar
Raman amplitudes, etc., as well as vibrational contributions to molecules having the desired electronic as well as vibrational
the NLO propertieg3-3° Furthermore, the solvation effect on ~ NLO properties.
the vibrational NLO properties was also discussed in ref 28
recently. [I. Vibrational Characteristics and Vibrational

Despite that there exist a number of literature sources on theFirst-Hyperpolarizability
linear push-pull polyenes, there are just a few works on the .
octupolar molecules havings symmetry3:-37 Recently, it was From the molecular structure of the octupolar molecules with
suggested that these octupolar molecules have a promisingthree polyene branches, itis reasonaple to introduce three BLA
aspect as the alternative to the puglull polyenes that have a  coordinates afd, Qp, and Q3 (see Figure 1 and the figure
crystallization problem; that is, when the dipolar pustull caption for the definition ofQ; vibrational coordinate for

polyene forms a crystal, due to the dipelipole interaction, ~ €xa@mple). Although there exist a number of intramolecular
they align opposite direction to each other so that the macro- Vibrational modes other than the three BLA coordinates, as usual

scopic hyperpolarizabilityy®, becomes rather small. it is assumed that these effective conjugation modes are most
The molecular orbital calculations and ab initio studies on Strongly coupled to the electronic degrees of freedbt9200

the NLO properties of the octupolar molecules were presented It should be noted that various approximated models including
by Zyss, Silbey, and co-workers and several other gréti3g5-37 a single BLA coordinate in the model Hamiltonian, such as the
To provide a simple physical picture on the NLO responses of YB-CT model for the linear pushpull polyene;? SSH modef®

the octupolar molecules, the author and co-workers suggested/ithin the mean-field approximation, etc. However, there was
an extended VB-CT model, where one VB configuration and N© Such an attempt to study vibrational properties of the
three CT configurations were included to effectively model the OCtupolar molecules shown in Figure 1.

Push-pull polyenes consisting of electron donating and
accepting groups have been extensively studied over the pas
decades, and a variety of nonlinear optical (NLO) and vibrational
properties were investigatéd!” Due to the strong electron

electronic structures of the four low-lying electronic stafe¥. Since the bond length difference between a double bond and
a single bond irtrans-1,3,5,7-octatetraene was estimated to be
* Corresponding author. E-mail: mcho@kuccnx.korea.ac.kr. 0.12 A38 each BLA coordinat®;, Q,, andQs; can vary from
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Figure 1. Two types of octupolar molecules are shown. Type-A molecules contain a central acceptor with three peripheral donors connected to
the central acceptor via polyene bridges, whereas type-B molecules have a central donor with three acceptors. The valence-bond (VB) and three
charge-transfer (CT) configurations are drawn. One of the three BLA coordinates of the three chains, for exa@phedtie, associated with the
concurrent vibrational motions of the conjugated polyene is shown in this figure. Since the difference between the ideal double and single bond
Iengtr)&s between carbon atoms was estimated to be 0.12 A, depending on the donor and acceptor, the eQuiliatitervaries from—0.12 to

0.12 A.

—0.12 to 0.12 A. Conventionally, the BLA coordinate of the an isolated pushpull polyene, which is 0.12 A. On the other
VB configuration is assumed to be0.12 A, whereas that of  hand, the other two chains in the CT1 configuration of the
the CT configuration is 0.12 Al2830Then, from the symmetry  octupolar molecule have the same equilibrium BLA values of
of the molecular structure, it is reasonable to consider the the VB configuration of an isolated pusipull polyene, which

following model Hamiltonian: are—0.12 A.
By carrying out the normal-mode analysis, the three normal
He -t -t —t modes are obtained, and they are a totally symmetric stretching
H = -t Henp =T -T ) mode (s) and 2-fold degenerate asymmetric stretching modes
-t T Her, =T (Ga1 andanz), €.9.,0s = (Qu + Q2 + Q3)/v/3, gar = (—Q1 +
—t —-T -T Heps Q3)/v/2, andgaz = (—Q1 + 2Q2 — Q3)/v/6. Thegs mode is of

