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The ground state equilibrium structure and electric properties of two structural isomers of-deneptor
substituted sesquifulvalene have been calculated at ab initio HF and MP2 levels for different conformations.
The electronic properties of low lying excited singlets are calculated by using Cl calculations including single
excitations only. Isomet in which the inter-ring charge transfer (CT) is reinforced in the presence of
substituents shows sudden polarization in the ground and two lower lying excited states, whilelisomer
which the longitudinal CT interaction is attenuated does not exhibit sudden polarization. The phenomenon of
sudden polarization has been rationalized in terms of the easy polarization, smaller rotational barrier, and
enhanced inter-ring CT on going from the planar to the orthogonal geometry. The appreciably large static
second-order polarizability dfstems from its sudden polarized ground state. The solvent (using the conductor-
like polarizable continuum model (CPCM)) plays a significant role on the modulation of ground and excited
state electronic properties which, in general, predicts blue-shift$. felowever, for moleculdl , the two

lower energy transitions show a red-shift while the others show a weaker blue-shift at any conformation.

1. Introduction pull substituted polyenes can exhibit sudden polarization which
. is rather independent of the actual positions of the substituents
It has long been known that in ethylene and longer polyenes

the rotation around the-bond by 90 causes large polarization provided Fhe electronic asymmet_ry IS mamtamed.. o
which in turn leads to appreciably large charge separation in Other kinds of molecyles showing su.dden polgnzguon in the
some excited singlet states which are characterized by strongdround state have received overwhelming attention in the study
enhancement in the dipole moment and linear polarizaBifits. of nonlinear optical (NLO) properties. The earlier _the(_)retlcal
This phenomenon named as “sudden polarization” was first Study of the NLO responses of 4-quinopyran derivati%és
introduced by SalerdThe ionic character of the valence excited Showed rather strong enhancement of first hyperpolarizability
states arises from the easy polarizability of the alkenes as a resulf8) when the rings were twisted around°90rhis has been

of small internal perturbatioh.The sudden polarization of ascribed to the huge amount of charge transfer (CT) ac-
ethylene was discussed earfier on the basis of one-sided companying the transition, neutral quinoi¢t the charged
pyramidalization, and later dhpne-sided scissoring deformation ~benzenoid. Recently, Marks et*&lusing high level theoretical
was found to be essential to explain its nonadiabatic photo- calculations obtained the highest value of sttt nearly the
chemistry. The phenomenon of sudden polarization was alsoperpendicular conformation for merocyanine-type chromophores.
studied critically in connection with the rotation about a double Sesquifulvalene hydrocarbon is another interesting molecular
bond in substituted polyenes, for example, retinal when optically system which shows enhanced polarization and NLO re-
excited? 1% The effect can be made pronounced in the presence sponse¥17 when the rings are twisted by @0However, the

of the electric field arising from the electronic asymmetry of phenomenon of sudden polarization was studied most exten-
the molecule or the electric field due to polar solvent, and so sively on the substituted polyenes. We, therefore, intend to
forth (external perturbation), in which case the charge transfer explore this aspect in the case of sesquifulvalene (a polar
between the twisted moieties can be effectively augmented athydrocarbon) with proper modification of its electronic asym-
90°. Ramasesha and Albétt2considered a number of conju-  metry by introducing doneracceptor substituents. For this
gated polyenes with varying chain lengths and pystil purpose, we have considered two isomers of the sesquifulvalene
strengths to investigate sudden polarization in these species. Irmolecule (Scheme 1) which differ only in the position of the
the Hickel model, they obtainédl a sharp peak of linear  substituents. The electronic structure and charge transfer
polarizability ) for polyene in both the ground and excited characteristics of the chosen molecules have been studied by
states at 90 However, USing the interacting Parisé?anLPOple emp|0ying a Sufﬁcienﬂy h|gh level of ab initio quantum
(PPP) model Hamiltonian, the authBrshowed that one or more  mechanical methods. The conductor-like polarizable continuum
of the low lying dipole allowed excited singlet states of push  model (CPCM¥89has been used to find the solvent effect on
the ground state structure and the spectroscopic properties of
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2. Method of Calculations Equations 2 and 3 can be simplified with the introduction of an
averageAE = Aw (closure approximation). The linear polar-
2.1. Calculation of the Electronic Structure and Properties izability can now be written as
in the Gas PhaseThe ground state geometry of molecules
andll at different inter-ring torsion angleg) has been fully 2¢?
optimized at the RHF/6-3tG** level. The effect of electron Oy = h_z (g|X| mLIn|x|gL] (4)
correlation (EC) on the planar and perpendicular ground state Wiy

geometry is calculated at the MP2 level using the same baSiSUsing the projection operator defined over the state vectrs,

set. The electric multipole moments of each molecule are _ S m M = 1, and noting@|xig= 0, eq 4 can be written
calculated at the respective equilibrium geometry. Additionally, . ' '

the single point MP2/6-3tG** calculations are performed at

the HF geometry to obtain energy and one electron properties. 22

The transition energy along with the spectroscopic parameters Oy = %@IXZ lg0] (5)

of a few low lying excited singlet states of the chosen isomers

at differentg are calculated by the routinely used CIS calculation Exactly in a similar manner, eq 3 can be recast into the following
with the 6-314+G** basis set. In the CIS calculation, about 16 form:

lowest energy molecular orbitals (MOs) out of 56 occupied MOs 5

are kept frozen and the single excitations from the remaining B = 6_8@]')(3'9D (6)
occupied MOs to all the 296 unoccupied MOs have been X p2,)2

considered. Therefore, the present CIS calculation is expected

to provide sufficiently accurate results. For a given the The integrals appearing in eqs 5 and 6 are the axial component
electronic energyH) of an excited state has been calculated as 0of © and<2 at the ground state of a molecule. The components
E = Eo (MP2/6-31-G**//HF/6-31+G** calculated ground state ~ Of each multipole moment are calculated by the analytical

energy)+ AE (transition energy obtained at the HF equilibrium ~evaluation of appropriate energy derivatives. With an increase
geometry). in polarization as the size of the molecule increases, both the

electric moments and polarizabilities should increase. However,
the higher-order properties should be much more sensitive in
this respect. The electric moments reported here are obtained
by using the following expressions which are analogous to those
used for dipolar polarizabilitie¥.

The mean quadrupole moment:

The energy of an uncharged molecule due to the first-order
electrostatic interaction with a weak static electric field can be
written ag0.21

E = E(F, Fyj, Fiw Fija» )

=B’ — uF, — (19OF; — (1199 Fy —

(1o PyFy + - (1) O~ 0w O+ 59 v
105) Pijki Tijkl T -

The vector part of octopole moment:

whereF;, Fjj, and so forth, are the electric field, electric field 0?2 2 2\1/2
gradient, and so forth, at the origiB®, ui, ©j, Qik, and i Q=(Q '+ QS+ Q) (8)

are the energy and the dipole, quadrupole, octopole, andWhereQi = Qi + Qij + Qe I, J, k € (% y, 2. At the ground
hexade_capole moment of the_ free molecule, respectively. Thestate, the electric properties have been calculated at the HF level
subscripts denote the Cartesian components, and the repeateg ) - '+ho scp density matrix and at the MP2 level from the

subscript implies summation ovaré{%?imd z In the present generalized MP2 density matrik.The multipole moments of
work, the traced quadrupole mom has been calculated gy iteq states have been calculated from the corresponding

instead of the traceless quadrupole moment of Buckingllam. o jaxed generalized CI densifobtained from the solution of
The calculated electric moments reported in this work are appropriate CPHF equations.

evaluated at the center of mass of each molecule which allows To compare the pattern of charge transfer between the

comparison at equal footing. molecules, we have calculated atomic charges in the ground
The components &® andQ at the ground state of a molecule  and excited states by using the natural population analysis (NPA)
can be related to the corresponding dipolar polarizability tensors schemée®® For each conformation at the ground state, NPA
o. andp through the use of the sum-over-states (SOS) expres-atomic charges are calculated from the MP2 density matrix at
siong>26 under closure approximation. The evaluation of the the MP2/6-3%#G**//HF/6-31+G** level. For the excited states,
axial component of statia in the SOS formulation needs the the NPA atomic charges are calculated from the corresponding
transition energyAE = fiwmg and the transition dipole moment  relaxed density matric&constructed from the CIS calculation.
between the ground and excited statggm(©& [gIx/mD. The NPA charge transfer obtained in MP2 calculation should
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TABLE 1: Equilibrium Inter-Ring Bond Length, Electric TABLE 2: Equilibrium Inter-Ring Bond Length, Electric
Moments, Average BLA Parameter, Hardness Parameter, Moments, Average BLA Parameter, Hardness Parameter,
and Relative Energy for Molecule | at the Planar and and Relative Energy for Molecule Il at the Planar and
Orthogonal Ground State Orthogonal Ground State

¢pr-1-8-9=0° ¢7-1-8-9 = 90° ¢7-1-8-9 = 180° ¢7-1-8-9 = 0° ¢p7-1-8-9 = 90° ¢7-1-8-9 = 180°

HF MP2 HF MP2 HF MP2 HF MP2 HF MP2 HF MP2
rcicey(A) 1.378 1.407 1.473 1438 1.382 1.410 rcice(A) 1.350 1.388 1.375 1.434 1.349  1.387
u (D) 11.61 1246 2286 17.13 13.20 13.97 u (D) 6.835 4873 5581 3.827 6.201 4.373
®(D-A) —-955 -949 -91.6 —-935 -939 —93.0 ©((D-A) -943 -97.7 -97.3 -979 -953 —97.8

Q(D-A?) 331.08 349.22 578.13 426.02 407.30 429.86 Q(D-A?) 236.74 561.40 183.47 144.17 21895 501.91
or (&) 0.104 0.061 0.014 0.034 0.100 0.058 or (&) 0.133 0.084 0.128 0.060 0.134  0.084

7 (eV) 3.893 3.263 3.829 7 (eV) 4.048 3.633 4.059

E.f(eV) 0.000 0.000 1.026 0.846 0.024 0.054 E.®(eV) 0.005 0.002 1669 1085 0.000 0.000
aThe absolute energy (au) @t—1-s9 = 0° is —718.702 23 (HF/ 2 The absolute energy (au) ¢t-1-s-9 = 180C° is —718.694 92 (HF/