Ay’ symmetry, whereaga: andga, belong to theE' symmetry
representation. Also it should be noted that these three modes
are to be considered as approximate normal modes projected
31 3 3 onto the axes of the three polyene bridges. The corresponding
Hys ESB + ko(Q. QSVB)z _ KQQ force constants ares = ko — 2K apdkA = kA1.= Kaz = ko + .
= =57 k', respectively. One can approximately estimate the coupling
31 3 3 force constank’ by comparing the associated IR and Raman

0 0 2 ) fundamental frequencies of a given octupolar molecule.
=Ecr+ ko(Qu Q CT]) - Z Z inQj . q . g P . .
& =571 By using the normal coordinate representation, the diagonal
3 q 3 3 elements of eq 1 can be rewritten as

Her = E(()ZT + ko(Q| QiO,CT2)2 B Z Z k’Qin
I=1j=1+1

where

H CT1 ™

1
Hyg = Eyg T éks(qs - qg,VB)Z +

3 3 3
HCT3 EOT + ko(Q| QRCTS)Z - Z ZL k'Qin (2) %kA(qu - qzl,vﬁs)2 + %kA(qu - qaz,vs)z
= 1=1j=1+1
i on Hori= Ecr+ 3ke(ds — 3 +
whereky is the force constant of the bond length alternation " 'CT1 CT ' ohs\Hs  Hs,CV
vibration of an isolated polyene, and it was estimated to be 33.55 0 > 1 0 5
eV/IA21239E0 . andE2; are the electronic energies of the VB SKa(0a1 = Gar.er)” + SKa(0az ~ Gz cry)
and CT configurations. Due to th&; symmetry, the three CT
configurations have the same electronic energ¥. The Hero=Eor + ks(qS - qg’CT)2 +
mode coupling force constant is denoted kis When the 1 1
octupolar molecule is identical to the fictitious VB configuration Ka(Oaz — qfilycw)2 + EkA(qAZ - q,(_)\Z’CTz)2

(see Figure 1), the equilibrium BLA coordinates @%VB =
Q2 ve = Qg = —0.12 A. Those of the CT conf|gurat|ons are py o —E. 1 (s

Ql CT1 ™ =0.12 A QZ CT1— (?&3 CTl —0.12 A %2 CT2™ =0.12 A 1 1
Q1 cT2 = Q3 cr2= —0.12 Q3 crs = 0.12 andQl cT3 = = - 24 = - 2

Q13 = —0.12 A, respectively. Note that these equilibrium 2~ Gaserd” F (e ~ dizerd” )

BLA values are associated with those of the isolated chain. For

instance, the CT1 configuration of an octupolar molecule The constant factors appearing in the normal mode transforma-
consists of a fully charge-transferred chain and two valence- tion are taken into account by the newly def"ﬁds and Ecr.

bond chains. Therefore, the equilibrium BLA coordinate of the Here, due to the symmetrqs cT= qS cti= qS c2=— qS crs In
chain number 1 is identical to that of the CT configuration of eqgs 3, the corresponding equilibrium vaIuesq&fn, qu‘m, and

- qg,CT)Z +
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o2, are, for m= VB, CT1, CT2, and CT3,

a2 .
ST U3k

ko
vk,

Q)+ Q3+ Q3

q,('-)\l,m = (_Q(l),m + ng)

ko
ek,

To calculate various quantities based on the model Hamil-
tonian (3), it is convenient to divide eq 1 into two parts as

— Q200 — Q5 @)

QAz m=

H=H,+H (5)
where
H = —k,
00 0 0
0 qgl‘CquAl_Fqu,CquAZ 0 0
00 qOAl,CTZquJ'_qE\Z.CTZqAZ 0
00 0 qg\l,CT3QA1+q0Az.CT3QA2
(6)