6-31+G**)/ —721.01234 (MP2/6-31G**). 6-31+G**)/ —721.00136 (MP2/6-3tG**).

not be compared with the corresponding CIS calculated results.'eCUIar4frbital (HOMO) energy gap ag = Ya(eLumo —
The charge transfer quantity obtained for the ground and excited€+omo)-** In the single transition approximation, for the closed-
states can give a qualitative picture to distinguish the pattern Shell casey can be related to the vertical transition energ¥)
of conformation dependence of polarity of the states between cOrresponding to the HOMQy) — LUMO () excitation as
the isomers.
. . 2n =AE+ J, — 2K, 9

2.2. Calculations Using the SolventThe solvent effect at U I I )
the planar and orthogonal_ground state of Fhe molecules haSThe last two terms in eq 9 refer to two-electron repulsion and
been calculated by employing the recent variant of the polariz- exchange integrals, respectively. In general, the smatlend

able continuum model (PCM) of solvent called the conductor- ; - ;

- ; n correspond to stronger polarizati8marising from the longi-
8,19 _ ) : :

like PCM'#19at the HF/6-33-G** level. The detailed procedure 1 inal CT interaction.

describing the CPCM and its latest improvements can be found 1,4 (elative ease of polarization of the two molecules on
in the literature®® In the present calculation, the average area oing to 90 can be understood by comparing the lowering of
of tesserae taken over each sphere in the cavity surface is abo eir or values which is~86.5%/~44.3% for| and ~4%]/

0.2 A2. The polarized solutesolvent interactiott~33 within the ~28.6% forll at the HF/MP2 level. As expected, both the
CPCM considers the geometry relaxation of solute in equilib- _45n0r and C-acceptor bond lengthsl dfave been found to
rium with the solvent reaction field. Since the present molecules g cease significantly on twisting. In contrast, these bond lengths
possess a significant dipole moment at the ground state, thejn | remain almost unchanged. It has been noted that the
calculated electrostatic solutgolvent interaction energy is . jusion of EC shifts the CC single bond lengthsidf by
taken as the solvation energy. The latter has been estimated ag, —(0.01-0.02) A~ —0.02 A at¢ = 0° and~ +(0.02-0.05)

the difference between the solvent-polarized HF energy and theA/N —(0.02-0.045) A atp = 90° and CC double bond lengths
gas phase HF energy each of which has been calculated at th%y ~+0.03 A~ 40.03 A at¢ = 0° and +(0.004-0.035)
respective equilibrium geometry. The non-electrostatic contribu- z;... +(0.035-0.06) A atp = 9C°. The EC causes appreciable
tions to the molecular free energy in solution comprised of shortening of the C-acceptor bond (by 0.02 A) and elongation

dispersiori* repulsion’® and cavitation energies (using the ¢ ihe C_donor bond (by 0.03 A) in the twisted structurel of

Pierotti-Claverie formula}®3¢have been calculated with clas- || <ontrast. the corresponding bond lengths (increasedg1
sical procedures. For the present molecules, it has been note i, poth conformations) of molecult are less sensitive to

that for a given solvent Qispersion energy, in. general, balanCeSgc |t should be noted that the effect of EC on the inter-ring
the energy expended in the cavity formation. The solvent- ),y gistancert,cq in the twisted conformers dfandil shows
modified transition energy and the spectroscopic properties for , markedly different trend. In the formengics decreases by
vertical excitations are calculated by using the CPCM in the 5 535 A while. in the latter. it increases by 0.06 A. The

framework of CIS calculatior$ at the 'solvent-modified 98- calculated bond lengths of two molecules obtainedgfor 0
ometry of each molecule. All calculations have been carried 4 189 at a given level showed no noticeable difference.
out using the Gaussian 03 packdge. Regarding the bond angles, it has been noted (see Tables 1
and 2 in the Supporting Information) that the values predicted
at the HF and MP2 calculations differ mostly by-2°. Here,

3.1. Ground State Electronic Structure and Properties. we mention some important MP2 calculated torsion angles. The
The HF/6-3%-G** and MP2/6-3HG** calculated equilibrium torsion anglesgs—s-16-17 (19.6°/ 17.4) for | and ¢g—10-13-14
inter-ring bond lengths along with electric multipole moments (20.7°/10.7) for Il at 0°/90° confirm that the NH group prefers
of molecules obtained at different inter-ring torsion angi®s ( to remain out of plane with the attached ring. For both
are presented in Tables 1 and 2. The other equilibrium bond molecules, the smaller ring ét= 90° is not planar, as indicated
lengths and bond angles are given in the Supporting Information. by ¢1-g—9-10 Which is 27.8 for | and 27.7 for Il .

Since the BLA parameter can satisfactorily accéufftfor the Our calculateddr values indicate invariably much stronger
extent of polarization, the average value of BLA parameiey ( polarization in moleculé (Table 1) compared to molecule

of the two rings calculated as the difference between the averaggTable 2) at 90. It will be interesting to compare the relative
CC single and double bond lengths is also included in Tables ease of ground state polarization of isomeendIl with the

1 and 2. Another useful quantity which can also account for unsubstituted sesquifulvalene. The MP2/6+&** calculated
the extent of polarization due to CT interaction is the hardness rcicg and or values for the planar (orthogonal) conformer are
parameter #f) which has been calculated from the lowest 1.407 and 0.061 A (1.438 and 0.034 A) 1or1.388 and 0.084
unoccupied molecular orbital (LUM®ighest occupied mo- A (1.434 and 0.060 A) fotl, and 1.397 and 0.068 A (1.442

3. Results and Discussion
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Figure 1. Plot of the relative energy curve at the ground state for
different inter-ring torsion angles for (2) moleculand (b) molecule

Il. Here, MP2 refers to the single point electronic energy obtained at
the HF/6-3%G** geometry.

and 0.005 A) for sesquifulvalerté At the planar geometry, the
extent of polarization il is greater than that of isomdr and
sesquifulvalene. However, at 9QQhe relative order of polariza-
tion is sesquifulvalene hydrocarben| > Il which indicates
that in the presence of substituents the longitudinal CT
significantly reduces the ring aromaticity in bdtlandll . The
relatively stronger CT interaction ih compared tdl is also
indicted by our calculateg values.

At the ground state, the lowest energy structure is predicted
at¢ = 0° for moleculel (Table 1) andp = 180C° for molecule
Il (Table 2). The energy difference (in kcal/mol) between the
two planar conformersg(= 0 and 180) of two molecules at
the MP2 level is 1.241) and 0.05 [1 ). The relative energy of
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the phenomenon of sudden polarization was nét€dor the
excited states only. In contrast, moleclleshows (Figure 2c,d)
sharp depression in higher momentgat 90°. This markedly
opposing trend in the electric moments may be attributed to
the inter-ring CT which enhances the longitudinal CT iand
lowers it inll .

It can be seen that EC has a significant effect on the electric
properties. The incorporation of EC substantially changes the
dipole and octopole moments of moleclilein comparison to
[. It will be interesting to examine whether this very difference
in the polarity between the molecules at the ground state can
also be reflected in their excited state electric and spectroscopic
properties.

3.2. Low Lying Excited States and Their Electric Proper-
ties in the Gas PhaseThe relative energy curves of four low
lying excited singlet states of moleculeandll are plotted in
Figure 3. The curves, in general, are symmetric arourid 180
our subsequent discussions, we shall refer to the planar
conformation as the one with= 0° and report the barrier height
or relative energy differences in kilocalories per mole. For the
S; state ofl, the maximum (above the planar conformer by 3.4)
occurs at 90. The S curve has a shallow minimum at 4@ith
an energy 1.3 lower than its planar conformer which is followed
by a sharp maximum at 9¢16.1 above the minimum). The; S
state predicts a deep minimum af®thich lies below its planar
conformer by about 17.3. The energy curve of thst8te passes
through a shallow minimum (0.3) at 2@&nd a maximum (10.8)
at 9C with respect to the planar structure. It should be noted
that the incorporation of EC (MP2/6-315**//HF/6-31+G**)
lowers Ah (Table 3) of each state by about 3.0.

We have noted that the inclusion of EC (at the MP2 level)
in the ground state gt= 180 (Figure 3a) is necessary to obtain
the same energy ordering of 8nd S states ofl as predicted
for ¢ = 0° with and without EC. The calculated barrier height
of the S state after including EC at = 0 and 90 results in a
barrier height of 3.3 in contrast to the negative value (Table 3).
The relative order of stability of thep@nd S states, however,
is not altered with and without inclusion of EC in the ground
state. Considering the MP2/6-83G** calculated ground state
energy ofl with HF (MP2) geometry, it is confirmed that at
the planar/orthogonal structure the Sate lies above theyS
state by 97.0 (88.8)/59.3 (62.2). The increase\im for this
state is also noted in solvents with an increase in polarity. The

each molecule (with respect to the most stable conformer at modifiedAhvalues of the $(2.5) and $(13.6) states are fairly

MP2) obtained in the HF and single point MP2 calculations
has been plotted againgtin Figure 1. The energy curves are
fairly symmetric around the maximum at= 90°. The planar
(¢ = 0°) — orthogonal barrier height (kcal/mol) at the HF (MP2)
level is 23.7 (20.4) fot and 38.4 (26.7) foil . However, the
inclusion of EC at the ground state geometry results in slightly
lowering of the energy barrier 19.5 fbrand 25.0 forl with a
difference of 5.5 which may reasonably account for the greater
ease of polarization df on twisting.

The difference in polarization between the two molecules
especially aip = 90° is expected to have a significant effect
on their charge distribution which in turn should be reflected

comparable to the values (3.4 and 14.8) in Figure 3a.

The pattern of energy curves of the low lying excited singlets
of moleculell (Figure 3b) differ rather markedly from that
obtained forl. Here, no crossing in the energy curve is noted.
Except for the g state, the remaining curves are symmetric
around 90. All of the PE curves pass through a maximum at
90° with widely varying energy barriers (Table 3). The ease of
twisting is highest in the $Sstate for whichAh (15.6 (HF) and
3.9 (MP2)). The effect of EC onAh for the other excited states
is also rather significant, each lowered by about 12.0.