The zeroth-order Hamiltoniaro, is the remaining part of
eq 3. The eigenstates bf, are found to b&34

3
=

W, = _271/2(¢CT,1 - ¢CT,3)

1
(¢CT,1 -

lpe2: _76

2pcrot dcrd)

Wi=(1- 3m)l/2¢’vs - Zml/2¢CTJ (7)
i
where
V 2T
(a9 = (gg) —
6\/ (V(gg) — 2T)? + 122
V = 2T
m(ds) = (a9 8
6\/(V(qs) 2T)2 + 122
Here,
V(g9 = Ecr — Eyg — ks(qg,CT_ qg,va)Qs +C (9
with

1 1 1
= EkA(qgl,CTJ)Z + EkA(qg\z,cn)z =5 A(qgl,CTZ)Z +

1 1 1
ékA(qE\Z,CTZ)Z =3 A(qgl,CT?)z + ékA(qu,CTa)z

Note that thegs-dependent determines the weight of theT

Cho

character in the electronic ground state. From eq 5, the
eigenvalues are obtained as

Eur= Ep= Ecy + k(s — 6. + SKa(cBy + 6o) +
e1 ™ Be2™ Ect zks(QS ds,cv > a(0ar T Ga2)
C+T (10)

E, %(u — oM+ %[(v — 2T + 1202

where

1
U(ds) = Ecr T By + Eks[(QS - qg,vs)z +(ds — qg,CT)z] +
kA(Qil + q;iz) +C

By using the eigenstates of the zero-order Hamiltonian and
based on the molecular coordinate system drawn in Figure 1,
the transition and permanent dipole moments were obtairféd as

Il/

Mger f(\/' 3,0)

Mgeo= 'i//f‘(\/é 1,0

M el,e2: Z\/‘u_é(\/év‘?’!o)
_Uy

4(J§, 1,0)

Mep=5(+/3-1,0) (11)

Here,M s denotes the transition dipole moment betwgsn
and|pCandM is the permanent dipole moment of tloé state.

u« denotes the magnitude of the dipole moment of a given CT
configuration. As discussed in ref 33, the permanent dipole
moments of the ground and nondegenerate excited tate
vanish, and also the transition dipole moment betwegéland
[f0is zero. Although eqgs 11 look identical to eqs 5 in ref 34,
since the model Hamiltonian considered in this paper is an
extension of that in ref 34, the definition of the CT charadter
given in eq 8 differs from that in ref 34.

A. Relationship between the Equilibrium BLA Coordinate
Q®dand the CT Character, |. Before we present the results on
the vibrational characteristics of the octupolar molecule, it would
be useful to provide a brief discussion on the connection between
the equilibrium BLA coordinate@®d = Q%= Q57 = Q39 of
each polyene branch and the equilibrium coordlmﬂ‘é of the
symmetric stretching mode. From the analytic expressions in
egs 10, one can obtain the self-consistent relationship between
the equilibrium BLA coordinat&®dand the CT charactér as

1
Q%= @[Qg,vs

where [®9 is the CT character at the ground-state potential
minimum. By self-consistently solving eq 12 with the definition
of 1(gs) in eq 8, Q%4 can be evaluated for a given set of

- 3(qg,VB - qg,CT)lqu (12)
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Fi_gure 2. Ratios of the_for(_:e constantSg/ks andKa/ks, are pl.otted Figure 3. IR transition amplitude|(du/0qa1)eq, is plotted with respect

wih espect o the equirum BLA. Here, he o ransie egfals {0141’ cuium BLA. Here th absoite magnide of he ol

not altered by changes of the two transfer integrals). The force constantmoment of a CT configuration, is assumed to be unity.