It is interesting to note (Table 3) that the barrier height of

in the electric properties. The calculated ground state electric the excited states\ty) is significantly smaller than the ground

moments of when plotted againgt sharply peak at Q(Figure

state Ahg) of each molecule. This results in lowering of the

2a,b) which can be ascribed to the phenomenon of suddentransition energyAE,) of an excited state,,Son going from

polarization. This result is fairly consistent with that obtained
by Ratner et al3 for 4-quinopyran molecules. Here, we would

the planar to the orthogonal structure. For both molecules, we
have noted thaAE,? (0° < ¢ < 90°) is always lower tharhE°

like to mention that in the case of charge asymmetric polyenesin a vacuum due ta\h,? < Ahg? (eq 10). This general trend
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Figure 2. Variation of the HF/6-3+G** calculated (a) dipole moment, (b) quadrupole and octopole moment at the ground state of milecule
against the inter-ring torsion angle. Parts ¢ and d show similar plots of the electric multipole moments for mblecule

obtained here is fairly consistent with the earlier theoretical rationalized in terms of the longitudinal CT across the rings.
studies'?13 For this purpose, we have calculated the net amount of charge
(3g) by summing the NPA atomic charges over the seven-
(AE? — AEnO) = (Ah?—Ah/) <0 (10) membered ring along with the attached substituent for each
molecule. From the sign and magnitude Yd, the direction
and also the extent of CT can be interpreted. The calculated
> quantities are plotted againgt(Figure 5) for the ground
and low lying excited states of each molecule. TheSg, and

Let us now see the pattern of variation of electric moments
with ¢ for moleculed andll in different excited states. Since

we have noted the importance of EC for molecllat ¢ = Ss states of (Figure 5a) show the sudden increase of doror

180 to obtain the correct energy ordering, the electric moments . .
and charges for this molecule in the excited states have beenacceptor charge transfer at9@hile the $ and § states exhibit

calculated using the corresponding modified ground state ra‘hef smooth \{an_atlon in_this respect. The considerable
geometry and the results are included in the subsequent figureslowe”ng of polar!ty in the Hstate ofl at_90’ arises from the
The similar electron correlation correction at= 0 and 90 LUMO (smaller ring)— HOMO (larger ring) charg_e transfer.
does not change the relative order of polarity of the states. It " the case of moleculé except for the $state (Figure 5b),
can be seen from Figure 4a,b the&hd S states ofl depict the Ia_rger ring— smaller ring CT is rather gprremable for the
the highest value of electric moment at°Q@ith sharp peaks. remaining states at 90Thgs, the pola_rlty difference betvv_een
The S state in this respect show a minimum, while theagd the t\_/vo _molecules esp(_amally at 9@rises from the r_elatlve
S; states exhibit rather smooth variation. The pattern of variation contribution of the two kinds of charge transfer. The inter-ring
of electric moments of moleculeresembles those of push ~ CT, in general, strongly favors the longitudinal CT lirand
pull substituted polyenes which showed sudden polarization in reduces it inll .
the lower lying excited states. In contrast, the dipole moment 3.3. Comparison of the Second-Order NLO Property of
(Figure 4c) and other higher moments (not shown here) of Molecules.It has so far been discussed that moledidbowed
moleculell in the low lying excited states do not exhibit any sudden polarization in Sand § and § states and is thus
sudden rise ap = 90°. The highest electric moments of the S expected to give an enhanced NLO response (see eq 6)
state of both molecules a¢ = 0° may lead to a positive compared to moleculd . However, it is a computationally
solvatochromic effect. difficult task to obtain NLO properties in the excited state of a
The marked difference in the conformation dependence of molecule. Our analytically calculated componentsiadlong
polarization and electric moments of the two molecules can be with the average [(oxx + oyy + 07)/3] obtained at the MP2/
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Figure 3. Plots of the relative energy curves of the four low lying v ]
singlet excited states against the inter-ring torsion angle for (a) molecule V77— T
| and (b) moleculdl. The lowest energy of state with the MP2/6- 0 30 60 9 120 150 180
31+G**//HF/6-31+G** calculated ground state is taken as zero. ¢ (deg.)
TABLE 3: (Planar — Orthogonal) Barrier Height ( Ah, © 14 . . . .
kcal/mol) for the Ground State () (Calculated at the | o—0—0o g o
HF/6-31+G** Level) and Low Lying Excited Singlet States Toeee 7 To—o
(S») (the Total Energy at a Given Conformation = the 124 y —e__ i
CIS/6-31+G** Calculated Transition Energy + the HF/ oS 8 o
6-31+G** Calculated Ground State Energy) in the Gas 104 *—e \ o
Phase and Solution -0 J
moleculel moleculell T o] A )
5 oA
S e=10 49 207 784 10 49 20.7 784 8 . A/A,,A A A i
S 237 112 88 60 384 388 389 39.1 EE R \A\
S, (56— 57) 6.6 28.1 327 258 205 21.7 222 226 ] A—2
S, (56—58) 18.0  28.8 25.7 26.7 26.9 27.6 4] Molecule S, .
S (B5—57) —141 —-3.0 -0.16 6.6 156 158 159 16.1 A\A\
S, (56— 59) 14.0 31.9 32.7 33.0 335 1 A—X
2 T T T T T T T
@ The most dominant one-particle excitation characterizing the excited 0 30 60 90 120 150 180
state is given in parentheses. 56HOMO, and 57= LUMO. o (deg.)

6-31+G**//IMP2/6-314+-G** level for the ground state of each  Figure 4. Variation of the CIS/6-3+G** calculated (a) dipole moment
molecule are given in Table 4. The analytical calculated results (the dotted arrow points to the right axis for thes$ate), (b) octopole
of polarizabilities have been found to be identical to the finite MoMent of low lying excited singlet states of molectlagainst the
field | Th bf both inter-ring torsion angle. (c) A similar plot of the dipole moment for
ield values. The nonzero vector components/50 ot moleculell .
molecules arise from the nonzero dipole components. Thus, the
quantity Bue” [(Butex + Bytty + Bt |l with i (i = x,y, 2) =

i + Bij + Pk (i = j = K)] which refers to the vector part of o . 4 .
g"' pro@ctedﬂlkglgng jthe )r]nolecular dipole moment I?S more contributions of excited states calculated by using the following

. . . . . - i 3 i i

appropriate and is given in the table for the sake of comparison. Wo-state expressiofis®® (eq 11) are also given in Table 4. To
Both a and fuec increase with an increase in the extent of obtain a precise estimate fin the SOS method at the Cl
polarization of molecules (Tables 1 and 2), although the level, it requires one to consider many excited states incorporat-
variation ofo is rather small. For each molecule, polarizabilities ing single and double excitations in CI calculations which is a
attain the highest values at90rhe rather large enhancement huge computational task. However, to compromise the com-
of Byec for | (208.3 x 10730 esu) in comparison td (57.0 x putational cost and accuracy, MP2 results are useful. In view
1030 esu) can be ascribed to its sudden polarized ground state of the earlier theoretical investigatién,the present CIS/6-

To rationalize the second-order polarizability, the state-wise
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Figure 5. Plots of the net charge on the donor part for the ground
(estimated from the NPA charges calculated at the MP2/6&3F
level) and low lying excited singlet states (estimated from the NPA
charges calculated at the CIS/643G** level) against the inter-ring
torsion angles for (a) moleculeand (b) moleculdl .

TABLE 4: Static Linear (o in 10722 esu) and Quadratic
Polarizabilities (# in 1073° esu) at the Ground State of
Molecules in a Vacuum

moleculel moleculell
p=0° ¢ =90° ¢p=0° ¢ =90°
MP2/6-3HG**
a 3.472 3.630 2.977 3.132
Px —75.02 —129.91 17.64 —59.11
By —4.03 18.95 4.85 13.62
B —0.52 —17.56 9.29 —55.78
Pec —78.80 129.46 —17.04 39.95
state-wise contribution3)

S 36.433 —7.453 11.797 40.594
S —4.623 —8.563 9.434 2.199
S —0.350 —41.122 —6.192 11.536
S —0.096 —0.434 0.008 —0.051
S 0.661 0.032

a Since the §(54— 57) state appears at §@he quantities reported
for this state refer to this conformation. Polarizability units: 1 au=
1.4817x 107 cn¥; B, 1 au= 8.6392x 10733 cnt* statvolt™.

31+G** calculated results of two-statg*243 can give only a
qualitative picture.

gezA/u _ fOA/u

p= = 1)
AE,Z  AEy

In the above equationgge Au, andAEgerefer to the transition

Kar et al.

TABLE 5: Solvation Energy (AEgq, €V), Net
Non-Electrostatic (AEnon-cle9 Energy, Inter-Ring Bond
Length (rcice, A), Electric Moments, Average BLA
Parameter, and Hardness Parameter (See Units in Table 1)
for the Planar and Orthogonal Ground States in Solution

moleculel
planar orthogonal

e=49 207 78.4 49 20.7 78.4
AEpq —9.26 —12.18 —22.04 —21.7 —27.07 —39.69
AEnon-elec 1.99 0.62 4.16 2.46 1.10 4.82
rcics) 1.412 1.428 1.454 1.487 1.489 1.492
or 0.07 0.055 0.033 0.005 0.005 0.004
n 3.766 3.782 3.800 3.957 4.221
u 19.1 22.1 27.3 29.0 30.4 32.95
(€] —102.4 —103.3 —104.9 —106.7 —107.6 —109.5
Q 967.9 1045.2 1184.2 1219.8 1269.3 1360.8

moleculell
planar orthogonal

e=49 207 78.4 4.9 20.7 78.4
AEpq -5.61 —-6.83 —13.11 -512 -6.25 -12.32
AEnon-elec  2.11 0.73 4.29 2.30 0.94 453
Iec 1.350 1.350 1.351 1.375 1374 1.375
or 0.133 0.133 0.132 0.128 0.129 0.128
n 3.987 3.965 3.942 3.616 3.609 3.597
u 8.1 8.4 8.9 6.7 7.3 7.3
(C) -97.8 —-97.8 —-978 —99.2 -99.4 -995
Q 657.8 668.7 689.9 538.9 562.8 559.3

moment, the difference in dipole moment, and the transition
energy between the ground and excited state, respectively. The
oscillator strength i = (%/3)ug?AEge The state-wise contribu-
tion of § depends on the spectroscopic properties of excited
states (Table 6). The negatigemainly arises from the excited
states ofl because of its sudden polarized ground state which
invariably predictsAu < 0. For both molecules, the contribu-
tions of 8 from each state appreciably increase on going fo 90
because the most sensitive tenye decreases considerably
on twisting (eq 10). The overall changefron twisting is about