(‘;%S;"tr?ge f'(;':s:rcgr?gggfi!;‘:sﬁf;gaég ioef’/‘/eA;o’&SS @A The  force constant shows a nonmonotonic behavior with respect to

' the CT character of the ground state. In contrast, the force

parameters. For given values of the BLA coordinates of the constant of the asymmetric stretching modes decreases mono-

VB and CT configurations discussed above, the above relation- tonically as the CT character increases. Note thatgh@ode

ship can be simplified a®%9= (0.24%9 — 0.12ky/ks A. Despite is Raman active but IR inactive so that the Raman spectra of a

the existence of the additional terr;, in eq 6, it does not series of octupolar molecules having a common skeleton can

affect to the above calculation since the equilibrium values of be studied to test this theoretical prediction. Likewise, the IR

the two asymmetric coordinates are all zeroes. From now on, SPectra would reveal the frequency red shift of the degenerate

we shall discuss various quantities as functions of the equilib- @ymmetric modes.

rium BLA coordinateQed, which is also proportional to the CT C. IR intensity vs Q®4. The IR intensity of a given mode is

character of the electronic ground state. proportional to(du/dg)eq?. By using the first-order perturbative
Here it should be noted that, if the Coupling force conskant WaVe. function, we find that the two IR transition amp“tudes

is much smaller thako, the equilibrium BLA coordinate in the ~ are given as

octupolar molecule could vary from0.12 to—0.04 A due to

the symmetry. As the donor strength in type-A octupolar u x/ZI_e"kA 0 0

molecules increases, the ground-state charge distribution mor aq ) T 7T e e daz.ct1— Gaz,crdM g.el

closely resembles the linear combination of the three CT Alleq S

configurations, and the@®d approaches te-0.04 A. «/?
B. Vibrational Force Constant vs Q®4. By using the model ( u ) _ 2 1°%s

eq

0 0
(daz.ct1— 20a2c11+

Hamiltonian (5), it is possible to obtain the vibrational force |aq,, \/6( eq _ qu)

constants as functions @4 From the ground-state eigenvalue 2 0

given in eq 10, the force constant of themode is found to be Oaz,ctdMger (15)
6t2 Since the two modes)a; anddgaz, are degenerate, the two IR

Ks= ks — k&(dgve — @8 c0’ transition ampli i
: , plitude vectors in eq 15 are orthogonal to each
(13) other. This can be proved by noting th e M ge2= 0. Also,
the absolute magnitudes of the two IR transition amplitudes are
where Vel is defined in eq 9 at the equilibrium geometry. To identical,|(9u/30a1)ed = |(9u4/30a2)eq, @and it is plotted in Figure
calculate the force constant of the asymmetric mode, it was 3 as a function ofQ®d It is interesting to note that the IR
necessary to consider the second-order perturbation correctioramplitudes of the two asymmetric modes increaségsor
to the ground-state energy. Second, the force constant of thedonor (acceptor) strength in the type-A(B) molecules increases.
doubly degenerate asymmetric stretching mode is D. Raman Intensity vsQ®4. The Raman transition amplitude
of a given mode is proportional to the Herzbeiteller term,

[(V*9— 2T)? + 126932

Ieckf\ o 0 ) (da/0g)eq. To calculate the Raman transition amplitude, one
Ka =Ky — @(qu,CTl — Oarcrd should apply the perturbation approach to not only the ground
el 9 state but also the 2-fold degenerate excited states. Since the
[e92 two zero-order state$ellland|e2] are degenerate, the correct
=k, — —A(qu o1 — 2085 cro+ Qan cra)” (14) first-order eigenstates should be obtained by solving the
3Es—E) ‘ ’ following secular equation:
In Figure 2, the above two force constarks, andKa, are W H'Weil - E Wy H'[W —0 (16
plotted with respect t@®% As the donor (acceptor) strength W H' WO W H W -E| (16)

increases in type-A(B) molecules, the symmetric and asymmetric
modes exhibit different patterns. The symmetric stretching mode where the zero-order eigenstates were given in eqgs 7.
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' ' ' ' ' ' T and the electronic polarizability tensor elements were also found
! to have similar relationships, i.6x = Gyy and i,y = Gyx =

" . 0.33 However, the HerzbergTeller terms of the asymmetric
@ K modes show different relationships among the corresponding
3 / tensor elements as
o8} ‘ .
[N /
£ S aa aa aa
c )/ / ( XX) = _(_Otyy) = «/1_3(—Xy) and
Los 7 V. 90a1 eq 90a1 eq 90a; eq
= , . ~ - ~
5 o (aaxx) - (_3%) - i(—aaxy) (19)
Soa4l 7 7 1 90a/ eq 90a2/eq V/3\9%a2/eq
€ .7 L7
< 7 PR We shall use these results to establish the relationships among

0.2r 7 - ] the vibrational first-hyperpolarizability tensor elements in the

T next section.
P e T ‘ , ) ) , E. Vibrational Hyperpolarizability vs Q®% and Its Com-
U130 042 0AT 0T 008, D08 00T 008 005 00 parison with the Electronic Hyperpolarizability. As discussed

by Zerbi and co-workers recently, the magnitudes of the
electronic hyperpolarizabilities of linear puspull polyenes are
quite similar to those of the vibrational hyperpolarizabilifi@s.
This quantitative similarity was also experimentally observed
for the octupolar molecules. Although the VB-CT model for
the linear pushkpull polyene showed that the two quantities,
electronic and vibrational hyperpolarizabilities, are quantitatively
close to each other due to the strong vibronic couplings, there
does not exist any theoretical model describing the same pattern
found in the octupolar molecules. Here, we apply the four-state
model (VB-3CT model) including the BLA coordinates to
investigate the relationship between the electronic and vibra-
tional hyperpolarizabilities.

As discussed and derived by several grot¥p8;%¢42 the
vibrational contribution to the first-hyperpolarizability denoted

( ad. ) __ 20°%, (A1 e — G.crd) 5 asp' is given as
aq Eeq_ eq\2 A .
A1/ eq (el Egcb ﬂVE 2122(_8‘[,5_) ®(aa) n
(M g,el® Me1+ Mg,e2® Mel,e% + 47°C Va1 ac1A1 eq aqu eq
/a”) ®(3‘1) (20)
eq eq

Ka(Gay.c71— O L
a(Oaz,cTt qu,CTS)( e ®M o) 2722 \aq aq
GEEY e T T

Figure 4. Raman transition amplitudefday,/d0s)eq, |(38yy/d0a1)eq,
and|(ddy,/dda2)ed, are shown as solid, dashed, and dedited curves.

From the model Hamiltonian (5) with the correct first-order
eigenstates for the excited states, we find

( @) _ 2ks(qg,,v3 - qg,CT)tZ 8
Wsfoq 1PV = 2T)* + 1274 ES — EY)
M g,e1® M g,e1+ M g,e2® M g,e? -
[ 1+ \Vea— 2T } ks(qg,,VB - qg,CT) o
[V — 2T + 127177 2(ES] — ESY°
(M g,e1® M g,e1+ M g,e2® M g,eg

Here, the harmonic contributions were only taken into account.
Although three vibrational modes were specifically considered
in the present studyp’ is given by a sum over the two

asymmetric mode contributions since the symmetric stretching

( 08 ) _ 2\/FOkA(qu,CT1 - 2q22,CT2 + qu,CTS) y
anz eq \/é(ngll_ Egc52

(M g,el® M el,e2+ M g,e2® M e2) +
kA(qu,CTl + qu,CTa)
258 B’
kA(qu,CTl + 4q22,CT2 + q,(’-)\Z,CT3)
6(Eei — Eg)°

Mge1® M) +

In eqs 17, the tilde ovea. means thati is the second rank

(M g,eZ® M g,eg (17)

mode is IR inactive. As can be seen in eq 20, each contribution
is a product of the IR and Raman transition amplitudes, which
were already obtained in the previous subsections. By using
the relationships among the Herzbefteller tensor elements
given in egs 18 and 19, we find thal,, = —B, = B = —