90 x 103 esu forl and about 39x 10720 esu forll . Thus,

the two-state model qualitatively predicts the same trenf in
as obtained in MP2.

3.4. Solvent Effect on the Ground State Structure and
Energy. The calculated solvation energy, net non-electrostatic
energy along with the inter-ring bond distance, BLA parameter,
hardness parameter, and electric moments of moledidesl
Il are presented in Table 5. It is important to note that although
the solvation energies of the isomers differ appreciably the
corresponding net non-electrostatic energies are rather compa-
rable. Compared to the HF/6-3G** calculated gas phase
results (Table 1), the.J/or value ofl at @ (90°) increases/
decreases by 0.03 A/0.03 A (0.01 A/0.01 A) in chloroform
through 0.05 A/0.05 A (0.015 A/0.01 A) in acetone to 0.075
A/0.07 A (0.02 A/0.01 A) in water. Except fo®, the other
moments of increase with an increase in solvent polarity, and
for a given solvent, these are fairly largegat= 90°. The larger
polarization in conjunction with appreciable lowering of barrier
height (Table 3) in solvents confirms that moleculis highly
ionic in the twisted conformer. All of these facts lend support
to the sudden polarization 6fin the ground state. The solvent
shift of » (Table 1) indicates thaAE (eq 9) for the 3— S
transition inl is expected to be red-shifted (blue-shifted) in the
planar (orthogonal) geometry.

In contrast, moleculél resists polarization in solution as
shown by a rather insignificant change in electric moments
(except forQ) and structural parameters (compared to the results
in Table 2) even in the presence of highly polar solvent. This
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TABLE 6: Solvent-Free and Solvent-Induced Dipole Moment g, D), Oscillator Strength (fo, in 101 au), Transition Frequency
(AE, in 10? cm™1) in a Vacuum, and Solvent-Induced Shift in Transition Frequency QAe, in 10?2 cm™1) for the Low Lying
Excited Singlet States (§) in the Planar and Orthogonal Structures

moleculel
(planar geometry)

e=1.0 4.9 20.7 78.4
S, u AE fo u Ae fo u Ae fo u Ae fo
S 14.1 301.0 12.2 18.9 —22.2 11.9 20.2 —22.3 11.4 231 —-8.1 10.3
S 7.8 314.3 1.16 12.6 22.6 0.60 15.1 8.5 0.52 20.1 28.7 0.46
S 6.1 339.3 0.08 10.6 75.8 0.02 13.7 14.1 0.02 22.4 30.7 0.64

(orthogonal geometry)

e=1.0 4.9 20.7 78.4
S, u AE fo u Ae fo u Ae fo u Ae fo
S 8.6 241.5 0.23 12.2 96.6 0.44 17.2 121.0 1.90 22.6 120.7 1.93
S 8.8 294.6 0.48 20.0 83.4 4.10
S 10.3 207.3 0.90 131 89.9 0.04 14.8 114.9 0.03 30.7 164.8 6.86

moleculell
(planar geometry)

e=1.0 4.9 20.7 78.4
S, u AE fo u Ae fo u Ae fo u Ae fo
S 12.8 291.4 1.51 15.4 4.2 1.80 15.7 —6.5 1.85 16.4 -7.0 2.10
S 10.3 315.4 2.65 12.2 2.7 2.41 12.5 -3.6 2.38 13.0 -3.5 2.33
S 5.8 373.2 10.0 7.0 15 10.3 7.4 1.6 10.3 8.0 14 10.2
S, 8.1 424.1 0.02 8.2 5.9 0.04 8.3 6.2 0.05 8.6 4.5 0.06

(orthogonal geometry)

€e=1.0 4.9 20.7 78.4
S u AE fo u Ae fo u Ae fo u Ae fo
S 8.8 228.8 4.73 10.9 -1.7 4.66 11.2 —-2.3 4.65 11.7 -2.5 4.75
S 12.3 271.2 0.02 15.0 -1.0 0.27 15.2 -1.7 0.28 15.7 0.4 0.33
S; 7.6 293.6 4.49 8.8 0.3 4.65 9.0 0.5 4.69 9.4 0.4 4.61
Sy 3.2 401.6 0.04 15 7.0 0.04 1.7 8.0 0.04 2.3 7.3 0.04

has also been reflected in the larger barrier height (Table 3). The first term in eq 12 corresponds to the solvation energy
The decrease in polarity of molecule at 9C (¢« and Q are difference between the planar and twisted conformers in the
lowered by about 18% in both vacuum and solution) indicates ground state (Table 5), and the second and third terms refer to
its greater covalent character which may arise from the greaterthe solvent-induced transition energy shifte[= AE?(e > 1)

inter-ring CT which almost balances the doreracceptor CT. — AE%(e = 1)] of an excited state (Table 6). For molecule
The solvent-modifiedy shows that the lowest energy transition  the first term is significantly negative and the absolute value
in Il should be red-shifted in polar solvents. increases with an increase in solvent polarity, while /fothis