Byxx @Nd By = Bryy = Byy = Py = 0. These relationships
among thes" tensor elements are precisely identical to those
found in the electroni@ tensor elements. In Figure 58, is

tensor, and® is the tensor product. In Figure 4, the absolute Plotted as a function o@°4 Note that both the electronic and
values of these Raman transition amplitudes are plotted with Vibrational Byyys monotonically increas&.3* It will be very
respect toQ®d The Raman intensity of the 2-fold degenerate interesting to carry out an experiment to test this theoretical
asymmetric stretching modes is expected to increase as the Cprediction. On the basis of this result, it is suggested that the
character of the ground state increases by introducing strongMeasurement of can be of use in designing an optimized
donor (or acceptor) in the type-A(B) octupolar molecule. On Octupolar molecule with the large NLO property.

the other hand, the symmetric stretching mode shows a

nonmonotonic pattern.

From the results in egs 17, we find that, for tgemode,

a0 aa a0
[ e ()0 o
aqs eq aqS eq aqS eq

[ll. Discussion and a Few Concluding Remarks

In this paper, theoretical descriptions of the vibrational
properties and vibrational first-hyperpolarizability were pre-
sented. By taking into account three effective BLA coordinates
representing the vibrational motions of the three polyene bridges

These relationships are entirely due to the molecular symmetry,in a given octupolar molecule, three normal coordinates were
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the two-state valence-bond charge-transfer médehey used
the CPHF/6-31G ab initio calculation method to evaluate the
electronic and vibrational polarizabilities and first hyperpolar-
izabilities of 10 push-pull polyenes. Except for a couple of
compounds out of those 10 molecules, both vibratianahd
B are found to be quantitatively similar to electromicand 3.
As a matter of fact, this similarity between the vibrational and
electronics was also experimentally observed by Zerbi and co-
workers. However, the so-called parameter-independent ratios
of the vibrational and electronic polarizability and hyperpolar-
izability were found to dramatically deviate from those values
predicted from the two-state VB-CT model. So, they concluded
that the assumptions and approximations involved in the VB-
CT model are not acceptable for establishing the quantitative
relationship between the vibrational and electrghidespite
5T 5 G T their observations, further theoretical investigations involving
BLA BEA the electron correlation effect with high-level ab initio methods
Figure 5. (a) Electronic first-hyperpolarizability (see ref 33 for detailed and experimental confirmation of their results are required to
discussion). (b) Vibrational first-hyperpolarizability, particularly, (3/ make a more conclusive statement on the validity of the VB-
Ka)[(3ety/90a1)eq ® (30yy/d0a1)eq + (y/00n2)eq ® (30lyy/d0n2)ed] is plotted CT model.
as a function of the BLA. Note that the two hyperpolarizabilities Finally, at the end of section |Bv in the double harmonic
increases as the BLA increases. approximation was calculated by using the resultant formal
i ) o ) o expressions for the IR and Raman amplitudes, and it was found
included in the model Hamiltonian. Solving the Hamiltonian ¢ the increasing pattern Bt with respect to the CT character
b_y using the stanq_ard perturbation theory, we found that various , equilibrum BLA coordiante of the ground state coincides
vibrational quantities, such as force constants, IR, and Raman,yit that of the electronic ongie. Therefore, it is confirmed
intensities, cc_JuId be obtained in the a_lnalytlcal _forms. AI_though thatp" is qualitatively similar tg3e. It is hoped that the predicted
the perturb§t|on treatment was used in the derivations, it Sh_owdtrends of various quantities discussed in this paper are experi-
be empr_la5|zed that the results aractbecause these anglytlg mentally confirmed in near future.
expressions were evaluated at the ground-state equilibrium

geometry; note that, due to the fact thigf = i3 = 0, the Acknowledgment. This work was supported by CRM-
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