3.5. Influence of Solvent on the Energy and Electronic  term is positive but very small. As a result of sudden polarization
Properties of Low Lying Excited States.The influence of  at¢ = 90°, the second term of eq 12 fbincreases considerably
solvent on the planar- orthogonal energy barrien) of the on an increase in solvent polarity due to blue-shift compared
molecules in different electronic states is given in Table 3. Note {5 the relatively smaller third term due to either red- or blue-
that the 3 (56 — 59) and § (54 — 57) states ol showing  gpijft at = 0°. The last term of eq 13 has reasonably high
sudden polarizations in a vacuum do not appear in the solution positive values for both molecules (eq 10). Therefore, for the
phase. In contrast to the State, the Sstate ofl having higher  gycited states of having largerAh', the second term is

u (by 5.5 D in a vacuum) ap = 0° compared to that ap = significantly negative. However, the rather smaller valuabf
90" (Figure 4a) results in an appreciably large increasélof for the excited states df is accounted for by the red-shift in

'dn thedprese(r;ckzﬁ cf)f solve.?td(T?l:t)Ie.S). Howle\ijer, thet?olllvent transition energy (Table 6) on going to®9@ either vacuum or
ependence akh of an excried state, in generao, 0€s NOLIOTOW  s1ution which results in almost cancellation of the last two
the polarity difference between the planar= 0°) and twisted terms in eq 13

(¢ = 90°) conformers. For an excited state, e change in

barrier height Ah'(¢€) = Ah(e > 1) — Ah(e = 1)] due to solvent The ca!culateo! solvent effects on the electronic properties of
depends explicitly on the following three terms. the low lying excited states of moleculeandIl are compared

in Table 6. It can be seen that, for the excited statek, of
Ah'(e) = [Aego(So) _ AeO(SO)] + [AESO(E >1) — increases significantly with an increase in solvent dielectric

%0 o 0 which, however, shows rather marginal variation Ffor This
AE™(e = 1)] — [AE (e > 1) — AE(e = 1)] (12) change in« indicates a much higher polarity of the excited states
of | compared tdl . However, for a given solvent, the dipole
moment of each excited state of both molecules follows the

N 20 0 0 same trend as has been predicted in a vacuum. This general
Al'(€) = [Ae(S) = Ac (Sl — [AE(e > 1) — trend may be attributed to the polarized sotselvent interac-
AE®(e > 1)] + [AE%e = 1) — AE™%e = 1)] (13) tion considered in the present work.

Equation 12 can also be written in an alternative form as
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Since the calculated solvation energy includes only the
electrostatic contribution, the variation Ak can be understood
qualitatively on the relative values pf(in a vacuum) between
the states $and . The red-shift in the planar;State ofl is
thus accounted for by its higharcompared to & Likewise,
the § and $ states ofll at¢ = 0 and 90 predict red-shift
which is consistent with their relative values. Of the two
molecules, the more intense red-shifted transition (higkler
occurs forl. The remaining states dfin both conformations
possess much smallercompared to thegtate and thus exhibit
blue-shift. The $and S states ofl show blue-shifted transition
in both geometries withAe being larger for the § state
(especially at 90for which u has the lowest value (3.2 D) versus
the ground state value of 5.6 D in a vacuum).

4. Conclusions

The present investigation considered two structural isomers,
I andll, of identical conjugative length in which the larger and
smaller rings act as auxiliary donor (D) and acceptor (A),
respectively. It has been demonstrated that moletuhgth
DDAA combination showed sudden polarization in the ground
and excited states {£%&nd S$) while moleculell with ADAD
array showed no significant change in polarization &t 9bis
pattern of polarization in such twisted molecular systems differs
markedly from that of the B-A substituted polyenes in which
charge asymmetric results in sudden polarization. The relative
position of electron transfer groups accounts for the enhanced
(D — (D — A) — A)/diminished (A— (D — A) — D) CT
interaction inl/ll on going from 0 to 90 These modes of
charge transfers have been found to be fairly consistent with
the extent of CT across the ring especially at.90

The present study on the TICT isomers showed the emergence;,

of large NLO property from the sudden polarized ground state
of moleculel and also the possibility of evolution of enhanced

nonlinearity from its sudden polarized excited states. The present (

study showed that appropriate modification in the electronic
structure of TICT related molecular systems can make them
potential NLO-phores.

Since the chosen molecules are appreciably polar and only
the dominant solutesolvent electrostatic interaction is consid-
ered, the variation of their rotational energy barriers and
transition energies in solution can be satisfactorily interpreted
and distinguished from each other in terms of the polarity
difference between the ground and excited states.
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